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ABSTRACT 

Human respiratory syncytial virus (RSV) is a global health threat with approximately 33 million 

people infected and approximately 120,000 deaths each year. Respiratory syncytial virus (RSV) 

has two main surface glycoproteins, the attachment glycoprotein (G) and the fusion (F) protein, 

which together mediate viral attachment and entry. Recent studies have revealed a new model for 

RSV entry. In this model, attachment is mediated by non-specific interactions between the RSV-

G protein and glycosaminoglycans, and subsequently the RSV-F protein can interact specifically 

with the insulin-like growth factor 1 receptor (IGF1R). This interaction triggers IGF1R activation, 

culminating in the activation of PKCζ signaling and the recruitment of an additional RSV-F 

receptor, nucleolin, from the nucleus to the cell surface. At the cell surface, RSV-F, IGF1R, and 

nucleolin form a trimeric complex that triggers RSV fusion and completes the RSV entry process. 

However, the specific residues of IGF1R that are important for interactions with RSV-F are still 

unclear. As such, we performed molecular docking analyses and identified 35 residues in IGF1R 

that may be important for interactions with RSV-F. We used alanine scanning mutagenesis to 

generate 35 mutants of IGF1R and we assessed their expression, maturation, as well as the effect 

of each mutation on RSV entry. We identified several mutations that appear to inhibit IGF1R 

maturation, but surprisingly these mutations did not have significant effects on RSV entry. This 

suggests that IGF1R maturation may not be required for RSV entry. Additionally, we identified 

one residue, S788A, that significantly reduced RSV infection, revealing a potentially critical 

residue for RSV-F-mediated entry. Future studies will be needed to further explore cell surface 

localization of IGF1R alanine mutants and verify the importance of Ser788 in RSV entry. Finally, 

to develop IGF1R-based biological decoy receptors for RSV entry, we generated a mutant IGF1R 

library using sequence saturation mutagenesis, targeting the region of IGF1R identified by our 
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molecular docking analysis. In future, we plan to establish a directed evolution platform and flow 

cytometry-based screening assay to develop biological inhibitors of RSV entry. We anticipate that 

this research will help to map the RSV-F:IGF1R interaction interface, and will aid in the 

development of targeting strategies that inhibit RSV entry. We hope that the establishment of the 

directed evolution platform will lead to the development of novel biological inhibitors of RSV 

entry, and that this approach can be applied to the development of antivirals for a variety of virus-

host interactions. 

  



 IV 

RÉSUMÉ 

Le virus respiratoire syncytial humain (VRS) est une menace pour la santé mondiale, avec environ 

33 millions de personnes infectées et environ 120 000 décès chaque année. Le virus respiratoire 

syncytial (VRS) possède deux glycoprotéines de surface principales, la glycoprotéine 

d'attachement (G) et la protéine de fusion (F), qui ensemble assurent la médiation de l'attachement 

et de l'entrée du virus. Des études récentes ont révélé un nouveau modèle d'entrée du VRS. Dans 

ce modèle, l'attachement est facilité par des interactions non spécifiques entre la protéine G du 

VRS et les glycosaminoglycanes, puis la protéine F du VRS peut interagir spécifiquement avec le 

récepteur du facteur de croissance analogue à l'insuline de type 1 (IGF1R). Cette interaction 

déclenche l'activation de l'IGF1R, qui aboutit à l'activation de la signalisation de la PKCζ et au 

recrutement d'un autre récepteur du VRS-F, la nucléoline, du noyau vers la surface cellulaire. À la 

surface des cellules, le VRS-F, l'IGF1R et la nucléoline forment un complexe trimérique qui 

déclenche la fusion du VRS et complète le processus d'entrée du VRS. Cependant, les résidus 

spécifiques de l'IGF1R qui sont importants pour les interactions avec le VRS-F ne sont toujours 

pas clairs. Ainsi, nous avons réalisé des analyses de docking moléculaire et avons identifié 35 

résidus dans l'IGF1R qui pourraient être importants pour les interactions avec le VRS-F. Nous 

avons utilisé la mutagenèse à balayage d'alanine afin de générer 35 mutants d'IGF1R et nous avons 

évalué leur expression, leur maturation, ainsi que l'effet de chaque mutation sur l'entrée du VRS. 

Nous avons identifié plusieurs mutations qui semblent inhiber la maturation de l'IGF1R, mais 

étonnamment, ces mutations n'ont pas eu d'effets significatifs sur l'entrée du RSV. Ceci suggère 

que la maturation de l'IGF1R n'est peut-être pas nécessaire pour l'entrée du VRS. De plus, nous 

avons identifié un résidu, le S788A, qui réduit significativement l'infection par le VRS, révélant 

ainsi un résidu potentiellement critique pour l'entrée médiée par le VRS-F. Des études futures 
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seront nécessaires pour explorer davantage la localisation à la surface cellulaire des mutants 

alanine d'IGF1R et pour vérifier l'importance du résidu Ser788 dans l'entrée du VRS. Enfin, pour 

développer des leurres biologiques basés sur l'IGF1R pour l'entrée du VRS, nous avons généré une 

librairie de mutants de l'IGF1R en utilisant la mutagenèse par saturation de séquence, ciblant la 

région de l'IGF1R identifiée par notre analyse de docking moléculaire. À l'avenir, nous prévoyons 

d'établir une plateforme d'évolution dirigée et un test de criblage basé sur la cytométrie en flux 

pour développer des inhibiteurs biologiques de l'entrée du VRS. Nous pensons que cette recherche 

aidera à schématiser l'interface d'interaction VRS-F:IGF1R, et qu'elle contribuera au 

développement de stratégies de ciblage qui inhibent l'entrée du VRS. Nous espérons que 

l'établissement de la plateforme d'évolution dirigée mènera au développement de nouveaux 

inhibiteurs biologiques de l'entrée du VRS et que cette approche sera appliquée au développement 

d'antiviraux pour une variété d'interactions virus-hôte. 
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CHAPTER 1: INTRODUCTION 
 
1.1 DISCOVERY AND EPIDEMIOLOGY OF RESPIRATORY SYNCYTIAL VIRUS  

1.1.1 Discovery 

Respiratory syncytial virus (RSV) is a negative-sense RNA virus of the Pneumoviridae family. 

RSV was first discovered in 1956 in a group of chimpanzees suffering from cold symptoms, and 

was thus originally named chimpanzee coryza agent (CCA) (1). However, CCA was later 

isolated in two children suffering from respiratory illnesses, and researchers also found 

antibodies that could neutralize CCA in most school-aged children (1). Once they realized its 

ability to cause human illness, CCA was renamed “respiratory syncytial virus”. 

 

1.1.2 Epidemiology 

RSV is the leading cause of severe lower respiratory tract disease globally, with approximately 

33 million cases annually (2). Of these, 3 million cases require hospitalization and approximately 

118,200 fatalities occur per year (2, 3). By the age of 2, virtually all children have had at least 

one RSV infection (4). RSV also accounts for high rates of hospitalization and morbidity in the 

elderly population (5). RSV infections follow a seasonal transmission pattern. In temperate 

climates, most epidemics occur during the winter, while in tropical climates this time frame is 

typically elongated, with infections beginning midsummer (6, 7). There are two RSV subtypes, 

subtypes A and B, which are differentiated by their antigenic reactivity to monoclonal antibodies 

(7). Typically, RSV subtype A is more prevalent, but models have been proposed for alternating 

seasonal transmission cycles of subtypes A and B (7). Transmission of RSV occurs as a result of 

contact with droplets, either through direct contact with an infected individual or through contact 
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with contaminated fomites (8). Recently, it was shown that infectious virus can be found in 

aerosols produced by infants with RSV-positive bronchiolitis (9). 

 

1.1.3 Pathology and treatment  

For the majority of children and infants, RSV symptoms are no more serious than a cold, but in 

more severe cases, life-threatening bronchiolitis and pneumonia can develop (4). Certain high-

risk groups, including premature babies, immunocompromised infants, and those born with lung 

or heart disease, have a greater chance of developing severe infections (4, 10). Additionally, 

RSV bronchiolitis in infancy has been associated with the development of asthma and allergy in 

childhood (11). Currently, the only available treatment for RSV is a prophylactic monoclonal 

antibody, Palivizumab, which is reserved for high-risk patients, such as premature and/or 

immunocompromised infants (12). However, Palivizumab is costly, has low neutralizing activity, 

and is not effective if administered during an active RSV infection (13). As such, there is a 

pressing need for novel RSV vaccines and antiviral treatment strategies (12). 

 

1.2 MOLECULAR BIOLOGY OF RSV 

1.2.1 RSV structure and genome organization 

RSV is an enveloped, non-segmented, negative-sense RNA virus of the Pneumoviridae family, 

genus orthopnuemovirus (14). RSV particles have been described as spherical, asymmetric, and 

filamentous, but most RSV particles are filamentous (15, 16) (Figure 1.1A). The cellular plasma 

membrane-derived lipid bilayer envelope of RSV is decorated with the viral surface 

glycoproteins (1, 16). The RSV genome is 15.2 kb in length and encodes 10 genes, in the order 

3´ NS1-NS2-N-P-M-SH-G-F-M2-L 5´(1, 16).   
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Figure 1.1. RSV particle structure and genome organization. (A) Schematic of an RSV 
infectious viral particle. The attachment glycoprotein (G) and fusion (F) protein, as well as the 
small hydrophobic (SH) proteins are embedded in the viral envelope. The matrix (M) protein lies 
underneath the viral envelope. The M2-1 protein interacts with both the M protein and the 
nucleoprotein (N) encasing the viral negative-sense genomic RNA. The polymerase subunit (L) 
and the phosphoprotein (P) polymerase co-factor are also associated with N. (B) Organization of 
the RSV genome, with the 10 viral genes encoding 11 mature proteins. Figure from (17). 
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Each gene encodes a corresponding mRNA, with each encoding a single major protein, except 

for M2, which has two overlapping open reading frames (Figure 1.1B) (1, 16). The viral 

nucleoprotein (N) is involved in replication organelle biogenesis and serves as the nucleocapsid 

protein, which complexes with the viral RNA in a helical ribonucleoprotein (RNP) complex (16). 

The RSV polymerase complex is formed by the viral L, P, and M2-1 proteins, with the L protein 

being the RNA-dependent RNA polymerase (RdRp) responsible for viral mRNA synthesis and 

genome replication. The phosphoprotein (P) is a polymerase co-factor that also acts as an adaptor 

by binding to the N, M2-1, and the L protein to mediate the interaction between the nucleocapsid 

and polymerase complex (16). M2-1 is an essential transcription processivity factor, primarily 

involved in the complex as a transcription terminator (16, 18). The nonstructural (NS) proteins 

NS1 and NS2 inhibit interferon induction, signaling, and apoptosis (16). The role of M2-2 is 

unknown, but deletion of this protein results in delayed and reduced viral RNA replication (16).  

Together with the N protein, the M, SH, G, and F proteins are the structural proteins that 

form the filamentous RSV particle (16). The matrix (M) protein associates with the cytoplasmic 

domain of the F protein and is responsible for the filamentous appearance of the virus (17). The 

M protein also interacts with M2-1, which mediates association with the polymerase complex 

(17). The viral envelope contains the fusion (F), attachment glycoprotein (G), and small 

hydrophobic (SH) proteins. The G and F proteins mediate viral attachment and entry, while the 

SH protein is a pentameric ion channel that is hypothesized to be involved in delaying apoptosis 

in infected cells (17, 19).   
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1.2.2 RSV life cycle 

RSV preferentially infects the most apical ciliated cells of the airway epithelium (17, 20). Non-

specific viral attachment is mediated by the RSV-G protein via its heparin-binding domains, 

which interact with cell surface glycosaminoglycans (GAGs), mainly heparin sulfate 

proteoglycans (HSPG) (7, 17, 21). Several studies also suggest that RSV-G interacts with the 

CX3CR1 receptor on ciliated cells of the airway epithelium (19, 22). Additionally, the F protein 

has been shown to interact with intercellular adhesion molecule-1 (ICAM-1), toll-like receptor-4 

(TLR4), nucleolin, and more recently, the insulin-like growth factor 1 receptor (IGF1R) (23-27). 

RSV-F interactions with IGF1R and nucleolin trigger F protein-mediated fusion with host cell 

membranes, and current models suggest that RSV can fuse with either the plasma membrane or 

with endocytic vesicles (17, 26, 27). Differing efficiencies of these events might depend on the 

environmental conditions and the target cell (17). 

