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Abstract 

Respiratory syncytial virus (RSV) is an Orthopneumovirus that infects the epithelium of the 

airways. Severe RSV infection of the lower respiratory tract in infants is a leading cause of 

pediatric hospitalizations. RSV also causes substantial morbidity in immunocompromised and 

elderly populations. Palivizumab, a humanized monoclonal antibody, is available for the 

prophylactic treatment of high-risk infants. However, this intervention is expensive and has a 

limited impact on annual hospitalization rates caused by RSV. No vaccine is available to prevent 

RSV infection and no efficacious antivirals are available to treat active infection. To address the 

burden of disease imposed by RSV, this project sought to develop and implement a screening assay 

to identify compounds with antiviral activity against RSV. Different screening protocols were 

examined as platforms for testing antiviral activity. The first protocol quantified changes to RSV 

replication complex morphology during antiviral treatment. Through confocal microscopy, 

changes to replication complex morphology were identified as early as six hours post infection. 

However, this assay was hindered by the low signal intensity produced by replication complexes. 

Therefore, alternative RSV-antiviral screening protocols were investigated. Subsequent protocols 

quantified initial monolayer infection, or quantified RSV progeny production, via colourimetric or 

immunofluorescence (IF) staining. Automated detection of IF-stained RSV-infected cells was 

conducted using a high content imaging system. This protocol (referred to as ‘the IF protocol’) 

offered the highest throughput screening capacity and most reliable detection of RSV infection 

versus the other methods that were tested. Using the IF protocol, the chemotherapeutic nucleoside 

analogue cytarabine was investigated and antiviral activity against RSV was observed. The IF 

protocol was then used to screen a series of bis(indole) compounds for antiviral activity against 

RSV. Bis(indole) compounds were hypothesized to have antiviral activity as they were derived 

from Isatisine A, a naturally occurring compound with modest antiviral activity. Bis(indole) 
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compounds with antiviral activity against RSV were identified; the IF protocol was then used to 

guide the synthesis of novel bis(indole) compounds with improved cytotoxicity profiles.  

The Toll-like receptor 7 (TLR7) agonist loxoribine was investigated for antiviral activity against 

RSV, however, enhancement of RSV replication during loxoribine treatment was observed. This 

observation was unexpected as TLR7 is a pattern recognition receptor which contributes to the 

identification of pathogens by the innate immune system and TLR7 stimulation typically elicits an 

antiviral immune response. Furthermore, TLR7 agonists are undergoing clinical investigations to 

examine their potential as immunomodulatory treatments for airway diseases. As enhancing the 

severity of RSV infections in this population could be hazardous, it was considered essential to 

further characterize the relationship of loxoribine with RSV replication. Loxoribine-mediated 

enhancement of RSV replication in human airway epithelial cells was determined to be 

concentration-dependent and this effect was reproducible with the distinct TLR7 agonist CL097. 

Inhibition of TLR7 stimulation by the antagonist IRS-661, or by siRNA knock down of TLR7, 

prevented enhancement of RSV replication by loxoribine. Finally, TLR7-mediated enhancement 

of RSV replication was determined to be dependent on extracellular signal-regulated kinase 

activation. These results support the novel conclusion that exogenous stimulation of TLR7 benefits 

RSV replication. These results also suggest caution is warranted during the ongoing development 

of TLR7-based therapeutics, especially for therapeutics being developed for the treatment of 

airway diseases.  
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Chapter 1: Introduction 

1.1. RSV history 

Respiratory Syncytial Virus (RSV) is a member of the Orthopneumovirus genus, Pneumoviridae 

family, and Mononegavirales order 1. Originally referred to as Chimpanzee Coryza Agent, RSV 

was first identified in 1955 in a chimpanzee colony at the Walter Reed Army Institute of Research 

2. RSV was immediately suspected as a human pathogen, as the authors noted RSV neutralizing 

antibodies were present in a laboratory worker who contracted an upper respiratory tract infection 

after working closely with infected chimpanzees. The importance of RSV as a human pathogen 

was also suggested by pre-existing neutralizing antibodies in serum of patients who had no contact 

with the chimpanzee colony. RSV was successfully isolated from a human patient in 1957 3, and 

by 1963 the importance of RSV as a major contributor to bronchiolitis in pediatric populations 

was recognized 4. In the 1980s the significance of RSV infection in elderly populations became 

apparent 5.  

Early attempts to develop a vaccine against RSV ended with the deaths of two infants. These deaths 

were the result of an enhanced respiratory disease (ERD) occurring during subsequent natural RSV 

infection 6. The antiviral nucleoside analogue ribavirin was recommended for the treatment of 

severe RSV infection in 1993 7, however, clinical trials leading to this recommendation were 

methodologically flawed and exaggerated efficacy 8,9. Subsequent studies found that the benefits 

of ribavirin were limited or non-existent 10,11, and ribavirin is no longer included as a standard of 

care for RSV infection. Palivizumab, a humanized monoclonal antibody against RSV, was licensed 

in 1998 for the prophylactic prevention of RSV infections 12. Due to its significant cost and the 

necessity of monthly prophylactic injections, palivizumab is only administered to high-risk infants. 

Palivizumab is not efficacious in the treatment of ongoing RSV infection and has an insignificant 

effect on overall RSV transmission rates 13.   

Despite discovery of RSV dating back over six decades and intense efforts to combat RSV, no 

vaccine to prevent infection or efficacious antiviral to treat infection is available. As a result, RSV 

continues to impose a significant global burden of disease. 
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1.2. RSV burden of disease  

1.2.1. Burden of disease in Canada and worldwide 

In neonatal intensive care units (ICUs), RSV is well known as a leading cause of pediatric 

hospitalizations 14,15. While individuals will be reinfected with RSV throughout life, the primary 

infection during infancy is typically the most severe. Approximately 40% of primary infections in 

infancy result in lower respiratory tract infections (LRTI) which manifest as bronchiolitis or 

pneumonia. In infants without pre-existing conditions, 0.5-2% of all infants will require 

hospitalization due to RSV LRTI 16. In Canada and the United States RSV LRTI in infants results 

in approximately 12 000 and 77 000 annual hospitalizations, respectively 16. Estimates of the 

worldwide burden of disease due to RSV are difficult to produce as RSV-related mortality 

disproportionately affects developing countries where disease reporting infrastructure is lacking. 

Despite this, in 2010, Nair et al estimated that LRTI caused by RSV in children under 5 years old 

resulted in 3.4 million hospitalizations and 66 000 to 199 000 deaths annually (examining data 

from 2005) 17. A decade later, the RSV Global Epidemiology Network observed a comparable 

worldwide burden of disease in children under 5 years of age, with RSV LRTI responsible for 3.2 

million hospital admissions and 94 600 to 149 400 deaths annually 18.   

1.2.2. Risk factors and groups associated with severe RSV infection 

A variety of risk factors contribute to the likelihood of hospitalization due to RSV infection. Risk 

factors independently associated with disease severe enough to require hospitalization include 

young age (less than 24 months) at the time of infection and premature birth (less than 35 weeks 

gestational age) 19. Preterm infants infected with RSV have longer hospital stays, increased ICU 

usage, increased length of stay in ICU, increased supplemental oxygen usage, and increased 

mortality 20. Other risk factors are also thought to be associated with disease severity, these include 

birth month in November, December or January, daycare attendance, more than 5 individuals 

living in the same home as the infant, familial atopy, reduced breast feeding, low birth weight, 

male sex, and infant exposure to environmental smoking 21,22.   

Aside from these risk factors, certain populations are at a greater risk of hospitalization and 

morbidity due to RSV infection. Chronic Lung Disease (CLD) is a common complication of 

preterm birth and preterm infants with CLD who are infected with RSV are at a higher risk of 

hospitalization 19,23,24. Other groups who suffer increased RSV infection severity include patients 
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with neuromuscular disease, trisomy 21, cystic fibrosis, immunodeficiency, and aboriginal 

children 16. 

The impact of RSV on elderly populations is often under-appreciated, remaining in the shadow of 

other respiratory pathogens such as influenza. However, the significance of disease caused by RSV 

and influenza is comparable in older adults. In patients over 50 years of age hospitalized with acute 

respiratory illness, 6.5% and 6.1% tested positive for influenza and RSV, respectively. Rates of 

hospitalization in this population were 15 per 10 000 for RSV, and 11.8 per 10 000 for influenza 

25. In hospitalized elderly patients, RSV and influenza infections result in comparable lengths of 

hospitalization, ICU usage, and mortality 26,27. Mortality rates due to RSV and influenza vary 

between studies. In community dwelling elderly patients, mortality due to RSV infection exceeded 

influenza infection with death rates of 10% and 6%, respectively 28. Thus, while pediatric 

populations are often the focus of the rationale for RSV drug discovery campaigns elderly patients 

will also benefit immensely from the development of antivirals against RSV. Older adults also 

offer a competent population who can offer informed consent towards participating in clinical 

trials investigating RSV antivirals. This offers a means of investigating the efficacy of RSV 

antivirals prior to usage in vulnerable patients, namely infants.    

1.2.3. RSV clinical presentation 

In adults, RSV infection typically constitutes a self-limiting cold. A robust 2009 literature review 

estimated an average incubation period of 4.4 days for RSV infection (based on symptom onset) 

29. This agrees with a 2010 study in which 36 adult volunteers were experimentally inoculated that 

found an incubation period of 3.1 and 4.0 days based on qPCR and quantitative culture, 

respectively 30. RSV loads peak between 5 and 7 days after infection and throughout infection viral 

load correlates with symptom severity. By 12 days post infection viral shedding ceases and 

symptoms resolve 30.  

A study which included 5067 children under 5 years of age provides insight towards typical clinical 

presentation of severe RSV infection in children. Of 564 hospitalized children infected with RSV, 

70% were diagnosed with bronchiolitis, 95% required supplemental oxygen due to labored 

breathing, 78% had wheezing, and 69% had a fever; of 355 outpatients infected with RSV, 98% 

had a cough, 75% had fever, 73% had labored breathing, and finally 65% had wheezing 19. 
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Interestingly, only 45% of hospitalized patients and 3% of outpatients were correctly diagnosed 

with RSV-associated illness.  

1.2.4. RSV infection and the development of asthma 

Asthma is characterized by bronchial hyper-reactivity, airway remodeling including narrowing, 

and mucus overproduction resulting in periodic exacerbations. These exacerbations are 

characterized by chest tightness, wheezing, and shortness of breath 31. The strong association 

between severe respiratory viral infection early in life (predominantly with RSV or rhinovirus 

(RV)), and recurrent wheeze or asthma at a later age, is widely accepted 32-36. Whether severe 

infection early in life predisposes one to the later development of asthma in a causal manner has 

been a point of contention for two decades 37,38. The development of antiviral interventions limiting 

the severity of RSV infection early in life could help answer this question. Specifically, does a 

reduction in disease severity following antiviral treatment result in a reduced incidence of asthma 

and recurrent wheezing later in life? Insight is available from a retrospective study which found 

reducing RSV infection via prophylactic palivizumab treatment reduced the later development of 

recurrent wheeze by 61% 39.  

1.3. RSV communicability 

1.3.1. RSV seasonality 

In temperate climates the RSV season lasts 3-5 months typically beginning in autumn, peaking in 

winter, and tapering off in the spring; RSV transmission is greatly reduced or not detected during 

the summer months 40-43. In contrast, very cold or tropical climates do not obey this pattern and 

RSV transmission occurs year-round 42,43. A variety of hypotheses have been proposed to explain 

the transmission patterns observed across regions, including changes to viral stability in the 

environment that are dependent on temperature, humidity, and ultraviolent light intensity. 

Alternatively, changes in human behavior throughout the seasons have been proposed to play a 

role 40-43. No animal reservoir is known or suspected for RSV, and the reintroduction of RSV in 

regions with seasonal transmission cycles is not understood 40,44.  

1.3.2. RSV transmission 

RSV is primarily transmitted via large nasopharyngeal droplets from infected individuals 16. Large 

droplets (>100 µm in size) remain in air for only a matter of seconds, quickly falling onto surfaces 

due to gravity 45. Therefore, direct contact with an infected individual, or contact with 
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contaminated surfaces, is required for transmission via large droplets. In the environment, non-

enveloped viruses may remain viable for periods of weeks or months. As an enveloped virus, RSV 

is not expected to remain viable outside of the body for extended periods 46. However, infectious 

RSV can be isolated from hard surfaces 6 hours after transfer and can survive on hands for 25 

minutes 47. As RSV may enter through the eyes or nose 48, and remains viable in the environment 

for several hours, fomites present an important route for RSV transmission.  

In contrast to large droplets, droplets less than 10 µm in diameter remain suspended in the air as 

an aerosol for a matter of hours 45. Recently, it was observed that viable RSV is present in aerosols 

produced by infants with bronchiolitis 49. The air was sampled at distances of 1 metre, 5 metres 

and 10 metres from infected infants. Air was also sampled in the presence of infants and 2 hours 

after discharge. RSV titers from airborne particles were highest at a distance of 1 metre, however, 

RSV was detected up to a distance of 5 metres from patients. RSV titers were highest when 

sampling was conducted in the presence of the patient, yet aerosols containing viable RSV 

remained detectable at 2 hours post discharge. Furthermore, RSV was found in particles less than 

4.7 µm in diameter. While large diameter particles are typically caught in the upper respiratory 

tract, particles less than 5 µm in size may be directly inhaled into the lower airways 50. Thus, a 

significant portion of these aerosolized particles were small enough to access the lower airways 49. 

This discovery may have implications for public health measures used to prevent nosocomial RSV 

transmission, suggesting that airborne transmission of RSV may be possible. However, whether 

an appreciable degree of RSV transmission occurs through this route remains to be confirmed.  

1.4. RSV biology: proteins and functions 

1.4.1. Genome and Nucleoprotein 

RSV has a single stranded negative sense RNA genome of approximately 15.2kb; within this 

genome are 10 genes which encode 11 proteins 51. The RNA genome is tightly bound to RSV 

nucleoprotein (RSV-N) in a helical ribonucleoprotein (RNP) complex. Specifically, the RNA is 

bound to a basic groove near the external surface a decameric ring of RSV-N 52. Each RSV-N 

protein interacts with 7 bases, as a result 70 bases are associated with each turn of the decameric 

ring. Interestingly, the function of RSV-N during infection by RSV extends beyond genomic 

organization to antagonism of the host innate immune response. 
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1.4.1.1. Antagonism of the innate immune response by nucleoprotein 

During RSV infection RSV-N colocalizes with retinoic-acid-inducible gene-I (RIG-I), melanoma 

differentiation-associated gene 5 (MDA5), and mitochondrial antiviral signaling protein 53 

(MAVS; also known as IPS-1, CARDIF, or VISA 54). RIG-I and MDA5 are cytosolic pattern 

recognition receptors (PRRs) 55,56. RIG-I detects 5’-triphosphorylated RNA and double stranded 

RNA (dsRNA), while MDA5 detects only the latter 57. Following activation by their cognate 

ligands, both RIG-I and MDA5 signal through the MAVS adaptor protein to stimulate an interferon 

(IFN)-β response. Transfection of RSV-N into cells infected with Newcastle Virus (which elicits 

a strong IFN-β response) attenuates the IFN-β response via inhibition of RIG-I and MDA5 

signaling through sequestration of MAVS to inclusion bodies 53. This represents one strategy by 

which RSV antagonizes the innate immune response (Figure 1.1). A protein kinase termed PKR 

58 is produced in response to type I IFNs as a means of inducing an antiviral state in cells 59. PKR 

is activated by cytosolic dsRNA (reviewed in 60). Briefly, binding to dsRNA results in activation 

of PKR via phosphorylation of multiple serine and threonine residues. Phosphorylated PKR 

inactivates eukaryotic initiation factor 2 α (eIF-2α) via phosphorylation. In the absence of eIF-2α, 

cellular translation of mRNA into protein ceases. During RSV infection there is an accumulation 

of phosphorylated PKR, however, eIF-2α is not inactivated. Instead, phosphorylated PKR is bound 

by RSV-N 61. Given the localization of RSV-N to inclusion bodies during RSV infection, it is 

likely that binding of PKR by RSV-N sequesters PKR in inclusion bodies 53. Thus, inhibition of 

PKR represents a second mechanism by which RSV-N antagonizes the host innate immune 

response. 

1.4.2. RNA-dependent RNA polymerase 

The RSV RNA-dependent RNA polymerase (RdRp) conducts transcription and replication of the 

RSV genome. At a minimum, RSV RdRp is comprised of large protein (RSV-L) and 

phosphoprotein (RSV-P). The RSV -L/-P complex is able to initiate transcription or replication 

and produce short transcripts up to 200 nucleotides in length 62,63. Expression of RSV-L, -P and -

N is sufficient for minigenome replication, indicating that concurrent encapsidation of the growing 

genome by RSV-N is required for RdRp replicase processivity 64. Conversely, transcriptase 

activity by RSV RdRp requires the RSV-M2-1 anti-termination factor 65. As a result, a full 

compliment of RSV-L, -P, -M2-1, and -N is required to produce infectious RSV from a cDNA 

antigenome 66. 
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RSV-L is the catalytic subunit of RSV RdRp, responsible for polymerizing chain elongation 67, 

polyadenylation (reviewed by Cowton et al 68), and 5’ capping 69. Studies on the Mononegavirales 

Measles Virus (MeV) have observed that the MeV phosphoprotein mediates interaction between 

the RdRp and the RNP 70. Given the similarity amongst RdRp of Mononegavirales viruses, it is 

expected that RSV-P completes this role in a similar fashion. Phosphorylation of RSV-P at serine-

232 is required for chain elongation 71, and phosphorylation of RSV-P at threonine-108 enables 

interaction of the RdRp with RSV-M2-1 72. The production of subgenomic mRNA begins with the 

initiation of RdRp at the +3 nucleotide in the leader promoter region 73. The RdRp scans the 

genome until reaching the first Gene Start (GS) site. After identifying a GS site, the RdRp begins 

synthesis of mRNA until a Gene End (GE) site is reached 74,75. All genes contain one GS and GE, 

except for the RSV-M2 gene which contains two open reading frames encoding RSV-M2-1 and 

RSV-M2-2, respectively.   

Known nucleoside analogues with antiviral activity against RSV target the polymerization activity 

of the RSV-L component of the RdRp 76. This mechanism of antiviral activity is not universally 

applicable to all RdRp inhibitors, some of which target regions outside of the polymerization active 

site 77 or target components of the RdRp other than RSV-L. This is the case for RSV604; one 

mechanism of action proposed for RSV604 is inhibition of RSV transcription through binding 

RSV-N 78. It is not unexpected that interference with a variety of target proteins inhibits RSV 

RdRp, given the essential nature of multiple viral and cellular proteins. Specifically, cellular 

proteins including heat shock protein 90 (HSP90) are necessary for optimal RdRp processivity 79. 

Antagonism of any RdRp enzymatic process or antagonism of interactions between RdRp 

constituents offers mechanisms by which antivirals may inhibit RSV replication. (Table 1.1).  

1.4.2.1. RdRp error rate and quasispecies theory 

The fidelity of the RSV RdRp is best estimated using values available for Vesicular Stomatitis 

Virus (VSV), another Mononegavirales virus. The mutation rate per base pair and mutation rate 

per genome replication for VSV are approximately 1.6x10-4 – 2.3x10-3 and 2.8 – 4.3, respectively 

80. The rate of spontaneous mutation for RdRps overall has been estimated to be 10-3 to 10-5 errors 

per base pair 80. Lack of a proofreading function contributes to this low fidelity 81. By contrast, the 

mutation rate in microbial DNA genomes has been observed to range from 7.2x10-7 – 7.2x10-11 

errors per base pair 80. As RSV has a genome size of approximately 15kb, a mutation rate of 10-3 
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to 10-5 errors per base pair would result in 0.15 – 15 mutations per genome replication. The low 

fidelity of RSV RdRp precludes RSV from existing as a clonal species, instead RSV exists as a 

quasispecies where the wild type sequence is defined as a weighted average of the multitude of 

genotypes present during infection 82. The diversity of the quasispecies is limited by evolutionary 

fitness, specifically, the ability of a given sequence to reproduce. Quasispecies theory is important 

to the development of RSV-antivirals, as it explains the notorious rate at which RNA viruses 

develop resistance to antivirals.  

1.4.3. Envelope proteins: fusion protein, glycoprotein, and small hydrophobic protein 

The RSV viral envelope proteins include fusion protein (RSV-F), glycoprotein (RSV-G), and 

small hydrophobic protein (RSV-SH). RSV entry is mediated by a complex interaction of RSV-F 

and RSV-G envelope proteins and host cell proteins (reviewed by Griffiths et al 40). Briefly, 

candidate receptors that have been proposed include CX3 chemokine receptor 1 (CX3CR1), 

epidermal growth factor (EGF), annexin II, calcium dependent lectins, Toll-like receptor 4 

(TLR4), intercellular adhesion molecule 1 (ICAM-1), nucleolin, and heparan sulfate proteoglycans 

(HSPGs). The functions of these proteins include tethering RSV to the surface and triggering 

fusion 40. Of these receptors, the interaction between nucleolin and RSV-F has been observed to 

be of significant importance for entry by RSV. RSF-F is essential for entry; prior to interaction 

with the host cell it exists as a trimer in a pre-fusion conformation 83. It is hypothesized that fusion 

of the viral membrane to the host cell is driven by a conformational shift in multiple spring-loaded 

RSV-F proteins 40. Host-cell nucleolin was first identified as a candidate receptor for RSV-F via 

virus overlay protein binding assay (VOPBA) 84. The VOPBA incorporated lysates from human 

airway epithelial (1HAEo-) cells, Chinese hamster ovary cells, Madine-Darby canine kidney cells, 

and human epithelial type 2 (HEp-2) cells. In the VOPBA, cell lysates were separated by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a 

nitrocellulose membrane. RSV in solution was added to the membrane and RSV bound to a factor 

in each cell lysate at 100 kDa. The 100 kDa band was excised following the VOPBA and subjected 

to mass spectrometry analysis. Mass spectrometry revealed nucleolin as a common hit in each 

excised sample. Nucleolin was observed to co-immunoprecipitate with RSV-F, and colocalize with 

RSV at the cell surface during infection, suggesting nucleolin and RSV-F may directly interact or 

interact through a common protein complex. The physiological relevance of this interaction was 

pursued through neutralization assays. Specifically, pre-treatment of 1HAEo- cells with nucleolin-
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specific antibodies significantly reduced RSV infection. Likewise, pre-treatment of virus with 

soluble nucleolin significantly reduced RSV infection. Cell culture experimentation also supported 

the role of nucleolin as a receptor for RSV. Expression of nucleolin in Spodoptera frugiperda (Sf9) 

insect cells, which are not permissive to RSV infection, was sufficient to confer susceptibility of 

RSV infection. Finally, short interfering RNA (siRNA) knockdown of nucleolin expression in vivo 

reduced nucleolin expression on the apical surface of airway epithelial cells of mice and reduced 

RSV replication in the lung.  

Depending on the type of immortalized cell line, RSV-G is dispensable in cell culture 85. However, 

interaction between RSV-G and the cellular membrane protein CX3CR1 appears to be of 

importance in robust models of infection using differentiated primary airway epithelial cells and 

in mice 86. Like RSV-G, RSV-SH is not essential for RSV replication in cell culture 85,87, and 

recombinant RSV strains lacking RSV-SH were only slightly attenuated in mice 87. In 

chimpanzees, RSV lacking RSV-SH was not attenuated in the upper respiratory tract, but 

replication was reduced in the lower respiratory tract 88. While the role of RSV-SH in RSV 

replication is not well characterized, these observations have precipitated investigations of RSV-

SH-deletion vaccine candidates 89. 

1.4.4. Non-structural protein 1 and non-structural protein 2 

The RSV non-structural 1 (RSV-NS1) and non-structural 2 (RSV-NS2) proteins demonstrate a 

remarkable number of immunomodulatory functions centering around antagonism of the host IFN 

response (reviewed in 90), delaying apoptosis in an IFN-independent manner 91, and arresting the 

cell cycle in the G0/G1 phase 92.  

1.4.4.1. Antagonism of the innate immune response by non-structural protein 1 and non-

structural protein 2 

Cascades of pathogen recognition receptors, adaptor proteins, and kinases mediate the synthesis 

of type I IFNs in response to viral infection (reviewed in 93). Collectively, RSV-NS1 and RSV-

NS2 target these pathways by interfering with RIG-I 94, tumor necrosis factor receptor-associated 

factor 3 (TRAF3) 95, inhibitor of NF-κB (IκB) kinase ε (IKKε; note NF-κB abbreviates nuclear 

factor kappa-light-chain-enhancer of activated B cells) 95, interferon regulatory factor 3 (IRF3) 96, 

and interferon regulatory factor 7 (IRF7) 97 (Figure 1.1). RSV-NS1 and RSV-NS2 also inhibit the 
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cellular response to IFN-β by targeting signal transducer and activator of transcription 2 (STAT2) 

95,97 and 2’-5’-oligoadenylate synthetase-like protein (OASL) for degradation 98.  

As described above, after activation RIG-I interacts with MAVS 55, an interaction mediated by 

caspase recruitment domains (CARD). Via co-immunoprecipitation in human embryonic kidney 

293T (HEK293T) cells overexpressing RSV-NS1, -NS2, and RIG-I, it was observed that RSV-

NS2 (but not RSV-NS1) directly binds RIG-I 94. This interaction was mapped to the N-terminus 

of RIG-I, the location of the RIG-I CARD. Binding of RIG-I by RSV-NS2 prevented association 

of RIG-I and MAVS, preventing IFN-β transcription.  

TRAF3 is an essential component of the RIG-I pathway downstream of MAVS (Figure 1.1). 

TRAF3 complexes with TRAF family member-associated NF-κB activator (TANK), IKKε, and 

TANK-binding kinase 1 (TBK-1); this complex then phosphorylates IRF3. Transfection of A549 

cells with a plasmid encoding RSV-NS1 resulted in a depletion in TRAF3; infection with wild 

type RSV, but not RSV-NS1-deficient RSV, also depleted TRAF3 95. It is not known if RSV-NS1 

directly interacts with TRAF3, as a co-immunoprecipitation experiment was not performed. It is 

also not known how RSV-NS1 mediates the reduction in TRAF3, although proteasomal 

degradation was ruled out. Finally, the authors also observed a reduction in IKKε attributable to 

RSV-NS1 95.  

Synthesis of IFN-β is dependent on IRF3 phosphorylation, translocation into the nucleus, 

dimerization, association with cAMP response element-binding protein binding protein (CBP), 

and finally binding of the IRF3/CBP dimer to the IFN-β promoter 93. In A549 cells overexpressing 

IRF3, RSV-NS1 did not prevent IRF3 phosphorylation, translocation to the nucleus, or 

dimerization. However, RSV-NS1 bound IRF3, preventing association with CBP and subsequent 

binding of IRF3 to the IFN-β promoter 96.  

IRF7, a common member of signaling cascades downstream of Toll-like receptor 3 (TLR3), Toll-

like receptor 7 (TLR7), Toll-like receptor 9 (TLR9) and RIG-I (reviewed in 99), is targeted for 

degradation during by RSV-NS1 97. In the absence of IRF7, myeloid differentiation primary-

response protein 88 (MyD88) dependent and independent type-1 IFN production is impaired 100. 

Following binding of type I IFNs to the IFN α/β receptor (IFNAR), IRF7 expression is induced. 

De novo synthesized IRF7 is then phosphorylated, translocates to the nucleus, and further drives 

IFNα and IFNβ production in a positive feedback loop (reviewed in 101). In plasmacytoid dendritic 
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cells (pDC), which are highly important to the type I IFN response during viral infection, IRF7 is 

constitutively expressed at a high level 99. By targeting IRF7 for degradation, RSV-NS1 

undermines the IFN response downstream of a series of PRRs 97.  

STAT2 is a transcription factor which is important to the autocrine and paracrine responses to type 

I IFNs 93,102. Following phosphorylation, STAT2 associates with signal transducer and activator 

of transcription 1 (STAT1) and interferon regulatory factor 9 (IRF9) to form the IFN-stimulated 

gene factor 3 (ISGF3) complex; ISGF3 translocates to the nucleus and drives the expression of 2’-

5’-oligoadenylate synthetase, PKR, P56, Myxovirus resistance gene A, interferon stimulated gene 

15, Viperin, C-X-C motif chemokine 10, inducible nitric oxide synthase, IRF7, STAT1 and various 

other IFN stimulated genes (ISGs) 102,103. RSV-NS2 inhibits this pathway by targeting STAT2 for 

degradation 97,104. 

OASL, while related to the family of oligoadenylate synthetases, restricts RSV replication in a 

manner independent of second messenger 2’-5’-oligoadenylate (2-5A) synthesis. While the 

antiviral mechanism of OASL is not yet clear, RSV-NS1 targets OASL for proteasomal 

degradation offering yet another means of interfering with the innate immune response 98. 

RSV-NS proteins are not limited to undermining the innate immune response. The RSV-NS 

proteins also contribute to the ability of RSV to evade the adaptive immune response. When 

dendritic cells (DC) are infected by RSV, DC maturation is stunted by wild type RSV but not by 

RSV ΔNS deletion mutants 105. Inhibition of IFN signaling through antibody-mediated blockade 

of IFNAR compensates RSV ΔNS deletion mutants, resulting in stunted DC maturation. Greater 

activation and proliferation of CD8+ T cells and CD4+ T-cells were also observed following 

coculture with RSV ΔNS-infected DCs compared to wild type RSV-infected DCs 106,107. In vivo 

experiments in BALB/c mice have shown increased CD8+ T cell proliferation and activation in 

RSV ΔNS2-infected mice than in wild type RSV-infected mice 108. These studies illustrate how 

RSV-NS1 and RSV-NS2 undermine the adaptive immune response to RSV. Thus, RSV-NS1 and 

RSV-NS2 may contribute to the profound lack of lasting protective immunity to RSV reinfection. 
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Figure 1.1. RSV-NS1, RSV-NS2, and RSV-N inhibit the host IFN response by targeting 

multiple components of signaling pathways. Schematic showing cytosolic and endosomal 

detection pathways for single stranded RNA (ssRNA) and double stranded RNA (dsRNA). The 

production of Type I IFNs is inhibited by RSV through redundant targeting of signalling cascades 

by RSV-NS1, RSV-NS2, and RSV-N.  

1.4.5. Matrix protein 

The matrix protein (RSV-M) is a structural protein which lines the inside of the viral envelope and 

associates with the RNP via RSV-M2-1 109.  
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1.4.6. Serotyping and Genotyping 

Convalescence following infection with RSV results in serum containing antibodies that neutralize 

all other strains of RSV. Thus, RSV cannot be taxonomically distinguished through traditional 

serology; all RSV strains belong to a single serotype 110. Using monoclonal antibody panels, RSV 

was antigenically delineated into two subgroups based on subtype specific binding of RSV-N, -P, 

-M, -G, and –F 111. The most extensive sequence divergence between subgroups is found in RSV-

G 112. As a result, RSV-G is used to distinguish between RSV-type A and RSV-type B. Sequence 

analysis of RSV-G has led to the classification of 11 RSV-type A and 23 RSV-type B clades 113.  

When novel clades emerge, they have been observed to displace ancestral clades and spread 

globally. The RSV-type B BA clade emerged in 1999 and became the dominant global RSV-type 

B clade in the ensuing decade 114. Owing to the low fidelity of its RdRp, RSV evolves rapidly. 

RSV-BA continued to evolve with four genotypes emerging in the ten years following its 

emergence. The constant population-level evolution of RSV results in the replacement of antigenic 

epitopes and contributes to the explanation of how RSV successfully reinfects individuals 

throughout life 115. This viral evolution occurs within the individual host due to selective pressures 

imposed by the immune response. In an infant lacking an adaptive immune response RSV genetic 

diversity was relatively stagnant. Following bone marrow transplant RSV genetic diversity 

increased rapidly 116.  

