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Abstract

Respiratory viruses are the most common cause of disease in humans, causing high death
rates worldwide. Among these, respiratory syncytial virus (RSV) infection is the most significant
cause of severe lower respiratory infections in children in North America and one of the leading
causes of infant death worldwide. There is no vaccine, and limited drug treatment options, so there
is a great need for effective drugs. The emergence of SARS-CoV-2, the pathogen responsible for
the COVID-19 pandemic, has created an even more urgent need to develop new antiviral drugs.
The creation of antiviral drugs begins with understanding how the virus infects humans and then
designing a potent compound that can target any step of the virus life cycle, including viral
attachment to the cell, replication process, and release. The viral polymerase represents an
attractive therapeutic target for inhibition of virus infection because it makes the virus genetic
material (RNA). If this process is halted or slowed, then virus infection is stopped. This has been
a highly successful approach in the antiviral drugs developed for HIV and hepatitis C virus (HCV)
infections. Therefore, broad-spectrum antiviral agents are desirable because they could protect

against the emergence of new viruses, like pandemic SARS-CoV-2.

In Chapter 2, we computationally evaluated the RSV polymerase complex for potential
allosteric sites that can accommodate a new class of non-nucleoside polymerase inhibitors reported
previously by our group. The lead bis(indole) compound, compound 1, was used as a reference for
the molecular docking and molecular dynamics simulations to develop a reliable computational
model. The in-silico studies shed light on the putative allosteric site and potential protein-ligand
interactions allowing for the design of a new series of compounds with potentially better activity.
The synthesis of the compound 1 analogues is discussed. Evaluation of several analogues against

RSV is also reported and showed that a new compound, compound 6, displayed the most promising



antiviral activity using RSV viral progeny assay and viral RNA production quantification using

qPCR.

In light of the recent pandemic caused by SARS-CoV-2, Chapter 3 discusses efforts to
develop effective antivirals to combat the virus. This chapter describes a detailed computational
strategy to identify allosteric binding pockets within the SARS-CoV-2 polymerase and their
druggability and accessibility for small molecules. A library of new analogues was rationally
designed where the indole fragment of the bis(indole) was substituted with a phenolic hydroxyl to
establish a hydrogen bond interaction to the side chain of Thr 394. Several analogues were
evaluated using cell-based and biochemical assays and yielded two compounds, 5 and 6, with
substantial low micromolar activity. The activity of the new compounds was also assessed in
combination with the FDA-approved drug remdesivir, and a synergistic effect was observed when

infected cells were treated with this blend.

In Chapter 4, we describe the discovery of a new way of how viruses can evade immune
pressure and sterilizing conditions through a single amino acid mutation at residue 305 in the RSV
fusion protein (F) that switches the profile from RSV type A to RSV type B. Molecular dynamics
demonstrated that the switch from leucine at position 305 (RSV type A) to isoleucine (RSV type
B) causes a shape-shift in the protein conformation, altering the conformation of the antigenic
epitopes and hence changing the susceptibility profile for antibodies and patient serum
neutralization. A detailed computational, viral evolution, and mutants response to antibodies is

described.
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Chapter 1:
Pharmacological Targets and Emerging Treatments

for Respiratory Syncytial Virus*

1. Introduction

Respiratory Syncytial Virus (RSV) is a member of the Orthopneumovirus genus,
Pneumoviridae family, and Mononegavirales order.! RSV has two major sub-types, type A and
type B, that share 95% sequence identity and have similar disease manifestations. 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.? RSV was immediately suspected as a human
pathogen, as the authors noted that RSV neutralizing antibodies were present in a laboratory
worker who contracted an upper respiratory tract infection after working closely with infected
chimpanzees. Soon after, pre-existing neutralizing antibodies were detected in the serum of
patients who had no contact with the chimpanzee colony. RSV was successfully isolated from a
human patient in 1957 3, and in subsequent years the importance of RSV as a major contributor of

disease in pediatric * and elderly ° populations became apparent.

Despite the discovery of RSV dating back over six decades, no vaccine to prevent infection
or efficacious antiviral for treating infection are available. Lack of licensed medication is not due
to a lack of drug development activity as there have been several high-profile failures of RSV

vaccines and therapeutics in the last four years (Table 1.1). Recently in the Fall of 2018 and winter

* The contents of this chapter have been copied and/or adapted from the following publication:

Elawar, F.*; Oraby, A.K.*; Kieser,Q.*; Jensen, L.D.; West, F.G.; Marchant, D.J., Pharmacological Targets and Emerging
Treatments for Respiratory Syncytial Virus Bronchiolitis. Pharmacology & Therapeutics, 2021, 220, 107712.
*Authors equally contributed



of 2020, three promising compounds, all of which targeted different stages of RSV replication,
were withdrawn from clinical trials.® Furthermore, there were two high-profile failed vaccine trials
of different strategies.” While these vaccines saw little success in a primary setting, there was
limited achievement in reducing both hospitalization due to lower respiratory tract infection and
severe hypoxemia. As a result, these vaccines may see restricted use exclusively for high-risk
populations.® Therefore, RSV continues to impose a significant global burden of disease with few
experimental therapeutic options. In this review, we discuss the classes of compounds in clinical
trials, their targets, and some of the recent and historical failures of RSV therapeutics. It is only
after learning from the mistakes of the past and incorporating understanding of RSV replication

that we will develop efficacious therapies and vaccines.