After entry into the host cell, the viral RNP and the polymerase complex are released into 

the cell cytoplasm (Figure 1.2). Viral replication takes place in the cytoplasm at replication 

complexes which form on internal membranes (7). These complexes form by the coalescence of 

the RSV L, P, M2-1 proteins, and the N-encapsidated genomic RNA (7). The L protein (RdRp) 

transcribes the viral mRNAs and is responsible for the production of the full-length, positive-

sense antigenomic intermediate (17). The current model for the switch between transcription and 

replication depends on the availability of the viral N protein and on which nucleotide(s) is/are 

pre-loaded in the viral polymerase upon non-templated RNA synthesis. If pre-loaded with G, the 

polymerase will transcribe mRNA, but if pre-loaded with AC, the polymerase will synthesize the 

full-length antigenome and subsequently full-length genomic RNAs (7, 28).  
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Figure 1.2. Pneumoviridae viral life cycle. The RSV life cycle initiates with attachment to the 
host cell membrane. In the case of RSV, fusion may occur at the plasma membrane (depicted) or 
within endocytic vesicles. Upon fusion, the virion is uncoated, and the negative-sense genomic 
RNA coated by the viral nucleoprotein (N) is released into the cytoplasm. The genome is first used 
to transcribe viral mRNA and subsequently to produce antigenomic and progeny negative-sense 
genomic RNAs. The progeny genomic RNAs are also incorporated into progeny virions or may 
act as a template for secondary transcription. Once translated, the M proteins and ribonucleoprotein 
complexes are transported to the plasma membrane. Viral glycoproteins F, G, and SH are 
synthesized on the ER and transit through the Golgi apparatus to the plasma membrane. Finally, 
new progeny virions are assembled and released from the plasma membrane by budding. Figure 
from (29).  
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During RSV infection, the primary sites of viral RNA synthesis, known as inclusion bodies, are 

formed and these play a role in modifying the antiviral response (7, 30). The viral RNPs are 

transported to the plasma membrane for virion assembly, where actin-dependent filament 

budding is driven by the RSV-F and M proteins associating with lipid rafts (16, 17). However, 

there is evidence that these filaments might form before reaching the plasma membrane and then 

merge with the plasma membrane through an unknown mechanism (17, 31). The viral RNP and 

associated polymerase complex interacts with the M protein, and infectious viral particles bud 

from the plasma membrane gaining a viral envelope in the process containing the SH, G and F 

proteins (Figure 1.2). 

 

1.3 VIRAL ATTACHMENT AND ENTRY 

1.3.1 RSV-G and attachment  

RSV-G is a heavily glycosylated type II integral membrane glycoprotein that facilitates initial 

attachment to host cells during infection (19, 32). It resembles mucins produced in airways, as it 

has upwards of 30 O-linked glycans and 4-5 N-linked glycans (19). RSV-G also has a region 

similar to the CX3C motif of the chemokine CX3CL1, also known as fractalkine (33). Several 

host factors have been identified as RSV-G binding partners. While RSV-G is not absolutely 

required for infection, in vitro assays suggest that deletion of RSV-G leads to a 10-fold reduction 

in infectivity (34). On immortalized cells, it first appeared that heparan sulfate (HS) 

proteoglycans were the receptor for RSV-G (19). However, these are not present on the apical 

surface of human air epithelial (HAE) cells, and therefore HS is most likely not the true 

physiological receptor (19). Some studies have since indicated the fractalkine receptor, CX3CR1, 
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as the receptor for RSV-G. Possible evidence of this has been shown in HAE cultures and animal 

models (22, 33, 35). However, the role of CX3CR1 in the RSV life cycle remains controversial. 

 

1.3.2 RSV-F and viral fusion  

The structure of RSV-F is highly conserved in both RSV subtypes (19). RSV-F is a type I viral 

fusion protein, similar to the influenza hemagglutinin protein or the human immunodeficiency 

virus (HIV) envelope protein (36). The RSV-F glycoprotein is first produced as a 574 amino acid 

inactive precursor, called F0 (37). A trimer of three F0 monomers then assembles and is cleaved 

by a furin-like host protease (19). Each monomer is cleaved twice after amino acid 109 and 136, 

producing three fragments (38). The smaller N-terminal fragment (F2) is attached to the larger C-

terminal fragment (F1) by two disulfide bonds (Figure 1.3) (36). The intervening segment 

dissociates after cleavage and is not present as a part of the mature F protein (39). F2 is predicted 

to have two N-glycosylation sites, whereas F1 is predicted to have one N-glycosylation site (19, 

36). The mature form of the RSV-F protein is a functional trimer (19). 

RSV-F-protein mediated fusion occurs due to the difference in energies between two F 

protein trimer states, specifically the prefusion and postfusion states (Figure 1.3 and 1.4) (40). 

The prefusion state is a metastable, untriggered version adopted before virion interactions with 

the host cell, whereas the postfusion state is a stable rearrangement that typically forms after 

fusion of the viral and host membranes (19, 40). It has also been shown that both pre- and 

postfusion states of RSV-F exist on the surface of RSV virions, further supporting the hypothesis 

that the prefusion state is metastable (41). Interestingly, both the prefusion and postfusion RSV-F 

states have a variety of epitopes that are targets of neutralizing antibodies (42).  
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Figure 1.3. Domain organization and structure of RSV-F. (A) Domain organization of the 
RSV-F monomer. The heptad repeat C (HRC), 27 amino-acid fragment (p27), fusion peptide (FP), 
heptad repeat A (HRA), heptad repeat D (HRD), heptad repeat B (HRB) are indicated. The two 
cleavage sites are indicated with black arrows. Cleavage results in the release of p27 and the F1 
and F2 regions, which become disulfide-linked (S-S). (B) Trimer of the pre-fusion (PBD 
ID:4JHW) and the post-fusion (PBD ID:3RK1) structures. Two protomers are shown in grey with 
surface representation, one protomer is shown as a ribbon diagram. Domains are coloured as in 
(A). Figure from (43).  
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Figure 1.4. Structures and antigenic sites of pre- and postfusion RSV-F. Prefusion and 
postfusion RSV-F (pre-F and post-F) are shown as molecular surfaces, with the N-linked glycans 
(sticks), and the viral membrane is represented as a gray disc. There are two pre-F-specific 
antigenic sites (Ø and V), and two sites which are present on both conformations (II and IV). 
Antibodies against site III generally bind with greater affinity to the pre-F conformation, whereas 
antibodies against site I bind with greater affinity to the post-F conformation. Neutralizing potency 
of the antigenic sites (Ø, I, II, III, IV and V) are indicated (left). Figure from (42). 
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There are currently six main antigenic sites mapped (termed Ø, I, II, III, IV, V), and their 

availability can differ between the two RSV-F states (Figure 1.4). The prefusion state is an ideal 

target for the development of small molecule drugs, as preventing conversion to the postfusion 

state could block viral fusion and hence inhibit RSV infection (19). The prophylactic monoclonal 

antibody, Palivizumab, used in high risk patients, targets antigenic site II on the prefusion and 

postfusion states of RSV-F (44). The rearrangement from the prefusion to the postfusion form of 

RSV-F can occur at high temperature and low osmolarity, but the mechanism of rearrangement 

is currently unknown (45). While it is unclear what physiological event triggers this 

rearrangement, it is hypothesized that it is triggered upon interaction with one or more host cell 

receptors (45). However, although the trigger for fusion is still uncertain, the mechanism of 

membrane fusion has been elucidated (19). Briefly, in the prefusion state, the hydrophobic fusion 

peptide (FP) is present at the N-terminus of F1, followed by heptad repeat A (HRA) and heptad 

repeat B (HRB) (Figure 1.3) (19). When triggered, the pre-HRA domains extend and form a 

trimer which extends the FP into the host cell membrane. The HAR timer then hairpins and 

forms a stable 6-helix bundle, which allows the virion and cell membranes to join, resulting in 

virion fusion (19). Even with a complete understanding of how fusion occurs, the receptor(s) of 

RSV-F and the trigger of viral fusion is still a point of on-going research.  

 

1.4 IDENTIFICATION OF RSV ENTRY RECEPTORS 

1.4.1 Nucleolin 

Nucleolin has been established as a receptor for RSV-F, and has been shown to be necessary for 

optimal RSV entry (26). The identification of nucleolin as a receptor for RSV entry was 

identified using a virus overlay protein binding assay (VOPBA). This assay involves separating 
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proteins by electrophoresis on a membrane, incubating the proteins with whole viruses, and then 

determining if the virus interacted with a specific protein via a virus-specific antibody (26). 

Samples from susceptible human, dog, and hamster cell lines, combined with mass spectrometry 

analyses revealed nucleolin as the consistent hit between samples (26). Subsequently, it was 

shown that RSV-F can co-precipitate nucleolin during infection, and these proteins were also 

shown to colocalize at the cell surface in vitro. Additionally, nucleolin knockdown or pre-

incubation of virus with soluble nucleolin was shown to inhibit RSV infection in vitro, and 

expression of nucleolin in a nonpermissive Spodoptera Frugiperda Sf9 insect cell line was 

sufficient to make these cells permissive for RSV infection (26). Finally, in a mouse model, 

silencing of nucleolin in the lung was shown to decrease RSV infection in vivo (26). Thus, taken 

together, these results implicate nucleolin as an important cellular receptor for RSV-F during 

viral entry. 

 Nucleolin is a phosphoprotein that can be found primarily in the nucleolus but also in the 

nucleus, cytoplasm, and cell membrane. It is implicated in rRNA synthesis and ribosome 

biogenesis, as well as in a variety of activities related to regulation of chromatin structure and 

nucleogenesis (46, 47). These functions occur through its three different domains (Figure 1.5). 

The N-terminal domain contains acidic stretches and some of its roles include rRNA processing, 

interacting with histone H1, and regulating chromatin condensation (48). The central domain 

contains four RNA binding domains (RBDs) and is responsible for pre-mRNA splicing, mRNA 

stability, and poly-A tail synthesis and maturation (48). Finally, the C-terminal domain contains 

a glycine/arginine-rich (GAR) domain that has DNA helicase activity, in addition to being 

responsible for nuclear import of ribosomal proteins (48, 49). More recently, RBDs 1 and 2 have 

been implicated in interactions with the RSV-F protein (50).   
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Figure 1.5. Domain organization of nucleolin. Domain organization of nucleolin with three 
acidic stretches, followed by four RNA binding domains (RBDs), and a glycine/arginine-rich 
(GAR) domain. RBDs 1 and 2 are implicated in interactions with RSV-F. 
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Interestingly, beyond RSV, nucleolin has also been implicated in several other viral infections. 

Specifically, nucleolin has been implicated in replication of hepatitis delta virus and poliovirus 

and presents at the cell surface to facilitate coxsackie B virus and HIV entry (51-

54).  Interestingly, nucleolin does not have a transmembrane domain or glycosylphosphatidyl-

inositol (GPI) anchor, but has been shown to be present at the cell surface (25). This 

phenomenon is possible because nucleolin is part of a protein complex that contains membrane-

bound proteins (25). Curiously, despite the clear importance of nucleolin in RSV-F-mediated cell 

entry, nucleolin generally has low cell surface expression in relevant cell types (27). Thus, it was 

hypothesized that perhaps there is an upstream cellular entry receptor or event in the RSV entry 

process that is important for “calling” nucleolin to the cell surface. 

 

1.4.2 IGF1R 

In addition to nucleolin, a recent study has identified IGF1R as an important RSV-F entry factor 

(27). In this study, researchers determined that several inhibitors of cellular signaling pathways 

could reduce RSV infection (27). Specifically, an IGF1R inhibitor reduced infection, and 

subsequently, it was shown that anti-IGF1R antibodies or knockout of IGF1R blocks RSV 

infection (27). Binding studies also revealed that although RSV-G was able to interact with 

IGF1R non-specifically, RSV-F forms a specific complex with IGF1R, with a dissociation 

constant of 13.6 nM (27). These results established IGF1R as a receptor for RSV-F. 