While novel clades spread rapidly, they are not necessarily more virulent. The association of 

pathogenesis with RSV subtype has remained a pressing question since RSV was first divided into 

RSV-type A and RSV-type B in the 1980s. Conflicting evidence suggest that RSV subtype does, 

117-119 or does not, 120,121 predict disease severity. The ability to further organize subtypes into 

genetic clades may help address this question. Recently, a pilot study observed that RSV strains 

that replicate to high titers in patients and have high replication kinetics in cell culture are 

genetically similar. These were termed High Titre (HiT) clades 122. This study did not directly 

examine the severity of illness; however, an association of RSV viral load and disease severity has 

been observed previously 123. Thus, identification of HiT clades may enable forecasting of 

dominant strains causing severe infections in the subsequent RSV season. 
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1.5. The immune response to RSV 

1.5.1. Detection of RSV infection  

Recognition of foreign pathogens begins with PRRs. In 2000, the observation that RSV-F 

stimulated TLR4 constituted the first discovery of a viral PRR 124. This study observed that murine 

macrophages stimulated with RSV-F secreted pro-inflammatory interleukin 6 (IL-6), however, in 

mice lacking TLR4 IL-6 production was absent. Furthermore, RSV titers from lungs were 

significantly higher and replication prolonged in mice lacking TLR4. More recently, it has been 

suggested that TLR4 signalling during RSV infection produces responses which are anti-

inflammatory. Specifically, TLR4 is required for the differentiation of anti-inflammatory 

alternatively activated macrophages 125. In both cases TLR4 is beneficial to the host, but the 

mechanism by which TLR4 stimulation benefits the immune response during RSV infection 

requires further study. The full list of PRRs which may be involved in sensing RSV infection now 

includes the Toll-like receptor 2 (TLR2)/Toll-like receptor 6 (TLR6) heterodimer (unknown 

ligand), TLR3 which binds dsRNA, TLR7 which binds single stranded RNA (ssRNA), RIG-I 

which binds 5’ tri-phosphorylated dsRNA, MDA5 which binds dsRNA, Nod-Like Receptors 

which bind ssRNA, and dsRNA-Binding Protein which binds dsRNA 126. The importance of each 

PRR varies. It is likely that those which are most important are those which RSV has evolved to 

target for inhibition by RSV-N, RSV-NS1, and RSV-NS2 (section 1.4).  

1.5.2. Immune response in the human host 

The immune response to RSV has been studied extensively in patients. Information is gained 

through examination of cellularity and cytokines present in bronchoalveolar lavage (BAL) fluid, 

examining post-mortem lung biopsies, and examining circulating cell populations. Studies 

typically categorize individuals into a mild RSV infection group (upper respiratory tract infection) 

or severe RSV infection group (lower respiratory tract infection requiring hospitalization). 

Differences between these groups are used to infer beneficial and harmful immune responses.  

The predominant cell type recovered from BAL fluid during RSV infection is neutrophils 127,128. 

In biopsies of fatal RSV infections originating from the years 1925 through 1959, neutrophils were 

observed in the bronchiolar epithelium and to a lesser extent in the peribronchiolar tissue 129. IL-8 

is responsible for neutrophil recruitment; increased IL-8 secretion and resultant neutrophilia are 

associated with disease severity 130. Furthermore, symptom severity correlates with increasing 
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neutrophilia early in disease, and symptoms resolve as neutrophil counts decline 131. As neutrophils 

drive inflammation without producing antiviral benefits, neutrophils are thought to be harmful 

(reviewed in 132). During RSV infection neutrophils also release neutrophil extracellular traps 

(NETs). While these NETs have beneficial roles (trapping virions and proinflammatory cytokines), 

they are typically though to be harmful due to the airway occlusion which results 133. Neutrophils 

can be categorized as a component of the type 17 helper (TH17) CD4+ T-cell response (discussed 

below).  

Recruitment of the adaptive immune response to fight viral infection is dependent on a robust 

response by pDCs. These professional antigen presenting cells are located throughout the body, 

including in the lungs. In response to viral infection pDCs are the primary source of type I IFNs 

134. Selective depletion of pDC in mouse models of RSV infection results in enhanced airway 

disease and increased lung RSV titers 135. Complementing RSV-infected mice with IFN-α offset 

the depletion of pDCs, and RSV lung titers did not increase, indicating pDC-conferred protection 

from RSV is mediated by their characteristic production of IFNα. After Type I IFNs are released 

in the lung environment, pDCs subsequently migrate to the draining lymph nodes 136. In the lymph 

nodes pDCs present antigen and costimulatory molecules to lymphocytes recruiting the adaptive 

immune response to help counter infection [reviewed in 137]. To limit the antiviral effect of pDCs, 

RSV inhibits pDC IFN production 138. Inadequate pDC activation can have devastating 

repercussions; lack of pDC activation was a major contributor to the tragic failure of the formalin-

inactivated RSV (FI-RSV) vaccination attempt 139.  

CD8+ cytotoxic T lymphocytes (CTLs) are an essential component of the antiviral immune 

response, inducing lysis in virally infected cells 51. Chemokine (C-C motif) ligand 5 (CCL5) is 

responsible for recruiting lymphocytes to locations of inflammation; severe RSV infection is 

associated with overall low plasma CCL5 chemokine levels. In line with this observation, severe 

RSV infections were associated with low CD4+ T-cell, CD8+ T-cell, and natural killer (NK) cell 

blood counts 130. As opposed to neutrophils, increasing CD8+ T-cell counts are associated with 

convalescence and a decrease in symptom severity 131. This data contributes to the conclusion that 

T-cells, especially CTLs, are beneficial during RSV infection 132.  

The harmful versus beneficial responses to RSV infection can be thought of in the paradigm of 

type 1 helper (TH1) versus type 2 helper (TH2) responses. TH1 responses are associated with the 
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resolution of viral infection. During a TH1 response, IL-12 drives the differentiation of TH1 CD4+ 

T-cells which subsequently produce IFN-γ and support CD8+ CTL proliferation 140. TH2 responses 

are required for controlling parasitic infections; IL-4 production drives the differentiation of TH2 

CD4+ T-cells which subsequently produce IL-4, IL-5, and IL-13 140. The TH2 response antagonizes 

the TH1 response. It is hypothesized that during RSV infection a TH1 response is beneficial, while 

skewing towards a TH2 response is harmful. Supporting this hypothesis is that the IL-4/ IFN-γ ratio 

in nasal lavage fluid was greater (indicating a TH2 response) in infants with bronchiolitis versus 

upper respiratory tract infection 141. Reduced IFN-γ expression was also observed in peripheral 

blood mononuclear cells (PBMCs) collected from infants with severe RSV 142. These results 

obtained during natural RSV infection in humans support the paradigm that a TH2 cytokine 

response is detrimental and drives severe RSV infection. Interestingly, the TH2 response is a 

hallmark of eosinophilic asthma providing a hypothesis for a mechanism by which severe RSV 

infection early in life predisposes individuals to asthma development in later life 31.  

While helpful in categorizing helpful versus harmful immune responses during RSV infection, this 

paradigm oversimplifies the immune response to RSV by failing to account for TH17 CD4+ T-cells, 

which recruit neutrophils through the production of IL-17 143. IL-6 contributes to the polarization 

of naïve CD4+ T-cells into TH17 CD4+ T-cells. Increased IL-6 and IL-17 was observed in tracheal 

aspirates from infants with severe RSV LRTI versus healthy infants 144. In the murine RSV 

infection model, neutralization of IL-17 by antibody or gene knockout is beneficial. Anti-IL-17 

antibody treatment during RSV infection reduced the migration of neutrophils to the lungs and 

reduced RSV lung titers. This anti-IL-17 treatment was associated with an increase in RSV-

specific CD8+ T cells 144. Finally, B cells and the humoral immune response are also important to 

the resolution of infection. While they do not confer lasting protection, immunoglobulin G (IgG) 

and mucosal immunoglobulin A (IgA) responses are protective 132.  

1.5.3. Immune response fails to confer lifelong protection 

Ultimately, RSV is highly successful at subverting the host immune response. This begins with 

how well RSV counteracts the IFN response. Like RSV, Parainfluenza Virus Type 3 (PIV3) is a 

member of the Mononegavirales order that infects the human airway epithelium. PIV3 is second 

only to RSV with respect to causing LRTI in children 145. Exogenous addition of type I IFNs in 

cell culture reduces PIV3 replication by 1000 to 10 000-fold, in contrast, the same addition of type 
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I IFNs only reduces RSV replication by 10 to 20-fold 146. Thus, RSV efficiently antagonizes the 

IFN response (Figure 1.1).   

The ability of RSV to re-infect individuals throughout life illustrates how poorly the adaptive 

immune response controls RSV. Following infection neutralizing antibodies against RSV-F and 

RSV-G are present in serum. However, the limited ability of these neutralizing antibodies to confer 

protection from reinfection and the rapidity with which serum levels decrease is striking. Healthy 

adult volunteers were infected with RSV, and subsequently re-challenged with the same RSV 

strain at 2, 4, 8, 14, 20 and 26 months post infection 147. Upon reinfection in subsequent months 

with the same RSV A-2 strain, 73% of volunteers were infected at least once, with 47% re-infected 

upon the first challenge at 2 months after the initial infection.  

1.6. RSV therapeutic landscape 

1.6.1. Failed vaccine attempts 

Shortly after the discovery of RSV, Kim et al attempted to develop a vaccine through formalin 

inactivation of RSV 6. This approach had been successful for Jonas Salk, who had recently 

developed the world’s first vaccine against poliovirus 148. A clinical trial was completed with a 

group of 31 infants less than one year of age. These infants were primarily from African American 

low socioeconomic status families 6. The increase in neutralizing antibodies following 

immunization was limited to a 4-fold increase in 43% of immunized infants and this rise in 

neutralizing antibodies afforded no protection from natural infection during the subsequent RSV 

season. Instead, ERD was observed upon natural infection. 80% of RSV-infected vaccinated 

infants required hospitalization while only 5% of the control group required hospitalization. In the 

vaccinated group the duration of hospitalization was significantly increased, the rate of serious 

complications increased, and two infants died. Understandably, this tragedy stunted RSV vaccine 

development campaigns.  

Over the ensuing decades, mechanisms of ERD have been proposed. One explanation for ERD is 

based on the pathogenic deposition of antibody-antigen immune complexes (IC) in the lungs. 

While IC formation can be beneficial towards virus neutralization during viremia, the deposition 

of ICs into tissue drives the pathogenesis of a variety of infectious and autoimmune diseases 149. 

In mice vaccinated with FI-RSV, ERD (measured as an increase in airway hyperresponse) and IC 

formation in the lungs was observed. ERD was absent in complement-deficient mice and in B cell-
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deficient mice (which lack antibodies required for IC formation) 150. The authors concluded that 

IC deposition in the lungs and subsequent complement activation drives ERD following 

vaccination with FI-RSV. This study relies on airway hyperresponse acting as an appropriate 

measure of ERD, which is only modestly appropriate. However, the authors bolster their 

conclusions by noting extensive complement activation in lung biopsies obtained from the two 

infants who succumbed to ERD in the vaccine trial by Kim et al 6.  

Building on these results, Delgado et al observed that FI-RSV elicited non-protective low-avidity 

antibodies 139. Insufficient TLR stimulation in pDCs resulted in reduced CD4+ T lymphocyte 

proliferation and activation. Resultantly, B cells failed to form germinal centers and undergo the 

affinity maturation process necessary for increasing antibody avidity. In this study, complementing 

FI-RSV vaccination with UV-inactivated RSV was sufficient to induce a protective antibody 

response.  

In the wake of the failed vaccine attempt by Kim et al, candidate vaccines are now carefully 

monitored for ERD in animal models prior to clinical trials. While no vaccine has been developed 

to treat RSV, neither has any vaccine which elicits ERD entered clinical trials in infants. Modern 

RSV vaccination attempts have included the production of immunogenic nanoparticles 151 or 

generation of live-attenuated RSV virus vaccines through random mutagenesis, guided attenuation 

through recombinant RSV generation, or generation of recombinant bovine RSV or PIV 

expressing human RSV-F and RSV-G (reviewed 152). Owing to the difficult challenge of 

generating an immune response in the first months of life when protection against RSV is most 

important, maternal vaccination strategies are also currently being explored in a phase 3 clinical 

trial (NCT02624947).  

cpts248/404 was the last live attenuated vaccine candidate to enter clinical trials prior to the 

utilization of recombinant genetic engineering technologies to introduce specific mutations. “cp” 

and “ts” refer to mutations generated through cold passaging or chemical mutagenesis-induced 

temperature sensitive mutations, respectively 152. In phase I clinical trials cpts248/404 was tested 

in steadily younger age cohorts, culminating in administration to infants less than two months of 

age 153. In seropositive children between 15 and 59 months of age cpts248/404 live virus was not 

shed and antibody responses were nearly non-existent. In seronegative children less than 24 

months of age cpts248/404 live virus was shed and neutralizing antibodies against RSV were 
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observed in serum, however, this study was not powered to determine the efficacy of protection 

against natural RSV infection. In the youngest cohort of 1 to 2-month old infants, neutralizing 

antibody development was rare – as is the case for natural infection in this age group. As expected, 

maternal antibody levels antagonized the development of most infant antibody responses, 

including IgG antibodies against RSV-F and RSV -G, and IgA antibodies against RSV-F. Finally, 

congestion associated with peak cpts248/404 shedding precluded the vaccine candidate from 

further study in the 1 to 2-month old cohort 153.  

MEDI-559 was created via reverse genetics wherein cpts248/404 was further attenuated by way 

of deletion of RSV-SH and introduction of a temperature sensitive Y1321K mutation in RSV-L 

154. In RSV-seronegative children aged 5 to 24 months of age, MEDI-559 produced neutralizing 

antibody responses in 59% of infants versus 9% for the placebo group. Protection from natural 

RSV infection was not measured. Lower respiratory tract illness was higher in the MEDI-559 arm 

than placebo yet was comparable to the rate observed in placebo groups in other studies making 

the safety of MEDI-559 difficult to interpret 154. To date, subsequent clinical trials on MEDI-559 

have not been initiated. Results are not available for other live attenuated vaccine virus candidates 

including MEDI-ΔM2-2 which lacks the RSV-M2-2 gene (NCT01459198) or a genetically 

stabilized version of MEDI-599 (NCT01852266). Lastly, results are not available for RSV ΔNS2 

Δ1313 I1314L which lacks RSV-NS2, has a deletion of the 1313 codon in the RSV-L protein, and 

a temperature sensitive mutation introduced through an I1314L mutation in the RSV-L protein 

(NCT01893554).  

Novavax has led the development of nanoparticle-based RSV vaccines. Nanoparticles were 

created through infection of Sf9 insect cells with a recombinant baculovirus containing a modified 

RSV-F gene. RSV-F nanoparticles consist of multiple peptide homotrimers joined via a micelle 

core 151. A phase 3 clinical trial in adults over 60 years of age observed no protection against lower 

respiratory tract infection (0.47% in the vaccinated group versus 0.44% in the placebo arm) 

(NCT02608502). A separate phase 3 clinical trial is ongoing to investigate whether immunization 

of pregnant women in their third trimester with the RSV-F nanoparticle confers protection to 

infants via maternal antibodies (NCT02624947).  It is estimated that this study will be completed 

in June of 2020.  
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A fundamental challenge to the development of RSV vaccines is that natural infection with RSV 

in immunocompetent adults offers very little protection 147. Any vaccine will need to elicit a 

stronger immune response than natural infection and do so in the absence of deleterious side 

effects. This hurdle will have to be surmounted for an RSV vaccine to be realized.  

1.6.2. The humanized monoclonal antibody, palivizumab 

1.6.2.1. Efficacy and cost-effectiveness of palivizumab 

Palivizumab is a humanized monoclonal antibody containing murine-origin complementarity-

determining regions specific for the pre-fusion conformation of RSV-F 155. Palivizumab was 

licensed for prophylactic treatment against RSV infection in high-risk infants following the IMpact 

clinical trial. This clinical trial included 1502 infants born at less than 35 weeks gestational age 12. 

Monthly administration of palivizumab in premature infants without bronchopulmonary dysplasia, 

a type of CLD, reduced the rate of hospitalization in this cohort from 8.1 % in the placebo arm to 

1.8% in the palivizumab arm (P < 0.001). For infants with bronchopulmonary dysplasia the rate 

of hospitalization was reduced from 12.8% to 7.9% between placebo and treated groups, 

respectively (P = 0.038). Shortly thereafter, another large clinical trial was focussed specifically 

on 1287 infants with hemodynamically significant chronic heart disease (CHD). This study 

observed a reduction in hospitalization from 9.7% to 5.3% (P = 0.003) 156. Subsequent population-

based studies typically confirmed that palivizumab effectively reduced the rate of hospitalization 

due to RSV infection 157. Owing to these successes in clinical trials, palivizumab is widely 

prescribed to high-risk infants.  

Many limitations reduce the impact of palivizumab on the annual RSV burden of disease. These 

include prohibitive cost, the time burden on families and physicians associated with monthly 

injections throughout the RSV season, the lack of efficacy against ongoing infection, and the 

development of resistant RSV strains. Cost-benefit analyses vary widely between studies and study 

populations. Hampp et al found that for premature infants in Florida, 30 must be treated to avoid 

a single hospitalization; the cost per hospitalization avoided in this population was approximately 

$302103. This is dramatically more expensive than the cost of hospitalization in this region, 

approximately $8910 per infant in this population 158. In contrast, for inhabitants of Baffin Island 

in Nunavut where medical evacuation to the Children’s Hospital of Eastern Ontario drastically 

increases the cost of hospitalization, administering palivizumab to all infants less than 6 months 
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of age (as opposed to only high-risk infants) may be a cost-effective strategy 159. The Canadian 

Pediatric Society notes that palivizumab treatment in Canada costs approximately $5600 per 

infant, and the number needed to treat to prevent hospitalization ranges from 16-23 for various 

high-risk groups 13. As such, outside of Baffin Island palivizumab is not a cost-effective treatment. 

Currently, the Canadian Pediatric Society recommends prophylactic palivizumab treatment for 

preterm infants, infants with CHD, and infants with CLD 13.  

Palivizumab has been examined as an intervention to treat serious RSV infection, and a significant 

reduction in tracheal RSV concentration was observed. However, treatment with palivizumab did 

not produce clinically relevant benefits as there was no reduction in the duration of hospitalization, 

duration of mechanical ventilation, or duration of supplemental oxygen therapy 160. Similarly, 

other studies have found no clinically relevant benefits of treatment of RSV infection with 

palivizumab 161. Motavizumab, another humanized monoclonal antibody, was developed through 

affinity maturation of palivizumab with the goal of improving the efficacy of anti-RSV 

immunoglobulin therapy 162. Motavizumab was explored as a potential treatment for active RSV 

infection. Unfortunately, motavizumab did not influence viral load or clinical outcomes and has 

not been approved for clinical use 162.  

The necessity of monthly injections is detrimental on two fronts, the most obvious is that it creates 

a time burden for families and physicians. The less apparent downside of monthly injections is that 

regular trips to physician’s offices increase the chance of RSV exposure for high-risk infants. This 

explanation has been offered as a hypothesis to explain why the use of palivizumab does not reduce 

the overall rate of infant hospitalization. 

1.6.2.2. RSV resistance to palivizumab 

As an RNA virus with an error-prone RdRp, RSV exists as a quasispecies 82. Therefore, RSV is 

expected to have the capacity to rapidly develop mutations which confer resistance to antiviral 

interventions. The clinical implications of these resistant mutants depend on the fitness cost 

associated with each mutation. Prior to the licensure of palivizumab, RSV mutations in the 

antigenic A site of the RSV-F protein had already been observed to confer resistance to antibody 

peptide fragments 163. Resistance to palivizumab was first noted via the K272M mutation in RSV-

F which develops readily in cell culture during serial passaging in increasing palivizumab 

concentrations 164. This mutation was not associated with a reduction in fitness as growth kinetics 
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in cell culture were not affected. Resistance to palivizumab via the K272M mutation was 

confirmed in vivo in the Cotton Rat model. The known list of RSV-F mutations which confer 

resistance to palivizumab has grown to include N262S, N268I, K272N, K272T, K272Q, S275F, 

and S275L 165. An RSV strain with an RSV-F K272E mutation was the first clinic isolate with 

suspected resistance to palivizumab 166. A much larger study of 6600 patients treated with 

palivizumab or motavizumab offered insight towards the prevalence of resistance in treated patient 

populations. Among 178 breakthrough infections approximately 5% were associated with RSV 

strains possessing putative resistance point mutations in the antigenic A site of RSV-F. The authors 

confirmed resistance to palivizumab in cell culture experiments; from these clinical isolates 

resistance was associated with RSV-F K272N/M/T/Q or E mutations 167. In untreated populations 

mutations associated with resistance are less common yet remain present. Of 145 untreated infants 

infected with RSV, palivizumab-resistant isolates RSV-F N262D and S275F were identified with 

a frequency of 0.7% each 165. Some studies have found that wild type RSV strains outcompete 

palivizumab-resistant RSV strains in direct competition assays 167. This has likely limited the 

spread of palivizumab-resistant strains in the general population. Studies specifically examining 

whether palivizumab efficacy has been reduced since licensure, due to the circulation of resistant 

strains, have not been conducted. 

1.6.3. Ribavirin mechanism of action and viral resistance 

1.6.3.1. Discovery of ribavirin 

Synthesis of 1,2,4-triazole nucleosides in the pursuit of antiviral compounds led to the discovery 

of ribavirin (1-β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) in 1972. In this initial study in 

vitro antiviral activity was described for VSV, PIV-3, RV, herpes simplex virus type 1 (HSV1), 

herpes simplex virus type 2 (HSV2), pseudorabies virus, murine cytomegalovirus (mCMV), 

vaccinia virus, myxoma virus, adenovirus (AdV), parainfluenza virus type 1 (PIV-1), influenza A 

virus (IAV), influenza B virus (IBV), coxsackievirus, and poliovirus 168. Ribavirin was later found 

to also have antiviral activity against RSV, hepatitis C virus (HCV), human immunodeficiency 

virus (HIV), Sendai virus, MeV, and Newcastle virus 77,169-175. In the clinic, ribavirin plus 

pegylated IFN was a cornerstone standard of care for HCV infection for many years until this 

treatment was surpassed by curative direct-acting antivirals 176,177.  
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Clinical treatment of severe RSV infection in infants with ribavirin was at one time recommended, 

however, its usage and efficacy were controversial and usage is no longer recommended. 

1.6.3.2. Antiviral mechanism of action 

A variety of non-mutually exclusive mechanisms have been proposed for the broad antiviral 

activity of ribavirin. Convincing results show that ribavirin interferes with flavivirus replication 

through inhibition of IMP dehydrogenase 178. This inhibition reduces the concentration of cytosolic 

guanosine monophosphate. As a result, pools of deoxyguanosine triphosphate and guanosine 

triphosphate, required for viral replication by DNA and RNA genome viruses are reduced 179. 

Targeting of a host cell enzyme required by a wide array of viruses for replication helps explain 

the broad spectrum of antiviral activity possessed by ribavirin. Conversely, this does not fully 

explain the antiviral mechanism of action for ribavirin. For example, the antiviral activity of 

ribavirin is not counteracted through replenishing the GTP pool via guanosine treatment during 

PIV-3 infection 180. This suggests that ribavirin inhibits PIV-3 replication in a manner independent 

of IMP dehydrogenase inhibition. Other antiviral mechanisms of action include direct RdRp 

inhibition, catastrophic mutagenesis through unbiased base pairing to cytidine or uridine (noted 

for poliovirus and HCV) 176,181,182, and immunomodulation 171. The error catastrophe mechanism 

of action of ribavirin against Poliovirus is supported by the observation that a single G64S point 

mutation, which increases Poliovirus RdRp fidelity, confers resistance to ribavirin 183. A recent 

study using high resolution RNA sequencing of RSV transcripts found that treatment with 

Ribavirin produced a 1.5-fold increase in the frequency of transition mutations 184. Therefore, it is 

likely that mutagenesis contributes to the antiviral activity of ribavirin against RSV. However, 

serial passaging of RSV in the presence of ribavirin fails to elicit resistant escape mutants 

suggesting ribavirin may also inhibit RSV replication via IMP dehydrogenase inhibition 175.  

Ribavirin is effective against RSV in cell culture, with reported effective concentration 50% (EC50) 

values of 6.3 to 28.38 µM 77,169,170,185,186. Given the efficacy of ribavirin in cell culture, it has been 

widely used to validate screening assays, provide a point of reference for compounds identified in 

these screens, and offers a standard through which different screening assays can be compared.  
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1.6.3.3. Use of ribavirin to validate RSV-antiviral screening assays  

Screening protocols have been established previously to identify compounds with antiviral activity 

against RSV. As ribavirin effectively inhibits RSV replication in cell culture, ribavirin is typically 

used to validate RSV-antiviral assays.  

One successful RSV-antiviral screening campaign employed the use of a subgenomic replicon 

assay. This subgenomic replicon was developed through substitution of RSV envelope proteins 

with a blasticidin resistance selection marker and the addition of GFP and renilla luciferase 

reporters 185,187. To determine whether this protocol had the capacity to identify compounds with 

antiviral activity against RSV, three previously described RSV-antivirals were tested. This assay 

identified the RSV-antiviral activity of ribavirin, YM-53403, and BI-D, which inhibited the 

production of the reporter signal with EC50 values of 6.28 µM, 0.63 µM, and 0.78 µM, respectively. 

Thus, the subgenomic replicon assay reliably identified known RSV-antivirals, supporting the 

conclusion that this assay could identify novel compounds with antiviral activity against RSV. 

Cytopathic effect (CPE)-based antiviral screening campaigns have also included ribavirin to 

validate the capacity of their respective antiviral screening assays. A CPE-based screen developed 

with primary airway epithelial cells included ribavirin, RSV604, and YM-53403 to validate assay 

results 188. Ribavirin was also used to validate a similar CPE-based screening assay 189; this assay 

was successfully utilized to discovery of the RSV fusion inhibitor JNJ 2408068. A third CPE-

based assay was developed by Noah et al, this assay was used to screen a 300 000 compound 

library and led to the discovery of the fusion inhibitor ML232 186. This group also validated the 

capacity of their assay to identify RSV-antivirals by including ribavirin. In this assay, an EC50 

value of 28.38 µM was observed for ribavirin against RSV. In addition to validating this assay, 

this result demonstrated that the EC50 value of ribavirin varies between assays. 

1.6.3.4. The clinical efficacy of ribavirin against RSV 

Ribavirin was recommended for the treatment of severe RSV infections following clinical trials 

which demonstrated that treatment resulted in a reduction in duration of mechanical ventilation, 

length of supplemental oxygen treatment, and duration of hospitalization 7,8. However, this clinical 

trial was methodologically flawed. Nebulized sterile water was used in the treatment of control 

groups instead of nebulized saline, and aerosolized water is known to be detrimental to the airways 

9. Thus, it is likely that treatment administered to the control group exacerbated disease. 
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Subsequent studies found that ribavirin was ineffective for the treatment of severe RSV infection. 

A randomized, double-blinded placebo-controlled trial found that ribavirin treatment did not 

reduce the duration of oxygen therapy, mechanical ventilation, or hospitalization 10. Importantly, 

this study used isotonic saline as a control. A prospective study of 1425 children with community-

acquired RSV LRTI stratified patients by risk groups including pre-existing congenital heart 

disease, premature birth, chronic lung disease, or hypoxia within 48 hours of hospital admission. 

These groups were further stratified into those which received or did not receive mechanical 

ventilation. In all groups treatment with ribavirin offered no benefit with respect to duration of 

hospitalization, hypoxia, intensive care unit stay, or mechanical ventilation 11. Ribavirin is also a 

teratogen; therefore, aerosolized therapeutic delivery is cumbersome as healthcare worker 

exposure must be prevented. As a result, ribavirin is not included as a standard of care for the 

treatment of RSV infection. In practice, ribavirin use is restricted to cases of persistent RSV 

infection in immunocompromised individuals such as allogeneic haematopoietic stem cell 

transplant recipients 190-192. Ribavirin may offer some benefit in these populations, however, large 

scale double-blinded placebo-controlled trials have not been conducted. 

The discrepancy between the antiviral activity of ribavirin in cell culture experiments and in the 

clinic may be due to the absorption, distribution, metabolism, and excretion (ADME) properties 

of ribavirin. Specifically, it is likely the ribavirin simply does not accumulate to a high enough 

concentration in the airway epithelial cells where RSV replicates for an antiviral effect to be 

observed.   

1.6.4. Strategies for RSV antiviral development 

1.6.4.1. Subgenomic replicon systems 

A non-cytotoxic stable subgenomic replicon system was developed for RSV through replacement 

of RSV-F, -G, and -SH with blasticidin S deaminase (which enables selection via blasticidin 

resistance). This replicon included all genes required for RSV genome replication, including RSV-

N, -P, -L, and -M2-1. Also remaining were RSV-NS1, -NS2, and -M. Lastly, this replicon included 

GFP to enable identification of cells expressing the replicon. The authors were able to introduce 

this replicon into seven immortalized cell lines, including A549, HEp-2, HeLa, human 

hepatocarcinoma Huh-7 cells, HEK-293 cells, and Vero cells 187. This replicon was adapted for 

use in high-throughput screening to identify small molecule inhibitors of RSV RdRp 185. GFP was 
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complemented with renilla luciferase to provide a more robust and stable signal. Replicon activity 

was measured by renilla luciferase-driven luminescence following a 48-hour incubation with 

compounds at 10 µM. Subsequently, cytotoxicity was measured in the same well as antiviral 

activity via quantification of adenine triphosphate (ATP) concentration. This replicon-based 

system reliably detected known RSV RdRp inhibitors, including YM53403 and BI-D (Table 1.1), 

but was unaffected by the IAV RdRp inhibitor Oseltamivir 185. This high throughput screen 

identified three novel inhibitors, cpd 1, 2 and 3, which targeted RSV-L, host cell machinery, and 

RSV-P, respectively 193. This replicon assay was further refined and expanded to screen an 

AstraZeneca library of one million compounds. 379 compounds with an EC50 below 10 µM and a 

therapeutic index greater than 10 were identified. These compounds were examined in HEp-2 cells 

via CPE assay and four families of lead compounds were selected for further optimization 194. 

From these compounds AZ-27 was identified 185,195 (Table 1.1). A derivative of AZ-27, PC786, is 

currently in phase 2 clinical trials NCT03382431; 196. Separately, this replicon system was used to 

test a Broad Institute library of 100 000 compounds, resulting in the identification of three series 

of compounds with an EC50 below 10 µM and a therapeutic index greater than 10 197. Interestingly, 

efficacy against RSV-type A and RSV-type B was highly varied within these compounds.  

There are advantages to replicon-based systems over cell culture-based systems. A lower 

biocontainment level is required as live virus is not present. The assay is also efficient, requiring 

only 48 hours for detection of antiviral activity, as opposed for 6-7 days for detection of CPE. This 

assay was also made efficient through detection of cytotoxicity and inhibition of viral replication 

in the same well. The major limitation of subgenomic replicon systems is that they preclude the 

identification of inhibitors which target viral proteins absent from the assay. A further limitation 

is that a considerable portion of compounds identified by replicon assays do not have an inhibitory 

effect during live RSV infection 194.  

1.6.4.2. Cell culture based systems 

Cell culture-based systems examine the effect of compounds on the natural RSV replication cycle 

in primary or immortalized cell monolayers. Cell culture-based high throughput screening assays 

indirectly measure CPE by measuring cell viability 6 to 7 days post infection. Briefly, following 

infection cell viability stains such as CellTiter-Glo 188, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 

tetrazolium bromide (MTT) 189, ATP luminescence assay 186, or 2,3-bis-(2-methoxy-4-nitro-5-
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sulfophenyl)-2H-tetrazolium-5-carboxanilide disodium salt (XTT) 170 are utilized to measure the 

reduction in living cells following infection. This reduction in living cells results from CPE caused 

by RSV infection.  

Major pharmaceutical companies have developed cell culture-based high throughput screening 

protocols with the capacity to examine libraries on the order of millions of compounds. Novartis 

screened 1.7 million compounds for antiviral activity against RSV in HEp-2 cells 198; 

GlaxoSmithKline screened 1.98 million compounds for antiviral activity against RSV in primary 

cells grown in 384 well plates 188.   

CPE-based assays have the advantage of being capable of identifying inhibitors which target any 

RSV protein or host cell machinery necessary for viral replication. Identification of an inhibitor 

which targets host cell machinery necessary for viral replication would be valuable for two reasons. 

The first is that a broad array of viruses often rely on similar host cell processes for replication, 

such as nucleoside synthesis. A screen of 1.7 million compounds by Bonavia et al discovered a 

novel de novo pyrimidine synthesis pathway inhibitor which inhibited the replication of RSV 198. 