Compound Name Development Stage Mechanism of action Citation
5
JNJ-53718678 (JNJ-678) Phase 2 CT completed Small molecule RSV-F inhibitor NCT02387606
NCT03379675

{Perron, 2015
GS-5806 (Presatovir) Phase 2b CT completed Small molecule RSV-F inhibitor #453;DeVincenzo, 2014

#841} NCT02135614

{Heylen, 2017 #663}

BTA-C585 Phase 2 CT completed Small molecule RSV-F inhibitor
NCT02718937
{Detalle, 2016 #459}
ALX-0171 Phase 1 and 2 CT ongoing Antibody-like RSV-F inhibitor NCT02979431
NCT03418571
NCT02654171
AK-0529 Phase 1b and 2 CT ongoing Small molecule RSV-F inhibitor
NCT02460016



MDT 637

Phase 1 CT completed; {Douglas, 2005 #461}
Small molecule RSV-F inhibitor
(VP-14637) results not released NCTO01355016
BMS-433771 No investigation in CT Small molecule RSV-F inhibitor {Cianci, 2005 #462}
TMC-353121 No investigation in CT Small molecule RSV-F inhibitor {Bonfanti, 2008 #464 }

{Gottlieb, 2016 #456}

ALN-RSV01 Phase 2b CT; partial success siRNA targeting RSV mRNA encoding RSV-N
NCT01065935
Phase 1 CT completed; {Challa, 2015 #420}
RSV604 Binds RSV-N protein; blocks RNA synthesis
results not released NCT00416442
{Deval, 2015

Phase 2 CT completed; #418;DeVincenzo, 2015

ALS-008176 (lumicitabine) development on hold, results Targets RSV-L; causes chain termination #457)

not released
NCT02673476

{Coates, 2017 #662}
PC786 Phase 2 CT ongoing Targets RSV-L
NCT03382431

AZ-27 No investigation in CT Inhibits de novo RNA synthesis initiation by RSV {Noton, 2015 #466}

Inhibits RSV mRNA elongation and capping producing
BI-D No investigation in CT {Fearns, 2016 #463}
IFN response

YM-53403 No investigation in CT Targets RSV L {Sudo, 2005 #419}

{Warren, 2016 #478}
GS-5734 Phase 2 CT ongoing* Inhibits polymerization by RSV-L in vitro
NCT02818582

{Warren, 2014 #465}
BCX-4430 Phase 1 CT* Inhibits polymerization by RSV-L in vitro
NCT02319772

Table 1.1: Recent RSV antivirals in development or in clinical trials.

Currently, there are two therapeutics licensed for managing disease due to severe RSV
infection. Ribavirin, the first licensed therapeutic, is an antiviral nucleoside analogue that was

recommended for the treatment of severe RSV infection in 1993. However, clinical trials leading
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to this recommendation were methodologically flawed, and the efficacy of ribavirin was
exaggerated.'® ! Subsequent studies found that the benefits of ribavirin were limited or non-
existent !> 12, and ribavirin is no longer included as a standard of care for RSV infection. Currently,
the only licensed prophylaxis, Palivizumab, a humanized monoclonal antibody against RSV, was
licensed in 1998 for the prophylactic prevention of RSV infections. Due to its high cost, limited
efficacy, and the necessity of monthly prophylactic injections, Palivizumab is only administered
to high-risk infants. A majority of hospitalized infants are not eligible for Palivizumab, so there is
no decrease in hospitalization rates in full term infants that contract RSV from older siblings 4.
Palivizumab is not efficacious in the treatment of ongoing RSV infection and has a less significant
effect on overall RSV transmission rates than previously though.!> !® In summary, the limited
efficacy of therapeutics for the treatment and prevention of RSV means that development of

therapeutics in this arena is ongoing and rapidly gaining more attention.

1.1 New therapeutics are needed to stem the burden of RSV disease

RSV is a leading cause of both infant mortality and hospitalization worldwide 7, so there is a
great need for direct-acting antivirals. In fact, RSV has been recognized by the World Health
Organization (WHO) as the number one vaccine priority.'® Anti-infectives are likely to be utilized
most during neonatal intensive care unit (NICU) stays and shortly after discharge.!® 2 While
individuals will be re-infected with the same strain of RSV throughout life, the primary infection
during infancy is typically the most severe and so is of the highest priority. In the community,
approximately 40% of all primary infections in infancy result in lower respiratory tract infections
(LRTI), which manifest as bronchiolitis or pneumonia. However, not all of these cases will be

reported to the hospital and 0.5-2% of all otherwise healthy infants will require hospitalization due



to RSV LRTI 2!. In Canada and the United States, RSV LRTI in infants results in approximately

12 000 and 77 000 annual hospitalizations, respectively.??

In 2010, Nair et al. estimated that LRTI caused by RSV in children under five years old
resulted in 3.4 million hospitalizations and 66 000 to 199 000 deaths annually (examining data
from 2005).2* A decade later, the RSV Global Epidemiology Network observed a comparable
worldwide burden of disease in children under five years of age, with RSV LRTI responsible for
3.2 million hospital admissions and 94 600 to 149 400 deaths annually.?* RSV-related mortality
disproportionately affects developing countries more than western nations. Unfortunately, in these
settings, newly licensed therapeutics will likely not be available initially due to the tremendous
financial cost of new drugs. Nevertheless, it is developing countries where RSV drugs are needed
most. However, if treatment of the human immunodeficiency virus (HIV) pandemic is to be a
model, then generic production of any licensed RSV drugs would be beneficial. Generic drugs that
were produced in the Indian, Brazilian and South African biotechnology complex were of
tremendous benefit in resource poor settings.” They contributed greatly to reducing the burden of
HIV in sub-Saharan Africa. Efforts such as these typically don’t come without legal challenges to
possible patent infringement.” Nevertheless, generically manufactured drugs at a fraction of the
cost of the name brand product may help to fulfil the need to stem the burden of RSV in these

settings.

1.2 The RSV viral-load infection profile compared to influenza

Acute viral infections can be difficult to treat with antivirals because, typically, the patient
must be treated shortly after the onset of symptoms for the intervention to be effective. In other
words, intervention must be effective before the viral load reaches its peak, preventing viral spread

and damage to the host’s cells from direct virally induced cytopathic effect and the immune
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response to infected cells. Of course, 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 influenza A virus (IAV), where peak viral shedding precedes peak symptom
severity.”> 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.?®

Human challenge studies that compared the viral load progression of RSV to influenza showed
that there was a significantly longer therapeutic window to treat RSV infection 27, suggesting that
RSV infections will be more responsive to antivirals than influenza. Furthermore, in
experimentally inoculated adult volunteers, RSV replication and titers mirrored symptom

% unlike

severity.?® Likewise, in hospitalized children, RSV load paralleled disease severity 2
influenza where peak symptoms followed after the peak of viral load.?® Therefore, when an RSV

antiviral becomes available, the drug is expected to have a reasonable window of opportunity to

treat the infected individual.