IGF1R is implicated in cell growth, differentiation, and proliferation (55). It is a receptor 

tyrosine kinase, which is expressed as a ~180 kDa precursor, and is proteolytically processed 

into an α and β subunit to produce the mature protein (Figure 1.6) (55, 56).  
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Figure 1.6. Domain organization and structure of IGF1R. (A) Domain organization of the 
IGF1R protein. The L1 and L2 (leucine-rich globular domains); CR (cysteine-rich domain); Fn1, 
Fn2, Fn3 (fibronectin III repeats 1-3); ID (insert domain, within FnIII-2); α-CT (c-terminal region 
of the α-chain); TM (transmembrane); TK (Tyrosine kinase domain); and TAIL (c-terminal tail) 
domains are indicated. Domain boundaries as well as the IGF1 ligand binding sites (blue) are 
indicated (55). The arrowhead denotes the cleavage site between the α and β subunits. (B) Mature 
IGF1R is a disulfide-linked homodimer of two αβ subunits. Disulphide linkages are denoted by 
horizontal black lines between the two αβ subunits, and domains and interaction sites are coloured 
as in (A). 
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Multiple N-glycosylation sites in IGF1R are vital to ensure proper folding and oligomerization, 

along with its trafficking to the cell surface (56). The mature IGF1R protein is a disulfide-linked 

homodimer composed of two α and β subunits (Figure 1.6) (57, 58). The disulfide bonds 

between the monomers occur at Cys514, Cys669, Cys670, and Cys672 (59). One exists between 

the α and β subunits at Cys633 of the α unit and Cys849 of the β unit (59). Possible disruption of 

these residues, and therefore disruption of the disulfide bonds, could affect the regulation of 

protein folding, stability, and IGF1R activity (59, 60).  

IGF1R is a transmembrane protein, and similar to other transmembrane proteins, has a 

modular architecture composed of different, and sometimes repeated, structural units (61). One 

IGF1R αβ monomer contains the following domains (starting from the most extracellular 

portion): leucine-rich domain (L1), a cysteine-rich domain (CR), another leucine-rich domain 

(L2), three type III fibronectin domains (FnIII-1, 2, 3), a transmembrane domain, a tyrosine 

kinase domain (TK), and a C-terminal tail (Figure 1.6) (62, 63). The L1 and L2 domains provide 

structural framework to support protein-protein interactions (64). The cysteine-rich domain is 

mainly responsible for the differentiating affinities between the IGF1R ligands, insulin-like 

growth factor 1 (IGF1), insulin-like growth factor 2 (IGF2), and insulin (65). The FnIII domains 

are also implicated in protein-protein interactions, but they also act as spacers in order to 

correctly position important regions of the ectodomain (56). The C-terminus of the α chain 

(αCT) lies within insert domain (ID) of FnIII-2, and assembles an α helix on the central β sheet 

of L1 when the protein folds at the membrane (Figure 1.6) (62). The ID is a 110 amino acid 

nonglobular insertion, which contains the cleavage site and three cysteines that participate in 

inter-subunit disulfide bonds (63). The αCT motif is important in ligand binding, which will be 

explored in the following section.  
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1.4.3 IGF1R signaling  

As discussed above, IGF1R has roles in cell growth, differentiation, and proliferation and its 

broad expression means that it plays important roles in several tissues (55). For example, IGF1R 

stimulation promotes neuronal survival and myelination, mammary development and lactation, 

as well as bone and muscle formation and differentiation (66, 67). Additionally, IGF1R 

activation is implicated in multiple signaling cascades during stress and nutrient loss to shift 

energy use from growth and reproduction to preservation and conservation (67). Dysregulation 

of IGF1R signaling can lead to inhibition of apoptosis and changes in metabolism; and IGF1R 

overexpression is associated with invasion and metastasis of cancer cells (66). As such, 

dysregulation of IGF1R can lead to cancer and growth retardation (55). 

The two main ligands of IGF1R are IGF1 and IGF2 (57). IGF1R is also able to interact 

with insulin, but with a 50- to 100-fold lower affinity, as IGF1R and the insulin receptor (IR) 

have 57% sequence identity (55, 57). The cryo-EM structure of the full-length IGF1R–IGF1 

complex in its active state suggests that the IGF1 binding site involves the L1 and CR domains 

of one IGF1R monomer and the α-CT and FnIII-1 domains of the other (Figures 1.6 and 1.7) 

(55). In the working model for IGF1-induced activation, IGF1 binds L1 of one monomer and the 

α-CT region of another IGF1R monomer (55). Thus, for IGF1 binding, the α-CT region of one 

IGF1R monomer needs to be available. Upon IGF1 binding, the unoccupied α-CT becomes 

unavailable due to the conformational rearrangement of the receptor (55). This conformational 

change brings the IGF1R transmembrane domains together, triggering auto-phosphorylation of 

the cytoplasmic domains of the two β-subunits (63).   
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Figure 1.7. IGF1R rearrangement upon IGF1 binding. Working model for IGF1-induced 
IGF1R activation. IGF1R monomers are colored in green and blue, and IGF1 is colored in pink. 
The domains L1 and L2 (leucine-rich repeat domains), CR (cysteine-rich domain), FnIII-1, FnIII-
2, and FnIII-3 (fibronectin type III domains), α-CT (the C-terminus of the α-subunit); TK (tyrosine 
kinase domain are indicated. Figure from (55). 
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In turn, this leads to downstream activation of two main signaling pathways: the mitogen-

activated protein kinase (MAPK) cascade and the phosphoinositide-3 kinase (PI3K) cascade, 

which in turn triggers the expression of a variety of cell growth factors and other aforementioned 

cellular functions (57). IGF1R signaling and activation has been well characterized in terms of 

normal physiological functions, but the downstream pathway involved in RSV and IGF1R-

induced nucleolin trafficking to the cell surface had yet to be investigated (27). To determine if 

kinases were important for the process of entry, a screen of small molecules that inhibit the 

activation of specific kinases was performed (27). Inhibition of protein kinase C zeta (PKCζ ) 

was shown to result in reduced RSV infection (27). It was subsequently shown that IGF1R 

activation resulted in activation of PKCζ, and that this activation calls nucleolin to the cell 

surface (27). This demonstrated the importance of PKCζ signaling in RSV entry. Taken together, 

these results implicate IGF1R, PKCζ, and nucleolin in the RSV entry pathway. 

 

1.4.4 Current model for RSV attachment and entry 

The identification of IGF1R, PKCζ signaling, and nucleolin in RSV entry has led to the current 

working model for RSV entry (Figure 1.8). Specifically, RSV-G is thought to initially attach to 

cells through non-specific contacts with GAGs, and possibly also CX3CR1 (19, 22, 33, 35). 

Next, the RSV-F protein is thought to bind specifically to IGF1R. This interaction triggers 

IGF1R activation, culminating in the activation of PKCζ signaling and the subsequent 

recruitment of nucleolin from the nucleus to the cell surface. At the cell surface, RSV-F, IGF1R, 

and nucleolin interact to form a trimeric complex that facilitates RSV fusion and entry (Figure 

1.8). 
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Figure 1.8. RSV entry model. RSV-F on the surface of the RSV virion binds to the insulin-like 
growth factor 1 receptor (IGF1R) on the cell surface. Binding of RSV-F activates IGF1R, which 
activates the PKCζ signalling pathway. Activation of PKCζ recruits nucleolin from the nucleus to 
the cell membrane. At the cell membrane, RSV-F, IGF1R, and nucleolin interact to facilitate fusion 
of the viral envelope and the host membrane. Figure from (27). 
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1.5 TOWARDS THE DEVELOPMENT OF BIOLOGICAL INHIBITORS OF RSV 

ENTRY  

1.5.1 Viral Entry as a target of antiviral therapy 

Entry, and more specifically fusion, has always been a lucrative target for antiviral development. 

Due to its pivotal role in fusion, RSV-F is an attractive candidate for the development of 

antivirals. However, targeting the interaction between RSV-F and specific host factors could also 

have therapeutic potential. Of particular interest is the interaction between IGF1R and RSV-F. 

As we described herein, prefusion RSV-F binds the IGF1R, which subsequently activates PKC] 

signalling, triggering nucleolin translocation to the cell surface culminating in RSV fusion and 

completing the viral entry process (27). Considering the importance of IGF1R:RSV-F 

interactions for initiating a viral infection, interfering with this interaction is likely to be a 

lucrative avenue for the development of novel RSV antivirals.  

 

1.5.2 Directed evolution for the development of biological inhibitors of viral entry 

As alluded to already, virus-host interactions are an extremely important targets in the 

development of antiviral treatments. Herein, we hypothesized that we could exploit host-virus 

interactions to develop biological inhibitors of viral entry. To this end, we have designed a 

directed evolution platform to develop and screen biological inhibitors of viral entry. Briefly, we 

plan to use directed evolution to evolve host receptor molecules to have greater affinity for the 

viral receptor, while simultaneously screening for those with reduced affinity for the natural 

ligand (Figure 1.9). In this way, we may select for biological inhibitors of viral entry that do not 

interfere with canonical host receptor-ligand interactions.  

 
 



 22 

 

 

 

 

 

 

 

 

Figure 1.9. Directed evolution for development of biological inhibitors of viral entry. Cellular 
receptors are subjected to directed evolution. Evolved receptors can subsequently be screened for 
enhanced viral entry and reduced binding to the natural ligand. 
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This is similar to the use of receptor decoy molecules, which have been widely applied in HIV-1 

studies using soluble CD4 molecules, but our strategy provides an additional advantage by 

simultaneously selecting against host-ligand interactions to limit off-target effects (Figure 1.9) 

(68). The directed evolution strategy employed herein is inspired by natural selection, which can 

implement a variety of genetic diversification techniques to introduce mutations into a specific 

gene (69, 70). This strategy enables the creation of a diverse library of mutant receptors, which 

in turn permits screening and identification of mutations that produce a desired phenotype (69, 

70). As a proof of principle, we plan to exploit the interaction between RSV-F and the IGF1R 

protein to develop biological inhibitors of RSV entry. 

 
 
1.6 RATIONALE AND HYPOTHESIS  

With the recent identification of IGF1R as a receptor for RSV-F there is now a new target for 

potential antiviral development. However, it is still unclear which domains of IGF1R specifically 

interact with RSV-F. Determining the specific interaction domains of IGF1R will be essential to 

informing the design of potential decoy-based inhibitors of RSV entry. Thus, we hypothesize 

that through molecular docking and alanine scanning mutagenesis, we might gain insights into 

the residues in IGF1R important for RSV-F-mediated viral entry. Furthermore, we hypothesize 

that this will allow us to identify the regions of IGF1R suitable for directed evolution as a first 

step in the development process for biological inhibitors of RSV entry. 

In Chapter 2, we performed molecular docking analysis and identified 35 residues of 

IGF1R implicated in interactions with RSV-F. We subsequently performed alanine-scanning 

mutagenesis on these residues and investigated their expression and processing, as well as their 

ability to facilitate RSV infection. We found that some mutations disrupted expression or 
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maturation of IGF1R, and that one mutation severely impaired RSV entry. Additionally, we used 

sequence-saturation mutagenesis to generate a random mutant IGF1R library targeted to the 

region of IGF1R implicated in RSV-F binding. 

 Finally, in Chapter 3 we further discuss IGF1R and RSV-F interactions and propose 

future experiments to support or clarify our findings. We also discuss our progress towards a 

directed evolution platform and its potential further application.  
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2.1 PREFACE TO CHAPTER 2 

As discussed in Chapter 1, the RSV fusion protein (RSV-F) has been shown to bind and activate 

IGF1R during viral entry (1). However, it is unknown which domains of IGF1R are responsible 

for this interaction. Herein, we performed molecular docking analysis to identify the interaction 

interface between IGF1R and RSV-F. Subsequently, we used alanine-scanning mutagenesis to 

investigate the importance of the identified IGF1R residues in RSV entry. Additionally, we 

wanted to exploit the interaction between IGF1R and RSV-F to develop biological inhibitors of 

viral entry. To accomplish this, we used sequence saturation mutagenesis to generate a mutant 

IGF1R library, which will be used in future in a screening approach to develop IGF1R-based 

decoy inhibitors of RSV entry. 

This chapter was adapted from the following manuscript: Understanding respiratory 

syncytial virus entry requirements by mapping interactions between the RSV-F and IGF1R. 

Rachel S. Hayes, Ahmed K. Oraby, Carolina Camargo, David J. Marchant, and Selena M. 