While this screen sought to identify compounds with antiviral activity against RSV, these 

compounds also inhibited the replication of IAV, IBV, HCV, Dengue Virus, Yellow Fever Virus, 

and HIV. The second advantage of inhibitors which target host cell machinery is that the virus is 

unable to develop resistance to the antiviral through mutation as no viral protein is being targeted. 

An immediate concern with compounds which target host cell processes, however, is cytotoxicity. 

For example, health care workers must exercise caution when providing ribavirin therapy as 

ribavirin is teratogenic. This teratogenicity is likely due to inhibition of cellular IMP 

dehydrogenase by ribavirin.   

A drawback of previously described cell culture-based system is the requirement of a lengthy 

infection to elapse before CPE may be observed. CPE-based protocols require an infection of 6 

170,188, or 7 days 189. CPE-based assays also rely on the assumption that CPE accurately represents 

RSV replication. As CPE produced by RSV is limited and slow to develop this assumption may 

be tenuous.  
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1.6.4.3. Alternative screening assays  

Prior to the development of subgenomic replicon systems, an alternative non-cell culture-based 

assay was developed which utilized in vitro RSV RdRp transcription (similar to the method 

described in Section 2.18) and subsequent poly(A) tail capture. Through poly(A) tail capture, the 

production of RSV mRNA transcripts was measured following a cell extract-based viral 

transcription assay 199. Using this assay, Liuzzi et al described a series of non-nucleotide inhibitors 

of RSV replication which targeted the RSV RdRp. Specifically, these inhibitors prevented co-

transcriptional guanylylation, the mechanism by which the RSV polymerase complex subunit L 

applies a 5’ cap to mRNA transcripts 200. The most efficacious of these compounds was BI-D. 

Unfortunately, BI-D did not progress to investigations in clinical trials as in vivo efficacy was 

limited.   xxx 

1.6.5. Development of RSV antivirals 

Antivirals only offer therapeutic potential if viral replication drives disease; if viral load has 

already been controlled by the immune response at the time of symptom onset then an antiviral 

will be of little benefit. This important consideration is exemplified by IAV, where peak viral 

shedding precedes peak symptom severity 201. Neuraminidase inhibitors such as zanamivir 

(Relenza) and oseltamivir (Tamiflu) effectively inhibit IAV replication in vitro and have been 

stockpiled to address the threat posed by pandemic influenza outbreaks. However, the clinical 

benefits of these antivirals are limited. Zanamivir and oseltamivir have no effect on hospitalization 

rates or serious complications, and only a minor decrease in the time to symptom alleviation 202. 

A larger therapeutic window exists with respect to RSV infection. In experimentally inoculated 

adult volunteers, RSV replication and titers mirrored symptom severity 30. Likewise, in 

hospitalized children, RSV load paralleled disease severity 203. Therefore, development of 

antivirals against RSV works under the hypothesis that reducing viral load early during infection 

will decrease disease severity.  

A wide range of strategies have been employed in the search for RSV antivirals, and numerous 

compounds have undergone clinical trials. These include nucleoside analogues and non-nucleoside 

analogues which target the RSV polymerase complex, an siRNA which targets RSV N, and small 

molecules which interfere with viral fusion (Table 1.1) 204. Alternatively, therapeutics such as 

Danirixin seek to mitigate the damage due to inflammation which occurs during RSV infection 204. 
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Examples for each of these antiviral strategies will be explored with a focus on compounds which 

have progressed the furthest in clinical trials.  

GS-5806 is an RSV-F inhibitor 205. In cotton rats the concentration at which viral replication was 

reduced by 50% was 0.43 nM. In healthy adult volunteers inoculated with RSV, GS-5806 reduced 

symptom scores and viral replication 206,207. In a direct comparison, GS-5806 offered a greater 

therapeutic index than VP-14637, TMC-353121, BMS-433771, BI-D, YM-53403, RSV604, and 

ribavirin 205. In April of 2017 GS-5806 completed phase 2b clinical trials in adults hospitalized 

with RSV, however, results have not been released (NCT02135614). Another fusion inhibitor, 

JNJ-53718678 (known also as JNJ-678), is being investigated in phase 2 clinical trials 

(NCT03379675; NCT02387606). As was observed for GS-5806, treatment with JNS-53718678 

reduced viral load and symptom scores in healthy adult volunteers experimentally infected with 

RSV 208. 

A creative approach was taken in an attempt to discover efficacious RSV antivirals that employed 

siRNA. siRNA harnesses host cell machinery to target specific mRNA transcripts for degradation 

209. ALN-RSV01, the first antiviral siRNA approved for testing in clinical trials, targets RSV-N 

transcripts. In a phase 2 clinical trial using healthy adult volunteers inoculated with RSV, ALN-

RSV01 given prophylactically reduced the number of volunteers infected 210. In a separate phase 

2 clinical trial, ALN-RSV01 was administered to adult lung transplant recipients with RSV 

infections. While ALN-RSV01 reduced progression of bronchiolitis obliterans syndrome, no 

reduction was observed in symptom severity, viral shedding, or viral load 211.  

ALS-008176 (lumicitabine) is a nucleoside analogue which inhibits the polymerase activity of 

RSV-L. Lumicitabine is currently in multiple phase 2 clinical trials. The results of clinical trials 

are not available. However, results in adult volunteers challenged with RSV are promising. 

Volunteers were inoculated with RSV and began treatment with lumicitabine after infection was 

confirmed by RT-PCR. Treatment with lumicitabine reduced viral load and duration of infection 

212. BI-D and PC786 represent non-nucleoside analogue inhibitors of RSV-L 196,213. PC786 is 

currently in Phase 2 clinical trials NCT03382431. PC786 bears structural similarity to AZ-27, 

which was identified from an AstraZeneca library of one million small molecules 194,195. Little 

other information is available for PC786.  
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Antibody and antibody-like biologicals have been extensively investigated for potential 

therapeutic use against RSV infection. Palivizumab was originally licensed for prophylactic 

treatment against RSV in high-risk infants and failed to demonstrate efficacy as a therapeutic 

intervention during ongoing infection 12,214. Motavizumab is a humanized monoclonal antibody 

which was derived from palivizumab. Motavizumab failed to gain regulatory approval for 

prophylactic or therapeutic treatment against RSV infection after hypersensitivity reactions were 

observed and no improved efficacy versus palivizumab was observed. The most recent attempt at 

producing a biologic intervention is ALX-0171; heavy chain antibody fragments generated in 

llama were genetically linked via glycine-serine segments to form trimeric nanobodies 215,216. 

Results in cotton rats were promising, with 2-log reductions in viral titers observed. A phase 1 

clinical trial is ongoing (NCT02979431).      
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Table 1.1 Recent RSV antivirals in development or in clinical trials. 

Compound 

Name Development Stage Mechanism of action Citation 

JNJ-53718678 

(JNJ-678) 

Phase 2 CT 

completed 
Small molecule RSV-F inhibitor 

208 

NCT02387606 

NCT03379675 

GS-5806 

(Presatovir) 

Phase 2b CT 

completed 
Small molecule RSV-F inhibitor 

205,207 

NCT02135614  

BTA-C585 
Phase 2 CT 

completed 
Small molecule RSV-F inhibitor 

217 

NCT02718937 

ALX-0171 
Phase 1 and 2 CT 

ongoing 
Antibody-like RSV-F inhibitor 

215 

NCT02979431 

NCT03418571 

AK-0529  
Phase 1b and 2 CT 

ongoing 
Small molecule RSV-F inhibitor 

NCT02654171 

NCT02460016 

MDT 637 

(VP-14637) 

Phase 1 CT 

completed; results 

not released 

Small molecule RSV-F inhibitor 

218 

NCT01355016 

BMS-433771 
No investigation in 

CT 
Small molecule RSV-F inhibitor 219 

TMC-353121 
No investigation in 

CT 
Small molecule RSV-F inhibitor 220 

ALN-RSV01 
Phase 2b CT; partial 

success 

siRNA targeting RSV mRNA 

encoding RSV-N 

211 

NCT01065935 
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RSV604 

Phase 1 CT 

completed; results 

not released 

Binds RSV-N protein; blocks RNA 

synthesis 

78 

NCT00416442   

ALS-008176 

(lumicitabine) 

Phase 2 CT 

completed; results 

not released 

Targets RSV-L; causes chain 

termination 

76,212 

NCT02673476 

PC786 Phase 2 CT ongoing Targets RSV-L 

196 

NCT03382431  

AZ-27 
No investigation in 

CT 

Inhibits de novo RNA synthesis 

initiation by RSV 

195 

BI-D 
No investigation in 

CT 

Inhibits RSV mRNA elongation 

and capping producing IFN 

response 

213 

YM-53403 
No investigation in 

CT 
Targets RSV L 77 

GS-5734 
Phase 2 CT 

ongoing* 

Inhibits polymerization by RSV-L 

in vitro 

221 

NCT02818582 

BCX-4430 Phase 1 CT* 
Inhibits polymerization by RSV-L 

in vitro 

222 

NCT02319772 

Abbreviations: Boehringer Ingelheim compound D (BI-D); Clinical Trial (CT); Fusion (RSF-F); Interferon (IFN); 

Nucleoprotein (RSV-N); Large protein (RSV-L). * CT to examine activity against Ebola virus, activity against 

RSV observed in pre-clinical experimentation. Alternative drug names are shown in brackets. 

1.7. Toll-like Receptor 7 

The intersection of TLR7 biology and RSV replication has not been studied in detail. In this thesis 

the novel discovery of TLR7-mediated enhancement of RSV replication is explored in chapter 

five. Given the importance of TLR7 to this thesis, an introduction is provided.  
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TLR7 binds uridine-containing single stranded RNA and variety of synthetic purine nucleoside 

analogues 136,223-228. Separate binding sites within TLR7 are responsible for binding ssRNA or 

small synthetic ligands 229. In the clinic, TLR7 agonists are licensed for the treatment of anogenital 

warts 230, actinic keratosis, and minor basal cell carcinoma 231. As stimulation of TLR7 results in 

smooth muscle relaxation and priming of a TH1 immune response, TLR7 agonists have been 

investigated as possible asthma therapeutics 232.  

1.7.1. TLR7 biology 

TLR7 was identified in 2002 shortly after the first discovery of mammalian TLRs 233. Following 

its discovery, a great deal has been elucidated with respect to TLR7 cleavage, regulation, and 

localization within the cell. 

Multiple checks are in place to minimize inappropriate detection of self ssRNA by TLR7. Sub-

cellular localization of TLR7 to endosomes represents one important check 234. Cellular ssRNA is 

rapidly digested by RNases in the extracellular environment, thus it is not expected that self ssRNA 

would gain access to endosomes via the endocytic pathway. Delivery of TLR7 to endosomes is 

mediated by uncoordinated 93 homolog B1 (UNC93B1) 235,236. Prior to TLR7 being functional it 

must be properly cleaved. Kanno et al observed that TLR7 mutants lacking a proteolytic cleavage 

site are non-functional, furthermore, both the N- and C- fragments of TLR7 must be present in the 

endosome following cleavage for TLR7 to be functional 237. It was previously thought that 

cleavage occurred via proteolytic cleavage by cathepsins and asparagine endopeptidases during 

acidification in the maturing endosome 238. This would ensure that TLR7 is not functional prior to 

localization in mature endosomes. However, during experimental blockage of endosomal 

acidification, TLR7 is proteolytically cleaved by furin-like proprotein convertases 239. As such, 

cleaved and functional TLR7 may be present as early as the endoplasmic reticulum. Thus, the 

timing of TLR7 cleavage may not be as important to regulation as initially suggested. However, 

acidification of endosomes is still required for TLR7 activation preventing inappropriate signaling 

by TLR7 prior to arrival in endosomes 224,238. Finally, depending on cell type TLR7 expression 

may be constitutively expressed or inducible via tumor necrosis factor α (TNF-α) and interleukin 

1 (IL-1) 238. 

As is the case for all TLRs, except for TLR3, TLR7 signaling is dependent on interaction with 

MyD88 233. TLR7 and MyD88 interact via Toll- IL-1 receptor (TIR) domains. Ultimately, three 
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transcription factors are activated following TLR7 stimulation, IRF7, NF-κB and Activator 

Protein-1 (AP-1) 240. The IRF7 pathway is essential for type I IFN production. MyD88 complexes 

with IRF7 and TNF-associated factor 6, with each component of this complex necessary for IFN 

production 241.  TRAF3 associates with the MyD88/IL-1 receptor-associated kinase 1 

(IRAK1)/IRF7 complex and is required for IFNα production 240,242,243. The next step in this cascade 

is phosphorylation of IRF7. Numerous kinases are capable of phosphorylating IRF7, including IκB 

kinase α (IKKα), IKKε, TBK-1, and IRAK1 99. Experimental evidence suggests that, with respect 

to TLR7 stimulation, IRAK1 244 or IKKα 245 are responsible for IRF7 phosphorylation. Following 

phosphorylation IRF7 translocates to the nucleus, binds type I IFN promoters, and IFN is produced 

99,100,246.  

TLR7 stimulation also results in IκB degradation resulting in the translocation of NF-κB to the 

nucleus, and phosphorylation of mitogen activated protein kinases (MAPKs) which result in AP-

1 phosphorylation and subsequent phospho-AP-1 translocation to the nucleus 247. Combined, these 

transcription factors result in the expression of proinflammatory cytokines [reviewed in 240]. 

1.7.2. TLR7 ligands 

TLR7 was first identified as the receptor for the immune response modifier Imiquimod 233 which 

was already licensed for the treatment of anogenital warts caused by Human Papilloma Virus 

(HPV) 230. Subsequently, two seminal studies on TLR7 using murine models observed that murine 

TLR7 is stimulated by viral ssRNA from influenza 225 and HIV 226. TLR7 is also required for pDC-

mediated production of IFNα in response to infection by VSV and IAV 136. Human TLR7 

activation by ssRNA was first demonstrated using synthesized ssRNA in activated macrophage 

(THP-1) cells and PBMCs collected from healthy donors; siRNA knockdown of TLR7 inhibited 

the response of activated THP-1 macrophage-like cells to ssRNA 223. Interestingly, the authors 

noted that ssRNA sequence could determine a bias towards an IFNα or TNFα response. Due to the 

potential for applications as anti-tumor or airway inflammatory disease therapeutics, a multitude 

of synthetic TLR7 agonists have been generated [reviewed in 232,248].   

1.7.2.1. Stimulation of TLR7 by the guanosine analogue loxoribine 

Loxoribine and structurally similar guanosine analogues were first identified as 

immunomodulators which stimulated type I interferon production by lymphocytes 249-251. An NF-

κB luciferase reporter assay was used to elucidate the mechanism of action for this 
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immunomodulatory response. Human embryonic kidney 293 (HEK293) cells were transfected 

with human TLR2, TLR3, TLR7, Toll-like receptor 8 (TLR8), or TLR9. Only cells transfected 

with TLR7 responded to stimulation by loxoribine 252. Results in TLR7-deficient lymphocytes 

were consistent with this observation. TLR7-deficient lymphocytes failed to respond to loxoribine, 

however, transfection of TLR7 back into TLR7-deficient lymphocytes rescued responsiveness to 

loxoribine 224. Crystal structure analyses have defined the molecular docking site for loxoribine 

within TLR7 and revealed that TLR7 has two distinct ligand-binding sites. The first ligand-binding 

site binds small guanosine analogues, including loxoribine, and the second ligand-binding site 

binds poly-uridine ssRNA sequences 229. This binding of TLR7 by loxoribine at the first ligand-

binding site induces TLR7 dimerization and signalling.  

The dissociation constant (KD) for TLR7 and loxoribine is relatively high. Whereas the KD of the 

canonical TLR-ligand interaction between myeloid differentiation factor 2 (MD-2; of the TLR4-

MD-2 receptor complex) and lipopolysaccharide is 65 nM 253, the KD of TLR7 and loxoribine is 

5.6 µM 229. The biological rate of uptake of loxoribine by cells, which is not defined, and this 

relatively high KD value, determine the concentrations at which loxoribine is biologically active. 

In the literature, loxoribine is used at concentrations up to 2 mM. In TLR7-transfected HEK293 

cells no increase in NF-κB luciferase reporter activity was observed at 125 µM loxoribine, at 500 

µM loxoribine a 2-fold increase was observed, at 1 mM a 3-fold increase was observed, and at 2 

mM a 5-fold increase was observed 224. Relatively high concentrations of loxoribine are also used 

in non-transfected cells which naturally express a high level of TLR7. In peripheral blood 

leukocytes stimulation with 100 µM loxoribine is required to induce IFNα production, and peak 

proliferation of splenocytes was observed during stimulation with 500 µM loxoribine 224.  

1.7.2.2. Antagonism of TLR7 by IRS-661 

Immunoregulatory sequences (IRSs), known also as inhibitory oligonucleotides, were first isolated 

from the DNA genome of type 2 AdV in the context of their antagonistic effect on TLR9 

stimulation 254. Owing to this initial characterization as TLR9-antagonists, early research into IRSs 

focussed on the relationship of IRSs and TLR9.  

With respect to their mechanism of action, IRSs do not block the uptake of the TLR9 ligand 

unmethylated CpG DNA. Instead, IRSs and CpG DNA are taken up at the same rate 255-257. The 

oligodeoxynucleotide sequence of each IRS is of paramount importance, as slight changes affect 
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inhibitory activity. In particular, the inclusion of a “GGGG” motif was found to confer the 

strongest antagonistic effect 257. It was hypothesized that this 4-guanine motif enabled the 

formation of G-tetrads, a nucleic acid secondary structure formed through Hoogsteen hydrogen 

bonding 258. Interruption of Hoogsteen hydrogen bonding through the incorporation of a guanosine 

analogue into the GGGG motif, which prevented G-tetrad formation, resulted in a loss of the 

inhibitory effect of IRSs 259. These results suggest that the inhibitory effects of IRSs are mediated 

through the formation of nucleic acid secondary structures formed by IRSs. IRSs also benefit from 

the inclusion of a phosphorothioate backbone, which delays degradation by DNases 257,260. While 

many initial studies utilized cells of murine origin, the TLR9-antagonistic activity of IRSs against 

human cells was also confirmed 260. Finally, the therapeutic application of IRSs as selective 

immunosuppressive therapies was quickly realized and pursued through in vivo experimentation 

261. In mice treatment with IRSs prevented CpG-induced arthritis 262 and prevented death in a 

TLR9-mediated murine sepsis model 260.  

Of importance to experimentation conducted in this thesis, IRSs which antagonize TLR7 signaling 

have also been described. The most potent antagonist of TLR7 was IRS-661. In cell culture IRS-

661 inhibited murine splenocyte activation by the TLR7/8 agonist R-848 263, or by the TLR7 

agonist imiquimod 264. IRS-661 also significantly reduced IL-6 production by human B cells 

treated with R-848 and significantly reduced the production of IFNα by human pDC following 

TLR7 stimulation by RNP-ICs 263. IRS-954 was subsequently derived from IRS-661 and was 

pursued as a dual TLR7/9 antagonist. In vivo, treatment of mice with IRS-954 reduced IL-12 

production in response to treatment with R-848 263. A separate group investigated IRS-661 in the 

context of a murine Systemic Lupus Erythematosus (SLE) model driven by imiquimod. A 

substantial abatement of disease was observed through treatment with IRS-661 264.  

Collectively, these studies demonstrate that IRSs are a well-defined means of preventing 

stimulation of TLR7 or TLR9 by their cognate ligands.  

1.7.3. Cell types which express TLR7 

With respect to PBMCs, TLR7 is expressed in pDCs and B cells 265. In lung biopsies, TLR7 

expression has been observed in neurons, glial cells, airway epithelial cells, macrophages, T 

lymphocytes, mast cells and eosinophils 266. TLR7 expression has also been observed in 

hepatocytes and keratinocytes 238. As expected, TLR7 expression is observed in airway epithelial 
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cell lines. In BEAS-2B cells, an immortalized cell line derived from bronchial epithelial cells, 

TLR7 expression has been observed via quantitative reverse transcriptase polymerase chain 

reaction (qRT-PCR) 267 and flow cytometry 268. TLR7 expression has been observed via qRT-PCR 

in ex vitro cultured primary human airway epithelial cells 267. Reports on the distribution of TLR7 

in the airway epithelium vary. In human tracheal sections, and primary airway epithelial cells 

polarized via air-liquid interface culturing, TLR7 was observed at the apical cell surface 268. While 

the authors suggest TLR7 is present on the cell surface, as opposed to typical endosomal 

distribution, the resolution and staining techniques utilized do not robustly support this conclusion. 

Conversely, in biopsies collected from healthy and asthmatic patients, TLR7 was localized to the 

peri-nuclear region 266.  

1.7.3.1. Response to TLR7 stimulation varies by cell type 

Most knowledge related to TLR7 biology is derived from studies on pDC. In murine models, TLR7 

stimulation results in substantial IFNα production by pDC 136,225-227. Human pDC have the highest 

expression of TLR7 265 and secrete substantial amounts of IFNα in response to TLR7 stimulation 

228,269. To a lesser extent, human monocytes produce IFNα in response to TLR7 stimulation 269. 

Some studies in mice have observed the release of the proinflammatory cytokines TNFα , IL-6 and 

IL-12p40 by pDC in response to TLR7 stimulation. However, in humans release of 

proinflammatory cytokines is associated with TLR8 stimulation in monocytes and monocyte-

derived DCs 269, or TLR7 stimulation in human THP-1 macrophage-like cells and peripheral 

macrophage cells 223,227,233. TLR8 is thought to be non-functional in mice; TLR7 and TLR8 are 

closely genetically related, thus it is possible that TLR7 in mice compensates for the absence of 

TLR8 signalling. This provides one example of why caution must be exercised when drawing 

conclusions about human immunology from murine models.   

Overall, the response to TLR7 agonists is a TH1 immune response characterized predominantly by 

pDC production of IFNα, with proinflammatory tumor necrosis factor α, IL-6 and IL-12 

production by macrophage cells 232.  

Comparatively less is known about the response of other cell types to TLR7 stimulation. B cells 

express a moderate amount of TLR7 mRNA and expression of the CD69 activation marker 

increases on B cells following TLR7 stimulation 265. When supported by IL-12 secretion from 
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monocytes, NK cells can respond to TLR7 stimulation resulting in the production of IFN-γ 270. 

Similarly, CD8+ T cells produce IFN-γ in response to TLR7 stimulation in the context of co-culture 

with PBMCs 271. Conversely, in CD4+ T cells an unexpected anergic state is induced in response 

to TLR7 stimulation. This anergic state benefits the replication of HIV in CD4+ T cells 272. In 

response to TLR7 agonists airway nerve cells release nitric oxide which results in smooth muscle 

relaxation and bronchodilation 273,274. Human fibroblasts transfected with TLR7 fail to respond to 

ssRNA, suggesting TLR7 signalling in fibroblasts is restricted 226. Primary human airway 

epithelial cells also failed to produce IFN-α or IFN-β in response to the TLR7/8 agonist CL075 

268.  

1.7.4. Intersection of TLR7 and viral infection 

In reviewing the influence of TLR7 on viral infections, it is important to distinguish between 

studies in which TLR7 is stimulated via exogenous TLR7 agonists and those which examine the 

role of TLR7 during natural infection. With respect to the former, the study of the effect of the 

TLR7 agonist imiquimod on viral infection was underway prior to the discovery of TLR7. 

Imiquimod, an imidazoquinoline family antiviral nucleoside analogue, has been investigated as an 

antiviral against HPV 275,276, HSV2 277 and CMV 278. The relevance of TLR7 to natural infection 

by DNA viruses such as HPV, HSV2, and CMV is likely minimal, as the cognate ligand of TLR7 

is ssRNA 225,226. In these infections imiquimod is utilized as an immune response modifier. 

Another TLR7 agonist, ANA773, was investigated for the treatment of chronic HCV infection in 

2011 279. ANA773 resulted in reduced serum HCV RNA levels, however, ANA773 has not been 

pursued further. Similarly, the TLR7 agonist GS-9620 was explored for the treatment of chronic 

Hepatitis B virus (HBV) infection in a phase 1 clinical trial 280. GS-9620 was well tolerated, 

however, efficacy data is not available. Treatment of respiratory viral infections through TLR7 

stimulation has been explored in animal models. Respiratory viral infections in rats by IAV are 

limited by 3M-011, an imidazoquinoline-family agonist which stimulates TLR7 and TLR8 281; 

prophylactic treatment with 3M-011 resulted in decreased lung and nasal IAV titers.  

The importance of TLR7 in the natural response to viral infection has been investigated through 

TLR7 knockout mice. Interestingly, while the immune response is altered in the absence of TLR7, 

studies have typically not reported an increase in the severity of infection in TLR7 knockout 

groups. For example, while TLR7 is necessary for IFNα production and splenic B cell activation 
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during IAV and VSV infections, the authors do not report lung pathology, mouse body weight, 

mouse mortality, or viral titers in lungs. Therefore, it is difficult to interpret whether TLR7 

deficiency resulted in an increase in disease burden following VSV or IAV infection. In mice 

infected with Japanese Encephalitis Virus, TLR7-deficiency resulted in increased viral load in the 

lungs, yet no increase in mortality or decrease in body weight was observed 282. Only two studies 

have observed that TLR7 deficiency increases the severity of viral infections. In TLR7- deficient 

mice, infection by the alphavirus Ross River Virus resulted in increased viral load, increased 

clinical severity, and increased weight loss 283. Like RSV, Pneumovirus of Mice (PVM) has a 

negative sense ssRNA genome and has a similar genomic arrangement to RSV 284. PVM is a 

natural pathogen in mice and is utilized to model acute respiratory viral infection. PVM-infected 

mice lacking TLR7 had increased viral lung titers and reduced CD8+ T cell responses. PVM 

infection in wild type and TLR7-deficient mice resulted in weight loss, but this weight loss was 

delayed in TLR7-deficient mice 285. Despite many studies examining the contribution of TLR7 to 

the antiviral responses to IAV, there are no reports of increased viral titers or increased clinical 

severity due to TLR7 deficiency.  

Non-mutually exclusive hypotheses may explain the absence of an increase in symptom scores 

during infection in TLR7 knockout animals. The absence of an increase in infection severity may 

be due to redundant pathogen recognition pathways that maintain protection from infection in 

TLR7 knockout animals, that TLR7 is not important to the antiviral immune response, or that 

viruses have evolved counter measures against TLR7 which prevent the presence of TLR7 from 

conferring a benefit to the host.  

1.7.4.1. Relationship of TLR7 and RSV infection in the clinic 

Few clinical studies have explored the relationship between TLR7 and RSV in the human host. 

TLR7 gene expression is increased by 2.76-fold in cells collected from nasopharyngeal swabs of 

infants with severe RSV infection 286. In contrast, the effect of RSV infection on the expression of 

other PRRs is more pronounced with 406-fold and 126-fold increases in the expression of RIG-I 

and MDA-5, respectively. This study found no correlation between PRR expression and clinical 

outcomes. Thus, the question of whether an increase in TLR7 expression is beneficial or 

detrimental to the host remains unanswered.  
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1.7.4.2. Relationship of TLR7 and RSV infection in cell culture experimentation 

Cell culture work offers insight into how TLR7 signalling is antagonized by RSV and how this 

signalling influences disease severity. pDCs produce substantial amounts of IFNα in response to 

viral infection 134,135,137. Specifically, TLR7 stimulation in pDCs results in robust IFNα production 

136. However, RSV can inhibit this response; during RSV infection of pDCs IFNα production is 

substantially decreased 138. Treatment of pDCs with the TLR7/8 agonist R-848 resulted in the 

production of nanogram/mL concentrations of IFN-α in culture media, however, RSV infection of 

pDCs abrogated this response to R-848. Inhibition of TLR7 signalling during RSV infection is 

likely due to the targeting of IRF7 for degradation by RSV-NS1 97, as IRF7 is essential for TLR7-

mediated IFN production 241. 

Interestingly, TLR7 may contribute to antiapoptotic signalling during RSV infection. RSV 

infection of human neutrophils, or co-culture with heat-inactivated RSV, delayed apoptosis. This 

was dependent on endosomal acidification and was reproduced through treatment with ssRNA, 

suggesting that inhibition of apoptosis was mediated by TLR7 287. The antiapoptotic effect of RSV 

was dependent on NF-κB signalling and subsequent IL-6 production which resulted in an increase 

in cellular levels of the antiapoptotic Bcl-2 family member Mcl-1. Combined with the 

antiapoptotic functions of RSV-NS1 and -NS2 91, RSV is capable of interfering with apoptosis 

through more than one mechanism.  

1.7.4.3. Relationship of TLR7 and RSV infection in animal models 

In murine models, the absence of pDCs results in increased RSV titers in lung tissue 135. However, 

RSV does not replicate to higher titers in TLR7-deficient mice 288. This suggests that TLR7 is not 

essential to the protection conferred by pDCs during RSV infection.  

Indirect evidence from the study of ERD due to FI-RSV vaccination demonstrate how TLR 

signalling, including TLR7 signalling, shapes disease outcomes. In comparison to infection with 

wild type RSV, Delgado et al observed FI-RSV immunization in mice resulted in decreased DC 

activation, decreased CD4+ T cell proliferation and activation, and produced a TH2 bias (measured 

by the interleukin 4 (IL-4) to IFN-γ ratio) in lymph node mononuclear cells. Furthermore, B cells 

did not undergo affinity maturation and produced neutralizing antibodies of low avidity to RSV-F 

139. Finally, ERD was observed in mice immunized with FI-RSV but not in mice immunized with 

wild type RSV; in FI-RSV immunized mice airway hyperresponse and lung viral titers were 
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increased. Supplementation of FI-RSV with TLR3, TLR4, and TLR7 agonists resulted in an 

immune response nearing parity with the response to wild type RSV immunization. Specifically, 

the addition of TLR agonists increased neutralizing antibody avidity, reduced viral lung titers, and 

reduced airway hyperresponse. Contrasting results were obtained by another group who found that 

addition of a TLR7/8 agonist to FI-RSV immunization did not improve protection to subsequent 

challenge 289. Interestingly, Johnson et al observed increased disease severity when naïve BALB/c, 

A/J, and FVB mice were treated with TLR7/8 agonists following RSV infection 289. The authors 

hypothesized that this disease enhancement was due to increased immunopathology, however, 

trends towards increased viral lung titers and a reduction in lung eosinophilia were observed. The 

most prominent difference between the work by Delgado et al and Johnson et al is that the former 

simultaneously stimulated TLR3, 4 and 7 during FI-RSV immunization, while the latter utilized 

R-848 and 3M-012. R-848 and 3M-012 stimulate TLR7 and 8. These results suggest that 

stimulation of TLR3 and TLR4 is beneficial and offsets the detrimental influence of TLR7 

stimulation.  

Collectively, these studies demonstrate that TLR7 signalling does not have a net beneficial or 

detrimental effect during RSV infection 288, yet stimulation of TLR7 by exogenous agonists during 

RSV infection is detrimental 139,289. It has been hypothesized that immunopathology underlies 

these detrimental outcomes, however, the mechanism underlying these results has not been 

investigated.  

1.7.5. TLR7 agonists in development to treat airway diseases 

Recently, an interest has arisen to use TLR7 agonists to treat allergic airway diseases, such as 

asthma and allergic rhinitis, which are associated with a detrimental TH2 response 31. Stimulation 

of TLR7 primes a TH1 response and antagonizes the TH2 response 225-227,232,233,290-293. Therefore, it 

was hypothesized that treatment of the airways with TLR7 agonists may benefit these patients by 

reducing the severity of asthma or allergic rhinitis.  

GSK2245035 is a TLR7 agonist delivered via intranasal spray which was explored as a therapeutic 

for mild asthma and allergic rhinitis in phase I clinical trials. GSK2245035 was well tolerated in 

adult volunteers, however, efficacy data is not available (NCT01480271 and NCT01607372; 294). 

Another TLR7 agonist, AZD8848, progressed to a phase IIa clinical trial for the treatment of 
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seasonal allergic rhinitis. Treatment with AZD8848 modestly reduced symptom severity following 

allergen challenge 295.  