1.3 RSV spread and adaptation in the community

1.3.1 RSV seasonality

In temperate climates, such as North America, the RSV season lasts 3-5 months; typically,
beginning in autumn, peaking in winter, and tapering off in the spring. RSV transmission is
significantly reduced, or not detected during the summer months.>*** In contrast, very cold or

tropical climates do not obey this pattern, and RSV transmission occurs year-round.*>3* A variety
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of hypotheses have been proposed to explain the transmission patterns observed across these
different regions, including changes to viral stability in the environment that are dependent on
temperature, humidity, and ultraviolet light intensity. Alternatively, changes in human behavior
throughout the seasons have been proposed to play a role.?*** No animal reservoir is known or
suspected for RSV, and the reintroduction of RSV in regions with seasonal transmission cycles is

not understood.?? 3% 3>

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.*® RSV BA strain continued to evolve with four genotypes emerging
in the ten years following its emergence. We have proposed that this behaviour supports the
emergence of RSV into a community by high-titer clades.” The high-titer clade hypothesis will
be described in further detail below. These aspects of RSV adaptation/mutation suggest that it will

be important to modify or even replace drugs as new RSV strains emerge.

1.3.2 RSV transmission

RSV is primarily transmitted via large nasopharyngeal droplets from infected individuals.??
Large droplets (>100 um in size) remain in the air for only a matter of seconds, quickly falling
onto surfaces due to gravity.>® Therefore, direct contact with an infected individual, or contact with
contaminated surfaces, is required for transmission via large droplets. Infectious RSV can be
isolated from solid surfaces 6 hours after transfer and can survive on hands for 25 minutes.*
Rubbing one’s eyes and face with hands contaminated by these surfaces can lead to infection. RSV
gathers a foothold on the host here by first replicating in the conjunctiva of the eyes or in the nose.

40 Tt then goes on to infect the upper and lower respiratory tracts.



Recently, it was observed that viable RSV is present in aerosols produced by infants with
bronchiolitis.*! 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 um in diameter. While large
diameter particles are typically caught in the upper respiratory tract, particles less than 5 um in
size may be directly inhaled into the lower airways.*!: *> The possibility of airborne transmission

of RSV has implications for public health measures used to prevent nosocomial RSV transmission.

Surfaces contaminated with RSV represent another major source of transmission.** RSV
conjugated with air pollution can last for weeks on a dry surface,* and serves as a significant
source of nosocomial transmission. Thus, the best prophylaxis measures to protect from RSV

infection are likely handwashing, stifled coughs-sneezes, and social distancing.

1.3.3 Adaptation of RSV and the potential for drug resistance

Owing to the low fidelity of its RNA-dependent RNA polymerase (RdRp), RSV evolves
rapidly. 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.** 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 but increased rapidly upon reconstitution of the adaptive
response with a bone marrow transplant.*’ Thus, the rapid generation of genetic diversity following

the introduction of a selective pressure, such as the host immune response, will likely translate to



the emergence of drug resistance following the introduction of a new therapeutic. In summary,
similar to other RNA viral infections, drug resistance will represent a significant hurdle in the

efficacy of treatment over time.

1.3.4 Evolution of RSV in the community toward decreased virulence

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 suggests that RSV subtype does,
4648 or does not, ¥-°° 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 clades.?” This study did not directly examine the severity
of illness; however, an association of RSV viral load and disease severity has been observed

previously.’! Thus, identification of high-titer clades may enable forecasting of dominant strains

causing severe infections in the subsequent RSV season.

Our group also showed that newly emerging RSV strains into communities were driven by
strains that produced the highest titers in patients and tissue culture. These may be quasispecies
that are imported, and so they have emerged with an ability to replicate to a higher titer in a naive
population. However, we also noted the presence of ‘resident clade’ RSV strains that circulate at
a lower titer relative to high-titer clades. While resident clade viruses produced lower titers in
patients and tissue culture, we found that they were more infectious in culture. Thus, we propose
that there is a natural evolution of RSV toward strains that linger in the community, replicate
slower, and have less of a propensity to cause disease. This evolution is driven by the fact that the

resident strains are more infectious but cannot replicate to high titres. Any virus that undergoes



fitness adaptation through mutation will likely evolve drug resistance. This is especially true for
direct-acting antivirals where evolutionary pressure is placed upon the population of quasispecies;

a member of the population that is resistant to drug pressure will outgrow the susceptible species.

1.4 RSV proteins, their functions and potential as therapeutic

targets

1.4.1 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 centered around antagonism of the host IFN
response (reviewed in *?), delaying apoptosis >, and arresting the cell cycle in the Go/G phase >*.
They are the first proteins to be expressed during infection, underlining the importance of shutting
down the IFN response to the virus. Therefore, therapeutic potential may exist in blocking NS
protein-mediated immune-suppression to augment the innate immune response against RSV.
Targeting NS1 and NS2 may decrease viral titres in a preventative setting or a therapeutic setting
in infants as this has already been shown in preclinical studies >°. Recently, studies suggested NS2
could be targeted and inhibited by small molecule drugs >®. It may be worthwhile to pursue non-
structural proteins in antiviral discovery and perhaps in combination with drugs targeting other

RSV proteins.

1.4.2 The RSV Genome and Nucleoprotein

RSV has a single-stranded negative-sense RNA genome of approximately 15.2kb that encodes
10 genes and 11 proteins.”” The RNA genome is tightly bound to RSV nucleoprotein (RSV-N) in
a helical ribonucleoprotein (RNP) complex. RSV-N arranges into a homodecameric ring with each

individual subunit interacting with 7 bases of the RSV genome.’® The RNA itself is bound to the
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decameric ring in a basic groove near the external surface in a way that the RNA can be readily
accessed by the viral RdRp, which is critical given that RSV-N has been implicated in viral RNA
replication (Grosfeld et al., 1995). Interestingly, the function of RSV-N during infection by RSV

extends beyond genomic packaging to antagonism of the host innate immune response.