Sagan. Manuscript in preparation.  
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2.2 ABSTRACT 

Respiratory syncytial virus (RSV) has two main surface glycoproteins, the attachment 

glycoprotein (G) and the fusion (F) protein, which together mediate viral entry. Attachment is 

mediated by the RSV-G protein, while the RSV-F protein makes specific contact with the cellular 

insulin-like growth factor 1 receptor (IGF1R). This interaction leads to IGF1R phosphorylation 

and activation, triggering a signaling cascade which calls the co-receptor, nucleolin, from the 

nucleus to the cell surface where it can trigger viral fusion. We performed molecular docking 

analyses which provided a potential set of 35 residues in IGF1R that may be important for 

interactions with RSV-F. We used alanine scanning mutagenesis to generate these 35 mutants of 

IGF1R and assessed their expression, maturation, as well as the effect of each mutation on RSV 

entry. We identified several mutations that appear to inhibit IGF1R maturation, but surprisingly 

these mutations had no significant effect on RSV entry. This suggests that IGF1R maturation may 

not be required for RSV entry. Additionally, we identified one residue, S788A, that significantly 

reduced RSV infection, revealing a potentially critical residue for RSV-F-mediated entry. Finally, 

to develop IGF1R-based biological decoy receptors for RSV entry, we generated a mutant IGF1R 

library using sequence saturation mutagenesis targeting the region of IGF1R identified in our 

molecular docking analysis. We anticipate that this research will help to map the RSV-F:IGF1R 

interaction interface, and will aid in the development of targeting strategies that inhibit RSV entry.  

 

  



 38 

2.3 INTRODUCTION 

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

disease globally, with approximately 33 million cases annually (2). Certain high-risk groups have 

a greater chance of developing severe infections, including premature babies, 

immunocompromised infants, and those born with lung or heart disease (3, 4). Currently, there 

is no vaccine available and there are no treatments for active RSV infections. The only 

available treatment is a prophylactic monoclonal antibody, Palivizumab, which is reserved for 

high-risk patients such as premature and/or immunocompromised infants (5). However, 

Palivizumab is costly, has low neutralizing activity, and is not effective if administered during an 

active RSV infection (6).  

RSV is an enveloped, non-segmented, negative-sense RNA virus of the Pneumoviridae 

family (7). It preferentially infects the ciliated cells of the airway epithelium (8). Infection is 

mediated by the two main RSV surface glycoproteins: the attachment glycoprotein (G) and the 

fusion (F) glycoprotein (9). Initial, non-specific virus binding is mediated by the RSV-G protein 

via its heparin-binding domains, which interact with cell surface glycosaminoglycans (GAGs), 

mainly heparin sulfate proteoglycans (10). RSV-F is responsible for viral envelope fusion with 

host cell membrane(s) (9, 10).  Several studies also suggest that the RSV-G protein interacts with 

the CX3CR1 receptor on ciliated cells of the airway epithelium (9, 10). Additionally, the RSV-F 

protein has been shown to interact with intercellular adhesion molecule-1 (ICAM-1), toll-like 

receptor-4 (TLR4), nucleolin (NCL), and more recently, the insulin-like growth factor 1 receptor 

(IGF1R) (1, 11-14).  

In the current model of RSV-F-mediated fusion, the prefusion metastable RSV-F protein 

must first interact with IGF1R (1). This triggers IGF1R activation and induction of the protein 
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kinase C zeta (PKCζ) cellular signaling cascade (1). This signaling cascade triggers nucleolin 

translocation from the nucleus to the cell surface, where it is then able to also bind to RSV-F and 

IGF1R (1). This interaction triggers RSV-F protein-mediated fusion with host cell membranes, 

which can occur at the plasma membrane or within an endocytic vesicle (1, 14, 15). The location 

of fusion might be dependent on the environmental conditions as well as the target cell (15).  

IGF1R is a receptor tyrosine kinase that is first expressed as a ~180 kDa precursor and is 

subsequently proteolytically processed (into two subunits) in the Golgi by furin during egress to 

the cell surface (16-18). The mature receptor is a disulfide-linked homodimer, composed of two 

α and β subunits (19, 20). The two main ligands of IGF1R are insulin-like growth factor 1 (IGF1) 

and insulin-like growth factor 2 (IGF2) (19). Ligand binding leads to a signaling cascade that 

triggers cell growth, differentiation, and proliferation (16). IGF1 interactions with IGF1R include 

the first leucine-rich domain (L1), the cystine-rich domain (CR), the type III fibronectin domain 

1 (FnIII-1), as well as the C-terminal of the α chain (αCT) of IGF1R (Figure 2.1A-B) (16). 

However, it is still unclear how RSV-F interacts with IGF1R.  

Herein, we wanted to map RSV-F:IGF1R interactions and exploit these interactions to 

develop biological inhibitors of viral entry. To this end, we performed molecular docking 

analysis and then used alanine-scanning mutagenesis to investigate the residues of IGF1R 

required for RSV entry. We found that residues close to the IGF1R cleavage site (e.g. residues 

744-746) impaired IGF1R maturation, but surprisingly had no significant effect on RSV entry. 

Additionally, we identified one residue, S788A, that severely impaired RSV entry. Finally, we 

used sequence saturation mutagenesis to generate a mutant IGF1R library, which will be used in 

future in a screening approach to develop IGF1R-based decoy inhibitors of RSV entry.   
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Figure 2.1. IGF1R domain organization and molecular docking of IGF1R:RSV-F. (A) 
Domain organization of the IGF1R protein. The L1 and L2 (leucine-rich globular domains); CR 
(cysteine-rich domain); Fn1, Fn2, Fn3 (fibronectin III repeats 1-3); ID (insert domain, within 
FnIII-2); α-CT (c-terminal region of the α-chain); TM (transmembrane); TK (Tyrosine kinase 
domain); and TAIL (c-terminal tail) domains are indicated. Domain boundaries as well as the IGF-
1 ligand binding sites (blue) and the predicted RSV-F interaction sites (red) are indicated (16). The 
arrowhead denotes the cleavage site between the α and β subunits. (B) Mature IGF1R is a disulfide-
linked homodimer of two αβ subunits. Disulphide linkages are denoted by horizontal black lines 
between the two αβ subunits, and domains and interaction sites for one of the IGF1R monomers 
is coloured as in (A). (C) Molecular docking of the IGF1R ectodomain (PDB ID: 5U8R) and RSV-
F (PDB ID: 5UDC). IGF1R is shown as a surface representation and RSV-F is shown as a ribbon 
diagram. IGF1R domains are coloured as in (A). 
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2.4 MATERIALS & METHODS  

2.4.1 Cell lines and viruses 

Human embryonic kidney 293T (Hek 293T) cells were provided by Dr. Connie Krawczyk, Van 

Andel Institute, Michigan, USA. HeLa cells were kindly provided by from Dr. Martin Richer, 

Indiana University School of Medicine, IN, USA. Both 293T and HeLa cells were maintained in 

complete media [1X Dulbecco's Modified Eagle Medium (DMEM), 10% FBS, 2mM L-

glutamine, 1X non-essential amino acids (Wisent)]. Human Airway Epithelial (HAE) cells and 

1HAEo¯ IGF1R knockout (KO) cells were obtained from Dr. David Marchant, University of 

Alberta, AB, Canada. All HAE cells were maintained in HAE media [1X Minimum Essential 

Media (MEM), 10% Fetal Bovine Serum (FBS), 2 mM L-glutamine, 1X non-essential amino 

acids], while the 1HAEo− IGF1R KO cell media was additionally supplemented with 5 μg/mL 

blasticidin and 0.5 μg/mL puromycin. All cells were grown at 37°C, 5% CO2. The laboratory-

adapted, recombinant green fluorescent protein (GFP) RSV (rgRSV, type A2 strain, RW3027) 

infectious complementary DNA (cDNA) system was obtained from Mark E. Peeples 

(Nationwide Children’s Hospital, Columbus, OH, USA) (21). 

 

2.4.2 Preparation of Viral Stocks and Focus-Forming Unit (FFU) Assays. 

Infectious virus was prepared by transfection of sub-confluent HeLa cells with full-length rgRSV 

RW30 cDNA, with four support plasmids (RSV N, P, L, and M2-1), and a plasmid expressing 

T7 RNA polymerase (a gift from B. Lee; Addgene plasmid 65974) using TransIT-HeLa 

MONSTER (Mirus Bio, MIR 2900). After rescue, the virus was then propagated in HeLa cells in 

T75 flasks and collected in cell-free RSV-conditioned DMEM with 10% FBS (1). To prepare 

rgRSV stocks, we passaged RSV-conditioned media on HeLa cells that were seeded at 3-4 × 106 
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cells in 25 mL of DMEM/2% FBS in 150 mm tissue culture dishes 24 hours (h) before infection. 

Infections were performed at MOI 0.01 with an inoculum that contained virus diluted in DMEM 

(Wisent). For passage 3 (p:3), virus infections were performed for 3-4 h, for p:1 or p:2 inoculums 

were left overnight. After infection, the inoculum was removed and replaced with DMEM/2% 

FBS (Wisent). At 3 days post-infection cells were scraped, collected, and pelleted at 1200 rpm 

for 5 minutes (min) and the supernatant was recovered. Aliquots (500 μL) of the supernatant 

were collected in cryovials, snap-frozen, and stored at −80°C until use. 

rgRSV stocks were titrated by focus-forming unit (FFU) assay on HeLa cells as 

previously described (21). Briefly, 5-fold serial dilutions of virus stocks were incubated for 22 h 

at 37°C on a monolayer of HeLa cells (2 × 104 cells per well) in a 96-well plate. Viral dilutions 

were prepared in DMEM/5% FBS and infections were performed for 22 h at 37°C. To determine 

titers, wells containing between 10-100 GFP+ foci were analyzed by immunofluorescence using 

an inverted fluorescent microscope (Zeiss Axio Observer.A1), on the lowest magnification 

(10X). Viral titers are expressed as the number of FFU per mL (FFU/mL).  

 

2.4.3 Molecular docking analyses 

Crystal structures of RSV-F bound to the MEDI8897 antibody (PDB ID: 5UDC) and the IGF1R 

ectodomain (PDB ID: 5U8R) were used to prepare the proteins for docking. The bound 

MEDI8897 antibody was removed from the structure of RSV-F and the Protein Preparation 

Wizard implemented in Schrödinger Small Molecule Discovery Suite was used to add hydrogen 

atoms, perform energy minimization using the OPLS-3e forcefield, and create appropriate 

protonation states of the amino acid side chains (22, 23). 
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Molecular docking between the two proteins was investigated using two protein-protein 

docking servers to perform a blind docking. The first server was ClusPro 2.0 protein-protein 

docking webserver (http://cluspro.bu.edu/) using piper which employs FFT-based protein-protein 

docking (24). The second server was the HDOCK webserver (http://hdock.phys.hust.edu.cn/) 

(25).  The best models were then selected based on the lowest energy clustered structures and the 

probability of the poses to match between the two webservers in which ClusPro outperformed 

HDOCK. Protein-protein interactions were visualized using PyMol (26). 

 

2.4.4 Plasmids and molecular cloning  

The IGF1R expression vector, pcDNA3.1-IGF1R-WT, was obtained from David Marchant (1). 

Alanine-scanning mutagenesis was performed via introduction of point mutations via site-

directed mutagenesis using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent 

Technologies) according to the manufacturer’s instructions. All primer sequences used to 

generate the alanine mutants are listed in Table 2.1. Each residue was mutated to alanine, except 

for residue 787 where the alanine was changed to a glycine residue. All plasmids were confirmed 

by Sanger Sequencing (Genome Québec).  