1.7.6. Cautionary notes on the development of TLR7 agonist therapeutics 

TLR7 is implicated in the development of the autoimmune disease SLE 227,247,264,296. In SLE small 

ribonucleoprotein forms immune complexes with autoantibodies and complement proteins. These 

complexes are taken up via Fc or CD21 receptors gaining access to TLR7 in endosomes of pDCs 

227 and follicular DCs 296 precipitating an autoimmune response. Other autoimmune diseases that 

are characterized by inappropriate release of IFNα by DCs include Sjögren’s syndrome, type 1 

diabetes, Hashimoto’s disease, and dermatomyositis 247. As stimulation of TLR7 results in IFNα 

release by DCs, these autoimmune diseases may also involve inappropriate TLR7 signalling.  

To adhere to the principle of non-maleficence, with respect to patient care, it is essential to 

understand the potential harms of therapeutics. Autoimmunity related to TLR7 signalling 

exemplifies how stimulation of TLR7 may have unintended and detrimental consequences. In 

chapter three, treatment of cells with a TLR7 agonist increased the production of RSV progeny. 

To further characterize how TLR7 stimulation may be detrimental during RSV infection, chapter 

five characterized TLR7-mediated enhancement of RSV replication.  

1.8. Aims of research project and main hypotheses tested 

Severe RSV infection is a leading cause of neonatal hospitalizations 14-16 and RSV imposes a 

substantial burden of disease in elderly and immunocompromised populations 25,190-192. No 

efficacious antivirals are available to treat RSV infection and no vaccine is available to prevent 

RSV infection. The primary goal of this thesis was to help address the paucity of RSV antivirals 

through an antiviral discovery campaign. This led to a second important goal, specifically, to 

understand factors which may enhance RSV replication.  

1.8.1. Chapter three aims 

The primary aim of chapter three was to establish a robust antiviral screening assay with the 

capacity to identify compounds that inhibit the replication of RSV. The secondary aim of chapter 

three was to test the hypothesis that nucleoside analogues or the small molecule aUY11 would 

have antiviral activity against RSV. 
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1.8.2. Chapter four aims 

Bis(indole) compounds were derived from Isatisine A, a naturally occurring compound with 

modest antiviral activity 297. The primary aim of chapter four was to test the hypothesis that 

bis(indole) compounds would have antiviral activity against RSV. After discovering bis(indole) 

compounds with antiviral activity against RSV, a second aim of chapter four became the 

improvement of these compounds through investigating structure activity relationships. The final 

aim of chapter four was to elucidate the RSV antiviral mechanism of action for bis(indole) 

compounds.  

1.8.3. Chapter five aims 

In chapter three I observed an increase in RSV progeny production when cell culture media was 

supplemented with the TLR7 agonist loxoribine. The aim of chapter five was to test the hypothesis 

that TLR7 stimulation benefits RSV replication.  
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Chapter 2: Materials and Methods 

2.1. Buffers and solutions 

Table 2.1. Buffers and solutions.  

Buffer Composition 

Laemmli sample buffer (6x) 
375 mM Tris pH 6.8, 12% SDS, 60% 

glycerol, 0.06% bromophenol blue 

Mos lysis buffer (MosLB) 

10 mM HEPES, 50 mM sodium 

pyrophosphate tetrabasic decahydrate, 50 mM 

sodium fluoride, 50 mM sodium chloride, 5 

mM EDTA, 5 mM EGTA, 1 mM sodium 

orthovanadate, 0.5% triton x-100, pH 7.4 

SDS-PAGE Tris-glycine running buffer 25 mM Tris, 192 mM glycine, 0.1% SDS 

TBS-T 
25 mM Tris, 2 mM potassium chloride, 150 

mM sodium chloride, 0.1% Tween 

Tris-glycine transfer buffer 
25 mM Tris, 192 mM glycine, 10% methanol, 

pH 8.1-8.4  

X-Gal (100x) 

5-bromo-4-chloro-3-indolyl-β-D-

galactopyranoside (X-Gal; Fisher #BP1615-

1), 50 mg/mL in DMSO 

Yellow substrate solution 

3 mM potassium ferricyanide III (Sigma 

#702587-50G), 3 mM potassium ferrocyanide 

trihydrate (Fisher #p125-500), 1 mM 

magnesium chloride hexahydrate (Fisher 

#m33-500), in PBS 

Abbreviations: dimethyl sulfoxide (DMSO); ethylenediaminetetraacetic acid (EDTA); ethylene glycol-bis(2-

aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); 

sodium dodecyl sulfate (SDS).  
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2.2. Eukaryotic cell culture 

Table 2.2. Eukaryotic cell lines and respective origins.  

Cell line Origin Citation 

1HAEo- 
SV-40 T antigen transformed human airway 

epithelial cell 

299 

293T 
SV-40 T antigen transformed human 

embryonic kidney (HEK 293) fibroblasts 

300 

A549 Human lung epithelial carcinoma 301 

HBE Primary human bronchial epithelial cells  302 

HeLa Human cervical epithelial adenocarcinoma 303 

HEp-2 (presumed to be HeLa 

cells) 

Human cervical epithelial adenocarcinoma 

(Incorrect putative origin: larynx carcinoma 

cells) 

304,305 

Ramos Human B lymphocyte lymphoma 306 

Vero Adult African green monkey kidney cells 307 

Abbreviations: Human airway epithelial (1HAEo-) cells; human bronchial epithelial (HBE) cells; Henrietta Lacks 

(HeLa). 

2.3. Thawing cells  

Frozen aliquots of cells were stored in liquid nitrogen in a solution of medium plus 10% dimethyl 

sulfoxide (DMSO) (Fisher Chemical). To thaw cells, aliquots were rapidly warmed via 37°C water 

bath. After thawing cells were immediately transferred into a tissue culture flask containing 12mL 

of media. Resuspended cells were incubated overnight; the following day media was replaced to 

minimize the time cells were cultured in the presence of DMSO. After thawing, cells were 

passaged at least 3 times prior to experimentation. 

2.4. Passaging cells 

1HAEo- cells were cultured in Minimum Essential Medium (MEM) with Earle’s Balanced Salts 

and 2.00 mM L-glutamine (HyClone, GE Healthcare Life Sciences) supplemented with 10% heat-
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inactivated fetal bovine serum (FBS; Gibco, Thermofisher). 293T, A549, HeLa, and Vero cells 

were cultured in Delbecco’s Modified Eagle Medium (DMEM) with 4.00 mM L-glutamine, 

4500mg/L glucose, and sodium pyruvate (HyClone, GE Healthcare Life Sciences) supplemented 

with 10% FBS. HEp-2 cells were cultured in Opti-MEM media with L-Glutamate (Gibco, 

Thermofisher), supplemented with 2% FBS. 1HAEo-, 293T, A549, HeLa, HEp-2, and Vero cells 

were passaged approximately twice per week prior to reaching confluence. These adherent cells 

were detached using 0.5% Trypsin with 1 mM ethylenediaminetetraacetic acid (EDTA; 

Thermofisher) and diluted between 1:5 and 1:12 in fresh media. 

Ramos cells were cultured in Roswell Park Memorial Institute 1640 medium (Gibco, 

Thermofisher) containing 2 mM glutatmate, pyruvate, and 50 µM beta-2-mercaptoethanol, 

supplemented with 10% FBS. As Ramos cells were non-adhereant, Ramos cells were split via 1:4 

dilution with fresh media, approximately every two days.  

All cells were incubated at 37°C in 5% CO2.  

2.5. Primary human bronchial epithelial (HBE) cell culture 

HBE cells were provided by Dr. David Proud (University of Calgary). HBE cells were isolated as 

descibed previously 308 from deceased lung donors lacking inflammatory lung disease. To thaw, 

5x105 cells were diluted into 37mL of bronchial epithelial cell growth medium (BEGM; Lonza), 

supplemented with 5% FBS; 1mL was added per well in 6 well plates, or 0.5mL added per well in 

12 well plates. HBE cells were cultured in BEGM for approximately 10 days prior to 

experimentation. 24 hours prior to experimentation HBE cells were cultured in BEGM lacking 

hydrocortizone; BEGM lacking hydrocortizone was used throughout experimentation with HBE 

cells.  

2.6. Viruses 

Human RSV strain A2 was used for in vitro viral transcription assays. RSV-GFP is a lab adapted 

recombinant A2 RSV strain which incorporates green fluorescent protein (GFP) as a reporter 309. 

RSV-GFP was used for all other experiments requiring infection by RSV. RSV-GFP was purified 

through sucrose gradient ultracentrifugation to remove contaminating cellular debris, as described 

previously 310.  
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2.7. MTT cytotoxicity assay 

In parallel, 1HAEo- cells were cultured and treated with compounds for antiviral screening and 

cytotoxicity assays. As described previously 311, 0.3mg/mL of MTT (Sigma-Aldrich) was 

dissolved in sterile phosphate buffered saline (PBS; Gibco, Thermofisher). A fresh preparation of 

MTT solution was prepared for each experiment – a stock solution was not used. Media from wells 

was removed via aspiration and replaced with MTT solution. The plates were then incubated for 1 

hour at 37°C. Following this incubation, the MTT solution was carefully removed via aspiration. 

The remaining purple precipitate was dissolved in DMSO for 10 minutes on a plate shaker. 

Absorbance was measured at 560 nm using the GloMax Plate Reader (Promega). 

2.8. Small molecules and nucleoside analogues screened for antiviral activity 

A group of commercially available nucleoside analogues was selected and ordered from Sigma-

Aldrich; this collection included 1-β-D-ribofuranosyl-1,2,4-triazole-3-carboxamide (known as 

ribavirin), 2-iodoadenosine, 5-bromouridine, N4-benzoylcitidine, 5-fluorocytidine (5-FC), and 7-

allyl-7,8-dihydro-8-oxoguanosine (known as loxoribine). The chemotherapeutic nucleoside 

analogues cytarabine (Sigma-Aldrich) and gemcitabine (Sigma-Aldrich) were provided by Dr. 

Matthius Götte (University of Alberta). The nucleoside analogues ZW2-51 and ZW2-125 were 

provided by Dr. Lorne Tyrrell (University of Alberta). The small molecule amphipathic fusion 

inhibitor aUY11 312 was provided by Dr. Luis Schang. 

2.9. Bis(indole) compounds screened for antiviral activity 

Bis(indole) compounds were synthesized via a novel dual catalytic cascade pioneered by Dr. Bren 

Atienza (University of Alberta), under the supervision of Dr. Fred West (University of Alberta) 

[as described in 313]. These Istatisine-A inspired compounds were highly amenable to structural 

modification enabling the production of libraries of related compounds. The synthesis of iterative 

libraries of compounds was guided by the results of RSV antiviral screening assays. Bis(indole) 

compounds were provided in DMSO. Mock infected wells were complemented with DMSO to 

ensure DMSO did not confound results. DMSO concentrations in cell culture did not exceed 0.1%.  
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2.10. Antiviral screening and concentration-response assays 

1.3x104 1HAEo- cells were seeded in 96-well plates and incubated overnight. As specified, the 

following day 1HAEo- cells were immediately infected or pre-treated for 2 hours with a 2x 

concentration of the compound being tested. 1HAEo- cells were infected with RSV-A2-GFP at a 

multiplicity of infection (MOI) of 1.0, unless othewise stated, and incubated for 2 hours. 

Subsequently, wells were washed once with PBS to remove inoculum virus that had not entered 

cells to prevent carry over into progeny virus. Following this wash media from 0 hour control wells 

was collected and stored in liquid nitrogen to monitor for carry over of inocolum virus. Fresh 

media (containing the compound being screened) was added to wells and incubated for 48 hours. 

The following day 0.7x104 HeLa cells were seeded into 96 well plates (black polystyrene wells 

with µ-Clear bottom; Greiner) and incubated overnight. At 48 hours post infection (hpi) progeny 

RSV was collected; neat progeny RSV was transferred onto HeLa monolayers. The MTT 

cytotoxicity assay (descibed above) was completed in 1HAEo- cells in parallel to the collection of 

progeny RSV. I made the assumption that compounds that did not cause cytotoxicity during the 

48-hour incubation in 1HAEo- cells would not cause cytotoxicity in HeLa cells during a 2 hour 

infection. Conversely, if cytotoxicity was observed in 1HAEo- cells then compounds would not 

be pursued further and cytotoxicity caused during the 2-hour incubation in HeLa cells would not 

be relevant. Therefore, the affect of compounds on HeLa cell viability was not assayed by MTT 

assay. At 2 hpi the media on HeLa cells was replaced to prevent inhibition of RSV replication by 

compounds being tested. The HeLa cells were then incubated overnight. Following overnight 

incubation HeLa cells were fixed and stained (as described below), allowing for quantification of 

RSV progeny virus. 

As opposed to assaying for progeny RSV production, foci of RSV infection in 1HAEo- cells was 

measured as the dependent variable during examination of antiviral activity of aUY11. 3x104 

1HAEo- cells were seeded per well in 48 well plates and incubated overnight. aUY11 serial 

dilutions were prepared in glass test tubes at 50°C and pre-mixed with RSV for 10min. The 

RSV/aUY11 mixture was transferred onto 1HAEo- cells. After 1 hour this mixture was replaced 

with fresh media and plates were incubated for 48 hours. Following the 48-hour infection, RSV 

foci of infection were identified and quantified via the colourimetric immunoassay described 

below.   
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To quantify the antiviral activity of tested compounds, the EC50 value was determined. This was 

defined as an absolute EC50 value lying between 100% RSV replication (no compound added) 

and 0% RSV replication (no detectable amount of RSV replication). For an accurate EC50 value 

to be obtained, two concentrations above and below a 50% response must be obtained 314. This 

requirement was met except in experiments where cytotoxicity precluded testing high enough 

concentrations to obtain two values with a greater-than 50% reduction.  

2.11. Immunostaining for RSV in fixed cells 

At 24 hpi with RSV progeny, HeLa cells were fixed with (1:1) methanol (high performance liquid 

chromatography Grade, Fisher Chemical):acetone (ACS, Fisher Chemical) for 10 minutes at room 

temperature. Non-specific antibody binding was blocked via 30 minute incubation with PBS 

supplemented with 5% FBS at room temperature. A polyclonal goat anti-RSV antibody 

(Cedarlane; Table 2.3), diluted 1:1000 in PBS supplemented with 1% FBS, was selected as the 

primary antibody used to detect RSV infected cells. To detect RSV via fluorescence microscopy, 

AlexaFluor 647 conjugated chicken anti-goat IgG (Life Tech; Table 2.4), also diluted 1:1000 in 

PBS supplemented with 1% FBS, was used as the secondary antibody. Cell nuclei were 

counterstained with the DNA intercalating agent 4′,6-Diamidino-2-phenylindole (DAPI), diluted 

1:15000 in PBS, via 4 minute incubation at room temperature.  

To detect RSV via colourimetric staining cells were fixed and incubated with a polyclonal goat 

anti-RSV antibody, as described above. As described previously, a β-galactosidase conjugated 

rabbit anti-goat IgG (Abcam) antibody, diluted 1:1000 in PBS supplemented with 1% FBS, was 

utilized as the secondary antibody 310,315. 100x X-Gal (Table 2.1) was diluted 1:100 in yellow 

substrate solution (Table 2.1).  This mixture was incubated in wells overnight at room temperature 

or at 37°C for 3-7 hours. Substrate development was ceased after blue RSV foci of infection 

appeared.  

All antibodies were incubated with cells for one hour at room temperature; following cell fixation 

with methanol:acetone, antibody incubations, and DAPI staining, cells were washed three times 

with PBS using the 405 Select TS Washer (BioTek). 

2.12. RSV quantification using the Elispot plate reader 
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The Elispot plate reader was utilized to quantify colourimetrically stained RSV-infected cells. PBS 

was removed from wells and empty wells were imaged. CTL software was calibrated to Greiner 

96 well plates and images were captured for all wells. Count parameters were set as follows: low 

sensitivity threshhold (166 arbitrary units), background set to 50 arbitrary units, with spot 

separation of 1 and minimum spot size of 0.003mm2. In the Quality Control step, errant counts of 

cellular debris were removed and missed RSV foci of infection were added.  

 

2.13. RSV quantification via the Operetta high content imaging system (HCIS) 

Fluorescently stained cells were imaged utilizing the Operetta High Content Imaging System 

(HCIS; Perkin Elmer) coupled with Harmony4.1 High Content Imaging Analysis Software (Perkin 

Elmer). The lamp utilized was the Cermax Xenon Fibre Optic Light Source (Perkin Elmer). The 

HOECHST 33342 channel was used to image DAPI-stained nuclei (excitation 360-400 nm, 

emmission 410-480 nm). The Alexa 647 channel was used to image RSV infected cells (excitation 

620-640 nm, emmission 650-700 nm). A stack of images (20 µm height at 4 µm increments) was 

captured to focus each channel; subsequently only one plane was imaged. Images were captured 

using a 10x or 20x objective lense. During analysis, non-infected wells were used to determine the 

background signal strength of the Alexa 647 channel. The threshhold for RSV-infected cells was 

set at least 4-fold above this background level. Harmony4.1 software  was used to count the number 

of cell nuclei, the number RSV infected cells, and the percentage of RSV infected cells was 

determined.  

2.14. Light microscopy imaging 

An EVOS FL Auto (Life Technologies) microscope was used for light microscopy to image 

siRNA transfected wells. Images were captured at 4x, 10x, and 20x objective magnification using 

phase-contrast imaging.  

2.15. Identification of RSV via confocal microscopy 

1HAEo- cells were seeded in 8 well glass slides at a density of 2x104 cells per well and incubated 

for 48-72 hours prior to experimentation. 5 µg/mL Deep Red CellMask (Life Tech) in media was 

added to wells and incubated for 10 minutes at 37°C to stain cell membranes. To fix cells, cells 

were incubated for 15 minutes at 37°C in 4% paraformaldehyde (EMS Diasum). Non-specific 
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antibody binding was blocked, and cells permeabilized, via 30 minute room temperature 

incubation with PBS supplemented with 1%FBS and 0.3%Triton X-100 (TX-100; Fisher). Wells 

were washed twice with PBS plus 0.3% TX-100. RSV-F, -P, and -N were detected by a proprietary 

4 monoclonal antibody cocktail (RSV3Ab; Novus). RSV3Ab was dissolved in PBS plus 0.3%TX-

100 and incubated on cells for 1 hour at room temperature or overnight at 4°C. Cells were then 

washed three times with PBS plus 0.3%TX-100. Primary antibody was bound by an Alexafluor 

568 conjugated goat anti-mouse secondary antibody (Thermofisher), dissolved in PBS plus 

0.3%TX-100. The secondary antibody was incubated on cells for one hour at room temperature. 

Cells were then washed twice with PBS plus 0.3%TX-100, and then twice with Milli-Q water 

(Millipore). DAPI dissolved in Milli-Q water was added to wells for 2 minutes at room temperature 

to stain cell nuclei. Finally, the fluroescent signal was preserved by dropwise addition of 

Vectashield mounting medium (Cedarlane) to wells. 

Confocal microscopy was completed with the Quorum Wave FX spinning disc confocal 

microscope, configued with an Olympus IX-81 motorized base and CSU X1 spinning disk 

confocal scan-head (Yokagawa). To image DAPI a 405 nm pumped diode laser was used with a 

465/50 emission filter. To image GFP a 491 nm pumped diode laser was used with a 525/50 

emission filter. To image AlexaFluor 568, 561 nm pumped diode laser was used with a Texas Red 

624/20  emission filter. Finally, Deep Red CellMask was imaged via 642 nm pumped diode laser 

coupled with a 700/75 emission filter. Lasers were merged via LMM5 (Spectral Applied 

Research). Images were captured using the 20x, 40x, 60x, or 100x oil immersion objective lenses. 

Image acquisition and analysis was performed through Volocity.  

2.16. In vitro RSV transcription assay 

In vitro RSV transcription was measured as described previously 195, following adaptation from a 

VSV in vitro viral transcription assay 316. Briefly, HEp-2 cells grown in 6 well plates to 

approximately 80% confluence were infected with RSV A2 at an MOI of 5 for 1 hour before 

incubating overnight in fresh media. HEp-2 cells were incubated in 2 µg/mL actinomycin D 

immediately prior to lysis to inhibit cellular transcription. On ice, HEp-2 cells were treated with 

lysolecithin for 1 minute; lysed cell extract was subsequently collected in transcription buffer 

containing 50 mM Tris-acetate at pH 8, 8 mM Mg acetate, 300 mM K acetate, 2 mM DTT, 1 mM 

spermidine, 10 mM creatine phosphatase, 1 µg/mL aprotinin, 16 U creatine phosphokinase, 1 mM 
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each of ATP, GTP, and CTP, 50 µM UTP, and 2 µg/mL actinomycin D. Cell debris was removed 

via refrigerated centrifugation. The in vitro transcription reaction was performed by combining 

soluble cell extract, transcription buffer, RNase inhibitor, 10 µCi [α 32-P] UTP, and compounds 

to be tested were combined and incubated for 3 hours at 30°C. Total RNA was extracted using the 

Qiagen RNeasy kit as per manufacturer protocol. mRNA transcript poly(A) tails were digested via 

hybridization with oligo(dT) and incubation with RNaseH. Denaturing electrophoresis of samples 

was performed using 4% acrylamide containing 7 M urea gels. Gels were dried and 

autoradiography captured during 4-day exposure. RNA products were quantified by densitometry 

analysis following phosphorimaging. 

2.17. RSV resistant mutant escape assay 

1HAEo- cells were infected with RSV-GFP-A2 at an MOI of 0.1 and serial passaged in ribavirin, 

Cl02, or Br02 OMe at concentrations of 20 µM or 50 µM. Following a 48-72 hour incubation 

progeny RSV was transferred onto a fresh 1HAEo- cell monolayer. At 2 hpi fresh media was 

replaced onto cells. During each passage aliquots of media containing progeny RSV were collected 

and stored in liquid nitrogen. Following thirteen passages aliquots were thawed; progeny RSV in 

each aliquot was quantified via 24 hour infection on HeLa cells followed by immunostaining and 

quantification via the Operetta as described above.   

2.18. Stimulation by Toll-like receptor 7 agonists and antagonist 

1HAEo- cells were seeded in 48 well plates at a density of 5x104 cells per well and incubated 

overnight. Primary HBE cells were cultured as described above; HBE cells were utilized upon 

reaching 80% confluency (approximately 10 days post seeding). Prior to infection 1HAEo- or HBE 

cells were treated with TLR7 agonists loxoribine or CL097 (Sigma) for 1 hour at 2x concentration. 

Cells were infected with RSV-GFP-A2 at an MOI of 0.6. At 48 hpi progeny virus was collected 

and transferred onto HeLa cells grown in µ-Clear bottom 96 well plates. At 2 hpi fresh media was 

replaced onto HeLa cells. At 24 hpi HeLa cells were fixed, immunostained, and RSV infected cells 

quantified via Operetta as described above.  

The synthetic oligonucleotide IRS-661 (5’-TGCTTGCAAGCTTGCAAGCA-3’ with 

phosphorothioate backbone; Integrated DNA Technologies), was described previously to 

antagonize TLR7 stimulation 263. IRS-661 was added to culture media at the time of RSV infection. 

In treatments combining IRS-661 and loxoribine, loxoribine was combined with IRS-661 and both 
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were added to culture media at the time of infection. Cells were infected with RSV at an MOI of 

2; at 2 hpi fresh media was replaced onto cells to prevent carry over of inoculum RSV into progeny 

RSV. This fresh media contained IRS-661 with or without loxoribine, respective to treatment 

group, which was present throughout the 48 hour infection until progeny virus was collected.  

 

 

2.19. Transfection with short interfering RNA 

1HAEo- cells were seeded in 12 well plates at a density of 4x104 cells per well and incubated for 

48 hours prior to transfection. Immediately prior to transfection, 1HAEo- cells were washed with 

PBS and exactly 1mL of fresh media was replaced onto cells. Following the manufacturer’s 

protocol, 1HAEo- cells were transfected at a confluency of approximately 50% with siRNA at a 

final concentration of 15 nM. Briefly, AllStars Negative Control siRNA (proprietary target 

sequence; Qiagen), AllStars Hs Cell Death siRNA (proprietary mixture of oligonucleotides; 

Qiagen), or TLR7 (Hs_TLR7_6 target sequence: 5’-CAGACCTTGGATCTAAGTAAA-3’; 

Hs_TLR7_12 target sequence: 5’-CAGCTGGGTATAAATTCATGA-3’ Qiagen) was added to 

100 µL of jetPRIME buffer (Polyplus) and vortexed briefly. 3 µL of jetPRIME reagent was added 

to each reaction mix; transfection mixes were vortexed briefly and incubated at room temperature 

for 10 minutes. Transfection mixtures were added to respective wells in a dropwise manner. 

Following transfection, 1HAEo- cells were incubated for 48 hours prior to experimentation to 

enable knockdown of target protein and recovery of cells from transfection protocol. Transfection 

efficency was estimated by examing cell rounding and overall monolayer damage in wells 

transfected with AllStars Cell Death siRNA. Cell rounding and monolayer damage was imaged 

via light microscopy with a 10x objective lense using the EVOS FL Auto (Life Technologies) 

microscope. 

2.20. Cell lysate collection and western blot  

Mos LB, containing Mini EDTA-free Protease Inhibitor cocktail (Roche), was added to cells  and 

incubated on ice for 20 minutes. Protein concentration in cell lysates were measured by Qubit (Life 

Tech) according to the manufacturer’s protocol, and lysates were stored at -80°C.  
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Protein lysates were thawed on ice while 4-15% pre-cast polyacrylamide gels (Biorad) warmed to 

room temperature. The reducing agent β-mercaptoethanol (Sigma-Aldrich) was added to Laemmli 

Sample Buffer to a final conentration of 5%. Five parts lysate was added to 1 part 6x Laemmli 

Sample Buffer, and samples were boiled for 10 minutes at 100°C on a heating block. 

Polyacrylamide gels were assembled in the electrophoresis chamber and SDS-Tris-Glycine 

running buffer was added to chamber. The comb was carefully removed from wells, and wells 

were rinsed with running buffer. 7 µL of ladder (PageRuler Plus Prestained Protein Ladder 10-

250kDa;  ThermoFisher) was loaded into respective wells. Lysate plus buffer was loaded into 

wells, with the total volume not exceeding 35 µL to prevent spillover into neighboring wells 

(maximum well volume was 50 µL). Polyacrylamide gels were run at 150 V for 45-55 minutes. 

Four pieces of whatman filter paper (General Electric) and one piece of nitrocellulose membrane 

(PALL Life Science) were cut per gel for transfering. Transfer buffer was prepared by combining 

Milli-Q water, 10x Tris-Glycine transfer buffer, and methanol (to a final concentration of 10%; 

Fisher). Bubbles between the polyacrylamide gel and nitrocellulose membrane were carefully 

removed by roller. Protein was transferred from the polyacrylamide gel to the nitrocellulose 

membrane at 110V for 60 minutes at 4°C. After transfer, nitrocellulose membranes were washed 

three times with TBS-T for 5 minutes on a rocker platform, and subsequently blocked through a 

one hour incubation in TBS-T plus 5% bovine serum albumin (BSA; Sigma). Nitrocellulose 

membranes were next incubated with primary antibody (Table 2.3) for 1 hour at room temperature 

or overnight at 4°C.    

After incubation with the primary antibody, nitrocellulose membranes were washed three times 

with TBS-T for 5 minutes on a rocking platform. Secondary antibodies were diluted as described 

in Table 2.4, and incubated for 1 hour at room temperature on a rocking platform. After incubation 

with the secondary antibody nitrocellulose membranses were washed in TBS-T as described 

above. 1mL of chemiluminescent Pierce ECL substrate (Fisher) was prepared per nitrocellulose 

membrane. ECL substrate was added to blots and incubated at room temperature on a rocking 

platform for 10 minutes or until bands appeared. ECL substrate was washed off with TBS-T and 

blots were imaged on an ImageQuant LAS4010 imager (GE Healthcare Life Sciences).  

2.21. Toll-like receptor 7 agonist time of addition assay 
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1HAEo- cells were treated with loxoribine at indicated time points and cells were infected with 

RSV at an MOI of 1. At 2 hpi fresh media was replaced onto cells to prevent carryover of inoculum 

RSV. For -2 hpi, 0 hpi, and 2 hpi treatments this fresh media contained loxoribine. Loxoribine was 

maintained on cells throughout the 24-hour infection. At 24 hpi, RSV progeny was collected and 

transferred onto HeLa cells for quantification via the Operetta HCIS.   
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2.22. Antibodies 

Table 2.3. Primary antibodies.  

Specificity Source Assay Dilution Distributor 

Catalogue 

number. 

β-Actin Rabbit pAb WB 1/5000 in TBS-T 

plus 1% BSA 

Abcam Ab8227 

Cleaved 

Caspase-3 

Rabbit mAb WB 1/1000 in TBS-T 

plus 1% BSA 

Cell Signaling 9664 

P-ERK1/2 Rabbit mAb WB 1/2000 in TBS-T 

plus 1% BSA 

New England 

Biolabs 

4370S 

P-MLKL Rabbit mAb WB 1/1000 in TBS-T 

plus 1% BSA 

Cell Signaling 91689 

P-RIP1 Rabbit mAb WB 1/1000 in TBS-T 

plus 1% BSA 

Cell Signaling 65746 

RSV Goat pAb LM/IF 1/1000 in PBS 

plus 1% FBS 

Cedarlane B65860G-1 

RSV -F, -N, 

-P 

4x mouse 

mAb 

cocktail 

CM 1/400 in PBS 

plus 0.3%TX-100 

Novus NB100-

65217 

SOD1 Rabbit pAb WB 1/1000 in TBS-T 

plus 1% BSA 

Santa Cruz sc-11407 

TLR7 Rabbit mAb WB 1/500 in TBS-T 

plus 1% BSA 

Cell Signaling 5632 

Abbreviations: confocal microscopy (CM); immunofluorescence (IF); immunoglobulin G (IgG); light microscopy 

(LM); monoclonal antibody (mAb); polyclonal antibody (pAb); phosphorylated extracellular signal-regulated 

kinase 1/2 (P-ERK 1/2); phosphorylated Mixed Lineage Kinase domain-like protein (P-MLKL); phosphyrlated 

Receptor-interacting Protein 1 (P-RIP1) mitogen-activated protein kinase (MAPK); Respiratory Syncytial Virus 
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(RSV); RSV fusion protein (RSV-F), RSV nucleoprotein (RSV-N), and RSV phosphoprotein (RSV-P); superoxide 

dismutase 1 (SOD1); Toll-like Receptor 7 (TLR7); Western blot (WB). 

Table 2.4. Secondary antibodies.  

Specificity Conjugation Source Assay Dilution Distributor Catalogue 

number. 

Goat IgG AlexaFluor 

647 

Chicken IF 1/1000 in PBS 

plus 1% FBS 

Life Tech A21469 

Goat IgG β-

galactosidase 

Rabbit 

pAb 

LM 1/1000 in PBS 

plus 1% FBS 

Abcam ab136712 

Mouse IgG AlexaFluor 

568 

Goat 

pAb 

CM 1/800 in PBS plus 

0.3%TX-100 

Life Tech A11004 

Rabbit IgG HRP Goat 

mAb 

WB 1/1000 TBS-T 

plus 5% BSA 

Cell 

Signaling 

7074 

Abbreviations: confocal microscopy (CM); fetal bovine serum (FBS) immunofluorescence (IF); immunoglobulin 

G (IgG); light microscopy (LM); monoclonal antibody (mAb); polyclonal antibody (pAb); phosphate buffered 

saline (PBS); horse radish peroxidase (HRP); Western blot (WB). 

2.23. Statistical analyses 

Statistical analyses were performed using Graphpad Prism 6.0. Concentration-response curves 

were fit after log transformation of the x-axis. Best fit lines were fit to data using linear or nonlinear 

regression as indicated in figure legends. EC50 and CC50 values were determined through nonlinear 

regression. A significant difference between treatment groups was definied as a P value equal to 

or less than 0.05. Statistical analyses included t-tests to compare means between two data sets, or 

a Whelch’s t-test to compare means between two data sets if the assumption of equal variance 

between groups was violated. When three or more means were compared an analysis of variance 

(ANOVA) test with Bonferroni’s post-test was used to compare pre-defined treatment groups. 