1.4.3 Antagonism of the immune response by nucleoprotein

There are two mechanisms by which RSV-N modulates the host immune response. The first
mechanism relies on the interaction of RSV-N with a multitude of host proteins including: retinoic-
acid-inducible gene-I (RIG-I), melanoma differentiation-associated gene 5 (MDAS), and
mitochondrial antiviral signaling protein > (MAVS; also known as IPS-1, CARDIF, or VISA ©0).
RIG-I and MDAS5 are cytosolic pattern recognition receptors (PRRs).6! ©2 RIG-I detects 5’-
triphosphorylated RNA and double-stranded RNA (dsRNA), while MDAS detects only the latter.
63 Following activation by their cognate ligands, both RIG-I and MDAS signal through the MAVS
adaptor protein to stimulate an interferon (IFN)-B response. Transfection of RSV-N into cells
infected with Newcastle Virus (which elicits a strong IFN-B response) attenuates the IFN-B
response via inhibition of RIG-I and MDAS signaling through sequestration of MAVS to inclusion
bodies.” This represents one strategy by which the RSV-N protein antagonizes the innate immune

response, supporting the argument that it is a bona fide therapeutic target.

The second known mechanism hinges upon the interaction between RSV-N and a protein
kinase termed PKR.%* PKR is produced in response to type I IFNs as a means of inducing an
antiviral state in cells.> PKR is activated by cytosolic dsSRNA (reviewed in ). Briefly, binding
to dsRNA results in activation of PKR via phosphorylation of multiple serine and threonine
residues. Phosphorylated PKR inactivates eukaryotic initiation factor 2 o (elF-2a) via

phosphorylation. In the absence of elF-2a, cellular translation of mRNA into protein ceases.
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During RSV infection, there is an accumulation of phosphorylated PKR; however, elF-2a is not
inactivated. Instead, phosphorylated PKR is bound by RSV-N.%7 Given the localization of RSV-N
to inclusion bodies during RSV infection, binding of PKR by RSV-N likely sequesters PKR into

inclusion bodies.>’

A viral protein such as RSV-N that is indispensable for viral replication is a good therapeutic
target such that suppressing RSV-N activity may release innate immune mechanisms from

inhibition while decreasing RSV replication.

1.4.4 RSV-P phosphoprotein

The phosphoprotein in RSV (RSV-P) helps make up the RNA-dependant RNA polymerase
complex RSV needs to transcribe and replicate its genome. Since the polymerase complex is made
up of 3 different proteins, targeting the polymerase complex is an option that has not been
comprehensively explored. The polymerase complex structure has recently been resolved, thereby
opening opportunities for designing antivirals to target novel RSV sites.®® Furthermore, RSV-P
has been implicated as a strong target for antiviral compound design. ® The position RSV-P fits
in the polymerase complex demonstrates that antivirals can inhibit the RSV-P function because it
would have access to a binding pocket. RSV-P is essential for viral replication and transcription,

therefore, halting the P protein function will halt RSV-L activity as well.

1.4.5 RSV-M 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.° RSV-M does not have characterized antigenic
regions that are assessible to the host immune system for neutralization; therefore, it is not

currently a suitable RSV protein target in a vaccine or antiviral.
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1.4.6 Envelope proteins: RSV-F fusion protein, RSV-G glycoprotein, and RSV-
SH 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 between
RSV-F and RSV-G envelope proteins and host cell proteins (reviewed by 3°). Briefly, proposed
candidate receptors include CX3 chemokine receptor 1 (CX3CR1) 7!, epidermal growth factor
receptor (EGFR) 7% 73, annexin II 7*, calcium-dependent lectins, Toll-like receptor 4 (TLR4) 7>,
intercellular adhesion molecule 1 (ICAM-1) 75, nucleolin 77, and heparan sulfate proteoglycans
(HSPGs) PMID: 10864656. The functions of these proteins include tethering RSV to the surface

and triggering fusion.>

1.4.7 RSV-F fusion protein

RSV-F is essential for entry because it triggers the fusion of virion and host cell membranes
that allow delivery of the virus capsid contents into the host cell. Before interaction with the host
cell, it exists as a trimer in a pre-fusion conformation. ’® It is hypothesized that fusion of the viral
membrane to the host cell is driven by a conformational shift in multiple spring-loaded, metastable,
RSV-F proteins 3. Host-cell nucleolin was first identified as a candidate receptor for RSV-F via a
virus overlay protein binding assay and is necessary for optimal RSV entry. 7’ RSV-F has been the
focus point for many pharmaceutical companies as a vaccine candidate. Until recently, the more
stable RSV-F in its post-fusion state was predominantly used in vaccine development. However,
after multiple years of clinical trial failure, we know the RSV-F post-fusion conformation does not

confer protective antibodies against infectious RSV particles.
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1.4.8 RSV-G glycoprotein

Depending on the type of immortalized cell line, RSV-G is dispensable for infectivity in cell
culture.” However, interaction between RSV-G and the cellular membrane protein CX3CR1 is
necessary for optimal infection of in vivo models.”! Soluble RSV-G is secreted by virions to serve
as an immune and antibody decoy.®® RSV-G is also the most variable protein expressed in the RSV
genome and, as such, has been used to characterize RSV strains. The variability of this protein

makes it unattractive as a vaccine target because the vaccine would have to be adapted frequently.

1.4.9 RSV-SH small hydrophobic protein

Like RSV-G, RSV-SH is not essential for RSV replication in cell culture 7 ¥, and
recombinant RSV strains lacking RSV-SH were only slightly attenuated in mice.’! In
chimpanzees, RSV lacking RSV-SH were attenuated in the lower, but not upper, respiratory tract.
82 While the role of RSV-SH in RSV replication is not well characterized, these observations have
precipitated investigations of RSV-SH deletion vaccine candidates.®® Furthermore, RSV-SH does
not physically protrude as far as RSV-F and RSV-G, therefore it is not an ideal neutralization

target.

1.4.10RSV-M2

The RSV polymerase consists of a complex formed by RSV-L, RSV-P, and RSV-M2-1 to
transcribe and replicate its RNA genome (Reviewed in (PMID:16760383)). RSV-M2-1 is
primarily involved in the complex as transcription terminator. There are reports of RSV-M2-1
interacting substantially with RSV-P in the complex.** Therefore RSV-M2-1 is an essential part
of the RSV lifecycle and can be targeted with an antiviral either by directly targeting the protein

or the complex the protein folds into. Furthermore, recent studies have suggested that M2-1 has a
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role in downstream transcription to translation.®> The importance of M2-1 in transcription and

translation of RSV makes M2-1 a more attractive therapeutic target.