To create the template for sequence saturation mutagenesis (SeSaM) we introduced a 

silent mutation to create a BstBI site within IGF1R in pcDNA3.1-IGF1R-WT using 

FOR_SDM_IGF1R_BstBI (5´-TGA GAA GAG GAG TTC GAA GCT GAA AGA ACG TCC 

AA -3´) and REV_SDM_IGF1R_BstBI (5´-TTG GAC GTT CTT TCA GCT TCG AAC TCC 

TCT TCT CA- 3´). The IGF1R gene from pcDNA3.1-IGF1R-BstBI was then subcloned into  

pUC18 using EcoRI and BamHI to generate the mutant library storage vector, pUC18-IGF1R-

BstBI.  
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Table 2.1 Primers used in SDM. 
IGF1R 
Residue 

Primer Sequence (5´-3´) 

Arg617 
 

FOR GAG TTA CTA CAT TGT GGC CTG GCA GCG GCA GCC  
REV GGC TGC CGC TGC CAG GCC ACA ATG TAG TAA CTC  

Trp618 FOR ACT ACA TTG TGC GCG CGC AGC GGC AGC CTC  
REV GAG GCT GCC GCT GCG CGC GCA CAA TGT AGT  

Gln619 FOR CAT TGT GCG CTG GGC GCG GCA GCC TCA G 
REV CTG AGG CTG CCG CGC CCA GCG CAC AAT G 

Arg620 FOR TGT GCG CTG GCA GGC GCA GCC TCA GGA C 
REV GTC CTG AGG CTG CGC CTG CCA GCG CAC A 

Tyr688 FOR CCG AGA AGG AGG AGG CTG AAG CCC GCA AAG TCT TTG  
REV CAA AGA CTT TGC GGG CTT CAG CCT CCT CCT TCT CGG  

Phe692 FOR GGC TGA ATA CCG CAA AGT CGC TGA GAA TTT CCT GCA CAA C 
REV GTT GTG CAG GAA ATT CTC AGC GAC TTT GCG GTA TTC AGC C 

Phe695 FOR GCT GAA TAC CGC AAA GTC TTT GAG AAT GCC CTG CAC AAC TCC A 
REV TGG AGT TGT GCA GGG CAT TCT CAA AGA CTT TGC GGT ATT CAG C 

Leu696 FOR GCA AAG TCT TTG AGA ATT TCG CGC ACA ACT CCA TCT TCG TGC  
REV GCA CGA AGA TGG AGT TGT GCG CGA AAT TCT CAA AGA CTT TGC  

Ser699 FOR GAA TTT CCT GCA CAA CGC CAT CTT CGT GCC CAG 
REV CTG GGC ACG AAG ATG GCG TTG TGC AGG AAA TTC 

Ile700 FOR ATT TCC TGC ACA ACT CCG CCT TCG TGC CCA GAC CTG 
REV CAG GTC TGG GCA CGA AGG CGG AGT TGT GCA GGA AAT 

Phe701 FOR TTC AGG TCT GGG CAC GGC GAT GGA GTT GTG CAG G 
REV CCT GCA CAA CTC CAT CGC CGT GCC CAG ACC TGA A 

Val702 FOR CAC AAC TCC ATC TTC GCG CCC AGA CCT GAA AGG 
REV CCT TTC AGG TCT GGG CGC GAA GAT GGA GTT GTG 

Pro703 FOR CAA CTC CAT CTT CGT GGC CAG ACC TGA AAG GAA 
REV TTC CTT TCA GGT CTG GCC ACG AAG ATG GAG TTG 

Arg704 FOR CTC CAT CTT CGT GCC CGC ACC TGA AAG GAA GCG G 
REV CCG CTT CCT TTC AGG TGC GGG CAC GAA GAT GGA G 

Glu744 FOR GGA AGA GCT GGA GAC AGC GTA CCC TTT CTT TGA GA 
REV TCT CAA AGA AAG GGT ACG CTG TCT CCA GCT CTT CC 

Tyr745 FOR GAA GAG CTG GAG ACA GAG GCC CCT TTC TTT GAG AGC AG 
REV CTG CTC TCA AAG AAA GGG GCC TCT GTC TCC AGC TCT TC 

Pro746 FOR GCT GGA GAC AGA GTA CGC TTT CTT TGA GAG CAG 
REV CTG CTC TCA AAG AAA GCG TAC TCT GTC TCC AGC 

Phe748 FOR GGA GAC AGA GTA CCC TTT CGC TGA GAG CAG AGT GGA TAA C 
REV GTT ATC CAC TCT GCT CTC AGC GAA AGG GTA CTC TGT CTC C 

Ser761 FOR AGG AGA GAA CTG TCA TTG CTA ACC TTC GGC CTT TC 
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REV GAA AGG CCG AAG GTT AGC AAT GAC AGT TCT CTC CT 
Asn762 FOR GAT AAC AAG GAG AGA ACT GTC ATT TCT GCC CTT CGG CCT TTC A 

REV TGA AAG GCC GAA GGG CAG AAA TGA CAG TTC TCT CCT TGT TAT C 
Leu763 FOR ACA AGG AGA GAA CTG TCA TTT CTA ACG CTC GGC CTT TCA CAT TG 

REV CAA TGT GAA AGG CCG AGC GTT AGA AAT GAC AGT TCT CTC CTT GT 
Arg764 FOR GGA GAG AAC TGT CAT TTC TAA CCT TGC GCC TTT CAC ATT GTA C 

REV GTA CAA TGT GAA AGG CGC AAG GTT AGA AAT GAC AGT TCT CTC C 
Tyr769 FOR CCT TCG GCC TTT CAC ATT GGC CCG CAT CGA TAT CCA CAG 

REV CTG TGG ATA TCG ATG CGG GCC AAT GTG AAA GGC CGA AGG 
Arg770 FOR CGG CCT TTC ACA TTG TAC GCC ATC GAT ATC CAC AGC T 

REV AGC TGT GGA TAT CGA TGG CGT ACA ATG TGA AAG GCC G 
Asp772 FOR CAC ATT GTA CCG CAT CGC TAT CCA CAG CTG CAA CC 

REV GGT TGC AGC TGT GGA TAG CGA TGC GGT ACA ATG TG 
Phe747 FOR CTG GAG ACA GAG TAC CCT GCC TTT GAG AGC AGA GTG GA 

REV TCC ACT CTG CTC TCA AAG GCA GGG TAC TCT GTC TCC AG 
Glu749 FOR CAG AGT ACC CTT TCT TTG CGA GCA GAG TGG ATA ACA A 

REV TTG TTA TCC ACT CTG CTC GCA AAG AAA GGG TAC TCT G 
Ser750 FOR AGA GTA CCC TTT CTT TGA GGC CAG AGT GGA TAA CAA GGA G 

REV CTC CTT GTT ATC CAC TCT GGC CTC AAA GAA AGG GTA CTC T 
His774 FOR GTA CCG CAT CGA TAT CGC CAG CTG CAA CCA CGA G 

REV CTC GTG GTT GCA GCT GGC GAT ATC GAT GCG GTA C 
Ala787 FOR CTG GGC TGC AGC GGC TCC AAC TTC GTC 

REV GAC GAA GTT GGA GCC GCT GCA GCC CAG 
Ser788 FOR GGG CTG CAG CGC CGC CAA CTT CGT CTT T 

REV AAA GAC GAA GTT GGC GGC GCT GCA GCC C 
Phe790 FOR CTG CAG CGC CTC CAA CGC CGT CTT TGC AAG GAC T 

REV AGT CCT TGC AAA GAC GGC GTT GGA GGC GCT GCA G 
Phe792 FOR CGC CTC CAA CTT CGT CGC TGC AAG GAC TAT GCC C 

REV GGG CAT AGT CCT TGC AGC GAC GAA GTT GGA GGC G 
Arg856 FOR GTC CAG ACA GGA ATA CGC GAA GTA TGG AGG GGC C 

REV GGC CCC TCC ATA CTT CGC GTA TTC CTG TCT GGA C 
Lys857 FOR CCA GAC AGG AAT ACA GGG CGT ATG GAG GGG CCA AGC 

REV GCT TGG CCC CTC CAT ACG CCC TGT ATT CCT GTC TGG 
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2.4.5 IGF1R mutant expression and RSV infections 

One day prior to transfections, 6-well plates were seeded at 6 × 105 293T, HAE, or 1HAEo− KO 

cells/well. Transfection complexes were prepared in Opti-MEM with 1 µg pcDNA3.1-IGF1R-

WT or mutant plasmids and 2 µL Lipofectamine 2000 (ThermoFisher) according to the 

manufacturer’s instructions. At 4 h post-transfection, transfection complexes were removed and 

replaced with complete media. For mutant expression, 293T cell lysates were harvested 

approximately 24 h post-transfection.  

 For infections, 24 h post-transfection HAE and 1HAEo− KO cells were infected with 

rgRSV at an MOI 5 in 1 mL of virus inoculum containing MEM/2% FBS. One well was not 

infected for gating purposes. At 4 h post-infection, infection media was removed and replaced 

with 2 volumes of MEM complete media. At 20 h post-infection, the cells were washed with 

sterile 1X phosphate-buffered saline (PBS), trypsinized, collected and centrifuged at 3000 rpm at 

4°C for 10 min. Cells were re-suspended in 500 µL of 4% paraformaldehyde at room 

temperature for 30 min or overnight at 4°C to allow complete fixation.  

 

2.4.6 Flow Cytometry 

Cells were centrifuged at 3000 rpm at 4°C for 10 min and resuspended in 500 µL of PBS. 

Approximately 100 µL of cell suspension was combined with 100 µL of 1X PBS in a 96-well 

plate and read immediately. Reporter mean fluorescence intensity was analyzed by flow 

cytometry to determine the percentage of GFP-expressing cells on a Guava easyCyte bench top 

flow cytometer (Millipore Guava EasyCyte 5HT flow cytometer). A set of 20,000 events were 

run for each sample. Data was analyzed with Guava Suite Software acquisition and analysis 

(Millipore).  
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2.4.7 Western blotting  

To collect whole cell lysates, cells were harvested on ice in 1 mL of PBS, then resuspended in 

50-200 µL of radioimmunoprecipitation assay (RIPA) lysis buffer [150 mM sodium chloride, 1% 

NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 50 mM Tris, pH 8.0]. 

Protein concentration was quantified using the Pierce™ BCA Protein Assay Kit (ThermoFisher) 

according to the manufacturer’s instructions. Approximately 10 µg of protein from each sample 

was run out on a sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel with a 5% stacking 

and 10% resolving gel (ProtoGel, National Diagnostics). The gel was transferred to an 

Immobilon-P PVDF transfer membrane (Millipore). The membranes were blocked in 5% milk in 

Tris-buffered saline with 0.1% Tween® 20 (TBS-T) for 1 h. Membranes were then incubated 

overnight with primary antibodies diluted in 5% BSA: monoclonal rabbit anti-IGF1Rβ (D23H3) 

antibody (Cell Signaling Technologies, 1:10,000) and rabbit anti-actin (A2066, Sigma, 

1:10,000). Blots were incubated for 1 h with HRP-conjugated secondary antibody diluted in 5% 

milk: anti-rabbit (111-035-144, Jackson ImmunoResearch Laboratories, 1:25,000). Blots were 

visualized using enhanced chemiluminescence using the ECLTM Prime Western Blotting 

Detection Reagent (GE Healthcare).  

 

2.4.8 Sequence saturation mutagenesis 

Sequence saturation mutagenesis (SeSaM) was carried out as previously described, with some 

modifications (27). Briefly, in the first step the target region was amplified in the presence of 

specific concentrations of nucleotides with a modified back bone that can be cleaved in the 

presence of iodine (phosphorothioate nucleotides), which we optimized in terms of concentration 

for each base, using A 35%, G 30%, T 35%, C 30%. The single-stranded products of this 
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reaction were then isolated by magnetic streptavidin beads, which resulted in single-stranded 

DNA fragments of varying lengths. In step two, a universal base [6-(2-deoxy-β-D-

ribofuranosyl)-3,4-dihydro-8H- pyrimido-[4,5-C][1,2]oxazin-7-one) (dPTPαS) or [1-β-D-

ribofuranosyl-1,2,4-triazole-3-carboxamide] (dRTP) was added onto the cleaved products. In 

step three, the universal base fragments were then elongated to the full gene length, with the 

modification that we ran two PCR reactions: the first reaction with the A forward, G forward, T 

reverse, and C reverse libraries, and the second reaction with the opposite bases. Approximately 

80 ng of each of the four libraries was used in each reaction. In the final step, we performed a 

nested PCR with 20 ng of each of the two products generated in step 3 to specifically amplify the 

product and replace the universal base with standard nucleotides; such that, in theory every 

position in the target sequence has the potential to be mutated to each of the other nucleotides.  

We then determined the mutational frequency of the reaction before proceeding to library 

preparation. The PCR product was digested with BstBI and EcoRI and ligated into pUC18-

IGF1R-BstBI. Ligation reactions were transformed into Subcloning Efficiency™ DH5α 

Competent Cells to create the sample library. To determine library diversity, plasmid DNA was 

isolated and sequenced from 30 colonies using Sanger Sequencing (Genome Québec). 