Following linear regression, an F-test was performed to test the null hypothesis that the slope of 

the line equalled zero. To determine if CC50 values differed between treatment groups a sum-of-

squares F test was completed. 
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Chapter 3: Inhibition and enhancement of RSV replication by nucleoside 

analogues 

3.1. Introduction 

RSV imposes a significant burden of disease on infants, the elderly, and immunocompromised 

individuals 5,17,18,25-28. However, following diagnosis treatment is limited to supportive care due to 

the current absence of efficacious RSV antivirals. The goals of RSV antiviral development are to 

reduce the duration of hospitalization during severe RSV infections, offer treatment to 

immunocomprimised individuals with persistent RSV infections, and to provide a treatment to 

reduce the duration of non-severe infections. To identify RSV antivirals a robust screening 

protocol is required. 

Several attributes are desirable for an antiviral screening assay. An ideal assay would (i) minimize 

user input to avoid errors or bias, (ii) minimize start-to-finish time to increase the volume of 

compounds that can be screened, (iii) reliably identify previously established antivirals and 

produce comparable EC50 values, (iv) incorporate measurement of cytotoxicity, (v) have the 

capacity to identify compounds which inhibit any component of the viral life cycle, (vi) directly 

quantify viral replication to avoid artifacts associated with using proxies for viral replication such 

as CPE,  and (vii) be scalable for high throughput screening.  

No ideal assay has been described, or is likely to be discovered, as different methods have inherent 

assumptions and limitations. A subgenomic RSV replicon assay was previously established and 

scaled to enable screening libraries of millions of compounds 185,187,193,194,197. This assay was highly 

successful in identifying antiviral compounds and led to the development of PC786, an RdRp 

inhibitor in a phase 2 clinical trial 185,195,196 (NCT03382431). However, subgenomic replicon 

assays cannot identify inhibitors of all steps of the viral replication life cycle. Therefore, it is 

possible that RSV-antiviral compounds examined through this assay were incorrectly determined 

to lack antiviral activity. CPE-based assays have also been scaled to screen large libraries of 

compounds 188,198, and the application of CPE-based assays has led to the discovery of antiviral 

compounds that have entered clinical trials, such as GS-5806 206,207 (NCT02135614). The primary 

limitation of CPE-based assays is that they make the assumption that CPE in cell culture accurately 

represents RSV replication. As RSV does not egress via a lytic replication cycle, and CPE is slow 

to develop, this assumption may not always be valid.  
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As no ideal RSV-antiviral screening assay has been described, this research project set out to 

investigate the potential of screening strategies that have not been explored previously. The 

primary aim of chapter three was to establish a robust RSV-antiviral screening assay. To achieve 

this goal, a number of novel screening strategies were explored. Over the course of this research 

project five iterations of screening protocols were examined before a suitable strategy was 

developed. The first protocol quantified changes to RSV replication complex size to identify 

antiviral activity against RSV. This process identified antiviral effects as early as 6 hpi, yet 

sensitivity was low and this assay was not amenable to screening large collections of compounds. 

The next screening protocol that was developed utilized blue spot immunostaining to identify RSV 

foci of infection in cell culture monolayers. The third assay was an extension of the second that 

incorporated automated quantification of these foci of infection. The fourth screening assay 

represented a shift from quantifying RSV infection in the initially infected monolayer to measuring 

the production of viable progeny RSV. The fifth screening assay, and the protocol which was 

selected for all subsequent experimentation, also measured the production of progeny RSV. 

However, this assay utilized immunofluoresce (IF)-based detection of RSV-infected cells instead 

of colourimetric immunostaining. This protocol is referred to as the IF protocol. This enabled the 

incorporation of a high content imaging system which substantially improved the reliability of 

automated RSV quantification. The advantages and disadvantages of each iteration of screening 

assay, with respect to the attributes of an ideal screening assay listed above, are discussed in the 

results section. 

As this antiviral screening campaign evolved, the second aim of chapter three was pursued. 

Specifically, compounds were screened for antiviral activity. Nucleoside analogues have long been 

a cornerstone of antiviral research. In 1963 the deoxyuridine analogue idoxuridine, used to treat 

HSV eye infections, became the first licensed antiviral. In 1985 azidothymidine became the first 

nucleoside reverse transcriptase inhibitor and antiretroviral licensed to treat HIV infection. Most 

recently, the HCV-antiviral nucleotide analogue Sofosbuvir was licensed. HCV is one of three 

cannonical blood borne pathogens in which chronic infection constitutes a lifelong disease. 

Sofosbuvir offers the first curative treatment for a previously lifelong chronic viral infection 317. 

Given the success of nucleoside analogues in the history of antiviral research, a panel of nucleoside 

analogues was selected to be screened for antiviral activity against RSV. This selection included 

commercially available nonphosphorylated pyrimidines and purines. Nonphosphorylated 
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nucleoside analogues were selected to enable uptake by the host cell. Of the nucleoside analogues 

tested modest antiviral activity against RSV was noted for cytarabine, a chemotherapeutic cytosine 

analogue 318. Interestingly, enhancement of RSV replication was noted during treatment with the 

nucleoside analogue loxoribine, a TLR7 agonist 252. This observation was further characterized in 

chapter five.  

3.2. Results 

3.2.1. Developing an RSV-antiviral screen utilizing recombinant RSV-GFP 

3.2.1.1. Identifying GFP production and RSV replication complexes using RSV-GFP 

Identifying RSV-infected cells using a fluorescent reporter protein has been described previously 

using a recombinant RSV-GFP virus. Following infection with RSV-GFP diffuse cytosolic 

fluorescence from GFP was used to identify infection at 24 hpi 309. However, RSV transcripts and 

protein can be detected as early as 4 to 6 hpi 40,319. Spinning disc confocal microscopy offers a 

sensitive method of detecting fluorescent signals. I hypothesized that by employing spinning disc 

confocal microscopy, GFP production indicative of RSV-GFP infection could be detected at 

timepoints much earlier than 24 hpi. Furthermore, I hypothesized that if RSV-GFP infected cells 

were treated with antiviral compounds then a reduction in GFP production would be observed at 

these early time points. If successful, this protocol could offer a rapid means of identifying 

compounds with antiviral activity against RSV. To test this hypothesis 1HAEo- human airway 

epithelial cells were infected with RSV-GFP and fixed at time points from 1.5 to 8 hpi. After 

fixation GFP was detected via spinning disc confocal microscopy. GFP fluorescence was detected 

at 1.5 hpi, the first time point observed (Figure 3.1a). This was unexpected as de novo RSV protein 

production was not expected until approximately 4 to 6 hpi 40,319. A plausible explanation was that 

this early fluorescent signal was contamination with GFP aggregates from previous infectious 

cycles in the RSV-GFP inoculum used to infect 1HAEo- cells. These GFP aggregates would be 

expected to be present on the surface of 1HAEo- cells and not in the cell cytoplasm. To determine 

the location of this early GFP fluorescent signal relative to 1HAEo- cells a membrane stain was 

utilized. A vertical cross section of 1HAEo- cells was then obtained by capturing a z-stack of 

images and vertical cross sections of GFP-associated 1HAEo- cells were visualized (Figure 3.1b). 

These cross sections revealed that GFP aggregates were located on the outer surface of the cell 

membrane. This supported the explanation that GFP aggregates had been transferred during 



61 

infection with RSV-GFP. This also indicated that the fluorescence observed at early time points 

was not synthesized de novo and was not representative of RSV infection. As such, GFP 

fluorescence was not sufficient to identify RSV infection. However, at 6 hpi RSV-GFP infected 

cells with larger regions of GFP fluorescence were observed (Figure 3.1c). Cell membrane 

staining confirmed that this signal was originating inside cells and was not caused by GFP 

aggregates adhering to the cell surface. During RSV infection, viral transcription and protein 

translation occur in lipid raft-associated replication complexes (also known as inclusion bodies) 

which appear as punctate foci within the cytoplasm 320. RSV3Ab immunostaining was used to 

detect RSV-F, -P, and -N, and determine whether the GFP signal observed at 6hpi was 

representative of RSV replication complexes. Colocalization of intracellular GFP with RSV-F, -P 

and -N was observed, supporting the conclusion that GFP signals were representative of replication 

complexes (Figure 3.1c). I concluded that RSV replication complexes could be identified as early 

as 6 hours post infection. This offered a rapid means of identifying RSV infection. To determine 

whether this could translate into a means of screening for RSV antiviral compounds the effect of 

ribavirin on the number and size of RSV replication complexes was examined. Ribavirin inhibits 

a broad spectrum of viruses through mechanisms including inhibition of cellular IMP 

dehydrogenase, inducing catastrophic mutagenesis, and direct inhibition of viral RdRp 176,178-184. 

Due to the reliable RSV-antiviral effects of ribavirin in cell culture experimentation, it is widely 

used to validate RSV-antiviral screening assays 185-189. Ribavirin is not a viral entry inhibitor, 

therefore, I hypothesised that ribavirin would reduce the size of RSV replication complexes. To 

test this hypothesis 1HAEo- cells were treated with 25 µM ribavirin and infected with RSV-GFP 

(Figure 3.1c). A decline in the number of replication complexes per cell was not observed. While 

treatment with 25 µM ribavirin produced a reduction in the size of replication complexes (P = 

0.05) (Figure 3.1d), several limitations to this protocol were identified. When identifying RSV 

replication complexes a much lower number of infected cells was observed than expected based 

on the MOI used. This may be due to the inherent genetic instability of RNA viruses such as RSV. 

It is possible that the GFP reporter gene was lost from a portion of the RSV-GFP stock during 

routine passaging. This would reduce the sensitivity of the assay to detect compounds with 

antiviral activity against RSV. This approach is also restricted experimentation to only use RSV-

GFP. Testing the efficacy of antiviral compounds against other laboratory-adapted RSV strains or 

clinically isolated RSV strains, which do not encode for a fluorescent reporter protein, would 
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require an alternate protocol. As this assay only captured events in the first 6 hours of RSV 

replication, this assay was also precluded from identifying inhibitors of later steps of the RSV 

replication cycle. The most significant limitation of this protocol was that it required significant 

user input to identify replication complexes via confocal microscopy. The necessity of this labor-

intensive process increased the possibility of user error or bias and reduced the scale-ability of this 

assay to screen large collections of compounds. For these reasons, this assay was not pursed further 

and alternative screening strategies were investigated.   
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Figure 3.1. Identification of RSV replication complexes in ribavirin-treated 1HAEo- cells via 

confocal microscopy. (A) Infection of human bronchial epithelial 1HAEo- cells with RSV-GFP 

results in GFP aggregates attaching to the cell surface. GFP aggregates (green) were observed in 

the x-y plane at 1.5 hpi. (B) A side profile of a 1HAEo- cell generated through assembly of a z-

stack. A cell membrane stain (red) was used to visualize plasma membranes throughout cell. A 

GFP aggregate is observed on the surface of the plasma membrane at 45 minutes post infection 

with RSV-GFP. (C) 1HAEo- cells were infected with RSV-GFP and treated with PBS or 25 µM 

ribavirin. Cells were fixed at 6 hpi. Cell membranes (red), GFP (green) nuclei (blue) and RSV-F, 
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-P, and -N (gold) were imaged. Figures represent the x-y plane at the location on the z-axis 

corresponding with the center of the replication complex. x-z and y-z planes were created through 

compilation of z-stacks. (D) The number of RSV replication complexes per cell and the size of 

RSV replication complexes were measured using Volocity. Replication complexes were examined 

in five untreated and five ribavirin-treated cells. In a single experimental replicate, twenty 

replication complexes were identified in untreated cells and twenty-two replication complexes 

were identified in ribavirin-treated cells. The size of replication complexes was found to be 

approximately normally distributed, however, the variances were significantly different between 

untreated and ribavirin-treated cells. Therefore, a Whelch’s t-test was used to test the null 

hypothesis that the sizes of replication complexes were not reduced by ribavirin. The P value was 

found to equal 0.05, therefore, the null hypothesis was rejected.  

3.2.2. Screening nucleoside analogues via blue spot immunostaining 

3.2.2.1. Validation of the blue spot immunostaining protocol for identifying RSV antiviral 

compounds 

Subgenomic replicon systems and other non-cell culture-based systems have been developed 

previously to identify compounds with antiviral activity against RSV 185,193-195,197,199. However, 

these systems are limited to only identifying compounds which inhibit RSV RdRp. Conversely, 

cell culture-based systems identify compounds which inhibit any component of the viral life cycle. 

As the RSV replication cycle is not lytic, the main limitation of cell culture-based screening 

systems is their assumption that CPE accurately reflects RSV replication. CPE-based screening 

assays are also limited by the 6 to 7-day period required for CPE to become detectable 170,188,189. 

Coupling cell culture-based screening with immunostaining has not been explored previously to 

identify RSV-antiviral compounds. To establish this protocol a colourimetric immunostaining 

assay (referred to as blue spot immunostaining) was used to detect RSV foci of infection. To 

confirm that blue spot immunostaining was a viable method to detect RSV infection in 1HAEo- 

cells, cells were infected with RSV and incubated for 48 hours. At 48 hpi 1HAEo- cells were fixed, 

permeabilized and immunostained. For immunostaining a polyclonal goat anti-RSV antibody was 

used as the primary antibody. A β-galactosidase-conjugated monoclonal rabbit anti-goat IgG 

antibody was used to detect the primary antibody. Following sequential incubations with the 

primary and secondary antibodies the X-gal substrate was added and incubated overnight at room 

temperature or for 4 to 6 hours at 37 °C. Cleavage of X-gal by β-galactosidase releases indoxyl 

from galactose; indoxyl is then oxidized into an insoluble blue indole 321. This insoluble blue indole 

was used to identify RSV foci of infection. A robust blue staining appeared which identified RSV 

infected cells; this staining was absent in mock-infected wells (Figure 3.2a). Densely grouped 
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collections of RSV-infected cells were defined as a single focus of infection and presumed to be 

the result of infection by a single RSV virion. During infection progeny virus is released beginning 

at 12 hpi and peaking at 24 hpi 319,322. Smaller punctate foci represent satellite infections resulting 

from diffusion and reinfection by progeny RSV during the 48-hour infection. I hypothesized that 

if ribavirin was added to culture media following RSV infection then the formation of RSV foci 

of infection would be inhibited. To test this hypothesis 1HAEo- cells were infected with RSV and 

treated with three concentrations of ribavirin. At 48 hpi, cells were fixed, blue spot immunostained, 

and the RSV foci of infection were manually counted. Foci counts for ribavirin-treated cells were 

then normalized to untreated RSV-infected control wells. Increasing concentrations of ribavirin 

reduced RSV foci of infection in a concentration-dependent manner (Figure 3.2b). These results 

provided proof-of-principle that this assay had the capacity to identify compounds with antiviral 

activity against RSV. These results support the conclusion that ribavirin has antiviral activity 

against RSV in cell culture. This conclusion is consistent with previous RSV antiviral screening 

campaigns described in the literature that have utilized ribavirin to validate the ability of assays to 

detect RSV antivirals 77,170,185-189; these results are also consistent with later validation experiments 

utilizing ribavirin (Figure 3.4 and Figure 3.7). To complement ribavirin and further characterize 

the capacity of this assay to identify antiviral compounds against RSV, aUY11 was investigated. 

aUY11 is an amphipathic compound which physically stabilizes viral envelopes to inhibit fusion 

with the host cell membrane. As such, aUY11 is an entry inhibitor. Accordingly, aUY11 has been 

observed to inhibit entry and replication of enveloped viruses including IAV, HCV, VSV, HSV-

1, HSV-2, and mCMV, but not non-enveloped viruses including poliovirus, RV and AdV 312. As 

RSV is an enveloped virus, I hypothesized that the addition of aUY11 to RSV inoculum would 

inhibit RSV infection of 1HAEo- cells. To test this hypothesis aUY11 was added to RSV and this 

mixture was added to 1HAEo- cells. After a 48-hour infection 1HAEo- cells were fixed, and foci 

of infection were identified via blue spot immunostaining. At all concentrations tested aUY11 

reduced the formation of RSV foci of infection. The reduction in foci formation was concentration-

dependent as increasing concentrations of aUY11 resulted in reduced RSV foci of infection. 

(Figure 3.2c). Similar results were obtained in two independent experiments and supported the 

conclusion that aUY11 blocks RSV infection. This is the first evidence of aUY11 RSV-antiviral 

activity. However, the fusion-inhibition antiviral mechanism of action of aUY11 has been 
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characterized previously 312. Therefore, this result was expected and further investigations into 

aUY11 and RSV were not pursued.  

 

Figure 3.2. Inhibition of RSV replication by ribavirin and aUY11 identified via blue spot 

immunostaining. (A) 1HAEo- cells were infected with RSV (left), or mock infected (right), and 

fixed at 48 hpi. For blue spot immunostaining, X-gal substrate was developed for 4 hours at 37°C. 

A dense grouping of RSV-infected cells constitutes a single focus of infection. (B) RSV foci in 

ribavirin-treated wells are presented as a percentage after normalizing to untreated wells, wherein 

the mean of the latter was set as 100% RSV foci production. 1HAEo- cells were infected with 

RSV at an MOI of 1; at 48 hpi cells were fixed and blue spot immunostained. Foci of infection 

were then manually counted. Each point represents three biological replicates and error bars 

represent standard deviation. (C) RSV foci in aUY11-treated wells are presented as a percentage 

after normalizing to untreated wells, wherein the mean of the latter was set as 100% RSV foci 

production. RSV was pretreated with aUY11 and then added to 1HAEo- cells at an MOI of 1. At 

48 hpi cells were fixed and blue spot immunostained. Foci of infection were manually counted. 

Each point represents two biological replicates and error bars represent standard deviation. (B and 
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C) Best-fit lines were produced via linear regression and F-tests were performed to test the null 

hypothesis that the slope of the lines equalled zero. This null hypothesis was rejected for ribavirin 

(P < 0.001) and aUY11 (P < 0.01). Two independent experiments were completed and provided 

similar results, data from one of two experiments is shown.   

 

The inhibition of RSV foci of infection formation observed during treatment with ribavirin and 

aUY11 support the conclusion that this assay has the capacity to identify compounds with antiviral 

activity against RSV. The proposed mechanisms of action for ribavirin include inhibiting cellular 

IMP dehydrogenase, inhibiting viral RdRp, or inducing error catastrophe 176,178-182. The proposed 

mechanism of action for aUY11 is inhibition of virus entry into the host cell. Therefore, these 

results suggest this assay has the capacity to identify compounds that inhibit RSV entry and post-

entry processes necessary for RSV replication 312. 

3.2.2.2. Optimizing blue spot immunostaining for quantification by the EliSpot plate reader 

Blue spot immunostaining successfully identified the antiviral activity of ribavirin and aUY11 

against RSV infection. However, the manual counting of foci of infection was highly time-

consuming, as each well of a 96-well plate had to be individually counted on a phase-contrast 

tissue culture microscope. Automation of quantifying RSV foci of infection was necessary to 

increase the screening capacity of this protocol. The EliSpot plate reader is capable of automated 

detection and quantification of colourimetric staining. As such, the blue spot immunostaining 

protocol was optimized for this instrument. During infection RSV is able to spread through 

budding from the cell surface and diffusing to neighboring cells, or by directly entering 

neighboring cells via fusion 322. This results in the formation of large foci of infection and punctate 

satellite infections that do not represent drug treated infection. As progeny RSV begin to be 

released at 12 hpi, and peak release occurs at 24hpi 319,322, I expected to detect foci of infection at 

24 hpi and expected foci to increase in size over time. To determine which size of foci were most 

reliably detected by the EliSpot plate reader, 1HAEo- cells were infected with RSV and incubated 

for 24, 48, 72 or 96 hours. As the duration of infection increased the size of foci increased (Figure 

3.3a-d). Interestingly, while larger foci of infection were easier to manually count by eye, smaller 

punctate foci of infection were more reliably detected by the EliSpot plate reader. At 24 hpi 

punctate foci were identified correctly, yet at later time points the EliSpot quantification software 

erroneously divided large foci of infection into multiple foci resulting in an overestimation of the 
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number of foci (Figure 3.3e versus Figure 3.3f). In accordance with these results, future 

experiments were performed using a 24-hour infection.  

 

Figure 3.3. Optimization of the blue spot immunostaining protocol for quantification by the 

EliSpot plate reader. 1HAEo- cells were infected with RSV for 24, 48, 72 or 96 hours before 

fixation and blue spot immunostaining (A-D). Foci of infection (green perimeter) were then 

automatically identified by the EliSpot plate reader (E-F). Foci which failed to meet the threshold 

used to define RSV infection are identified by a white perimeter. 

3.2.2.3. Screening nucleoside analogues for antiviral activity via blue spot immunostaining 

Nucleoside analogues are a cornerstone of clinical antiviral regimens against HIV, HBV, HCV, 

HSV, VZV, HCMV, and IAV 317. To date, 32 compounds derived from nucleosides have been 

approved for clinical use 317. Nucleoside analogues typically take advantage of the reliance of 

viruses on viral polymerase complexes for replication. Interfering with these polymerase 

complexes can result in chain termination or catastrophic mutagenesis through non-

complementary base pairing 317. Nucleoside analogues have previously been investigated for 
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antiviral activity against RSV. Two nucleoside analogues which inhibit RSV replication, ribavirin 

and lumicitabine, have been described 212. Ribavirin is a potent inhibitor of RSV replication in cell 

culture; lumicitabine has demonstrated efficacy in adult human volunteers and is currently in 

multiple phase 2 clinical trials (Table 1.1) 212. Therefore, a selection of nucleoside analogues were 

screened for antiviral activity against RSV. These nucleoside analogues had not been investigated 

for antiviral activity against RSV previously. I hypothesized that if a nucleoside analogue was 

added to culture media then RSV replication would be inhibited. To test this hypothesis 1HAEo- 

cells were infected with RSV and nucleoside analogues were added to culture media. At 24 hpi 

1HAEo- monolayers were fixed and stained for RSV foci of infection. I observed inhibition of the 

formation of RSV foci of infection when ribavirin was added to culture media. The EC50 value of 

ribavirin against RSV was 7.2 µM (Figure 3.4), which agreed with literature values that range 

from 6.3 µM to 28.38 µM 77,169,170,185,186. This result suggested this protocol was a valid means of 

detecting compounds with antiviral activity against RSV. The EC50 values of 5-bromouridine, N-

4-benzoylcytidine, 2-iodoadenosine, ZW2-51, and ZW2-151 were above 100 µM (Figure 3.4). 

Compounds with an EC50 of 10 µM or less are desirable, therefore, these compounds were not 

pursued further. 5-FC reduced RSV foci of infection formation with an EC50 of 94.9 µM. Due to 

cytotoxicity, higher concentrations of 5-FC could not be reliably included with respect to antiviral 

activity. For this reason, only one concentration is available elicits a greater-than-50% reduction 

in RSV replication. Therefore, the EC50 value of 94.9 µM must be interpreted with caution 314. 

While this EC50 value was considered high, characterization of 5-FC continued.  

Determining the effect of compounds on the host cell is of equal importance to determining 

antiviral effects; while cytotoxic compounds may prevent viral replication, they do not have 

therapeutic potential as antiviral compounds. Therefore, uninfected 1HAEo- cells were incubated 

with each nucleoside analogue in parallel duration and concentrations to RSV-infected 1HAEo- 

cells. Following this incubation cytotoxicity was quantified via the MTT assay. This assay uses 

nicotinamide adenine dinucleotide (NADH)- and nicotinamide adenine dinucleotide phosphate 

(NADPH)-dependent oxidoreductase enzymatic activity as a proxy for cell viability. 

Oxidoreductase reduces the MTT tetrazolium salt into a blue formazan product 323,324. In this 

manner the MTT assay indirectly measures NADH and NADPH concentrations in the cell and cell 

death immediately prevents the reduction of MTT. Therefore, reduction of MTT is proportional to 

the number of living cells present and cellular metabolic activity 311. In the literature, ribavirin is 
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reported to reduce cell viability by 50% (the cytotoxic concentration 50% or CC50) at 

concentrations greater than 100 µM 77. In this assay the CC50 of ribavirin was consistent with 

literature values, as it was observed to be greater than 100 µM (Figure 3.4). The CC50 value of 5-

FC was also greater than 100 µM (Figure 3.4). As the EC50 value of 5-FC was less than the CC50 

value, 5-FC was investigated further. 
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Figure 3.4. Concentration-dependent screening of the effect of ribavirin and nucleoside 

analogues on the formation of RSV foci of infection and cytotoxicity. RSV foci (filled circles) 

in nucleoside analogue-treated wells are presented as a percentage after normalizing to untreated 

wells, wherein the mean of the latter was set as 100% RSV foci production. Likewise, cell viability 

values (open circles) of nucleoside analogue-treated wells were normalized to the mean of 

untreated wells (set as 100% cell viability). 1HAEo- cells were pretreated with nucleoside 

analogues for 2 hours and then infected with RSV at an MOI of 1; cells were treated with 
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nucleoside analogues throughout infection. At 24 hpi cells were fixed and blue spot 

immunostained. Foci of infection were then quantified using the EliSpot plate reader. Cell viability 

was measured by MTT assay. Points represents four biological replicates in a single experimental 

replicated and error bars represent standard deviation. Two independent experiments were 

completed and provided similar results; data from one of two experiments is shown. Nonlinear 

regression was used to fit concentration-response curves to the data and to determine EC50 and 

CC50 values.  

3.2.2.4. Screening for inhibition of RSV progeny production by nucleoside analuges via blue 

spot immunostaining 

The blue spot immunostaining protocol described above identified antiviral activity of ribavirin, 

aUY11, and 5-FC against RSV. However, in these experiments it was noted that RSV foci of 

infection were not only reduced in absolute number but also reduced in size. This introduced the 

challenge of setting thresholds in the EliSpot plate reader that could distinguish between weakly 

infected cells and background staining. Furthermore, quantifying RSV replication by counting the 

number of foci of infection did not fully capture the inhibition of RSV replication. Finally, this 

protocol did not quantify changes to the infectivity of RSV progeny. Compounds that reduce the 

infectivity of progeny RSV have been described previously 78. Therefore, to ensure the assay had 

the capacity to identify compounds that interfered with any component of the viral life cycle, or 

reduced progeny infectivity, the protocol was adapted to quantify the production of infectious RSV 

progeny. 

To measure the inhibition of RSV progeny production, 1HAEo- cells were pre-treated with 

compounds for 2 hours prior to infection and then infected with RSV. At 2 hpi fresh media 

(containing compounds being tested) was replaced onto cells to prevent carry over of RSV from 

inoculum into the collected progeny virus. At 48 hpi progeny RSV was collected and transferred 

onto HeLa cells which are highly susceptible to RSV infection. The media containing progeny 

RSV was transferred onto HeLa cells without dilution. To mitigate antiviral effects of compounds 

during replication in HeLa cells fresh media was replaced onto HeLa cells at 2 hpi. At 24 hpi HeLa 

cells were fixed, immunostained and RSV foci of infection enumerated. Fixing HeLa cells at 24 

hpi was necessary to prevent a secondary round of infection which would result in an 

overestimation of RSV progeny production. As a proof-of-principle, this protocol was used to 

screen compounds for RSV-antiviral activity at a single concentration of 50 µg/mL (Figure 3.5).  
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As 5-FC inhibited RSV foci of infection formation, I hypothesized that 5-FC would inhibit RSV 

progeny production. Additional nucleoside analogues were also screened for antiviral activity 

against RSV. These included 2-iodoadenosine, N4-benzoylcitidine, and loxoribine. As a positive 

control ribavirin was also included. As expected, RSV progeny production was significantly 

reduced following the addition of 205 µM ribavirin to cell culture media (Figure 3.5). 5-FC at a 

concentration of 191 µM also reduced RSV progeny production, while the addition of 2-

iodoadenosine or N4-benzoylcitidine to culture media did not affect RSV progeny production. 

Interestingly, the addition of the nucleoside analogue loxoribine at a concentration of 147 µM 

significantly increased the production of RSV progeny virus. This observation was later pursued 

extensively in chapter five. As 5-FC reduced the production of RSV progeny, the antiviral activity 

of 5-FC and the cytotoxicity profile of 5-FC were characterized in subsequent concentration-

response experiments.   

 

Figure 3.5. The effect of nucleoside analogues on the production of RSV progeny virus. For 

2 hours prior to infection 1HAEo- cells were pre-treated with nucleoside analogues at a 

concentration of 50 µg/mL (205 µM ribavirin, 147 µM loxoribine, 191 µM 5-fluorocytidine, 127 

µM 2-iodoadenosine, and 232 µM N4-benzyolcyitidine). 5-fluorocytidine, 2-iodoadenosine, and 

N4-benzoylcytidine were dissolved in DMSO; therefore, DMSO was added to the untreated RSV-

infected control group to an equivalent concentration of 1% DMSO. 1HAEo- cells were then 

infected with RSV at an MOI of 1. Progeny RSV was collected at 48 hpi and transferred onto HeLa 

cell monolayers without dilution. At 2 hpi fresh media was replaced onto HeLa cells. Foci of 

infection in HeLa cells were detected via blue spot immunoassay. Three independent experiments 

were completed and provided similar results; data from one experiment is shown. Results were 

analyzed via one-way ANOVA, followed by Bonferroni’s multiple comparison test to measure 
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differences between treatment groups and their respective control group. (*), (**), and (***) 

indicate P < 0.05, P < 0.01, and P < 0.001, respectively. Error bars represent standard deviation.   

3.2.3. Concentration-response screening of 5-fluorocytidine, cytarabine and gemcitabine for 

inhibition of RSV progeny production 

3.2.3.1. Adapting the progeny-based screening protocol to utilize the Operetta high content 

imaging system (HCIS) 

Automated detection of RSV foci of infection increased the screening capacity of the blue spot 

immunoassay protocol versus manual counting. However, the overall potential of this protocol for 

high throughput screening was limited by a labor-intensive manual quality control step. This 

quality control step was necessary as the automated foci-counting software was unable to 

distinguish between blue foci and dark cellular debris or well contaminants (Figure 3.6a); 

monolayer damage could result in an underestimation of the number of foci of infection (Figure 

3.6b); and a tendency for staining to develop at different rates between wells of the same plate was 

observed (Figure 3.6c versus Figure 3.6d).  

I speculated that these issues could be resolved through adapting the protocol to utilize 

immunofluorescence (IF) to detect RSV-infected cells. To investigate the potential of an IF-based 

system, HeLa cells infected with progeny RSV were fixed and immunostained using a 

fluorescently labelled secondary antibody. Cell nuclei were counterstained with DAPI. The 

Operetta HCIS was utilized to rapidly quantify IF-stained RSV-infected cells (Figure 3.6e).  

The IF-based method of quantifying RSV-infected cells offered many advantages over the blue 

spot immunostaining assay. Cellular debris were counted by the EliSpot plate reader following 

blue spot staining, however, well contaminants and cellular debris did not fluoresce and thus were 

not erroneously counted by the Operetta HCIS. DAPI staining included in the IF approach enabled 

the enumeration of the total number of cells. Therefore, the percentage of infected cells could be 

determined as the dependent variable. This prevented instances of monolayer damage from causing 

the quantification of RSV progeny to be underestimated. Finally, as fluorescent staining does not 

rely on enzymatic substrate development there was no tendency for background staining to vary 

between wells. Thus, the background signal intensity of negative control wells could be reliably 

quantified and the threshold for infected cells was set 4-fold above background staining levels. 

Infected cells produced a fluorescent signal substantially greater than background (Figure 3.6e). 

This satisfactory signal-to-noise ratio made automated quantification of IF by the Operetta HCIS 
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reliable. These advantages of the Operetta HCIS removed the necessity for a labor-intensive 

quality control step at the end of each experiment. This greatly increased the screening capacity of 

the protocol.  

Inhibition of RSV progeny production by ribavirin was examined using the IF protocol. As 

expected, ribavirin reduced RSV progeny production in a concentration-dependent manner 

(Figure 3.7).  Specifically, ribavirin inhibited RSV progeny production with an EC50 concentration 

of 12.2 µM. This result suggested that the IF-based screening assay had the capacity to identify 

compounds with antiviral activity against RSV. 

The EC50 value of 12.2 µM observed in Figure 3.7 was similar to the EC50 value of 7.2 µM 

determined previously (Figure 3.4). Importantly, both of these values fall within the published 

range of EC50 values of ribavirin against RSV that range from 6.3 µM to 28.38 µM 77,169,170,185,186. 

The spread of values reported in the literature is likely attributable to the use of different 

experimental protocols and a distribution of values around a population mean. Similarly, the 

difference in EC50 values from Figure 3.4 and Figure 3.7 is likely the product of different 

experimental protocols and expected natural variation.  