1.4.11 RNA-dependent RNA polymerase

The RSV RdRp is encoded by the RSV-L gene and is packaged within the virion in
conjunction with the genome. This protein, in complex with RSV-P, catalyses transcription and
replication of the RSV genome (Figures 1.1 and 1.2). The polymerase complex of a virus is
critical because it produces the mRNA from which viral proteins are made and it replicates the
genome to be packaged into progeny viruses. These activities are crucial for an infection to happen

and so the polymerase makes for a strong therapeutic target.

1.4.12 The structure of the RSV polymerase and implication for therapeutic
development

Even though the RSV-L protein is the core polymerase enzyme, the RSV-L and -P proteins
are the minimal constituents of the RSV polymerase that are required for activity.’® 7 Recently,
the structure of the RSV-L and P polymerase complex has been elucidated to 3.2-A resolution by
cryoelectron microscopy.®® This provides a high-resolution picture of the RSV-L and P core RdRp
complex that on its own has in vitro RNA-polymerase activity. The RSV-P protein encompasses
the RSV-L core catalytic protein in a “tentacular” formation in a 4:1 stoichiometry, meaning that
the four RSV-P proteins emanate from the core protein structure like tentacles and each RSV-P
takes on a distinct conformation. There are two primary functions of RSV-L, transcription of
individual mRNA transcripts and genome replication, the regulation of which was only elucidated
recently.®® The structure of the polymerase provides a model from which new compounds can be

made and explains the generation of resistance to antiviral drugs.
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The RSV-L/-P complex can initiate transcription or replication and produce short transcripts
up to 200 nucleotides in length.?”- 38 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 optimal RdRp replicase processivity.?’ Conversely, transcriptase activity by RSV RdRp
requires the RSV-M2-1 anti-termination factor.”® As a result, a full complement of RSV-L, -P, -

M2-1, and -N is required to produce full infectious RSV from a cDNA antigenome.”"

Receptor Viral budding Viral

binding and egress spread
_ RSV-G

( RSV-F == RSV-F inh. (Palivizumab, ALX0171, ﬁ- &

MEDI 8897, JNJ068, JNJ678)
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Figure 1.1: Experimental therapeutic strategies target different points in the RSV replication cycle. The RSV
replication cycle from receptor binding, entry, to genome replication, viral budding and spread to adjacent cells are
shown. Drugs targeting each of the steps or RSV proteins are shown in parentheses.

1.4.13 Drugs targeting the RNA-dependent RNA polymerase
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RSV-L is the catalytic subunit of RSV RdRp, responsible for polymerizing genome and
transcript chain elongation *2, polyadenylation (reviewed by ), and 5’ capping °*. The RSV RdRp,

as with all RNA viruses, is central to viral replication and is thus a logical therapeutic target.

The RSV-P protein is also a necessary subunit of RdRp along with RSV-L. Phosphorylation
of RSV-P at serine-232 is required for chain elongation °°, and phosphorylation of RSV-P at
threonine-108 enables interaction of the RdRp with RSV-M2-1.° Thus, blocking these

interactions or phosphorylation of RSV-P could lead to new classes of therapeutics.

RSV-L,P structure

RSV transcript/genome copy

RSV genome template

Figure 1.2: The structure and configuration of the RSV polymerase consisting of RSV-L and P proteins.

1.5 An overview of RSV therapeutic development

1.5.1 Development of RSV antivirals

Millions of compounds have been screened for antiviral activity against RSV in high
throughput platforms and a small handful of these compounds have entered clinical trials (Table
1.1 and Figure 1.3). Despite RSV antiviral drug discovery spanning decades, no efficacious

antivirals have entered the market. The absence of efficacious RSV antivirals in the clinic
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highlights the need for creative efforts to identify novel chemical entities with antiviral activity

against RSV.

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). °7 Alternatively, therapeutics such as
Danirixin, an oral small molecule drug that inhibits the CXCR2 receptor, seek to mitigate the
damage due to inflammation which occurs during RSV infection, seek to mitigate the damage due
to inflammation which occurs during RSV infection. °’ Rather than describe the myriad of
compounds that have in vitro antiviral activity we will discuss those compounds with the most

promise or that have failed clinical trials.

1.5.2 Fusion inhibitors

1.5.2.1 GS-5806

GS-5806, also referred to as presatovir, is an RSV-F inhibitor. °® Gilead Sciences employed a
high-throughput antiviral screening campaign in their efforts to discover and optimize hits against
RSV. ” A result was the discovery of a structurally distinct class of RSV fusion inhibitors bearing
a pyrazolo[1,5-a]-pyrimidin-2-yl moiety. A phenotypic screening of ~400,000 compounds, using
human epithelial type-2 (Hep-2) cells to assess CPE (cytopathic effects) by RSV A2 virus

identified a racemic hit 1 with an in vitro ECso = 202 nM (Figure 1.3A).

GS-5806 functions by locking RSV-F in the pre-fusion conformation and preventing the
subsequent conformational change required for fusion with the host cell membrane thereby

preventing entry of the virus. '% In healthy adult volunteers inoculated with RSV, GS-5806
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reduced symptom scores and viral replication '°!- 102

and 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. * Mutations that confer resistance to GS-5806 map to the fusion peptide
(L138F and F140L) or heptad repeat B (HRB) (F488L/S) regions of RSV-F. GS-5806 resistant
mutants also exhibited resistance to other inhibitors of RSV-F such as VP-14637. Similarly,
mutations within RSV-F fusion peptide and HRB domains that confer resistance to other fusion
inhibitors reduced the efficacy of GS-5806. 1 Interestingly, GS-5806 resistant mutants are still
susceptible to palivizumab, and ribavirin and the converse is true as well. This means that should
resistance to one treatment option arise, an efficacious therapeutic in the form of either

palivizumab or GS-5806 will remain. In April of 2017, GS-5806 completed phase 2b clinical trials

in adults hospitalized with RSV, however, results have not been released (NCT02135614).
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Figure 1.3: Structures of RSV fusion and entry inhibitors.