Mutational analyses of the sequences were performed using the Mutanalyst software  

(http://www.mutanalyst.com) to assess the mutation frequency of the complete SeSaM reaction 

(28).  

 

2.4.9 SeSaM Library preparation 

Once we obtained an appropriate mutation frequency, we carried out library preparation as 

previously described, with a few modifications (15, 29). Briefly, to prepare the final mutant 
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library, the SeSaM product and pUC18-IGF1R-BstBI was digested with BstBI and EcoRI and 

ligation reactions were performed using 500 ng of the insert and a 3-fold molar excess of the 

vector. Ligation reactions were transformed by electroporation using 10-beta electrocompetent E. 

coli (NEB), according to the manufacturer’s instructions. The electroporation conditions were 

2.0 kV, 200 Omega, and 25 μF using 1-mm gap electroporation cuvettes. In our modified 

protocol, we pooled 4 electroporations and plated 1, 2.5, and 5 µL of onto 10-cm LB-agar 

ampicillin plates and 1.5 mL onto two large LB-agar ampicillin square bioassay dishes (245 mm 

× 245 mm, Corning). Plates were incubated for 16 h at 37°C (10-cm) or 20 h at 30°C (245 mm × 

245 mm). The colonies on control plates (10-cm) were counted, and the cell density was used to 

calculate library size. The final library was scraped and collected as described previously from 

the two large square bioassay dishes and stored in cryogenic vials with sterile glycerol (50% v/v) 

at −80°C (29). 

 

2.4.10 Data and statistical analysis 

All data are displayed as a mean of three or more independent experiments and error bars 

indicate the standard deviation of the mean. Statistical analysis was performed using GraphPad 

Prism v9. Statistical significance was determined by paired t-test with no correction for multiple 

comparisons.  

 

2.5 RESULTS 

2.5.1 Molecular docking of RSV-F with IGF1R 

Previous studies indicated that RSV-F interactions with IGF1R trigger RSV entry and fusion (1). 

To identify the RSV-F interaction site on the IGF1R molecule, we performed molecular docking 
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analysis using RSV-F (PDB ID: 5UDC) and the IGF1R ectodomain (PDB ID: 5U8R). Molecular 

docking analyses revealed that RSV-F primarily interacts with IGF1R in type III fibronectin 

domains two and three (FnIII- 2, 3), the insert domain (ID), and the C-terminal of the α chain 

(αCT) (Figure 2.1C). These interactions involved hydrogen bonds, van der waals interactions, 

and two salt-bridges, with an average distance of 2.5 – 3.8 angstroms. The molecular docking 

suggested interaction between RSV-F and one monomer of the ectodomain of IGF1R. Based on 

this analysis, the IGF1 and RSV-F binding sites overlap in the αCT region of IGF1R (Figure 

2.1A-B) and the RSV-F binding site spans the α and β subunits (Figure 2.1A-C). The molecular 

modeling identified 35 residues of IGF1R that are predicted to come within 2.5 – 3.8 angstroms 

of RSV-F (Table 2.2). These residues were therefore selected for site-directed mutagenesis and 

downstream analyses in RSV-F-mediated viral entry. 

 

2.5.2 Expression analysis of immature and mature forms of IGF1R alanine mutants 

Based on the molecular docking analyses (Figure 2.1 and Table 2.2), we performed alanine-

scanning mutagenesis, creating 35 individual IGF1R mutants for analysis via site-directed 

mutagenesis (Table 2.2). Where the existing IGF1R residue already had an alanine, we mutated 

to a glycine. First, we tested WT and mutant IGF1R expression in Hek 293T cells by western 

blot (Figure 2.2). Transfection of wild-type (WT) IGF1R resulted in a banding pattern consistent 

with both immature (~105 kDa) and mature (~200 kDa) IGF1R. Except for S699A and R601A, 

each of the 35 alanine mutants were expressed to some extent after transfection into Hek 293T 

cells (Figure 2.2). However, upon quantification, the expression of the immature and mature 

forms varied across the mutants, indicating that some of the mutations influenced IGF1R gene 

expression or processing (Figure 2.3A-B). 
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Table 2.2 IGF1R residues that interact with RSV-Fa.  

IGF1R Domains 
α Chain β Chain 

FnIII-2 αCT FnIII-2 FnIII-3 
Arg617 Try688 Glu744 Arg856 
Trp618 Phe692 Try745 Lys857 
Gln619 Phe695 Pro746  
Arg620 Leu696 Phe747  

 Ser699 Phe748  
 Ile700 Glu749  
 Phe701 Ser750  
 Val702 Ser761  
 Pro703 Asn762  
 Arg704 Leu763  
  Arg764  

  Tyr769  
  Arg770  
  Asp772  
  His772  
  Ala787  
  Ser788  

aBased on molecular docking data. 
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Figure 2.2. Expression of alanine mutants of IGF1R. Western blot analysis of mock, WT, and 
alanine mutant IGF1R-transfected Hek 293T cells at 24 h post-transfection. Immature (200 kDa) 
and mature (105kDa, β chain) are indicated. I, immature; M, mature. 
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Figure 2.3. Quantification of immature and mature IGF1R expression of alanine mutants. 
(A) Densitometry analysis of immature IGF1R expression at 24 h post-transfection of the alanine 
mutants, normalized to actin and expressed as % WT IGF1R. (B) Densitometry analysis of mature 
IGF1R expression at 24 h post-transfection of the alanine mutants, normalized to actin and 
expressed as % WT IGF1R. All data are representative of three independent replicates, and error 
bars represent the standard deviation (SD) of the mean. P-values were calculated by paired t-test, 
*p < 0.05; **p < 0.01; ***p < 0.001.  
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Briefly, the vast majority of the mutants had similar levels of expression of immature IGF1R to 

WT, with the exception of residues Arg620, Ser699, Phe701, Pro746, and Ser788, where we 

observed a significant decrease in the levels of immature IGF1R expression (Figure 2.3A). 

Additionally, mutations at residues Val702 and Arg 704 trended towards an overall decrease, 

while mutations at residues Ser762-Arg770 trended towards an overall increase in immature 

IGF1R expression, respectively (Figure 2.3A). Quantification of mature IGF1R, revealed a 

significant decrease in expression when mutations were made at the Arg620, Ser699, Phe701, 

Val702, Pro703, Glu744, Try745, Pro746, Phe792, and Arg856 residues (Figure 2.3B). Notably, 

although we were able to detect a small amount of mature IGF1R for the Arg620 and Ser699 

mutant, these mutants appeared to be severely impaired in IGF1R expression. Additionally, we 

observed a trend toward a decrease in mature IGF1R expression when mutations were made at 

the Phe748, Leu763, Arg746, and Tyr769 residues (Figure 2.3B). Given that the IGF1R 

cleavage site is at position Glu740, it is not surprising that mutations at residues Glu744, Tyr745, 

and Pro746 result in a decrease in expression of mature IGF1R. Taken together, with the 

exception of Arg620 and Ser699, all of the 35 alanine mutant IGF1R constructs were expressed 

in Hek 293T cells, with the vast majority expressing at similar levels to WT. However, the 

Arg620 and Ser699 mutants were severely impaired in IGF1R expression and mutations near the 

IGF1R cleavage site (Glu740), as well as those at positions Phe701, Val702, Pro703, Phe792, 

and Arg856, had reduced mature IGF1R expression in Hek 293T cells. 
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2.5.3 With the exception of Ser788, all alanine mutants supported RSV infection to a similar 

extent as WT IGF1R. 

After confirming expression of each of the alanine-scanning mutants, we next wanted to assess 

the ability of the alanine scanning mutants to support RSV infection (Figure 2.4). To do so, we  

developed an RSV infection assay using recombinant GFP-expression RSV (rgRSV) in WT and 

IGF1R knockout (KO) human airway epithelial (HAE) cells. Firstly, we compared GFP positive 

cells at 18 h post-infection of WT HAE cells, as well as mock or WT IGF1R-transfected IGF1R 

KO HAE cells (Figure 2.4A). While rgRSV readily infected WT HAE cells, KO HAE cells did 

not support rgRSV infection unless transfected with WT IGF1R (Figure 2.4A). Specifically, 

when compared with WT HAE cells, infection of KO HAE cells resulted in less than 2% eGFP 

positive cells, while transfection of WT IGF1R resulted in ~40% eGFP positive cells (Figure 

2.4A). Notably, the transfection efficiency in the IGF1R KO HAE cells was on average >50% 

(data not shown).  

Next, we assessed rgRSV infection after transfection of the 35 alanine-scanning mutants 

of IGF1R (Figure 2.4B). Interestingly, all of the alanine mutants were able to support rgRSV 

infection in IGF1R KO HAE cells, with the vast majority supporting rgRSV infection at a similar 

extent as WT IGF1R (Figure 2.4B). Notably, the Ser788 mutant demonstrated a significant 

decrease in infection (42.6% of WT), while the Leu696 or Pro703 mutants resulted in a small but 

significant increase in RSV infection (Figure 2.4B). Interestingly, since several mutants had 

reduced expression of mature IGF1R, at least when expressed in Hek 293T cells (Figures 2.2 

and 2.3), these results may suggest that immature IGF1R is able to support rgRSV infection. 
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Figure 2.4. RSV infection of IGF1R KO HAE cells expressing alanine mutants. (A) WT HAE 
cells, as well as mock or WT IGF1R-tranfected IGF1R KO HAE cells were infected with rgRSV 
at 24 h post-transfection, and RSV entry (eGFP positive cells) was assessed at 18 h post-infection 
by FACS analysis. Data is expressed as % HAE WT infection. (B) Similarly, alanine mutants were 
transfected into IGF1R KO HAE cells and at 24 h post-transfection cells were infected with 
rgRSV. Infected cells were harvested at 18 h post-infection to assess RSV entry (eGFP positive 
cells) by FACS analysis. Data is expressed as % eGFP positive cells normalized to the WT IGF1R-
transfected. Untransfected IGF1R KO HAE cells indicate background levels of infection. All data 
are representative of three independent replicates, and error bars represent the SD of the mean. P-
values were calculated by paired t-test, *p < 0.05; **p < 0.01, ***p < 0.001. 
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2.5.4 SeSaM reaction and mutant library preparation 

Since the molecular docking provided us with insights into the potential RSV-F binding site on 

IGF1R, we selected residues 619-857 for SeSaM (Figure 2.1). To generate a library of mutant 

IGF1R molecules, we performed SeSaM and then assessed mutation frequency and library 

diversity using the Mutanalyst software after sequencing of ~30 clones per replicate (Table 2.3).  

Overall, we obtained an average mutation frequency of 2.43 × 10-3 substitutions/base (2.73 × 10-3 

and 2.13 × 10-3 substitutions/base for replicates 1 and 2, respectively), which was in good 

agreement with the expected 2.8 × 10-3 substitutions/base (Table 2.3). As a percent of the total 

target sequences, we obtained deletions, frameshifts, and unmutated DNA at a ratio of 0%-7%-

11.85% (with 0%-10.7%-7.1% and 0%-3.3%-16.6% for replicates 1 and 2, respectively) 

compared with the expected result of 0%–12.7%–5.4% (Table 2.3). The bias indicator, 

represented by the ratio of transitions to transversions, was on average 3.4 (with 2.8 and 4 for 

replicates 1 and 2, respectively), compared with the expected result of 1 (Table 2.3). Finally, we 

mapped out the distribution and frequency of mutations across the SeSaM target region of 

IGF1R, suggesting we had a relatively even distribution of mutations across the target region 

(Figure 2.5). Thus, the SeSaM performed as expected, providing mutation frequencies and 

distributions consistent with those previously reported, including no deletions and low frameshift 

and unmutated DNA frequencies. However, while we also observed a good distribution of 

mutations across the target region, we did observe a bias in transition vs. transversion mutations. 