The IF-based assay fulfilled many of the criteria of an ideal screening assay outlined in the 

introduction of chapter 3 (Table 3.1). In particular, reliable automated quantification of RSV-

infected cells by the Operetta HCIS minimized user input reducing the opportunity for user errors 

or bias. The start-to-finish time of this assay only required 72 hours of incubation time, versus the 

6 to 7 days required in CPE-based assays 170,188,189. The IF-based assay identified the antiviral 

activity of ribavirin against RSV and produced an EC50 value that agreed with literature values. As 

the IF assay measured the production of viable RSV progeny, it was expected to have the capacity 

to identify inhibitors that target any component of the viral life cycle. Finally, the IF assay directly 

identified RSV-infected cells, and therefore did not assume that CPE was representative of viral 

replication. This assumption is inherent to the CPE-based screening assays published previously 

170,186,188,189. 
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Figure 3.6. Detection of RSV infected cells by IF is superior to detection by blue spot 

immunostaining. 1HAEo- cells were infected with RSV for 48 hours and blue spot 

immunostained (A-D) or stained via IF (E). Issues with blue spot immunostaining included debris 

(directly below * in panel (A)), monolayer damage (highlighted by * in panel B), and a tendency 

for blue staining to develop at a different rate between wells (panel C versus panel D). When RSV-

infected HeLa cells were identified via IF a strong signal from RSV-infected cells (red) was 
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observed (E – left panel) and minimal background signal was observed in mock infected cells (E 

– right panel). Cell nuclei are counterstained with DAPI (blue).  

 

 
Figure 3.7. Concentration-dependent inhibition of RSV progeny production by ribavirin. 

RSV progeny production (filled circles) in ribavirin-treated wells are presented as a percentage 

after normalizing to untreated wells, wherein the mean of the latter was set as 100% progeny 

production. Likewise, cell viability values (open circles) of ribavirin-treated wells were normalized 

to the mean of untreated wells (set as 100% cell viability). 1HAEo- cells were infected with RSV 

at an MOI of 1 and treated with ribavirin. At 48 hpi progeny virus was collected and transferred to 

HeLa cells. Fresh media was replaced onto HeLa cells at 2 hpi. At 24 hpi RSV-infected HeLa cells 

were quantified via the IF-assay. An MTT assay was completed in parallel to measure cytotoxicity. 

Data represent three biological replicates from one experiment; error bars represent standard 

deviation. Three independent experiments were completed and provided similar results; data from 

one of the three experiments is shown.  
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Table 3.1. Comparison of protocols for detecting RSV-antiviral compounds. 
Method Requirement 

for user 

input 

Rapid 

(assay 

duration) 

Identify 

known 

antivirals 

Cytotoxicity 

measured 

All viral 

replication 

steps 

Directly 

assay viral 

replication 

Scaled 

for 

HTS 

Previously 

published 

methods 

       

Subgenomic 

replicon-

based assay 

Intermediate 3 days Y Y RdRp 

inhibitors 

only 

No; relies 

on signal 

from 

replicon 

Y 

Cell culture-

based assays 

Low 6-7 days Y Y Y No; relies 

on CPE 

Y 

Methods 

investigated in 

thesis 

       

Replication 

complex 

analysis 

Very high 6 h Y N Entry and 

RdRp 

inhibitors 

only 

No; relies 

on reporter 

expression 

N 

Blue spot 

assay 

(manual) 

Very high 24 h Y N All steps 

except 

egress and 

progeny 

viability 

Y N 

Blue spot 

assay 

(automated) 

High 24 h Y Y All steps 

except 

egress and 

progeny 

viability 

Y N 

Progeny 

detection 

(blue spot 

assay) 

High 72 h Y Y Y0 Y N 

Progeny 

detection 

(operetta 

HCIS) 

Low 72 h Y Y Y Y N 

Abbreviations: Cytopathic effect (CPE); High content imaging system (HCIS); High throughput screen (HTS); 

No (N); RNA dependent RNA polymerase (RdRp); Yes (Y) 

 

3.2.3.2. Concentration-dependent effect of 5-fluorocytidine on RSV progeny production and 

cytotoxicity 

5-FC inhibited the formation of RSV foci of infection in a 1HAEo- monolayer during a 24-hour 

infection in a concentration-dependent manner and inhibited RSV progeny production during a 

48-hour infection at a single concentration (Figure 3.5). However, cytotoxicity was not assayed 

when the affect of 5-FC on RSV progeny production was measured during this 48-hour incubation. 

As I had previously observed 5-FC to inhibit RSV foci in a concentration-dependent manner, I 

expected that 5-FC would also inhibit RSV progeny production in a concentration-dependent 



79 

manner. The cytotoxicity of 5-FC was also measured during this 48-hour incubation. 5-FC 

inhibited RSV progeny production with an EC50 of 62.9 µM, however, cytotoxicity was substantial 

with a CC50 of 1.6 µM. The resultant CC50 to EC50 ratio (known as the therapeutic index) was less 

than 1 (Figure 3.8). These results suggested that the antiviral effects of 5-FC were mediated by 

cytotoxicity against the host cell and 5-FC was not pursued further.  

 

Figure 3.8. Cytotoxicity mirrors antiviral activity of 5-FC during 48-hour infection. RSV 

progeny production (filled circles) in 5-FC-treated wells are presented as a percentage after 

normalizing to untreated wells, wherein the mean of the latter was set as 100% progeny production. 

Likewise, cell viability values (open circles) of 5-FC-treated wells were normalized to the mean 

of untreated wells (set as 100% cell viability). 1HAEo- cells were infected with RSV at an MOI 

of 1 and treated with 5-FC. At 2 hpi the culture media was refreshed to prevent carry-over of 

inoculum virus into progeny virus. 5-FC was maintained on 1HAEo- cells throughout infection. 

Progeny RSV was collected at 48 hpi and transferred onto HeLa cells. At 2hpi the media on HeLa 

cells was refreshed. An MTT assay was completed in parallel on cells incubated with 5-FC for 48 

hours. At 24 hpi RSV-infected HeLa cells were quantified via the IF-assay. Results represent four 

biological replicates; error bars represent standard deviation. Two independent experiments were 

completed and provided similar results; data from one of two experiments is shown.   

3.2.3.3. Inhibition of RSV replication by cytarabine 

With the IF-based RSV-antiviral discovery protocol established, candidate nucleoside analogues 

for screening were sought out. Nucleoside analogues having both anti-tumor and antiviral 

properties have been described previously. For example, cidofovir is approved for the treatment 

of CMV retinitis and reports have found cidofovir induces apoptosis in glioblastoma cells in tissue 

culture 325, is beneficial as an augment to therapy for recurrent respiratory papillomatosis 326, and 

may clear basal cell carcinoma lesions 327. Cytarabine and gemcitabine are two anti-metabolite 

chemotherapeutic nucleoside analogues that have been in clinical use for decades 318,328. As such 
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the pharmacokinetics, bioavailability, and side effects of these compounds are well characterized 

318,328,329. Thus, these compounds provide good candidates for screening for antiviral activity 

against RSV. Cytarabine and gemcitabine have also previously been observed to inhibit RSV 

RdRp in vitro 330. Given the in vitro inhibition of RSV RdRp observed previously, I hypothesized 

that the addition of cytarabine or gemcitabine to culture media would inhibit the production of 

RSV progeny in infected 1HAEo- cells. To test this hypothesis 1HAEo- cells were infected with 

RSV and treated with cytarabine or gemcitabine. Following a 48-hour infection progeny RSV was 

collected and transferred to HeLa cells. Media containing progeny RSV and gemcitabine or 

cytarabine was transferred onto HeLa cells without dilution. The assumption was made that 

compounds that did not cause cytotoxicity during the 48-hour incubation in 1HAEo- cells would 

not adversely alter HeLa cell viability during a 2-hour incubation. Conversely, if cytotoxicity was 

observed in 1HAEo- cells then compounds would not be pursued further and cytotoxicity caused 

during the 2-hour incubation in HeLa cells would not be relevant. Therefore, the affect of 

cytarabine or gemcitabine on HeLa cell viability was not assayed by MTT assay. No evidence of 

gross cytotoxicity was observed in HeLa cell monolayers during imaging with the Operetta HCIS. 

Fresh media was replaced onto HeLa cells at 2 hpi to mitigate antiviral affects and enable RSV 

progeny to replicate unencumbered in HeLa cells. At 24 hpi HeLa cells were fixed and RSV-

infected cells were counted via the Operetta HCIS. To assay cytotoxicity in 1HAEo- cells, 1HAEo- 

cells were incubated with cytarabine or gemcitabine for 48 hours and cell viability was measured 

via MTT assay. 

Following treatment of RSV-infected 1HAEo- cells with cytarabine, EC50 and CC50 values of 5.9 

µM and 127.3 µM were obtained, respectively (Figure 3.9). This yielded a therapeutic index of 

21.6, supporting the hypothesis that cytarabine inhibits RSV progeny production in cell culture. 

These results are consistent with in vitro experimentation that found cytarabine inhibits RSV 

RdRp. The large therapeutic index suggests cytarabine inhibits RSV RdRp at concentrations below 

those at which host cellular processes are inhibited. As a general rule, compounds with a 

therapeutic index greater than 10 are considered hits which may be further developed into lead 

compounds. Therefore, these results suggest cytarabine offers a starting point for RSV antiviral 

development. Given the possible severe side effects of cytarabine treatment, structural 

modifications which reduce toxicity and increase antiviral activity will be required for cytarabine 

to realize clinical potential as an RSV antiviral.  



81 

Gemcitabine is used for the treatment of ovarian cancer, colon cancer, bladder cancer, non-small 

cell lung cancer, pancreatic cancer, and breast cancer [reviewed in 328]. Following phosphorylation 

by host kinases, gemcitabine inhibits ribonucleotide reductase, DNA polymerase, and DNA 

synthesis.  Significant cytotoxicity was observed with gemcitabine at concentrations where RSV 

progeny production was only moderately reduced (Figure 3.9). These results suggest that 

gemcitabine does not hold potential as an antiviral against RSV. At a gemcitabine concentration 

of 0.03 µM, the lowest concentration tested, gemcitabine reduced 1HAEo- cell viability to 46.5% 

of untreated control wells. At this concentration of gemcitabine RSV progeny production was only 

reduced to 80.2% of untreated RSV-infected control wells. This result suggests that inducing 

moderate cytotoxicity does not necessarily halt RSV progeny production. This suggests that 

compounds that reduce RSV progeny production in the absence of cytotoxicity must target a viral 

process or host cell process important to the viral life cycle. By extension, this suggests that 

antiviral compounds identified through this protocol, such as ribavirin and cytarabine, produce an 

antiviral effect through interfering with the RSV life cycle and not by reducing the viability of the 

host cell. 

 

Figure 3.9. Cytarabine, but not gemcitabine, inhibits RSV replication at non-cytotoxic 

concentrations. 1HAEo- cells were infected with RSV at an MOI of 1 and treated with cytarabine 

or gemcitabine. RSV progeny production (filled circles) in respective nucleoside analogue-treated 

wells are presented as a percentage after normalizing to untreated wells, wherein the mean of the 

latter was set as 100% progeny production. Likewise, cell viability values (open circles) of 

nucleoside analogue-treated wells were normalized to the mean of untreated wells (set as 100% 

cell viability). At 2 hpi the culture media was refreshed to prevent carry-over of inoculum virus 

into progeny virus. Nucleoside analogues were maintained on 1HAEo- cells throughout the 

infection. Progeny RSV was collected at 48 hpi and transferred onto HeLa cells. The media on 
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HeLa cells was replaced at 2 hpi; at 24 hpi RSV-infected HeLa cells were quantified via the IF-

assay. Cell viability was measured in parallel via MTT assay. Results represent three biological 

replicates from one independent experiment. Two independent experiments were completed and 

provided similar results, data from one of two experiments is shown error bars represent standard 

deviation.  

3.3. Discussion 

Despite a decades long search, an efficacious antiviral drug for the treatment of RSV infection has 

not been discovered. To address the substantial burden of disease imposed by RSV, I set out to 

develop a protocol which could rapidly identify compounds with antiviral activity against RSV. 

As this protocol advanced through successive strategies a collection of nucleoside analogues were 

tested for antiviral activity against RSV. A total of ten nucleoside analogues were screened for 

antiviral activity against RSV. Screening a larger collection of nucleoside analogues would have 

been preferred. While such libraries exist, none were able to be accessed. Owing to the challenging 

and costly process necessary to synthesize these compounds, libraries of nucleoside analogues are 

held tightly and not widely shared. 

The first protocol utilized confocal microscopy, immunofluorescence, and a recombinant RSV-

GFP strain to rapidly identify RSV replication complexes. RSV replication complexes were 

identified as early as 6 hpi and a reduction in the size of RSV replication complexes in cells treated 

with ribavirin was observed. However, technical limitations reduced the practicality of this 

approach. Specifically, the fluorescent signal produced by replication complexes at 6 hpi was weak 

and required careful analysis to detect. This limitation would severely hamper the scalability of 

this protocol for high throughput screening, therefore, this protocol was not pursued further. 

The next protocol developed to identify RSV antiviral compounds incorporated blue spot 

immunostaining to identify RSV foci of infection. This protocol was optimized to incorporate 

automated RSV-foci detection by the EliSpot plate reader. This novel approach to RSV-antiviral 

screening had not been explored previously. RSV foci of infection could be detected and quantified 

as early as 24 hpi. This protocol initially focussed on infection in the initially infected 1HAEo- 

cell monolayer. Therefore, this assay would not be able to identify compounds that inhibited egress 

or reduced the infectivity of progeny virus. It is important to consider inhibitors that target 

processes occurring late in the RSV life cycle or reduce progeny infectivity as RSV-antiviral 

compounds have already been described which function through this mechanism. Namely, RSV-

604 reduces the infectivity of progeny RSV 78. Therefore, the production of infectious RSV 
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progeny was measured as this offered an unbiased examination of compounds that could target 

any step of the viral replication cycle. To measure infectious RSV progeny production, the blue 

spot immunoassay protocol was adapted so that after a 48-hour infection in 1HAEo- cells, progeny 

RSV were collected and inoculated onto HeLa cells which are highly susceptible to RSV infection.  

In the final iteration of establishing a robust RSV-antiviral screening campaign, the protocol was 

adapted to utilize IF and the Operetta HCIS. The IF protocol had many advantages (Table 3.1); 

variability in staining was reduced as enzymatic development of a colourimetric substrate was not 

required, cellular debris was not erroneously added to the count of infected cells, and the greater 

signal-to-noise ratio of infected cells over background staining allowed for reliable automated foci 

detection. Given these advantages, this protocol offered adequate capacity to screen compounds 

for RSV-antiviral activity. The IF-based screening protocol was subsequently utilized to screen 

bis(indole) compounds for RSV-antiviral activity (chapter four).  

The IF-based screening assay also had advantages in contrast to previously established 

subgenomic replicon-based assays or CPE-based assays (Table 3.1). The IF-based screening assay 

had the capacity to identify compounds that inhibited any step in the RSV life cycle. This provided 

an advantage versus subgenomic replicon-based assays, which could only identify RSV RdRp 

inhibitors. The IF-assay did not rely on the assumption that CPE is representative of RSV 

replication, which offered an advantage over CPE-based screening assays that make this 

assumption. An important caveat to these advantages, however, is that a subgenomic replicon-

based screening assay and various CPE-based screening assays have been successfully scaled to 

enable screening of libraries containing millions of small molecule compounds. An important 

future direction for the IF-based screening assay described in this chapter will be determining if 

this assay can be scaled to screen libraries of this size, if such libraries become available.  

The study of nucleoside analogues in the context of antiviral drug research has led to many 

therapeutic discoveries. Given this history, in this chapter a panel of nucleoside analogues was 

selected for screening against RSV. This panel included 2-iodoadenosine, 5-bromouridine, N4-

benzoylcitidine, 5-FC, loxoribine, cytarabine, and gemcitabine. These compounds had not 

previously been tested for antiviral activity against RSV. EC50 and CC50 values were established 

for nucleoside analogues to describe their respective RSV-antiviral activity and cytotoxicity. The 

therapeutic index was then derived by division of the CC50 by the EC50. Results obtained with the 
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chemotherapeutic nucleoside analogue gemcitabine offer a baseline point of reference for 

interpreting therapeutic indices obtained through this protocol. Gemcitabine drastically reduced 

cell viability in 1HAEo- cells, however, progeny RSV was still produced resulting in a therapeutic 

index of less than 1. This result suggests that inducing cytotoxicity is not sufficient for preventing 

RSV progeny production and compounds with a therapeutic index of 1 or greater are producing an 

antiviral effect. This point of reference is useful towards interpreting the antiviral activity of 

compounds identified by the IF screening assay. Another point of reference is that screening 

campaigns typically define a “hit” worthy of lead optimization as having a therapeutic index of 10 

or greater 194,197.   

The nucleoside analogue 5-FC initially showed promise; at 24 hpi 5-FC reduced RSV replication 

in 1HAEo- cells and at 48 hpi RSV progeny production was reduced. However, when cells were 

incubated with 5-FC for 48 hours considerable cytotoxicity was observed and a therapeutic index 

of less than 1 was observed. Considering these results 5-FC was not pursued further.  

In this chapter, one nucleoside analogue with antiviral activity against RSV was identified. The 

chemotherapeutic nucleoside analogue cytarabine inhibited RSV progeny production with an EC50 

of 5.9 µM and CC50 of 127.3 µM yielding a therapeutic index of 21.6. Cytarabine was originally 

isolated from the sponge Cryptotethia crypta in 1955 and went on to become essential to the 

treatment of acute myeloid leukemia (AML) 318. The inclusion of cytarabine for the treatment 

regimen of AML has remained largely unchanged for forty years. Cytarabine is also used in the 

treatment of acute lymphoblastic leukemia and non-Hodgkin’s lymphoma 329. The antineoplastic 

mechanism of action of cytarabine is well defined; cytarabine is incorporated into DNA resulting 

in DNA damage that inhibits DNA synthesis 318. The side effects of cytarabine are also well 

understood. At high chemotherapeutic doses used to treat cancer side effects may be severe or 

even life threatening 331. As RSV infection is typically self-limiting it is unlikely treatment with 

cytarabine would be clinically worthwhile. Nonetheless, the therapeutic index of cytarabine was 

well above the threshold of 10 used to define hits. As such, it would be worthwhile to produce and 

screen cytarabine analogues in a campaign towards developing novel RSV antivirals. 

The TLR7 agonist and nucleoside analogue loxoribine was screened for antiviral activity against 

RSV. I hypothesized that loxoribine may interfere with RSV replication through stimulation of the 

host immune response or through nucleoside analogue-associated mechanisms of action such as 
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mutagenesis or chain termination. In preliminary experiments treatment of cells with loxoribine 

resulted in darker staining foci of infection suggesting increased RSV replication. Measuring RSV 

progeny production following treatment with loxoribine enabled quantification of this observation 

and treatment with loxoribine increased RSV progeny production. This unexpected result is 

pursued in chapter five. 

Having established this screening protocol, I began seeking other libraries of compounds to screen 

for antiviral activity against RSV. In the following chapter I will describe the discovery of antiviral 

activity of bis(indole) compounds against RSV, synthesis of novel bis(indole) compounds with 

improved therapeutic indices, and the antiviral mechanism of action for these compounds. 
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Chapter 4: Inhibition of RSV replication by bis(indole) compounds 

4.1. Introduction 

Millions of compounds have been screened for antiviral activity against RSV in high throughput 

screens and a small handful of these compounds have entered clinical trials (Table 1.1). Despite 

these RSV antiviral drug discovery campaigns spanning decades, no efficacious antivirals have 

entered the market. The absence of efficacious RSV antivirals in the clinic highlights the need for 

creative efforts to identify novel chemical entities with antiviral activity against RSV. Bis(indole) 

compounds present an exciting avenue for antiviral research. These compounds were inspired by 

Isatis indigotica Fort. (Cruciferae), the roots and leaves of which have been used in Chinese herbal 

remedies to treat viral pneumonia, influenza, mumps, and hepatitis 297. Isatisine A was previously 

isolated from I. indigotica and modest antiviral activity was observed. Bis(indole) adducts were 

synthesized to share a high degree of structural similarity with Isatisine A (Figure 4.1).  

Compounds being developed as potential therapeutics should obey the Lipinski Rule of Five 

criteria. The Lipinski criteria originate from the field of medicinal chemistry and recommend that 

molecular weight not exceed 500 g/mol, hydrogen-bond donors not exceed 5, hydrogen-bond 

acceptors not exceed 10, and partition coefficient (a measure of lipophilicity referred to as Log P) 

not exceed 5 332. If a compound violates two rules of the Lipinski criteria it will likely be too large, 

too polar, or too lipophilic to be well absorbed orally reducing clinical potential. It is also unlikely 

such a compound will be able to permeate the cell membrane. In the absence of diffusion across 

the cell membrane compounds must rely on transporter proteins for uptake. The likelihood of 

uptake by transporter proteins for randomly synthesized small molecules is low. Therefore, 

obeying the Lipinski criteria increases the chances that small molecules will be biologically 

available and have favourable ADME qualities. Underpinning of the Lipinski rules is the 

observation that compounds violating two of these rules have a high attrition rates during clinical 

trials. Conversely, clinically approved compounds typically obey these criteria 332. Bis(indole) 

compounds obey at least three of these four requirements; bis(indole) compounds have a molecular 

weight of 300-400 g/mol, have only 2 hydrogen bond donors and have only 4-5 hydrogen bond 

acceptors (Figure 4.1). The Log P of bis(indole) compounds has not yet been established. 
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Figure 4.1. Chemical structure of Isatisine A and bis(indole) parent structure. Adapted from 

B. Atienza and L. Jensen et al, 313. 

Another advantage of pursuing bis(indole) compounds is they are readily amenable to structural 

modification via dual catalytic metallocarbene-azide cascade chemistry 313. This synthesis strategy 

produced high yields of bis(indole) adducts under ambient conditions. Access to libraries of related 

bis(indole) compounds offers the opportunity to investigate Structure Activity Relationships 

(SAR) so that compounds with improved therapeutic profiles may be engineered.  

The aim of chapter four was to investigate bis(indole) compounds for RSV-antiviral activity. 

Bis(indole) compounds were investigated using the IF-based screening assay established in chapter 

three and bis(indole) compounds with antiviral activity against RSV were identified. These results 

were used to guide the synthesis of new bis(indole) adducts yielding compounds with improved 

therapeutic indices. The goal of this screening effort was to identify “hit” compounds with a 

therapeutic index of 10 or greater. This opens the door to collaborations with medicinial chemists 

to translate hits into lead compounds. This research program identified one hit against RSV, Br02 

OMe, which reduced RSV replication with an EC50 below 10 µM and a therapeutic index greater 

than 10. 

4.2. Results 

4.2.1. Identifying the antiviral activity of bis(indole) compounds against RSV 

Bis(indole) compounds were attractive candidates for antiviral development as they are amenable 

to structural modification and obey the medicinal chemistry Lipinski criteria. Furthermore, 

bis(indole) compounds are structurally similar to Isatisine A, a naturally available compound with 

modest antiviral activities. I hypothesized that if bis(indole) compounds were added to culture 

media during infection then RSV progeny production would be inhibited. The IF screening 
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protocol developed in chapter three was utilized to test this hypothesis. A novel series of 

bis(indole) compounds was screened at 10 µM using the protocol described above. Phe01 reduced 

the production of RSV progeny virus, however, considerable cytotoxicity was observed. Bis-10 

and Me02 were not biologically active, having little affect on cell viability or RSV progeny 

production. A variety of compounds, including Bis-0, -2, -5, -8, -9, -11, and Cl02, offered support 

to the hypothesis that bis(indole) compounds could inhibit RSV replication (Figure 4.2). These 

compounds significantly reduced RSV progeny production with limited or no impact on cell 

viability. Cl02 was the most promising of these compounds as the reduction in progeny production 

was comparable to ribavirin treatment. I hypothesized that Cl02 would inhibit RSV progeny 

production in a concentration-dependent manner. Cl01 is structurally similar to Cl02 yet did not 

reduce RSV progeny production in the initial screen at 10 µM. To gain insight into the 

consequences of subtle differences to the molecular structure of bis(indole) compounds Cl01 was 

also investigated in a concentration-response assay. Cl01 did not have an antiviral effect as the 

cytotoxic effect of Cl01 closely mirrored the reduction in RSV progeny production. Conversely, 

Cl02 reduced RSV progeny production with an EC50 of 9.0 µM (Figure 4.3). Treatment with Cl02 

also produced a modest reduction in cell viability with a CC50 value of 37.4 µM. These results 

yielded a therapeutic index of 4.1. These results supported the hypothesis that bis(indole) 

compounds could exert antiviral activity against RSV. This success with Cl02 was used to guide 

the synthesis of a related series of compounds with structural similarity to Cl02. 
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Figure 4.2. Bis(indole) compounds, notably Cl02, reduce RSV progeny production in the 

absence of cytotoxicity at 10 µM. RSV progeny production in bis(indole)-treated wells are 

presented as a percentage after normalizing to untreated wells, wherein the mean of the latter was 

set as 100% progeny production. Likewise, cell viability values of bis(indole)-treated wells were 

normalized to the mean of untreated wells (set as 100% cell viability). 1HAEo- cells were infected 

with RSV at an MOI of 1. At 2 hpi media was refreshed to prevent carry-over of inoculum virus. 

Progeny RSV was collected and transferred to HeLa cells at 48 hpi. At 24 hpi RSV-infected HeLa 

cells were quantified using the IF-assay. Cell viability was measured by MTT assay. Results 

represent two biological replicates in a single experiment. A total of three independent experiments 

were performed and provided similar results. Error bars represent standard deviation. Prior to 

normalization results were analyzed by one way ANOVA with Bonferroni’s post-test to compare 

treatment groups to respective untreated control groups; P < 0.05 (*). 

 

Figure 4.3. Cl02 reduces RSV progeny production in a concentration-dependent manner. 
RSV progeny production (filled circles) in bis(indole)-treated wells are presented as a percentage 

after normalizing to untreated wells, wherein the mean of the latter was set as 100% progeny 

production. Likewise, cell viability values (open circles) of bis(indole)-treated wells were 
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normalized to the mean of untreated wells (set as 100% cell viability). 1HAEo- cells were infected 

with RSV at an MOI of 1. At 2 hpi media was refreshed to prevent carry-over of inoculum virus 

and Cl01 or Cl02 were added to cell culture media. RSV progeny was collected and transferred to 

HeLa cells at 48 hpi. At 24 hpi RSV-infected HeLa cells were quantified via the IF-assay. Cell 

viability was measured by MTT assay. Data represent three biological replicates from one 

experiment. Three independent experiments were completed and provided similar results, data 

from one experiment is shown.   Error bars represent standard deviation.  

4.2.1.1. Investigation of Structure-Activity Relationship (SAR) of  bis(indole) compounds  

Bis(indole) compounds are highly amenable to structural modification. This trait was exploited 

following the confirmation of the antiviral activity of Cl02 against RSV. To explore the activity 

of related bis(indole) compounds the chlorine halogen group of Cl02 was replaced with bromine 

to yield Br02. Cl02 and Br02 were also synthesized with the addition of a methyl group (OMe) 

(Figure 4.4). Small structural changes can substantially alter the activity of antiviral compounds. 

Lumicitabine is a nucleoside analogue that causes chain termination of RSV transcripts yet has no 

activity against HCV 76. However, the removal of a 2’F or 4’ClCH2 group from lumicitabine 

confers activity against HCV. A reduction in Cl02 cytotoxicity was desirable given the relatively 

modest therapeutic window observed with Cl02. I hypothesized that small structural modifications 

to Cl02 would alter its cytotoxic profile. To test this hypothesis Cl02-derived compounds were 

incubated on 1HAEo- cell monolayers for 48 hours and cytotoxicity was measured by MTT assay. 

The halogen substitution of bromine for chlorine had a modest non-significant effect on CC50 

values.  A statistically significant increase in CC50 values was observed with the addition of the 

methyl groups to Cl02 or Br02. Cl02 was observed to have a CC50 value of 40.2 µM. Cl02 OMe, 

produced through the addition of a methyl group to Cl02, had a statistically significant increase in 

its CC50 value to 56.4µM (P < 0.001) (Figure 4.5). Likewise, the addition of a methyl group to 

Br02 to produce Br02 OMe resulted in a statistically significant increase in the CC50 value from 

42.6 µM to 70.1 µM (P < 0.001). These results support the conclusion that the addition of a methyl 

group to Cl02, or the Cl02-inspired compound Br02, improved how well the host cell tolerates 

bis(indole) compounds. These results also supported the conclusion that small structural changes 

to bis(indole) compounds could have significant effects on their biological activity. Cl02 and Br02 

were further modified to incorporate the addition of fluorine or chlorine groups (Figure 4.4). An 

important question remained, how did structural modification alter the antiviral activity of Cl02-

inspired bis(indole) compounds? To address this question Cl02-inspired bis(indole) compounds 

were screened for antiviral activity at 10 µM. An unrelated novel collection of bis(indole) 
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compounds were additionally included in this screen. The results of this IF screen were 

encouraging as Cl02-derived compounds consistently significantly reduced RSV progeny 

production (Figure 4.6). Br02 OMe demonstrated the largest reduction in RSV progeny 

production. None of the Cl02-inspired bis(indole) compounds produced a statistically significant 

reduction in cell viability.  

 

Figure 4.4. The chemical structure of Cl02 and Cl02-derived compounds. Halogen atoms and 

methyl (OMe) groups were substituted at the indicated side chain (R1 or R2) positions.  

 

 

Figure 4.5. The addition of a methyl group reduces bis(indole) cytotoxicity. Cell viability 

values of bis(indole)-treated wells were normalized to the mean of untreated wells (set as 100% 

cell viability). Cell viability of 1HAEo- cells was measured via MTT assay during a 48-hour 

incubation with the compounds. Each point represents six biological replicates within a single 

experiment. Three independent experiments were completed and provided similar results, data 
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from one experiment is shown. Error bars represent standard deviation. Data were analyzed by 

nonlinear regression. A sum-of-squares F test was completed to test the null hypothesis that CC50 

values were equal for Cl02 versus Cl02 OMe (left) and Br02 versus Br02 OMe (right), P values 

are provided. 

 

Figure 4.6. Bis(indole) compounds derived from Cl02 reduce RSV progeny production at 10 

µM. RSV progeny production in bis(indole)-treated wells are presented as a percentage after 

normalizing to untreated wells, wherein the mean of the latter was set as 100% progeny production. 

Likewise, cell viability values of bis(indole)-treated wells were normalized to the mean of 

untreated wells (set as 100% cell viability). 1HAEo- cells were infected with RSV at an MOI of 

1. At 2 hpi media was refreshed to prevent carry-over of inoculum virus. Progeny RSV was 

collected and transferred to HeLa cells at 48 hpi. At 24 hpi RSV-infected HeLa cells were 

quantified via the IF-assay. Cell viability was measured by MTT assay. Results represent three 

biological replicates in a single experiment and error bars represent standard deviation. Two 

independent experiments were completed and provided similar results, data from one of two 

experiments is shown.  Prior to normalization results were analyzed by one way ANOVA with 

Bonferroni’s post-test to compare treatment groups to respective untreated control groups; (*) 

represents P < 0.05. 

With the exception of CAM04, compounds unrelated to Cl02 did not produce a significant 

reduction in RSV progeny production in the absence of cytotoxicity (Figure 4.6). Br02 OMe 

emerged as a promising compound as it provided the greatest reduction in RSV progeny 

production in the absence of cytotoxicity. A concentration-response experiment was completed to 

assay the antiviral activity and therapeutic index of Br02 OMe. In concentration-response 

experiments the antiviral activity of Br02 OMe was largely unchanged; an EC50 value of 9.0 µM 

was observed for Cl02 (Figure 4.3) and an EC50 value of 7.6 µM was observed for Br02 OMe 

(Figure 4.7). The CC50 value for Cl02 was previously observed to be 37.4 µM (Figure 4.3) 
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producing a therapeutic index of 4.1. The CC50 value of Br02 OMe was 93.5 µM. The improved 

cytotoxicity profile obtained though structural modifications to Cl02 yielding Br02 OMe resulted 

in an improvement of the therapeutic index from 4.1 to 12.3.  