Recently, in a phase 2 clinical trial, presatovir was unsuccessful at improving virological and
clinical outcomes ©, in that there was no significant change in RSV viral load over nine days of

infection. Furthermore, the need for supplemental oxygen and mechanical ventilation was no
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different between the placebo and presatovir treatment groups. As with many antivirals that target
virus entry, one must consider that failure of the trial may have been due to treatment delay during
the course of patients’ infection. We would suggest that entry inhibitor such as presatovir could be
more useful as prophylactic drugs that would be administered during RSV seasons to those at risk

from infection.

1.5.2.2 MDT-637

MDT-637, formerly known as VP-14637 (Figure 1.3B), is a substituted bis-tetrazole-
benzhydryl phenol, which has been reported to inhibit RSV cell entry. Evaluation of MDT-637
against RSV clinical isolates and cotton rats showed that the compound had a hundred- to
thousand-fold greater potency than ribavirin.!® Moreover, MDT-637 showed broad in vitro
antiviral activity on clinical strains of different RSV genotypes. Douglas and coworkers used an
RSV-induced cell fusion assay to confirm that MDT-637 acts by inhibiting viral fusion, %% 1%
Drug-resistant variants have been selected and genotypic analysis of the resistant viruses revealed
various mutations in the F protein. Structural analysis of the F protein revealed a hydrophobic
cavity formed by six amino acids. This pocket can accommodate two hydrophobic residues (F483
and F488) during the formation of the six-helix bundle (6HB).! Identifying the mechanism of
action of this compound opened the door for a detailed understanding of the mechanism

surrounding RSV fusion protein inhibition and hence the progress toward more potent compounds

with different scaffolds.

1.5.2.3 JNJ-2408068

JNJ-2408068 is a benzimidazole derivative that has been reported to have potent RSV fusion
inhibitory activity (Figure 1.3C). Battles and coworkers assessed the antiviral activity of JNJ-

2408068 in different cellular RSV assays. % INJ-2408068 binds to a three-fold-symmetric pocket
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in the metastable pre-fusion conformation of RSV-F. This binding stabilizes the RSV-F pre-fusion
conformation by tethering two regions that undergo a structural arrangement that facilitates
membrane fusion. Binding of JNJ-2408068 has revealed a m-m stacking interaction with the
aromatic side chains of Phe140 and Phe488 located in the RSV-F fusion peptide and HRB domains
(Figure 1.4).! The fusion peptide and HRB domains are located in the N-terminus and C-
terminus of RSV-F, respectively, that undergo conformational rearrangements during the fusion

Process.

Moreover, the positively charged piperidine nitrogen of JNJ-2408068 reaches down to the
negatively charged Asp 486 and Glu 487 in the binding pocket (Figure 1.4). This observation
showed that the inhibitor acted as an antagonist, with both hydrophobic and electrostatic
interactions, to prevent RSV-F rearrangement and stabilize the RSV-F pre-fusion conformation.
However, JNJ-2408068 was found to have a long tissue retention time (half-life in the lung is about
153 h), which raised safety concerns and led to a decision surrounding the drugs suitability for

further development.

1.5.2.4 JNJ-53718678

INJ-53718678 (JNJ-678) is another potent RSV-F protein inhibitor developed by Johnson &
Johnson (Figure 1.3D). [sothermal titration calorimetry (ITC) has been used to assess the binding
of JNJ-678 to the RSV fusion protein, involving both pre- and post-fusion F protein
conformations.'?” Results showed that the compound bound tightly to the pre-fusion conformation
of RSV-F. The compound exhibited exceptionally potent in vitro activity against RSV A2 strain
with an ECso of 480 pM. Investigation of the binding mode and structure-activity relationship of
this compound compared to other reported fusion inhibitors showed that the same pocket was

being targeted. The replacement of the benzimidazole, which has been reported to be essential for
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the activity of INJ-2408068, with an indole moiety retained the antiviral activity. The chloroindole
moiety of JNJ-678 was shown by X-ray crystallographic analysis to be involved in a nt-7 stacking

interaction with Phe488 and Phe140 (Figure 1.4).
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Figure 1.4: Mechanisms of inhibition of two RSV-F entry inhibitors. A, JNJ-2408068 bound to the RSV-F envelope
glycoprotein of RSV with important amino acids involved in the binding with hydrogen bonds shown in dashed red
lines, ion pairing shown in magenta and m-cation interaction in cyan (PDB accession=5EA3). B, Ligand interaction
diagram of JNJ-678 indicating the key binding interactions of the compound with F protein (n-n stacking represented
by circled green arrows, Hydrogen, and halogen bonds by green arrows). Adapted with permission from (Dirk
Roymans et al.). Copyright 2017 Springer Nature.

In addition, once the compound is bound to the F protein, the chlorine atoms established a
halogen bond with the backbone of Thr397 in a sub-pocket formed by amino acids Asp489,
Asp486, Thr397 and Phel137. These results confirm that members of this class of compounds share
similar mechanisms of binding. Several studies have reported the use of an oral treatment against
RSV infections involving the use of JNJ-53718678 and these studies supported the efficacy and
safety of this compound in inhibiting viral replication and reducing disease severity in infected

adults. > 10

Like GS-5806, JNJ-678 stabilizes the pre-fusion conformation of RSV-F to inhibit viral
fusion.!!! Due to the similar mechanisms of action, it is unsurprising that mutations that confer
resistance to JNJ-678 map to regions in the fusion peptide (L141W) or HRB (D489Y) domains of

RSV-F. In HeLa cells, the average concentration at which viral infection was reduced by 50% was
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0.46 nM. Additionally, JNJ-678 was observed to reduce viral titer and RSV-induced lung
inflammation, two major contributors to RSV disease severity, in mouse, cotton rat, and lamb
models. As was observed for GS-5806, treatment with JNJ-678 also reduced viral load and

symptom scores in healthy adult volunteers experimentally infected with RSV.’