Based on these positive indicators, we generated a mutant IGF1R library. The efficiency 

of the library preparation was expected to be >109 colony forming units (CFU)/µg and we 

obtained an efficiency of 22 × 1010 CFU/µg (Table 2.4).  
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Table 2.3 Key expected performance parameters of SeSaM compared to obtained results.a 
   Replicatea 
Property Expected Average #1 #2 
Deletions (%) – Frameshifts (%) – 
unmutated DNA (%) 

0–12.7–5.4 0-7-11.85 0-10.7-7.1 
 

0-3.3-16.6 
 

Mutations frequency 
(substitution/base) 

2.8 × 10−3 2.43 × 10-3 2.73 × 10-3 2.13 × 10-3 

Fraction transition to transversion 
(bias indicator)  

1.0 3.4 2.8 4 

aResults shown from two independent SeSaM reactions. 
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Figure 2.5. Distribution of mutations across IGF1R target sequence. The frequency of 
mutations at each nucleotide was mapped to the ~800 nucleotide target sequence (nucleotides 
1788-2598, corresponding to amino acids 596-866) of IGF1R. Data is representative from the 
SeSaM replicate used to generate the IGF1R mutant library. 
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Table 2.4 Key expected performance parameters for a mutant library preparation 
compared to obtained results.  
Property Expected Result 
Efficiency >109 range 22 x1010 cfu/µg 
Background <1% 3.8% 
Library Size >2.5×1010 cells/mL 5.4x1010 cells/mL 
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Additionally, based on previous studies, the background (vector only colonies) was expected to 

be <1%, and we observed a slightly higher background of approximately 3.8% (Table 2.4). 

Finally, the expected library size was >2.5 × 1010 cells/mL, and we obtained a library size of 5.4 

× 1010 cells/mL (Table 2.4). Thus, our SeSaM-generated library of IGF1R mutants provided a 

library with efficiency and size consistent with previous studies; however, we observed a slightly 

higher background than expected.  

 

2.6 DISCUSSION 

To further understand the interaction between RSV-F and IGF1R in the context of RSV entry we 

performed molecular docking analyses. The docking revealed 35 residues of IGF1R that are 

predicted to come in close contact with RSV-F. We then employed alanine-scanning 

mutagenesis to examine the importance of these residues in RSV entry. Prior to testing the 

alanine mutants in viral entry, we confirmed expression of each of the mutants in Hek 293T 

cells. We chose Hek 293T cells for expression analyses due to their resilience, low background 

IGF1R expression, and high transfection efficiency; in contrast to the HAE KO cells, which are 

only able to be maintained for a few cell passages. We found that most of the alanine mutants 

were expressed in Hek 293T cells, with the exception of Ser699 and Arg620, which had severely 

reduced expression of both the immature and mature forms of IGF1R. Notably, with respect to 

the immature IGF1R, only Phe701, Pro746, and Ser788 had significantly reduced expression 

compared to WT IGF1R. It is possible that these residues impact the expression or stability of 

IGF1R.  

 Similarly, when we assessed mature IGF1R expression, we again observed that Arg620, 

Ser699, and Phe701 had significantly reduced expression compared with WT IGF1R. This was 
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not surprising given these residues resulted in a reduction in immature IGF1R expression. 

Interestingly, F701A is known to cause reduced binding to IGF1, and at least one study observed 

similar expression levels to WT IGF1R in 293 EBNA cells (constitutively expresses the Epstein-

Barr virus nuclear antigen-1) (30). However, this study only expressed the ectodomain of IGF1R, 

and hence this may explain the discrepancy observed herein. Additionally, we observed 

decreases in mature IGF1R expression of Val702, Pro703, Glu744, Tyr745, Pro746, Phe792 and 

Arg856. Since the IGF1R cleavage site is at Glu740, mutations at residues 744-746 may thus 

alter IGF1R maturation. However, the reduced mature IGF1R expression of Pro703, Phe792 and 

Arg856 are unclear, but as these residues had similar immature IGF1R expression to WT. It is 

possible that they are impaired in processing, have defects in homodimer formation, or the 

mutations alter the stability of the mature IGF1R isoform. Interestingly, despite observing 

reduced expression of immature IGF1R, the S788A did not have significantly reduced levels of 

mature IGF1R to WT; suggesting that perhaps this mutant has accelerated IGF1R maturation or 

improves the stability of the mature IGF1R isoform. 

 After confirmation of expression, we assessed the ability of the alanine mutants to 

facilitate RSV infection in IGF1R KO HAE cells. We employed these cells because they are a 

physiologically relevant cell line, and as they are IGF1R KOs they had very low background 

RSV infection (Figure 2.4A) However, we did observe a low rate of infectivity (~2%), which is 

likely because this is a bulk KO cell line, and not a clonal IGF1R KO population (1). 

Surprisingly, despite differential expression of immature and mature IGF1R in several of our 

alanine mutants, with the exception of Ser788, all the mutants were able to support RSV 

infection to a similar extent as WT IGF1R (Figures 2.3 and 2.4). Notably, mutant Ser699 had 

low immature and mature expression when expressed in Hek 293T cells but was able to support 
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RSV infection at levels similar to WT IGF1R in HAE KO cells. This suggests that the defects in 

expression, stability, or processing that we observed in the Hek 293T cells may not carry over to 

the HAE KO cells. Alternatively, it is also possible that cleavage (maturation) of IGF1R is not 

required, and that the immature form of IGF1R is able to support RSV entry. However, to 

provide support for the latter, we will need to confirm immature and mature IGF1R expression 

levels in the HAE KO cells.  

Interestingly, we observed an approximately 57.4% decrease in GFP positive cells upon 

expression of the Ser788 mutant compared with WT IGF1R in HAE KO cells, suggesting an 

impairment in RSV infection (Figure 2.4B). Notably, this mutant had a decrease in immature 

IGF1R expression in Hek 293T cells, but had close to WT levels of mature IGF1R expression 

(Figure 2.3B). The decreased infection of Ser788 could be a result of the fact that replacing a 

serine with an alanine exchanges a hydroxyl group for a methylenic hydrogen, thereby removing 

a possible region of hydrogen bonding provided by the hydroxyl group. Additionally, since 

serine is a phosphate group acceptor, it is possible that this residue is normally post-

translationally modified by phosphorylation, which is important for viral entry. However, 

additional research will be needed to reveal whether this site is typically phosphorylated. It is 

also possible that the Ser788 mutant has a defect on cell surface expression of IGF1R. To resolve 

this, we plan on performing FACS analysis to assess Ser788 vs WT IGF1R cell surface 

expression in HAE KO cells. Finally, considering our molecular docking results indicated that all 

of the 35 residues of IGF1R explored herein make contact with RSV-F, it is surprising that we 

did not observe more mutants with significantly impaired viral entry. As such, it is possible that 

the molecular docking performed herein is not an accurate reflection of IGF1R:RSV-F 
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interactions, or simply that single amino acid mutations do not result in a drastic enough 

disruption of IGF1R interactions with RSV-F to impair viral entry.  

 Finally, we sought to exploit RSV-F:IGF1R interactions to develop IGF1R decoy-based 

biological inhibitors of RSV entry. To do so, we have devised a directed evolution strategy for 

the development of biological inhibitors of viral entry (Figure 2.6A). Briefly, this strategy 

involves directed evolution of the cellular receptor, and then a screening strategy that selects for 

evolved (mutant) receptors that improve viral entry but are impaired in binding to the natural 

ligand. We plan to use RSV-F:IGF1R interactions, as well as the IGF1 ligand in our directed 

evolution strategy as a proof-of-principle. To this end, we selected a region of IGF1R 

(nucleotides 1788-2598, corresponding to amino acids 596-866) for random mutagenesis via 

SeSaM. We found that the SeSaM provided a mutation distribution and frequency consistent 

with what was expected, and a low frequency of unmutated sequences (28). However, we did 

observe a higher ratio of transition-to-transversion mutations, which is not surprising given that 

transitions (purine to purine or pyrimidine to pyrimidine) occur more easily than transversions 

(purine to pyrimidine and vice versa). Subsequent library preparation and analysis indicated that 

our library size is also sufficient for screening purposes. 

 In future, we plan on screening our IGF1R mutant library to select for mutant receptors 

that have a higher affinity for RSV-F and a reduced affinity for IGF1 using a flow cytometry-

based assay (Figure 2.6). Briefly, the IGF1R mutant will be expressed as a C-terminal fusion 

protein with mCherry (Figure 2.6B). In this way, any frameshifts or mutations which introduce a 

stop codon will be selected out from our screening assay as they will not produce mCherry. We 

will also take advantage of the rgRSV used herein, which produces eGFP, and will label the 

IGF1 ligand (commercially available) with A647.  
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Figure 2.6. Flow cytometry-based screening assay to select for IGF1R receptors with a 
desired activity. (A) Directed evolution strategy for the development of biological inhibitors of 
viral entry. Briefly, cellular receptors are subjected to directed evolution. A library of evolved 
receptors are screened for enhanced viral entry and reduced binding to the natural ligand. (B) For 
the proof-of-principle directed evolution experiments exploiting interactions between IGF1R, 
RSV-F and IGF1, the IGF1R receptors are expressed as an mCherry fusion proteins. rgRSV 
expressing eGFP is used for infection and A647-conjugated IGF1 is used to stain cells. (C) Gating 
strategy used for biological inhibitor screening assay. A library of lentiviruses expressing mutant 
IGF1R-mCherry fusion proteins generated through SeSaM will be transduced into IGF1R KO 
HAE cells and subsequently infected with rgRSV. Cells will be stained with A647-IGF1 and 
subjected to cell sorting using flow cytometry. The sorting strategy will include gating on 
mCherry-expressing cells and then sorting cells that are eGFP positive (allow viral infection) but 
A647 negative (does not bind natural ligand). 
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To screen for mutant decoy receptors with increased affinity for RSV-F, but reduced affinity for 

IGF1, we plan to transduce cells with lentiviral particles carrying the IGF1R-mCherry mutants 

and infect with rgRSV (31). We will then stain with A647-IGF1 and analyze cells by flow 

cytometry. By gating on mCherry-expressing cells and selecting those which allow for viral 

infection (based on the eGFP signal), but do not allow natural ligand binding (based on the A647 

signal), we will be able to screen for biological inhibitors of RSV entry that do not interfere with 

natural ligand-receptor interactions (Figure 2.6C). Subsequent rounds of directed evolution 

using identified mutations, will further refine and select for IGF1R decoy-based biologic 

inhibitors of RSV entry. Future research will thus focus on production of mutant IGF1R 

lentivirus production and optimization of the flow cytometry-based screening assay. 

 In summary, herein we used molecular docking and site-directed mutagenesis to provide 

insight into the IGF1R:RSV-F interface. Specifically, we found that mutation of Ser788 severely 

impairs viral entry and that mutations located near the IGF1R cleavage site (Glu740) lead to a 

decrease in mature IGF1R expression in Hek 293T cells, but did not impair RSV entry in HAE 

KO cells. Future work will be needed to confirm whether the latter mutants are similarly 

impaired in IGF1R maturation in the HAE KO cells. Additionally, we also generated a IGF1R 

mutant library using SeSaM that can be used in future to select for IGF1R decoy-based 

biological inhibitors of RSV entry. Once this directed evolution platform is established for 

IGF1R:RSV interactions, we hope to apply it to a variety of other important host-pathogen 

interactions.  
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CHAPTER 3: DISCUSSION 

3.1 SUMMARY 

As discussed in Chapter 1, a new model of RSV entry has been proposed based on recent 

findings (1, 2). In this model, the RSV-F protein is thought to bind specifically to IGF1R. This 

interaction triggers IGF1R activation, culminating in the activation of PKCζ signaling and the 

subsequent recruitment of nucleolin from the nucleus to the cell surface. At the cell surface, 

RSV-F, IGF1R, and nucleolin interact to form a trimeric complex that facilitates RSV fusion and 

entry. However, the specific residues of IGF1R that are important for interacting with RSV-F are 

still unclear. In Chapter 2 we performed molecular docking analysis and alanine-scanning 

mutagenesis to investigate the residues of IGF1R required for RSV entry. Additionally, we also 

wanted to exploit the interaction between IGF1R and RSV-F to develop biological inhibitors of 

viral entry. To accomplish this, we used SeSaM to generate a mutant IGF1R library, which will 

be used in a screening approach to develop IGF1R-based decoy inhibitors of RSV entry. 