 

Figure 4.7. Br02 OMe reduces RSV progeny production. RSV progeny production (filled 

circles) in Br02 OMe-treated wells are presented as a percentage after normalizing to untreated 

wells, wherein the mean of the latter was set as 100% progeny production. Likewise, cell viability 

values (open circles) of Br02 OMe-treated wells were normalized to the mean of untreated wells 

(set as 100% cell viability). 1HAEo- cells were infected with RSV at an MOI of 1. At 2 hpi media 

was refreshed to prevent carry-over of inoculum virus and Br02 OMe was added to cell culture 

media. RSV progeny was collected and transferred to HeLa cells at 48 hpi. At 24 hpi RSV-infected 

HeLa cells were quantified using the IF-assay. Cell viability was measured by MTT assay. Data 

represent three biological replicates from one experiment; three independent experiments were 

completed and provided similar results, data from one of two experiments is shown. Error bars 

represent standard deviation. 

A novel collection of amino acid-conjugated bis(indole) compounds, that were unrelated to Cl02, 

were also investigated for antiviral activity against RSV. Briefly, four amino acid-conjugated 

bis(indole) compounds were added to culture media over a range of concentrations from 30 nM 

to 100 µM.  1HAEo- cells were infected with RSV at an MOI of 1. To prevent carry over of 

inoculum virus into progeny RSV, fresh compound containing-media was replaced onto cells at 

2 hpi. At 48 hpi progeny virus was transferred onto HeLa cells; at 24 hpi HeLa cells were fixed, 

immunostained, and RSV infected cells quantified via the IF-assay. Separately, 1HAEo- cells 

were incubated with bis(indole) compounds in parallel to monitor cytotoxicity by MTT assay. As 

other bis(indole) compounds had previously demonstrated antiviral activity against RSV I 

hypothesized that these compounds would inhibit RSV progeny production in a concentration-
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dependent manner. However, the amino acid-conjugated bis(indole) compounds did not inhibit 

RSV replication (Figure 4.8). These results suggest RSV is recalcitrant to the amino acid-

conjugated bis(indole) compounds. With the exception of Bis-Tryptophan, which reduced cell 

viability in a concentration-dependent manner, these compounds did not elicit a reduction in cell 

viability. Given the absence of antiviral activity amino acid-conjugated bis(indole) compounds 

were not explored further. 

 

Figure 4.8. Amino acid-conjugated bis(indole) compounds do not inhibit RSV progeny 

production. RSV progeny production (filled circles) in compound-treated wells are presented as 

a percentage after normalizing to untreated wells, wherein the mean of the latter was set as 100% 

progeny production. Likewise, cell viability values (open circles) of compound-treated wells were 

normalized to the mean of untreated wells (set as 100% cell viability). 1HAEo- cells were infected 

with RSV at an MOI of 1. At 2 hpi media was refreshed to prevent carry-over of inoculum virus. 

RSV progeny was collected and transferred to HeLa cells at 48 hpi. At 24 hpi, RSV-infected HeLa 

cells were quantified using the IF-assay. Cell viability was measured by MTT assay. Data represent 
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three biological replicates from one independent experiment and error bars represent standard 

deviation.  

These results suggest amino acid-conjugated bis(indole) compounds do not inhibit RSV 

replication. An important future direction will be continued structural modifications to Cl02-

inspired bis(indole) compounds to improve antiviral activity against RSV. The next aim of chapter 

four was to characterize the antiviral mechanism of action of Cl02 and Cl02-inspired bis(indole) 

compounds. 

4.2.2. Characterizing the mechanism of inhibition of bis(indole) compounds 

Many RSV antiviral compounds inhibit viral entry through blocking fusion, including palivizumab 

155, GS-5806 205, ALX-0171 215, MDT 637 218, BMS-433771 219 and TMC-353121 220. The 

remaining RSV antivirals target viral transcription. The majority of these compounds target RSV-

L, the RdRp subunit responsible for catalyzing nucleotide polymerization. RSV-L targeting 

compounds included lumicitabine 212, BI-D 213, PC786 196, YM-53403 77, BCX-4430 222, GS-5734 

221, and AZ-27 195. Alternatively, RSV604 inhibits RSV transcription by binding RSV-N. 

Collectively, RSV antivirals have been described which target a variety of processes essential to 

RSV replication. Theoretically, it also remains possible that novel RSV antiviral compounds will 

be discovered which target other essential processes in the RSV life cycle.  

It is important to characterize the mechanism of action of antiviral compounds. This understanding 

may help predict how antiviral resistance could evolve, is necessary for clinical licensing, helps 

establish intellectual property rights, and is worth pursuing simply to satisfy scientific curiosity. 

An in vitro viral transcription assay was completed to help elucidate the mechanism of action of 

bis(indole) compounds. RSV was also serial passaged in the presence of bis(indole) compounds 

to develop resistant RSV escape mutants.  

4.2.2.1. In vitro viral transcription assay 

In the IF-protocol used to identify bis(indole) compounds with RSV-antiviral activity, Cl02 

inhibited RSV progeny production in a concentration-dependent manner. The antiviral activity of 

Cl02 was not lost when Cl02 was added at 2 hpi (Figure 4.5). This result suggested that Cl02 was 

not a fusion inhibitor and did not inhibit RSV entry into the cell. I hypothesized that Cl02 inhibited 

RSV progeny production through interfering with the RSV RdRp complex. To test this hypothesis 

an in vitro viral transcription assay, described previously 195,316, was performed. Briefly, RSV-
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infected HEp-2 cells were lysed and cell lysate was added to an in vitro transcription reaction 

mixture. This mixture contained actinomycin D to inhibit cellular polymerases from transcribing 

mRNA and contained α 32-P uridine triphosphate. During transcription incorporation of α 32-P 

into the phosphodiester RNA backbone radiolabeled RNA transcripts. To test the hypothesis that 

Cl02 targeted the RSV RdRp, Cl02 was added to the in vitro transcription reaction mixture. 

Following the reaction, viral transcripts were separated by electrophoresis on a 4% acrylamide 7 

M urea gel. After separation of transcripts gels were dried for 2 hours at 80 °C and transferred into 

a cassette containing a phosphor screen for autoradiography imaging.  

In the mock RSV infection-lysate lane no bands were observed confirming inhibition of cellular 

transcription by actinomycin D (Figure 4.9a). Bands of the expected migration pattern were 

observed in the untreated RSV infection-lysate lane.  Band intensity was slightly reduced by 

increasing concentrations of Cl01. Cl02 reduced the intensity of bands in a concentration-

dependent manner to a greater extent. This result was not unexpected, given the structural 

similarity of Cl01 and Cl02. These results suggest that both Cl01 and Cl02 interfered with RSV 

viral transcription (Figure 4.9a). A total of four experimental replicates were produced. The RSV-

F and RSV-NS2 bands were quantified through densitometry as the intensity of these bands were 

representative of the intensity of all bands within each treatment group. The RSV-F and RSV-NS2 

bands from each treatment group were then normalized to the respective RSV-F or RSV-NS2 bands 

in the untreated RSV-infected control lanes. These results indicated increasing Cl01 and increasing 

Cl02 concentrations significantly reduced the production of RSV mRNA transcripts (Figure 4.9b). 

This result supports the conclusion that bis(indole) compounds target the RSV RdRp complex. It 

is important to note that a limitation of this assay is that it does not reveal which component of the 

RSV RdRp complex is targeted. Any component of the RSV RdRp, which includes RSV-L, -P, -

M2-1, and -N and cellular host proteins, may be targeted by bis(indole) compounds. As Cl02 was 

added to the reaction mixture after cell lysates had been collected this result also suggests that 

Cl02 does need to be metabolized inside of the host cell to become active.   
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Figure 4.9. Cl02 reduces in vitro RSV transcription. (A) Autoradiography was used to measure 

the production of RSV mRNA following an in vitro transcription reaction. In this assay RSV-

infected cell lysate was combined with Cl01 or Cl02 in a transcription reaction mixture that 

contained α 32-P uridine triphosphate. Predicted band sizes (in nucleoside bases) are provided. (B) 

Densitometry was used to quantify band intensity of RSV-F and RSV-NS2 transcripts. These 

values were normalized against the density of RSV-F or RSV-NS2 bands in the RSV-infected 
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untreated control group labelled “RSV”. Four independent experiments were completed and 

normalized values were plotted against concentrations. Error bars represent standard deviation. 

The least squares method of linear regression was used to fit a line and an F-test was performed to 

test the null hypothesis that the slope of the line equalled zero. This null hypothesis was rejected 

(P < 0.05). 

4.2.2.2. Resistant mutant escape assay 

The results of the in vitro viral transcription assay support the conclusion that the antiviral 

mechanism of action for Cl02 is inhibition of the RSV RdRp complex. However, this result does 

not distinguish which component of this complex is targeted. RSV RdRp is primarily comprised 

of RSV-L, -P, and -M2-1 and these viral proteins are sufficient for in vitro viral transcription 62,63. 

The RSV-N protein and host chaperone protein HSP90 also support RSV RdRp processivity 79. 

Thus, interference with RSV transcription by Cl02 could be mediated by targeting viral or cellular 

components of the RdRp complex. I hypothesized that if RSV was serial passaged in the presence 

of bis(indole) compounds a resistant escape mutant may evolve. The presence of an RSV escape 

mutant would suggest bis(indole) compounds target a viral protein.  

To test this hypothesis, 1HAEo- cells were infected with RSV and treated with 20 µM or 50 µM 

Cl02 or Br02 OMe. At 48-72 hpi media containing progeny virus was collected and transferred 

onto a fresh 1HAEo- cell monolayer. An untreated RSV-infected control treatment was included 

to ensure the initial MOI used and duration of passages were conducive to RSV replication. In 

untreated control wells viral titers increased during passaging, crashed, and then increased again 

(Figure 4.10). This pattern is consistent with the von Magnus effect 333-335. This phenomenon is 

due to the accumulation defective interfering particles (DIPs). The structural proteins of DIPs are 

the same as infectious virus, however, DIPs lack viable genomes and are non-infectious as a result. 

DIPs propagate during coinfection with viable virus and reduce the production of viable progeny. 

These coinfections are frequent as viral titers increase. However, as DIPs overtake viable virus 

coinfection becomes less frequent resulting in a crash in progeny titers. The von Magnus effect is 

observed during rapid viral replication. Therefore, these results suggest that the 48 to 72-hour 

passaging time used in this protocol was conducive to rapid RSV replication.  

In the wells that were treated with Cl02 or Br02 OMe, RSV replication was below the limit of 

detection for 10-11 passages (Figure 4.10). RSV progeny emerged at subsequent passages. The 

amount of progeny produced was typically greater in wells which were treated with a bis(indole) 

compound concentration of 20 µM versus 50 µM. While progeny virus emerged the amount of 
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progeny released remained substantially lower in wells treated with bis(indole) compounds than 

in untreated control wells. These results do not suggest a fit and highly resistant RSV strain 

emerged. Instead, these results suggest that it is possible for RSV to gain a slight degree of 

resistance to bis(indole) compounds. The emergence of weakly resistant RSV strains supports the 

conclusion that bis(indole) compounds target an RSV protein component of RSV RdRp. Future 

studies which isolate and sequence resistant escape mutants will enable the precise identification 

of the target of bis(indole) compounds.  
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Figure 4.10. RSV replication emerges during serial passaging in Cl02 and Br02 OMe. 

1HAEo- cells were infected with RSV at an MOI of 0.1 or mock infected with PBS. Progeny RSV 

was passaged in duplicate in the presence of Cl02 or Br02 OMe; progeny was collected and 

passaged at 48 to 72-hour intervals and diluted 1:5 at each passage. Progeny collected at each 
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passage was quantified in HeLa cells via the IF-assay. Each point represents a single biological 

replicate. 

4.3. Discussion 

Bis(indole) compounds provide an attractive target for antiviral development as they are highly 

amenable to structural modification through dual catalytic chemistry which produces adducts at 

high yield under ambient conditions 313. These compounds were inspired by Isatisine A, the active 

component of antiviral herbal remedies. Modest antiviral activity of Isatisine A against HIV has 

been described previously 297. The IF-protocol used to identify compounds with antiviral activity 

against RSV measured the production of viable progeny RSV. This assay identifies RSV inhibitors 

in an unbiased manner as inhibition of any component of the viral life cycle will reduce RSV 

progeny production. The bis(indole) compound Cl02 was found to inhibit RSV progeny 

production. A collection of compounds with structural similarity to Cl02 were synthesized and 

screened for antiviral activity against RSV. Compounds related to Cl02 consistently reduced RSV 

progeny production. Most notably, the Cl02-derived compound Br02 OMe had the greatest 

antiviral activity and lowest cytotoxicity of the Cl02-based compounds. Bis(indole) compounds 

other than Cl02 and Br02 OMe had RSV-antiviral activity in 10 µM screens. These compounds 

are worthy of future analysis. However, as Cl02 and Br02 OMe were the most active RSV-antiviral 

bis(indole) compounds identified, these compounds were pursued.  

Elucidating the mechanism of action of antiviral bis(indole) compounds was then pursued. The 

antiviral effect of Cl02 persisted when compounds were added at 2 hpi leading to the hypothesis 

that these compounds did not inhibit viral entry and instead inhibited RSV RdRp. An in vitro viral 

transcription assay was completed to determine whether RSV RdRp was targeted by bis(indole) 

compounds and RSV mRNA production was reduced by increasing concentrations of Cl02. These 

results support the conclusion that the target of bis(indole) compounds is the RSV RdRp complex. 

While the RdRp complex is primarily comprised of RSV proteins 62,63, host proteins such as HSP90 

also contribute to processivity 79. To determine whether the target of bis(indole) compounds was 

a host or viral protein, a resistant mutant escape assay was conducted. RSV was serial passaged in 

the presence of Cl02 and Br02 OMe. After 10 passages a modest amount of RSV progeny release 

was observed in the presence of bis(indole) compounds. These results suggest weakly resistant 

RSV strains emerged due to the selective pressure applied by passaging in the presence of 

bis(indole) compounds. Collectively, these results suggest that the target of bis(indole) compounds 
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is an RSV protein component of the RSV RdRp complex. Therefore, bis(indole) compounds may 

target any viral constituents of this complex, which include RSV-L, -P, -M2-1, and -N. As RSV-

L is the catalytic subunit of the RSV RdRp complex it is the most likely target, however, future 

work will be needed to validate this hypothesis.  

Two antiviral compounds which target RSV-L have progressed to phase 2 clinical trials, 

lumicitabine 76 and PC786 196. This is the furthest RSV-L inhibitors have progressed in clinical 

trials to date. Unfortunately, clinical trials studying lumicitabine were recently cancelled, 

suggesting limited activity or toxicity concerns. Lumicitabine is a deoxycytidine nucleoside 

analogue containing one chlorine and one fluorine group 336. Following entry into the host cell 

lumicitabine is triphosphorylated and competes with cytidine triphosphate for access to RSV 

RdRp; after binding near the active site chain termination occurs. The parent compound of 

lumicitabine also inhibits PIV-3 and VSV RdRp in vitro. Interestingly, slight structural 

modifications to lumicitabine confers activity against HCV RdRp, a positive sense ssRNA virus 

76. Serial passaging of RSV in the presence of increasing concentrations of lumicitabine yielded 

resistant mutants. These mutants possessed 4 amino acid substitution mutations, each mapping to 

the third conserved region of RSV RdRp within motif B which lies near the catalytic active site. 

These mutations included RSV-L M628L, A789V, L795I, and I796V.  

PC786 contrasts lumicitabine as it is a nonnucleoside small molecule inhibitor of RSV-L 196. 

During serial passaging of PC786 escape mutants (RSV-L Y1631H or Y1631L) emerged at 

passage three. As lumicitabine is not a nucleoside analogue, it is not surprising that the locations 

of mutations differed between lumicitabine and PC786. The RSV-L Y1631H mutation also 

conferred resistance to PC786 parent compounds AZ-27 and YM-53403 77,195. As a future direction 

our research group plans to isolate escape mutants resistant to bis(indole) compounds and 

determine the precise RSV target of bis(indole) compounds. While the mechanisms of inhibition 

differ, lumicitabine and PC 786 both target RSV-L. It will be interesting to learn whether Cl02 and 

Br02 OMe also targets RSV-L or if another component of the RdRp complex is targeted.  

Assaying antiviral activity of bis(indole) compounds against RSV in vivo will be a key step in the 

development of these compounds. A variety of model systems for RSV infection are available and 

include mice, cotton rats, lambs, nonhuman primates, and healthy adult human volunteers 337. The 

appropriateness of respective models is discussed in chapter 6.  
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Br02 OMe inhibited RSV replication with an EC50 of 7.6 µM and a CC50 of 93.5 µM, yielding a 

therapeutic index of 12.3. As the therapeutic index is greater than 10, Br02 OMe constitutes a hit. 

The translation of hits, discovered during antiviral screening, into lead compounds requires 

considerable resources. By comparison, RSV-L inhibitors in clinical trials have EC50 values of 0.1 

nM to 50.6 nM for PC786, and 1.3 µM to 2.7 µM for lumicitabine 76,196. These compounds provide 

benchmarks for the continued development with Br02 OMe. However, these values are not the 

only consideration. As progress is made it will be equally important to consider ADME properties 

338. In this respect bis(indole) compounds have a head start as they obey at least three of the four 

Lipinski medicinal chemistry criteria 332.  
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Chapter 5: TLR7-mediated enhancement of RSV replication by the nucleoside 

analogue loxoribine 

5.1. Introduction 

PRRs are germ line encoded receptors which are fundamental to the detection of pathogens and 

the initiation of the host immune response. Pathogens typically present multiple molecular entities 

bound by PRRs. RSV is detected by cellular receptors from the TLR, RIG-I-like Receptor (RLR), 

and NOD-like Receptor (NLR) families. From the TLR family putative receptor-ligand 

interactions include the TLR2-TLR6 heterodimer and an unknown RSV ligand at the plasma 

membrane 339, TLR3 and endosomal dsRNA 340,341, TLR4 and RSV-F at the plasma membrane 126, 

and TLR7 and endosomal ssRNA 136,223-229. From the RLR family RIG-I binds cytosolic 5’-

triphosphorylated dsRNA and MDA5 binds cytosolic dsRNA 55-57. Finally, from the NLR family 

NOD2 is capable of binding cytosolic ssRNA 342. My interest in the intersection of TLR7 

signalling and RSV infection arose from the observation that stimulation of 1HAEo- human airway 

epithelial cells with the TLR7 agonist loxoribine resulted in an increase in RSV progeny 

production (Figure 3.5). Enhancement of RSV replication following stimulation of an innate 

immune receptor was unexpected, however, a similar effect has been observed previously in vivo. 

In mice treated with the TLR7/8 agonist R-848 the severity of RSV infection was enhanced 289. 

Confirming TLR7-mediated enhancement of RSV replication, and characterizing the mechanism 

of enhancement, was the aim of this chapter.  

In addition to presenting a scientifically interesting phenomenon, the possibility of TLR7-mediated 

enhancement of RSV replication also has important clinical implications. TLR7 agonists have been 

licensed as immunomodulatory therapies for over a decade 230. More recently, TLR7 agonists have 

been investigated as treatments for asthma and allergic airway diseases. While asthma is a 

heterologous syndrome, a substantial portion of asthma is characterized by an inappropriate TH2 

immune response. Specifically, TH2 CD4+ T cells or type 2 innate lymphoid cells produce IL-4, 

IL-5 and IL-13 which drive eosinophilia, goblet cell hyperplasia, inflammation, airway 

hyperreactivity and airway remodeling 31. Stimulation of TLR7 drives a TH1 response 

characterized by the release of IFNα 225,226, and to a lesser extent the production of pro-

inflammatory cytokines tumor necrosis factor α, IL-6 and IL-12 227,232,233. Importantly, TLR7 

stimulation antagonizes the TH2 response 290-293. Therefore, the TLR7 agonists imiquimod and R-

848 have been studied extensively in mouse and rat ovalbumin-sensitization models of airway 



105 

hyperresponse [reviewed in 343]. Other TLR7 agonists including AZ12441970 344,345 and 2-

substituted-8-hydroxyadenine 346,347 have been investigated in a similar manner. In these small 

animal models of asthma, treatment with TLR7 agonists counteracted the hallmarks of asthma; 

TLR7 agonists induced a TH1 immune response, reduced airway hyperresponse and reduced 

airway remodelling 343.  

In a phase I clinical trial the TLR7 agonist GSK2245035 was explored as a therapeutic for allergic 

rhinitis, another airway disease characterized by an inappropriate TH2 response, and mild asthma. 

GSK2245035 was well tolerated in adult volunteers, however, efficacy data is not available 

(NCT01480271 and NCT01607372; 294). A phase IIa clinical trial studying the TLR7 agonist 

AZD8848 found that symptom severity following allergen challenge was modestly reduced 295. 

These studies reflect the interest in the pharmaceutical development of TLR7 agonists to treat 

airway diseases. This patient population is also at risk for respiratory viral infections; RSV 

infection is a major cause of exacerbations in asthmatic patients. If TLR7 agonists enhance RSV 

replication it may heighten the severity of RSV infection in an already vulnerable population. 

Therefore, I decided to characterize how loxoribine enhances RSV replication.  

TLR7 is expressed in a variety of immune cells including pDCs, monocytes, macrophages, B cells, 

T cells, mast cells, and eosinophils, and is also present in non-immune cells including neurons, 

glial cells and airway epithelial cells   265-269. After cleavage, mature TLR7 is located in endosomes; 

upon ligand binding TLR7 signals through MyD88 to activate IRF7, NF-κB and AP-1 transcription 

factors 99,100,240-246. The natural ligand of TLR7 is ssRNA 223,225,226, however, TLR7 also recognizes 

synthetic guanosine analogues such as imiquimod, loxoribine, R-848, and CL097 229,232,248-252. The 

function of TLR7 has primarily been characterized in pDCs where stimulation results in substantial 

type I IFN production via the IRF7 transcription factor 136. RSV has evolved multiple strategies 

for abrogating the IFN response 53,94-97, as a result RSV replication is largely unaffected by IFN 

146. The AP-1 transcription factor is also activated by TLR7 stimulation. AP-1 is activated through 

the MAPK ERK. ERK phosphorylation downstream of TLR7 signalling is essential for AP-1 

activation 224,240. The TLR7 agonist loxoribine was discovered during a search for small molecule 

stimulants of B and NK cells 249. Compounds related to loxoribine, such as 8-chloro-7-

deazaguanosine and 7-thia-8-oxoguanosine, were investigated for antiviral activity in rats. It was 

noted that these compounds lacked in vitro antiviral activity and instead stimulated an antiviral 
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IFN response 250,251. In these studies rats were infected via intraperitoneal injection with viruses 

including Banzi Virus, Encephalomyocarditis Virus, and Semliki Forest virus. Respiratory viral 

infections were not investigated. It was later discovered that TLR7 is the receptor through which 

loxoribine stimulated an IFN response 252.  

In the following experiments, I observed that enhancement of RSV replication was not unique to 

loxoribine, as stimulation with the TLR7 agonist CL097 also increased RSV progeny production 

in a concentration-dependent manner. TLR7 was found to be present in 1HAEo- cells and TLR7 

signalling was necessary for enhancement of RSV replication by loxoribine. RSV infection 

requires ERK activation 298, and ERK is activated following TLR7 stimulation 224. As expected, 

ERK activation was increased following TLR7 stimulation; inhibition of ERK activation prevented 

loxoribine-mediated enhancement of RSV progeny production. These results suggest TLR7 

stimulation enhances RSV replication in an ERK-dependent manner.  

5.2. Results 

5.2.1. Enhancement of RSV replication by TLR7 agonists in 1HAEo- cells 

While screening nucleoside analogues for antiviral activity against RSV, I observed darker blue 

spot immunostaining in cells that had been treated with loxoribine during RSV infection. As 

staining is proportional to the amount of viral protein present, I inferred that treatment with 

loxoribine made 1HAEo- cells conducive to RSV replication. This observation was unexpected, 

as loxoribine is a well-defined TLR7 agonist 224,252.  

Previously, loxoribine treatment had resulted in an increase in RSV progeny production (Figure 

3.5). I hypothesized that increasing concentrations of loxoribine would result in increased RSV 

progeny production. To test this hypothesis human airway epithelial 1HAEo- cells were treated 

with different concentrations of loxoribine during a 48-hour infection. Loxoribine binds TLR7 

with a dissociation constant (KD) of 5.6 µM 229. In the literature, loxoribine is typically used at 

concentrations of 100 µM – 2 mM 224,252. Therefore, 1HAEo- cells were treated with a range of 

loxoribine concentrations from 0.5 µM to 500 µM. Progeny virus was collected and quantified via 

the IF-assay. In a concentration-dependent manner, treatment with loxoribine increased RSV 

progeny production. At a concentration of 500 µM loxoribine, RSV progeny production was 

increased by 3.4-fold (Figure 5.1a). These results supported the hypothesis and demonstrated that 

the enhancement of RSV replication by loxoribine was concentration dependent.  
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It was unexpected that stimulation of TLR7 would benefit RSV replication, yet outside of TLR7 

stimulation loxoribine is not known to have any other biological activities. However, cellular 

receptors may demonstrate promiscuity with respect to ligand binding 348. Therefore, it was 

essential to determine whether loxoribine altered RSV replication through stimulation of TLR7 or 

via a different uncharacterized mechanism of action. The first method used to approach this 

question was to treat 1HAEo- cells with an alternate TLR7 agonist. I hypothesized that if 

loxoribine enhanced RSV replication via TLR7 stimulation, then treating cells with the TLR7 

agonist CL097 would also enhance RSV replication in a concentration-dependent manner. 

Treatment of 1HAEo- cells with CL097 during RSV infection increased the production of progeny 

RSV (Figure 5.1a). These results supported the conclusion that loxoribine enhanced RSV 

replication through stimulation of TLR7.  

To this point, experiments demonstrating TLR7 agonist-mediated RSV enhancement were 

completed in immortalized 1HAEo- cells. To determine whether these observations were an 

artifact of working with immortalized cells I examined the affect of loxoribine on RSV replication 

in primary HBE cells. Access to primary HBE cells was limited, and due to the sensitivity of 

primary HBE cells in tissue culture, I elected to examine TLR7 agonists at concentrations not 

exceeding 100 µM. As I had observed concentration-dependent enhancement of RSV replication 

with two different TLR7 agonists in 1HAEo- cells, I hypothesized that RSV replication would be 

enhanced by TLR7 agonists in HBE cells. To test this hypothesis, HBE cells were isolated from 

donors and treated with loxoribine. In each donor I observed a non-significant trend towards 

increased RSV progeny production (Figure 5.1b). The relatively low concentration of 100 µM 

loxoribine used in this experiment may account for the lack of a significant increase in progeny 

RSV production. Due to limited access to primary HBE cells experimentation with higher 

concentrations of loxoribine was not completed. However, at a concentration of 100 µM loxoribine 

the observed trend towards increased progeny RSV production by primary HBE suggests TLR7-

mediated enhancement of RSV replication is not an artifact of experimentation in immortalized 

1HAEo- cells.  
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Figure 5.1. TLR7 agonists increase RSV progeny production during infection of airway 

epithelial cells. (A) 1HAEo- cells were infected with RSV at an MOI of 1 and treated with 

loxoribine or CL097. Progeny RSV was collected at 48 hpi and transferred onto HeLa cells. At 24 

hpi HeLa cells were fixed, blue spot immunostained, and RSV infected cells were quantified. This 

data represents three biological replicates from one independent experiment and error bars 

represent standard deviation; two independent experiments were completed and provided similar 

results, data from one of two experiments is shown. The data was analyzed by nonlinear regression 

to create a best-fit curve. The R2 values were determined through sum-of-squares analysis. (B) 

HBE cells were infected with RSV at an MOI of 0.5 and treated with 50 µM loxoribine (Lox.) or 

100 µM loxoribine. At 48 hpi progeny RSV was collected and transferred to HeLa cells; at 24 hpi 

HeLa cells were fixed and blue spot immunostained. RSV foci of infection were quantified using 

the EVOS FL Auto microscope. Each bar represents two biological replicates and error bars 

represent standard deviation. Results were analyzed via one way ANOVA and no significant 

treatment effect was observed.  

5.2.2. TLR7 expression and siRNA knockdown in 1HAEo- cells  

As two distinct TLR7 agonists enhanced RSV replication, I hypothesized that the mechanism of 

enhancement was dependent on TLR7. TLR7 is known to be expressed in airway epithelial cells 

266. To confirm the presence of TLR7 in 1HAEo- cells TLR7 protein was identified via western 
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blot. Ramos human B lymphoma cell lysate was included as a positive control as Ramos cells are 

known to express full length TLR7 at approximately 140kDa. In Ramos cells full length TLR7 

was detected at the expected size of 140kDa. In 1HAEo- cells TLR7 was detected at 150kDa, 

100kDa and 50kDa (Figure 5.2a). The 150kDa band represents uncleaved TLR7; the discrepancy 

in size of full length TLR7 between Ramos cells and 1HAEo- cells may be due to differing post-

translational modifications between the two cell types. To confirm the fidelity of the TLR7 

antibody, siRNA targeting TLR7 mRNA was used to knock down TLR7. 1HAEo- cells were 

transfected with AllStars Cell Death siRNA in parallel to assay transfection efficiency. This 

proprietary blend of siRNAs rapidly induced cell death following transfection confirming a high 

transfection efficiency (Figure 5.2b). TLR7 was readily detectable in 1HAEo- cells transfected 

with non-targeting siRNA, however, transfection with siRNA targeting TLR7 transcripts resulted 

in a substantial reduction in TLR7 protein. These results suggest the antibody used in the western 

blot reliably detected TLR7 (Figure 5.2a). TLR7 cleavage by furin-like proprotein convertases is 

necessary for TLR7 signaling 237,239. It is unclear why cleaved TLR7 was not detected in Ramos 

cells, as these cells are known to be responsive to TLR7 agonists 252. Nonetheless, I expected to 

detect cleaved TLR7 in 1HAEo- cells. Cleaved TLR7 was detected at approximately 100kDa and 

50kDa. TLR7 siRNA also substantially reduced the amount of cleaved TLR7 present (Figure 5.2). 

These observations suggest that 1HAEo- cells express TLR7, and that siRNA knockdown greatly 

reduces the amount of TLR7 protein present in 1HAEo- cells.  

 

Figure 5.2. 1HAEo- cells express functional-form cleaved TLR7. (A) A western blot was 

performed to detect full length (FL) and cleaved TLR7 in 1HAEo- and Ramos cell lysates. Cleaved 

TLR7 was knocked down following a 48-hour transfection of 1HAEo- cells with TLR7 specific 
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siRNATLR7_6. Detection of SOD1 was used as a loading control. (B) In 1HAEo- cells, a high 

degree of cell rounding was observed for cells transfected with AllStars Cell Death siRNA. 

1HAEo- cells were transfected with 20 µM siRNA for 48 hours. 

5.2.3. Inhibition of TLR7 abrogates RSV replication enhancement by loxoribine 

Two distinct TLR7 agonists enhanced the replication of RSV, and the presence of TLR7 was 

confirmed in 1HAEo- cells. Therefore, I hypothesized that enhancement of RSV replication was 

dependent on TLR7. To test this hypothesis two complementary approaches were taken. The first 

approach utilized IRS-661, a phosphorothioate-backbone oligonucleotide which antagonizes 

TLR7 signalling. IRS-661 has been used previously to block TLR7-ligand interactions in cell 

culture and in vivo 263. I hypothesized that treating cells with IRS-661 would prevent enhancement 

of RSV replication by TLR7 agonists. To test this hypothesis 1HAEo- cells were treated with 1 

mM loxoribine with or without cotreatment with IRS-661. IRS-661 was also added to cells which 

were not treated with loxoribine. For each of these treatments, cells were infected with RSV and 

progeny virus was collected at 48 hpi. In cells that were not treated with loxoribine, IRS-661 did 

not affect the replication of RSV (Figure 5.3a). Incubation with loxoribine significantly increased 

the production of RSV progeny virus as expected. Treatment with IRS-661 prevented the 

enhancement of RSV progeny production by loxoribine. These results suggest that enhancement 

of RSV replication by loxoribine is dependent on TLR7.  

As an alternative means of testing whether TLR7 was necessary for enhancement of RSV 

replication by loxoribine, TLR7 expression was knocked down by siRNA transfection. 