1.5.2.5 TMC-353121

Molecular modeling and pharmacokinetics studies were carried out by Johnson & Johnson to
identify critical substructures responsible for the long tissue retention time of JNJ-2408068. As a
result, TMC-353121, a morpholinopropylaminobenzimidazole RSV fusion inhibitor (Figure
1.3E), has been developed as an improved derivative of JNJ-2408068. !'2 TMC-353121 retained
the antiviral activity against RSV F that was seen in the earlier compounds, with a pECso= 9.9 nM
and a half-life around 14h in lung tissues. Preclinical studies in cotton rats and African monkeys
revealed a dose-dependent antiviral activity of TMC-353121 varying from one logio reduction of
viral load to complete inhibition of RSV replication. '3 TMC-353121 has been cocrystallized with
a construct of the RSV F protein. 17 Analysis of the binding mode of TMC-353121 within the
prefusion F protein conformation has shown that this binding did not eliminate all the interactions
between the heptad repeats, HR1 and HR2, of the F protein which can be envisioned as a zipper
that can close completely in the absence of the inhibitor. However, the binding of TMC-353121
and other benzimidazole RSV-F protein inhibitors, such as JNJ-2408068, induced a distorted form
of the RSV fusion protein trimer which rendered the zipper only partially closed. This distortion

has been proved to be sufficient to potently inhibit RSV viral replication.!%% 107

1.5.2.6 RVS521

A fusion inhibitor called RV521 has a favourable 50 % inhibitory concentration in vitro of

about 1 nM. The drug candidate, developed by ReViral in the United Kingdom has undergone a
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phase 2a, double blind, placebo controlled human challenge study of antiviral efficacy.!'!*
Participants were medicated with the experimental medication five days after challenge with RSV
or when infection was detected. Both viral load and disease severity were reduced significantly,
and recovery of viral load back to detection threshold was faster in those treated with both 350 mg
and 200 mg doses of the inhibitor. The reported treatment emergent adverse events were mild and
transient. In summary, the RSV research and drug development community will be watching the

development of this compound in further clinical trials in the years to come.

1.5.3 Replication inhibitors

1.5.3.1 RSV604

RSV-N plays indispensable roles in RNA transcription and replication given that it is an
essential component of the RSV polymerase complex. A compelling antiviral compound that
targets RSV-N is RSV604. One mechanism of action proposed for RSV604 involves direct binding
of RSV-N by RSV604 to prevent interaction of accessory proteins required for optimal viral
transcription. '° 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. '
Antagonism of any RdRp enzymatic process or antagonism of interactions between RdRp

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

1.53.2 ALN-RSV01

Alternatively, siRNAs are being explored as a potential RSV antiviral. The RNA interference

response in host cells is triggered by siRNA loaded onto argonaute proteins in mammals to form
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the RNA-induced Silencing Complex (RISC), an endoribonuclease that degrades sequence

specific mRNA transcripts and is responsible for translation repression.'!”

ALN-RSVO01 is the first antiviral siRNA approved for testing in clinical trials that targets
RSV-N transcripts. In a phase 2 clinical trial using healthy adult volunteers inoculated with RSV,
ALN-RSVO01 given prophylactically reduced the number of volunteers infected.?® In a separate
phase 2 clinical trial, ALN-RSVO01 was administered to adult lung transplant recipients with RSV
infections. While ALN-RSVO01 reduced progression of bronchiolitis obliterans syndrome, no
reduction was observed in symptom severity, viral shedding, or viral load.!'"® ALN-RSVO01
completed phase 2b clinical trials in May 2012 but the results have not yet been posted

(NCT01065935).

1.5.4 Nucleoside and non-nucleoside inhibitors of RSV-L

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 (AZT) became the first nucleoside reverse transcriptase
inhibitor and drug licensed to treat HIV infection. Most recently, the hepatitis C virus (HCV)
antiviral nucleotide analogue, Sofosbuvir, was licensed. HCV is a blood borne pathogen in which
chronic infection can lead to a lifelong disease. Sofosbuvir offers the first curative treatment for
HCV infection.!!” Of the nucleoside analogues our group has tested expermentally, modest

86

antiviral activity against RSV was noted for cytarabine °°, a chemotherapeutic cytosine

analogue.'?

To date, 32 compounds derived from nucleosides have been approved for clinical use against

HIV, HBV, HCV, HSV, VZV, HCMV, and IAV.!!% 2! Nucleoside analogues typically take
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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.!!” Nucleoside analogues have previously been investigated for
antiviral activity against RSV. Two nucleoside analogues which inhibit RSV replication, ribavirin
and lumicitabine, have been described.!?? Ribavirin is a potent inhibitor of RSV replication in cell
culture while lumicitabine has demonstrated efficacy in adult human volunteers, but it is currently

halted after phase 2 clinical trials (Table 1.1).!%

1.5.4.1 Nucleoside analogues as RSV antivirals

Nucleoside analogues have proven effective as a cure for chronic infections like hepatitis-C
and controlling HIV infection and transmission. However, they are not without their side-effects
like lipodystrophy, headaches, bone loss, and kidney, liver, and pancreas damage. Therefore, it is
important to determine the side-effects in children and whether the benefits of treating an acute
infection like RSV, with a nucleoside analogue outweigh the cons, especially in children. One
must remember that, with respect to pharmacology, children can respond quite differently to drugs,
than adults do. However, nucleoside analogues like zidovudine (azidothymidine) have proven safe
and effective at preventing vertical HIV transmission in newborns. Whether they will be effective

and safe in the treatment of acute infectious disease in infants and children remains unclear.

1.54.1.1 Ribavirin

In 1972, synthesis of 1,2,4-triazole nucleosides in the pursuit of antiviral compounds led to
the discovery of ribavirin (1-B-D-ribofuranosyl-1,2,4-triazole-3-carboxamide) (Figure 1.5). In this
initial study, in vitro antiviral activity was described for a broad array of many different viruses:
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
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(AdV), parainfluenza virus type 1 (PIV-1), influenza A virus (IAV), influenza B virus (IBV),
coxsackievirus, and poliovirus.'?* Ribavirin was later found to also have antiviral activity against
RSV, HCV, HIV, Sendai virus, MeV, and Newcastle virus.!**!3! In the clinic, ribavirin plus
pegylated IFN was the standard of care for HCV infection for many years until this treatment was
surpassed by curative direct-acting antivirals > 133, but due to its toxicity and limited efficacy it

has fallen out of favour in the clinic.