 

3.2 FURTHER UNDERSTANDING OF THE ALANINE MUTANTS OF IGF1R 

3.2.1 Cell surface expression of alanine mutants of IGF1R 

Herein, we analyzed the expression of the alanine mutants in Hek 293T cells, as well as their 

ability to facilitate RSV infection in IGF1R KO HAE cells. However, further investigation of the 

alanine mutants is likely still required. Firstly, in future it will be important to explore the 

expression of the alanine mutants in IGF1R KO HAE cells so that we can further confirm that 

any effect on RSV infection was a result of the specific residue change and not because of 

defects in IGF1R mutant expression in this cell type. Herein, we analyzed expression in Hek 

293T cells due to their high transfection efficiency and robust nature, compared with the IGF1R 



 74 

KO HAE cells, which are limited to only a few cell passages. Despite this, preliminary analyses 

suggest that they also have sufficient transfection efficiency (on average >50%, data not shown). 

Thus, in future it may be helpful to also explore expression of the alanine mutants in the IGF1R 

KO HAE cells. Additionally, while western blot analysis allowed us to assess mutant IGF1R 

expression levels and maturation, it may also be helpful to assess IGF1R cell surface expression 

by fluorescent activated cell sorting (FACS) analysis. This will allow us to confirm whether 

changes in RSV infection are a result of differences in cell surface expression of the IGF1R 

alanine mutants. Interestingly, preliminary flow cytometry analyses suggests that after 

transfection into IGF1R KO HAE cells, WT (68%) and the Ser788 mutant (73%) had similar 

levels of cell surface expression (data not shown). As such, further analysis will help confirm 

that changes in RSV infection observed in our alanine mutants are a result of changes in the 

RSV-F:IGF1R interface, rather than changes in expression, maturation, or cell surface expression 

of the mutants.  

 

3.2.2 IGF1R activation 

In addition to testing cell surface expression, we are also interested in understanding how the 

alanine mutations modulate IGF1R activation. As discussed in Chapter 1, in the current model of 

RSV entry, IGF1R activation and signaling is thought to be important for “calling” nucleolin 

from the nucleus to the cell surface to facilitate viral fusion and complete the viral entry process. 

As such, it is also possible that one or more of the alanine mutants alters IGF1R signalling, 

thereby modulating RSV entry. Thus, in future, it will be useful to assess whether the IGF1R 

mutants have similar activation to WT IGF1R by directly testing phosphorylation of the tyrosine 

kinase domain of IGF1R. To do so, we could perform IGF1-mediated stimulation assays in cells 
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transfected with WT, a kinase dead (D1105N, negative control) and the alanine mutant IGF1Rs 

and assess receptor activation via western blot using a phospho-IGF1R antibody as previously 

described (3). Interestingly, several residues in the tyrosine kinase domain (including Tyr1131, 

Tyr1135, and Tyr1136) have already been identified as necessary for IGF1R kinase activation 

(4). Alternatively, since PKCζ signaling is also activated downstream of IGF1R, we could also 

test activation of PKCζ as a proxy for IGF1R stimulation (1). Additionally, mutations that alter 

IGF1-mediated activation of IGF1R may also be useful in informing the design of biological 

inhibitors of RSV entry (explored in more detail below in section 3.3). Moreover, as outlined in 

Chapter 1, IGF1R is also implicated in several disease states due to its roles in apoptosis and 

metabolism (5). As such, the alanine mutants generated herein may also be useful in furthering 

our understanding of IGF1R in other disease states, beyond RSV entry. Nonetheless, assessing 

whether the alanine mutants alter IGF1R activation and signaling will be informative for 

furthering our understanding of both ligand-receptor interactions as well as IGF1R requirements 

for RSV-F-mediated cell entry. 

 

3.2.3 IGF1R:RSV-F binding affinity  

In addition to assessing RSV entry, it may also be helpful in future to explore how mutations in 

IGF1R alter RSV-F binding affinity. To this end, microscale thermophoresis could be used to 

assess binding affinity, as described previously (1). This would allow us to more quantitatively 

assess differences in binding affinity due to our introduced alanine mutations. However, it is 

likely that to do so, we would need to use a modified form of RSV-F, known as DS-Cav1, that 

has two sets of mutations that stabilize the prefusion conformation of RSV-F (6). Specifically, 

DS denotes a double substitution (C155S and C290S), while the Cav1 substitutions (S190F and 
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V207L) fill hydrophobic cavities and prevent side-chain clashes, which together stabilize the 

prefusion form of RSV-F (6). Nonetheless, quantifying the binding affinities of alanine mutant 

IGF1Rs with RSV-F would be helpful in furthering our understanding of this important 

interaction and may provide further insights in the development therapeutic antibodies or RSV 

entry-targeted antivirals.  

 

3.2.4 Post-translational modifications of IGF1R 

In Chapter 2, we identified one mutation that when mutated to alanine was able to significantly 

reduce RSV infection, specifically Ser788. In future, it would be helpful to further investigate 

why mutation of this one residue was able to significantly impair RSV entry. Interestingly, it has 

been established that phosphorylation typically occurs at serine, threonine, and tyrosine residues 

(7). Therefore, it is possible that this residue is modified by phosphorylation (or even some other 

form of modification) which is important for RSV entry. In future, we plan to generate a 

phosphomimetic amino acid like aspartic acid and test the impact of this substitution on RSV 

entry. This may help implicate phosphorylation of this residue on RSV entry. Additionally, it is 

also possible that our introduced mutations induced or altered other post-translational 

modifications, and thus as more information becomes available about IGF1R post-translational 

modifications, we will explore whether differences in RSV entry are due to alterations in post-

translational modification of IGF1R.  
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3.3 DIRECTED EVOLUTION ASSAY  

3.3.1 Directed Evolution using SeSAM   

Herein, we describe our progress towards a directed evolution assay for the development of 

biological inhibitors of viral entry (Figure 2.6). Specifically, as a proof-of-principle, we are 

exploiting host cell receptor interactions with the viral envelope protein, the interactions 

necessary for viral entry. As described in Chapters 1 and 2, we are using directed evolution to 

create a mutant library, and plan to subsequently select for mutants which are able to bind to the 

virus with high affinity, but are no longer able to bind to the natural ligand. In this way, we can 

develop biological decoy inhibitors of viral entry without disrupting natural ligand interactions. 

Herein, we have described our progress towards IGF1R-based decoy receptors for inhibition of 

RSV entry.  

 To perform directed evolution, we made use of SeSaM to introduce random mutations into 

a relevant region of IGF1R. We chose to use SeSaM as it employs the use of a universal base and 

provides each position in the target gene with equal likelihood of substitution with each of the 

other bases, thereby minimizing bias (8). Our results herein suggested that we had good mutation 

frequency and distribution, with minimal bias; and this allowed us to generate a large diverse 

library of mutant IGF1R sequences. However, alternative methods exist for the introduction of 

mutations, such as mutagenetic chemicals or physical damage, such as ultraviolet irradiation (9, 

10). These techniques are useful for genome wide mutations; however, since we have a specific 

target region and gene in mind, SeSaM or error-prone PCR (epPCR) are more appropriate (10).  

 Interestingly, we also briefly explored epPCR which involves manipulating the PCR 

reaction conditions to increase the error rate of the polymerase, resulting in the amplification of a 

gene of interest, while introducing a variety of random point mutations (11). This is achieved by 
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using a low fidelity polymerase and increasing the error rate of the polymerase by increasing the 

polymerase concentration, extension time, MnCl2 concentration, and altering the dNTP ratios in 

the PCR (11). However, the main downside of epPCR is that there is a mutational bias 

introduced by the polymerase, for example with Taq polymerase there are more AT→GC 

transitions and AT→TA transversions (12). While there have been attempts to cancel out bias 

using a combination of two polymerases with opposite mutational spectrums, when we tried this 

combination, we still observed a high mutational bias in addition to a low mutation frequency 

(data not shown) (12). As such, SeSaM proved to be the superior method with a low bias, and 

was a robust approach for the directed evolution assay developed herein (Chapter 2). 

 In future, should we feel that the SeSaM library is not diverse enough or contains too many 

wild-type (unmutated) sequences we could also consider additional methods. For example, 

previous studies have made use of E. coli mutator strains, such as XL-1-red, which is deficient in 

DNA repair pathways (13). Use of such mutator strains results in mutations introduced but not 

repaired when the plasmid is replicated. A possible downside is that deleterious mutations could 

arise in the bacteria themselves, decreasing their fitness and altering growth of the culture. 

However, it is most likely that natural selection will cause the fit mutants to outgrow any mutants 

with severe growth defects (14). Nonetheless, using this approach, we would need a way to 

ensure that we limit mutations to our region of interest. This could be accomplished by placing 

this region into a plasmid using a restriction enzyme fragment and then using those same sites to 

recover the mutants. Those mutants with mutations in the restriction enzyme site(s) would be lost 

during cloning, but this shouldn’t affect final library preparation. 

 Finally, another possible alternative method to consider is DNA shuffling. In this method, a 

mutant library can be further mutated by randomly digesting the target sequence with DNase I 
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and then reassembling these fragments by overlapping PCR or staggered extension process 

(StEP) (15, 16). DNA shuffling could be an option if we need to increase the diversity of our 

library, as it could be performed on our established SeSaM library. However, a delicate balance 

needs to be achieved because as the mutation rate increases, so does the risk of introducing too 

many deleterious mutations (17). Nonetheless, several alternative methods are available for 

directed evolution, but the success thus far with SeSaM suggests that it may be a superior 

technique for the purposes of developing a diverse library of IGF1R-based decoy receptors to 

select for biological inhibitors of RSV entry. 

 

3.3.2 Assay considerations and challenges  

In our directed evolution platform, to select for receptors with higher affinity for RSV-F and a 

lower affinity for the natural ligand (IGF1), we may need to perform several rounds of SeSaM 

and selection (Figure 2.6). Briefly, after selecting for IGF1R-expressing (mCherry positive) 

cells, which allow for rgRSV infection (eGFP positive), but not IGF1 binding (A647 negative), 

we plan to sequence the IGF1R-transduced plasmids. Identified mutations will be introduced into 

IGF1R and subjected to an additional round(s) of SeSaM and screening. This will allow us to 

further refine IGF1R decoy receptors with the desired activity. This may also be further informed 

by molecular docking as well as our alanine scanning mutagenesis analyses, where we identified 

specific residues which may impact IGF1R:RSV-F interactions. Future analyses of our IGF1R 

mutants in stimulation assays (as described above in section 3.2.2) may also identify mutations 

that inhibit IGF1 interactions and/or signaling which may also be useful in the design of IGF1R-

based decoy receptors. 
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3.3.3 Application of the directed evolution platform to other virus-host interactions 

In future, we hope to apply the directed evolution platform for the development of biological 

inhibitors of other virus-host interactions, including but not limited to viral entry. In the case of 

RSV, viral entry and fusion is a lucrative target for the development of antivirals; however, this 

may also be true for other viruses that fuse at the plasma membrane, like HIV-1 and SARS-CoV-

2 (18, 19), or those which fuse with the endosome, like influenza A and Ebola virus (20). 

Moreover, the platform has the potential to be applied to any virus-host interaction and does not 

need to be limited to viral entry. However, the benefit of the approach is the ability to select for 

biological inhibitors that bind with a higher affinity to the viral protein, but with lesser affinity to 

the natural ligand. As such, the most lucrative targets will be those which have only one or a few 

well-characterized natural ligands, and where the ligand could be easily introduced into the 

screening assay, so as to minimize natural receptor-ligand interactions in the host. In summary, 

while directed evolution has traditionally been applied to improve enzyme fidelity or efficiency, 

we are working here towards a directed evolution platform for the development novel antivirals. 

We hope that in the future this will aid in the development of biological inhibitors of RSV entry 

but will also be applied to other virus-host interactions to develop antivirals for a variety of 

important viral pathogens.   

 

3.4 CONCLUDING REMARKS  

Our investigations herein centered on viral entry, specifically the interaction between IGF1R and 

RSV-F. Through molecular docking and alanine scanning mutagenesis, we were able to identify 

the potential interaction interface between IGF1R and RSV-F and identified at least one residue 

(Ser788) that, when mutated, severely impaired RSV entry. Additionally, we identified several 
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IGF1R residues that appear to be important for processing and maturation of IGF1R. Finally, we 

also made progress towards the development of an antiviral screening assay based on directed 

evolution. As a proof-of-principle, we generated a mutant IGF1R library using SeSaM that will 

be used in future in this assay to develop biological inhibitors of RSV entry. We anticipate that in 

future this platform can be applied to other important virus-host interactions, to develop 

biological inhibitors for a variety of important human and veterinary pathogens. 
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