Confirmation of TLR7 knockdown was confirmed previously by western blot (Figure 5.2a). 

1HAEo- cells transfected with TLR7 siRNA or transfected with a non-specific control siRNA were 

treated with loxoribine and infected with RSV. Two TLR7-targeting siRNA were utilized. TLR7 

knock down by both TLR7 siRNA significantly reduced the production of RSV progeny in these 

loxoribine-treated cells (Figure 5.3b). Antagonism of TLR7 by IRS-661 and siRNA knockdown 

of TLR7 prevented loxoribine-mediated enhancement of RSV replication. Collectively, these 

results support the conclusion that enhancement of RSV replication by loxoribine is mediated by 

TLR7.  
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Figure 5.3. Enhancement of RSV replication by loxoribine is mediated by TLR7. (A) RSV 

progeny production following addition of 1000 µM loxoribine and/or 1 µM IRS-661. Following 

1HAEo- cell infection with RSV at an MOI of 2, media was replaced at 2 hpi to remove inoculum 

virus. Progeny RSV was collected at 48 hpi and transferred to HeLa cells for quantification via the 

IF-assay. (*) indicates P < 0.05 and (***) indicates P < 0.001, which was determined via ANOVA 

with Bonferroni’s post-test. Each bar represents six biological replicates from a single independent 

experiment; two independent experiments were completed and provided similar results, data from 

one of two experiments is shown. Error bars represent standard deviation. (B) 1HAEo- cells were 

transfected for 48 hours with 20 µM of control (nonspecific RNA) or TLR7-targeting siRNA prior 

to infection. Two TLR7-targeting siRNA oligonucleotides were utilized, siRNA_TLR7_6 (red) 

and siRNA_TLR7_12 (blue). 1HAEo- cells were then infected with RSV at an MOI of 1 and 

treated with 400 µM loxoribine. Progeny RSV was collected at 48 hpi and transferred onto HeLa 

cells for quantification via the IF-assay. (***) indicates P < 0.001, which was determined via t-

test. Each point represents a biological replicate from one independent experiment.  

5.2.4. Loxoribine enhances RSV replication after viral entry 

In prior experiments, loxoribine was added to cell culture media 2 hours before infection resulting 

in an increase in RSV progeny production. This increase could be the result of increased entry of 

RSV into 1HAEo- cells following TLR7 stimulation. To test this hypothesis HBE cells were 

treated with TLR7 agonists loxoribine or CL097. HBE cells were then infected with RSV and the 

total number of RSV foci of infection were counted at 48 hpi. Treatment with loxoribine or CL097 

did not increase the number of RSV foci of infection (Figure 5.4a). These results failed to support 

the hypothesis. Therefore, stimulation of TLR7 did not appear to benefit the entry of RSV into 

host cells. Alternatively, TLR7 stimulation may have created a cellular environment more 

conducive to RSV replication. Therefore, I hypothesized that the affect of loxoribine was not 

produced through an increase in RSV entry. To gain insight on the stage of viral replication which 

benefitted from loxoribine treatment a time of addition assay was completed. 1HAEo- cells were 

treated with loxoribine 2 hours prior to RSV infection, at the time of infection, or at 2, 4, or 8 hpi. 

Progeny RSV was collected at 24 hpi to ensure progeny reflected a single viral replication cycle 
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319. A significant increase in RSV progeny production was observed when loxoribine was added 2 

hours prior to infection, at the time of infection, and at 4 hpi (Figure 5.4b). When loxoribine was 

added at 8 hpi the production of RSV progeny was not affected. For all treatment groups it is 

essential to note that wells were washed with PBS and fresh media was replaced onto cells at 2 hpi 

to prevent carry over of inoculum virus into the progeny RSV which was collected at 24 hpi. This 

fresh media was supplemented with loxoribine for the -2, 0, and 2 hpi treatment groups. Therefore, 

RSV had entered cells prior to treatment with loxoribine in the 2 hpi and 4 hpi treatment groups. 

This supports the conclusion that loxoribine does not enhance RSV entry and is consistent with 

the earlier observation that loxoribine treatment does not increase the number of cells initially 

infected (Figure 5.4a). Instead, these results suggest loxoribine creates a cellular environment 

more conducive to RSV replication early during infection.  

 

Figure 5.4. Loxoribine enhances RSV replication after viral entry. (A) Primary HBE cells were 

treated with loxoribine or CL097 and infected with RSV at an MOI of 0.5. At 48 hpi these cells 

were fixed and RSV-infected cells were identified by blue spot immunostaining. RSV foci of 

infection were manually quantified using the EVOS FL Auto microscope. Each bar represents two 

biological replicates and error bars represent standard deviation (with exception of 100 µM CL097 

wherein one replicate was lost during experimentation). These results were analyzed by one way 

ANOVA and no significant treatment effect was observed. (B) The time of loxoribine addition 

determines significance of enhancement of RSV replication. 1HAEo- cells were infected with RSV 

at an MOI of 1. 400 µM loxoribine was added at indicated times relative to infection. At 24 hpi 

progeny RSV was collected and transferred to HeLa cells. At 2 hpi media on HeLa cells was 

refreshed to remove loxoribine. At 24 hpi HeLa cells were fixed, stained, and RSV infected cells 

quantified via the IF-assay. Each bar represents three biological replicates from one independent 

experiment; error bars represent standard deviation. Results were compared to the untreated (-) 

group via one ANOVA with Bonferroni’s post test; (*) indicates P < 0.05, (**) indicates P < 0.01 

and (***) indicates P < 0.001.  
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5.2.5. ERK phosphorylation is necessary for loxoribine-mediated enhancement of RSV 

replication 

Following stimulation TLR7 signals through three major pathways culminating in the activation 

of transcription factors IRF7, NF-κB, and AP-1 240. Of the latter pathway, the MAPK ERK is an 

important regulator and TLR7 stimulation by loxoribine has previously been observed to result in 

ERK activation 224,240. Phosphorylation of ERK also results immediately during RSV infection and 

inhibition of this signalling significantly reduces RSV replication 298. I hypothesized that ERK 

activation following stimulation of TLR7 by loxoribine was responsible for enhancement of RSV 

replication. 

Before testing this hypothesis, I confirmed that TLR7 stimulation resulted in ERK phosphorylation 

in 1HAEo- cells. 1HAEo- cells were treated with loxoribine and cell lysates were collected at 

various time points. In response to treatment with loxoribine the level of phosphorylated ERK was 

highly elevated at 10- and 30-minutes post treatment and remained elevated 60 minutes after 

treatment (Figure 5.5a). Given the importance of ERK phosphorylation to RSV replication 

observed previously 298, phosphorylation of ERK following TLR7 stimulation provided a possible 

mechanism by which loxoribine enhanced RSV replication.  

UO126 is a potent inhibitor of ERK phosphorylation which functions by inhibiting the upstream 

kinases responsible for ERK phosphorylation, MEK-1 and MEK-2 349. As TLR7 stimulation 

resulted in ERK phosphorylation, and ERK phosphorylation benefits RSV replication, I 

hypothesized that if ERK phosphorylation was inhibited by treatment of cells with UO126 then 

loxoribine-mediated enhancement of RSV replication would be prevented. Before testing this 

hypothesis, the effect of cotreatment of loxoribine and UO126 on 1HAEo- cell viability was 

measured. No reduction in cell viability was observed at any of the concentrations tested (Figure 

5.5b). Activation of ERK in 1HAEo- cells during RSV infection and inhibition of ERK 

phosphorylation by UO126 was also confirmed (Figure 5.5c; please note experiment 5.5c was 

conducted by L. Bilawchuk). 1HAEo- cells were then treated with 200 µM or 400 µM loxoribine 

with or without UO126. Treatment of 1HAEo- cells with loxoribine produced the expected 

increase in RSV progeny production and treatment of 1HAEo- cells with UO126 produced the 

expected decrease in RSV progeny production. If enhancement of RSV replication by loxoribine 

was mediated by ERK activation, then no enhancement of RSV progeny production would be 

expected during co-treatment with loxoribine and UO126. In cells co-treated with loxoribine and 
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UO126, inhibition of ERK activation abrogated enhancement of RSV progeny production by 

loxoribine (Figure 5.5d). These results supported the conclusion that ERK activation following 

TLR7 stimulation was responsible for enhancement of RSV replication.  

Loxoribine-induced ERK activation may benefit RSV through many mechanisms. In particular, 

apoptosis may be inhibited by ERK activation during viral infection 350 and inhibition of apoptosis 

enhances RSV replication 91,287. Therefore, the hypothesis that loxoribine treatment benefited RSV 

replication by inhibiting apoptosis was tested. To test this hypothesis 1HAEo- cells were infected 

with RSV and treated with loxoribine. At 2 hpi and 24 hpi cell lysates were collected and markers 

for apoptosis were measured via western blot. Accumulation of autoproteolytically cleaved 

caspase-3 occurs during late stages of apoptosis. Cleaved caspase-3 then proteolytically cleaves 

over 40 cellular proteins to drive apoptosis. The hallmark apoptotic process of DNA fragmentation 

results from DFF-45 cleavage by caspase-3 and cellular blebbing follows cleavage of α-fodrin and 

gelsolin by caspase-3 351. To determine whether loxoribine treatment inhibited apoptosis 

accumulation of cleaved caspase-3 was measured. ERK also influences the necroptotic cell death 

pathway via interaction with receptor-interacting protein 1 (RIP1) and receptor-interacting protein 

3 (RIP3) 352. RIP1 is activated by autophosphorylation resulting in dimerization and RIP1 

activation is sufficient for the induction of necroptosis 353. Following activation of RIP1, RIP1 and 

RIP3 phosphorylate Mixed Lineage Kinase domain-like (MLKL) protein which oligomerizes and 

physically disrupts cell membrane integrity 354. Phosphorylated RIP1 and phosphorylated MLKL 

were measured as markers for early and late necroptosis, respectively.  

At 2 hpi, RSV infection caused accumulation of phosphorylated RIP1 and treatment with 

loxoribine opposed this accumulation (Figure 5.5e; please note experiment 5.5e was conducted 

by L. Bilawchuk). At 24 hpi loxoribine treatment of infected cells no longer reduced 

phosphorylated RIP1 accumulation and a slight increase in phosphorylated MLKL was observed. 

At 24 hpi the most substantial effect of treating RSV-infected cells with loxoribine was an 

accumulation of cleaved caspase-3. These results suggest treating RSV-infected 1HAEo- cells 

with loxoribine may delay necroptosis at early time points, however, necroptosis and apoptosis are 

increased by loxoribine treatment at 24 hpi. While necroptosis may be delayed by loxoribine 

treatment at early time points during RSV infection, these results do not support the hypothesis 

that loxoribine treatment enhances RSV infection by inhibiting necroptosis or apoptosis.  
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Figure 5.5. Phosphorylation of ERK is necessary for loxoribine-mediated enhancement of 

RSV replication. (A) Phosphorylated ERK (P-ERK) in 1HAEo- cells was measured by western 

blot after treatment with 100 µM loxoribine; actin was measured as a loading control. (B) Potential 

cytotoxic effects of the combination of loxoribine (Lox) and the MEK inhibitor UO126 were 

assayed in 1HAEo- cells via MTT assay. 1HAEo- cells were treated with loxoribine at 200 µM or 
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400 µM and were treated with UO126 at 1 µM. (C) 1HAEo- cells were infected with RSV at an 

MOI of 1 and treated with UO126. Cell lysates were collected and P-ERK was detected via western 

blot; SOD1 was measured as a loading control. (D) 1HAEo- cells were treated with loxoribine 

(Lox) at 200 µM (blue) or 400 µM (red) with or without 1 µM UO126, which inhibits ERK (ERKi) 

phosphorylation. 1HAEo- cells were then infected with RSV at an MOI of 1. At 48 hpi progeny 

RSV was collected and quantified. (*) indicates P < 0.05, (**) indicates P < 0.01 as determined by 

one way ANOVA with Bonferroni’s post-test. Results represent three biological replicates from 

one independent experiment. Two independent experiments were completed and provided similar 

results, data from one of two experiments is shown. (E) 1HAEo- cells were infected with RSV at 

an MOI of 1. A western blot was used to detect phosphorylated RIP1 (P-RIP), phosphorylated 

MLKL (P-MLKL), and cleaved caspase-3 in loxoribine-treated RSV-infected 1HAEo- cells at 2 

and 24 hpi. SOD1 was measured as a loading control.  

5.3. Discussion 

These results demonstrate that stimulation of 1HAEo- cells with the TLR7 agonist loxoribine 

enhances the replication of RSV in a concentration-dependent manner. In particular, the results of 

different experiments consistently observed an increase in RSV progeny production when cells 

were treated with loxoribine (Figure 5.1; Figure 5.3; Figure 5.4; and Figure 5.5). Increased entry 

by RSV was ruled out as a possible mechanism of enhancement as loxoribine treatment did not 

increase the number of 1HAEo- cells infected and treatment with loxoribine after RSV entry 

continued to enhance replication until 4 hpi. As loxoribine is a TLR7 agonist, I hypothesized that 

loxoribine enhanced RSV replication via stimulation of TLR7. TLR7 expression was confirmed 

in 1HAEo- cells and inhibition of TLR7 signalling through siRNA knockdown of TLR7, or 

through antagonism of TLR7 by IRS-661, prevented enhancement of RSV replication. These 

results support the conclusion that loxoribine enhances RSV replication in a TLR7-dependent 

manner.  

Activation of the MAPK ERK has been observed following TLR7 stimulation and is known to be 

essential for RSV replication 298. Therefore, the importance of ERK activation to TLR7-mediated 

enhancement of RSV replication was investigated. It was first confirmed that ERK is activated in 

1HAEo- cells in response to TLR7 stimulation and RSV infection. To determine whether TLR7-

mediated ERK phosphorylation benefited RSV replication, cells were treated with UO126. UO126 

is a small molecule inhibitor of ERK activators MEK-1 and MEK-2. Treatment with UO126 

prevented TLR7-mediated enhancement of RSV replication supporting the conclusion that this 

enhancement of RSV replication was mediated by ERK activation (Figure 5.6). These results, in 
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combination with the results of previous studies, suggest RSV coopts host MAPK activation to 

benefit viral replication. 

 

Figure 5.6. Model of TLR7-mediated enhancement of RSV replication. Following fusion with 

the host membrane the RSV genome is released into the cytosol. Stimulation of endosomal TLR7 

with loxoribine (Lox.) results in phosphorylation of ERK by MEK. This cascade results in 

enhanced RSV replication. Inhibition of the TLR7-loxoribine interaction by IRS-661, siRNA 

knockdown of TLR7, or inhibition of ERK phosphorylation by MEK are sufficient to prevent this 

enhancement.  

The most pressing question remaining from this body of work is the mechanism by which 

loxoribine-activated ERK benefits RSV replication. While the mechanism by which loxoribine-

activated ERK benefits RSV replication has not been elucidated, exciting future directions remain 

to be studied. MAPK pathways such as the ERK pathway are highly interconnected and activation 

of MAPKs have pleiotropic effects on cellular processes 355. Thus, it may be difficult to discern 

the mechanism by which phosphorylation of ERK benefits RSV replication. Perhaps the most 

promising answer to this question lies with Carbamoyl Phosphate Synthetase II (CPSII). CPSII 

catalyzes the rate limiting step of de novo pyrimidine nucleotide biosynthesis in the host cell 356. 

CPSII is upregulated by ERK. This provides a rationale for the hypothesis that loxoribine-induced 

ERK activation may benefit RSV replication by increasing the pool of pyrimidine nucleotides 
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necessary for replication. Other examples of how ERK activation enhances viral replication have 

been described previously. HIV proteins Rev, Tat, Gag and Nef are directly phosphorylated by 

activated ERK resulting in HIV replication 357. It is possible that activated ERK directly 

phosphorylates RSV proteins in a similar fashion that in turn benefits replication. Alternatively, 

the effect of ERK activation on RSV replication may be indirect. For example, ERK signalling 

can influence the cell death pathways apoptosis and necroptosis 350,352. Previously, inhibition of 

apoptosis in neutrophils was observed to enhance RSV replication 287 and RSV deliberately 

inhibits apoptosis via RSV-NS-1 and RSV-NS-2 91. As loxoribine treatment enhanced RSV 

replication via ERK activation we tested the hypothesis that loxoribine treatment benefited RSV 

replication through inhibition of apoptosis or necroptosis-induced cell death. However, the results 

did not support this hypothesis and the mechanism by which ERK activation benefits RSV 

replication remains an open question. Complicating this question is that the understanding of 

response networks of cellular kinases to RSV infection is largely fragmented. Network based 

analyses, as pioneered by others 350, may be required for loxoribine-mediated enhancement of RSV 

replication to be fully understood. 

Following RSV infection ERK phosphorylation is bimodal with peaks observed during entry at 

10-30 minutes post infection and later during replication at 4-6 hpi 358,359. Interestingly, in the time 

of addition assay loxoribine stimulation at these time points (0 and 4 hpi) significantly increased 

RSV progeny production, but treatment at 8 hpi did not affect RSV progeny production. While 

progeny production was increased at 2 hpi, this increase was not significant. These results suggest 

that combinatorial activation of ERK by loxoribine and RSV replication may have the greatest 

effect on RSV progeny production. 

An essential distinction in this thesis is that the results suggest exogenous stimulation of TLR7 by 

agonists benefit RSV replication. These results do not speak to whether RSV benefits from TLR7 

stimulation during natural infection. However, I hypothesize that this is the case. An important 

question to address is how the genome of RSV, located in the cytosol during infection, might gain 

access to endosomes where TLR7 is located. The pathway to TLR7 stimulation is apparent for 

viruses such as IAV and VSV that enter via endocytosis, as an error during entry positions the 

genome along the pathway to mature TLR7-containing endosomes. Indeed, IFN production during 

infection of pDC by VSV or IAV is dependent on endosomal acidification indicating these viruses 
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are detected by TLR7 136. Lund et al also observed that IFN production during Sendai virus 

infection was dependent on endosomal acidification, suggesting TLR7 is relevant to the detection 

of RNA viruses that enter the host cell via fusion. Hypothetically, the pathway by which cytosolic 

RSV RNA may access the endosome may be via autophagocytosis. This pathway captures 

cytosolic contents and delivers them to late endosomes (known also as multivesicular bodies) 360. 

Characterization of the mechanism by which RSV RNA accesses TLR7 remains an important area 

for further research.  

To gain further understanding of the influence of TLR7 stimulation on RSV replication it will be 

necessary to conduct experiments in animal models. It is reasonable to hypothesize that the 

antiviral affects of TLR7 stimulation will offset the enhancement of RSV replication in the context 

of a complete immune system. However, it is important to note that TLR7 may not be crucial in 

the antiviral response to RSV. The immune response to RSV in TLR7-deficient mice is altered but 

disease severity does not increase 288. Evidence from studies of RSV infection in the presence of 

exogenous TLR7 stimulation in vivo also do not support the hypothesis that the beneficial effects 

of TLR7 will offset enhancement of replication. Johnson et al previously examined the potential 

of TLR7 agonists as adjuvants for RSV vaccination strategies. Stimulation of TLR9 successfully 

improved the outcome of vaccination with FI-RSV, however, stimulation with the TLR7/8 agonist 

R-848 failed to confer a benefit. Furthermore, treatment of primary RSV infection in mice with R-

848 was detrimental and increased disease severity 289. The authors hypothesized that this result 

was due to increased immunopathology following TLR7 stimulation. Based on my results, I would 

instead hypothesize that stimulation of TLR7 during RSV infection in mice would enhance disease 

severity through increased replication of RSV in the airway epithelium. It is important to note that 

increased immunopathology and increased viral replication are not mutually exclusive, as 

increased viral replication may result in increased immunopathology. Results from the Johnson et 

al study also provides preliminary support for this alternate hypothesis. Treatment with R-848 

resulted in a trend towards increased viral lung titers at time points overlapping with peak weight 

loss 289. This increase in viral load occurred despite increased IFN-γ production following TLR7 

stimulation. Furthermore, their conclusion that immunopathology produced increased disease 

severity following TLR7 stimulation is undermined by a reduction in lung eosinophilia.  
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If TLR7 signalling enhances RSV replication in vivo there are important clinical implications. It 

would be essential to begin monitoring for RSV infections in ongoing clinical trials of TLR7 

agonists. When RSV infections occur, supportive therapy may be required. While it would be 

possible to provide prophylactic palivizumab treatment to limit RSV infections in clinical trial 

participants, this would add considerable costs and may confound results. Cotreatment with TLR7 

agonists and palivizumab would also not be practical on a large scale if TLR7 agonists become 

approved for the treatment of airway diseases. If RSV infection severity is increased in individuals 

receiving TLR7 agonist therapy it may offset the benefit of these therapies and preclude their use. 

Finally, during the study of TLR7 agonists special care should be paid to young who have not 

previously been infected with RSV. The failed FI-RSV vaccination campaign of the 1960s 

revealed the potentially tragic consequences of enhancing RSV replication in this population.   

These results also beg the question, in the absence of exogenous TLR7 stimulation does RSV 

benefit from TLR7 signalling? Answering this question may offer interesting insight towards 

understanding how RSV has evolved to be best adapted to the human host. Future studies should 

be conducted to address this question.  

It was already established that RSV is exquisitely evolved to counteract the host immune response. 

RSV impedes the production and response to IFN by targeting signalling pathways downstream 

of PRRs and the Type I IFN receptor 101. Furthermore, if IFN is produced the effect on RSV 

replication is limited; exogenous addition of IFN has a limited affect on RSV replication in cell 

culture 146. The mechanisms by which RSV interferes with the immune response contributes to the 

poor immunological protection gained following infection and the marked ability of RSV to re-

infect adults throughout life 147. The results of this research project build on this knowledge, 

finding that not only does RSV counteract the immune response, RSV replication may benefit 

from stimulation of the immune system. Stimulation of 1HAEo- cells with the TLR7 agonist 

loxoribine enhanced RSV replication in a TLR7-dependent and ERK activation-dependent 

manner. For the first time, this project described the enhancement of RSV replication in airway 

epithelial cells following exogenous stimulation of an innate immune PRR.  
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Chapter 6: Summary and Future Directions 

6.1. Summary 

RSV infection imposes a significant burden of disease on infants, the elderly, and 

immunocompromised individuals. Despite intensive efforts, no efficacious antivirals to treat RSV 

infection are available, nor are vaccines available to prevent infection. The discovery of 

compounds with antiviral activity against RSV is of paramount importance. In this thesis a total 

of ten nucleoside analogues, twenty-nine bis(indole) compounds, and one additional small 

molecule were tested for antiviral activity against RSV. Equally important is understanding factors 

which may increase the severity of disease associated with RSV infection. Novel discoveries in 

both areas are described in this thesis; this work describes the establishment of a novel strategy for 

RSV antiviral compound discovery, the discovery of antiviral bis(indole) compounds, and 

characterizes the discovery of loxoribine-mediated enhancement of RSV replication.  

Chapter three describes the development of screening assays to identify RSV antivirals and 

screening of nucleoside analogues during this process. Ribavirin is a nucleoside analogue with 

well described antiviral activity against RSV in cell culture. Ribavirin was used to validate each 

iteration of screening protocols. Initially, the effect of ribavirin on RSV replication complex 

morphology was examined. As early as 6 hpi a reduction in the size of replication complexes was 

observed via spinning disc confocal microscopy. While this offered a rapid means of detecting 

antiviral activity the process of identifying replication complexes was time intensive and not 

conducive to high throughput screening. Subsequent screening protocols used colourimetric or 

fluorescent immunostaining to detect RSV infection in 1HAEo- cell monolayers. Automated 

detection of colourimetric staining was made possible through incorporation of the EliSpot plate 

reader, and the protocol was optimized to best utilize this instrument. Automated detection of 

fluorescent signals by the Operetta HCIS offered a more reliable means of quantification as this 

method was not hindered by technical limitations of colourimetric staining. The final progression 

in this protocol was quantifying the production of progeny RSV instead of quantifying infected 

cells in the initially infected cell monolayer. This yielded an unbiased means of identifying 

compounds that inhibited any component of the RSV replication cycle. The pursuit of a novel 

screening protocol and investigation of nucleoside analogues culminated with the identification of 

antiviral activity of cytarabine against RSV. Cytarabine is a chemotherapeutic cytosine analogue 
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which had a therapeutic index of 21.6 against RSV. A limitation of chapter three is that all work 

was completed in the 1HAEo- immortalized cell line. Measuring the antiviral activity of cytarabine 

in additional cell lines, in primary cells, and subsequently in animal models will be necessary to 

determine the clinical potential of this compound.  

In chapter four bis(indole) compounds were investigated for antiviral activity against RSV using 

the Operetta HCIS-based high throughput screen (referred to as the IF-screen) developed in chapter 

three. The Isatisine-A inspired bis(indole) compounds were of great interest as they obey the 

Lipinski criteria for drug development. Furthermore, collaboration with a group who has expertise 

in the synthesis of bis(indole) compounds enabled guided synthesis of novel compounds. During 

screening of the second collection of bis(indole) compounds Cl02 was identified as having 

antiviral activity against RSV. To reduce cytotoxicity a series of Cl02 inspired compounds was 

synthesized and investigated in 1HAEo- cells via MTT cell viability assay. Structural 

modifications which reduced cytotoxicity were identified. The Cl02-inspired compounds also 

reduced RSV progeny production. Br02 OMe was found to have the most favourable antiviral 

activity to cytotoxicity ratio, with a therapeutic index of 12.3. A limitation of these results is that 

experimentation was limited to 1HAEo- cell lines and only one strain of RSV was included. 

Testing Br02 OMe against additional strains of RSV, including clinical isolates, will increase the 

confidence of bis(indole) compounds as RSV-antivirals.  

Br02 OMe offers an exciting hit for continued synthesis campaigns towards identifying a novel 

class of RSV antivirals. An in vitro viral transcription assay was used to elucidate the mechanism 

of action of bis(indole) compounds. Cl02 reduced viral transcription in a concentration-dependent 

manner, supporting the conclusion that Cl02 inhibits the RSV RdRp. During serial passaging of 

RSV in the presence of bis(indole) compounds a low level of RSV replication was observed after 

10 passages. This suggests the emergence of weakly resistant RSV strains. The emergence of 

resistant strains suggests a viral protein component of RSV RdRp, such as RSV-L, -P, -M2-1, or -

N, is targeted by bis(indole) compounds.  

During screening of nucleoside analogues treatment with loxoribine was observed to increase the 

production of RSV progeny. Loxoribine is a TLR7 agonist, therefore, this observation was 

unexpected. Given this unexpected observation, and interest by research groups in utilizing TLR7 

agonists as immunomodulatory therapeutics of allergic airway diseases, enhancement of RSV 
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replication by loxoribine was further characterized. Increased RSV progeny production in 

loxoribine-treated 1HAEo- cells was confirmed to be concentration-dependent and this 

enhancement was reproduced with the distinct TLR7 agonist Cl097. A trend towards increased 

RSV progeny production was also observed in primary human airway epithelial cells treated with 

loxoribine. Antagonism of TLR7 by IRS-661 and by TLR7 knockdown prevented enhancement 

of RSV replication by loxoribine, supporting the conclusion that enhancement of RSV replication 

by loxoribine was mediated by stimulation of TLR7. Treatment with loxoribine did not enhance 

entry by RSV, instead this treatment enhanced replication after entry. Treatment with loxoribine 

as late as 4 hpi continued to significantly increase the production of RSV progeny. Treatment of 

1HAEo- cells with loxoribine was observed to increase phosphorylation of ERK, which is known 

to benefit RSV replication. Inhibition of ERK signalling prevented loxoribine-mediated 

enhancement of RSV replication supporting the conclusion that this enhancement was mediated 

by increased ERK activation. This research suggests that caution should be employed during the 

investigation of TLR7 agonists for the treatment of airway diseases. Further study in appropriate 

in vivo models will be needed to determine the physiological significance of this enhancement of 

RSV replication. 

6.2. Future Directions 

Going forward it will be necessary to assay the antiviral activity of bis(indole) compounds in vivo 

in small animal models. A variety of animal models exist, with benefits and drawbacks to each. 

The most important consideration would be testing for antiviral activity against the appropriate 

virus, which would include lab-adapted and clinical human RSV strains. This consideration rules 

out using cognate models of RSV infection such as bovine RSV infection in cattle or PVM 

infection of mice 337. Mice have been used extensively in the study of RSV, and an interesting 

range of susceptibility exists between different inbred strains. Stark et al found AKR/J to be the 

most permissive mouse strain tested, followed by 129P3/J, BALB/cJ, CBA/J, C3H/HeJ, DBA/J, 

and A/J. Finally, C57/BL6J was the least permissive to RSV infection 361. It is important to note 

that in this study all mouse strains were inoculated with 107 plaque forming units (PFU), a 

relatively high amount of virus. This inoculum reflects how resistant mice are to RSV infection in 

general. Cotton rats are a popular small animal model of RSV infection. Infection in the upper and 

lower respiratory tracts can be established with an intranasal inoculation with 104 PFU and 

resultant peak viral titers are approximately 100-fold higher than in mice 217. Therefore, cotton rats 
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are much more susceptible to RSV infection. A limitation of the cotton rat model is that symptoms 

during infection are limited 337. This limitation is not as critical in antiviral studies as viral titers 

can simply be measured in lung homogenates. However, this would limit the applicability of the 

cotton rat model for studying enhancement of RSV infection severity. Cotton rats have been used 

in preclinical studies of RSV antiviral compounds including JNJ-678 362, TMC353121 363, MDT-

637, BMS-433771, and BTA-C585 217. Cotton rats would provide a good small animal model for 

examining the antiviral effects of bis(indole) compounds against RSV in vivo, before moving on 

to larger animals or adult human volunteer challenge studies.  

While cumbersome for handling due to their size, the neonatal lamb offers a robust model for RSV 

infection. The airways of lambs are similar to humans in size, structure, and branching patterns 364. 

More importantly, neonatal lambs are much more susceptible to RSV infection than rodent models, 

and symptoms of infection mirror those observed in human infants. The neonatal lamb model was 

used to characterize JNJ-678 362, a fusion inhibitor currently in clinical trials. Finally, human 

challenge experiments in healthy adult volunteers have been used extensively to test RSV antiviral 

candidates prior to clinical trials. The fusion inhibitor GS-5806 206,207 and nucleoside analogue 

lumicitabine have been tested in this manner 212.  

Gaining a better understanding of the signaling cascade downstream of TLR7 that benefits RSV 

replication is an important area for future research. Specifically, the signaling cascade from TLR7 

to the AP-1 transcription factor via MAPKs may be important yet is poorly defined. This is in 

contrast to the signaling cascades leading to the IRF-7 and NF-κB transcription factors, which are 

well defined 240,247. While it has been suggested that AP-1 is activated through TAK-1, 

experimental evidence supporting this assertion is lacking and further research in this area is 

required. The results of this thesis suggest the MAPK ERK is of primary importance to the 

enhancement of RSV replication. These results may help guide future research.  

Examining TLR7-mediated enhancement of RSV replication in vivo will be an interesting pursuit 

and may answer an array of questions. In the context of a functional immune response the benefits 

of TLR7 stimulation are expected to be more pronounced, however, will this benefit offset the 

expected increase in RSV replication in the airway epithelium? Alternatively, will immune 

stimulation in the context of enhanced RSV replication result in exacerbated immunopathology 

and increased disease severity? Previously, stimulation of TLR7 in the context RSV infection in 
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mice was observed to result in increased weight loss 289. This observation suggests that stimulation 

of TLR7 during RSV infection will not simply bolster the immune response and benefit the host. 

It is important to note that the purpose of the study by Johnson et al was not to evaluate TLR7-

mediated enhancement of RSV replication 289. Therefore, answering the aforementioned questions 

will require a new line of experimentation. It will be essential to monitor disease severity through 

a variety of parameters including weight loss, viral load in the lungs, airway hyperresponse, and 

airway inflammation. Selecting the appropriate animal model will be important to studying the 

effect of TLR7 stimulation on disease severity. Cotton rats would be more appropriate than mice, 

as RSV replication is highly attenuated in mice 337. However, symptom severity is limited in cotton 

rats. Instead, the neonatal lamb model would be an ideal choice for studying TLR7-mediated 

enhancement of RSV infection. The neonatal lamb is highly susceptible to RSV infection, shares 

similar airway structure to humans, and infection presents with similar symptoms 337,364. 
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