Ribavirin is effective against RSV in cell culture, with reported effective concentration 50%
(ECso) values of 6.3 to 28.38 uM.!2#126.134.135 Gjven 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.

1.54.1.2 PC786

PC786 contrasts lumicitabine as it is a nonnucleoside small molecule inhibitor of RSV-L.!3
During serial passaging of PC786, escape mutants (RSV-L Y1631H or Y1631L) emerged at
passage three. As PC786 is not a nucleoside analogue it is not surprising that the locations of
mutations differed between lumicitabine and PC786. The RSV-L Y163 1H mutation also conferred
resistance to PC786 parent compounds AZ-27 and YM-53403.!25: 137 While the mechanisms of
inhibition differ, lumicitabine and PC786 both target RSV-L and it will be interesting to learn
137, 138

whether similar compounds target RSV-L or another component of the RdRp complex.

PC786 development has been halted after Phase 2 clinical trials (NCT03382431).
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1.54.1.3  ALS-8112

Wang et al. (Alios BioPharma) developed a series of novel sugar-modified nucleosides that
inhibited RSV polymerase in a cell-based assay (Figure 1.5).!3° The modified nucleoside
analogues were also converted to their 5’-triphosphate counterparts and were tested against RSV
isolates for their activity against viral polymerization. The phenotypic screening identified 4'-
azido-2'-deoxy-2',2'-difluorocytidine as a potent inhibitor of RSV-induced cytopathic effect with
an ECso of 1 uM. Similar analogues have previously been reported to inhibit HCV polymerase.'*’
However, due to reports of potential safety concerns caused by 4’-azidocytidine prodrugs in phase
2 clinical trials, the search for other analogue(s) with specific RSV inhibitory activity and safety
margin was a necessity.!*! Optimization processes led to the identification of novel nucleoside
analogues, including the 4’-chloromethylene compound ALS-8112 (Figure 4B), with improved
potency and selectivity against RSV polymerase. The RSV-L protein was identified as the
molecular target of ALS-8112 by the characterization of drug resistance-associated mutations in
the L gene.!*? The 5’-triphosphate form of ALS-8112 (ALS-8112-TP) caused chain termination of
RNA synthesis and inhibition of RSV viral polymerization activity in enzymatic assays. ALS-

8112-TP did not show any inhibitory activity against host or HCV polymerases proving its

specificity against RSV polymerase.

1.5.4.14  Lumicitabine (ALS-8176)

Poor oral bioavailability of ALS-8112 necessitated the use of a prodrug strategy to overcome
this problem which resulted in the development of ALS-8176, a 3°,5’-di-O-isobutyryl-2’-
fluorocytidine prodrug of ALS-8112."%° (Figure 1.5) Following entry into the host cell,
lumicitabine is triphosphorylated and competes with cytidine triphosphate for access to RSV

RdRp. Lumicitabine binds RSV RdRp near the active site and results in chain termination. The
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parent compound of lumicitabine also inhibits PIV-3 and VSV RdRp in vitro. Interestingly, slight
structural modifications to lumicitabine conferred activity against HCV RdRp, a positive sense
ssRNA virus.'*® 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, L7951, and [796V.

There were promising results from lumicitabine clinical trials where adult volunteers were
experimentally challenged with RSV. Participants were inoculated with RSV and began treatment
with lumicitabine after infection was confirmed by RT-PCR. This scenario resembled a more
realistic scenario where infection would be confirmed prior to treatment. Here, it was found that
lumicitabine reduced viral load and duration of infection.'?? It should be noted that this is the
furthest RSV-L inhibitors have progressed in clinical trials to date. There were promising results
from lumicitabine clinical trials where adult volunteers were experimentally challenged with RSV.
Participants were inoculated with RSV and began treatment with lumicitabine after infection was
confirmed by RT-PCR. This scenario resembled a more realistic scenario where infection would
be confirmed prior to treatment. Here, it was found that lumicitabine reduced viral load and
duration of infection.'”> It should be noted that this is the furthest RSV-L inhibitors have
progressed in clinical trials to date. Unfortunately, clinical trials studying lumicitabine were
recently cancelled (late 2018). An ascending dose study in infants hospitalized with RSV infection
showed treatment-emergent neutrophil abnormalities. This result led to a cessation of further

clinical trials with lumicitabine.'**
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Figure 1.5 : Nucleoside analogues inhibitors of RSV polymerase.
1.6 Biologicals; therapeutic antibodies

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. !>
146 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 was
ALX-0171; heavy chain antibody fragments generated in llamas were genetically linked via
glycine-serine segments to form trimeric nanobodies.!*’- 148 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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1.6.1 Nirsevimab MEDI 8897

A new prophylactic monoclonal called nirsevimab (MEDI 8897) is being developed by
MedImmune, Astra Zeneca.'*” '** This new monoclonal antibody will be an improvement over
palivizumab in that it has a longer half-life of about 70 days (as opposed to palivizumab’s 20 days),
requiring only one intramuscular injection a season. Furthermore, whereas palivizumab binds to
site II on the side of pre- and post-fusion RSV-F protein, nirsevimab neutralises RSV by binding

to the prefusion RSV-F glycoprotein at the more sensitive neutralisation site J, at the apex of the
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RSV-F glycoprotein. It has completed a phase 1 trial in adults *>' and a phase 1/2a trial in infants.
The phase 2b trial was conducted on infants between 29 weeks 0 days and 34 weeks 6 days

gestation, and those who were entering their first full RSV season at the time of screening.

1.7 Vaccines

A fundamental challenge to the development of RSV vaccines is that natural infection with
RSV in immunocompetent adults offers very little protection.!>* Any vaccine will need to elicit a
stronger immune response than natural infection and do so in the absence of deleterious side
effects. RSV is able to either evade or suppress memory IgA B cells. Measles virus infection is
similar in this regard that was overcome with a replication competent live-attenuated vaccine. So

far, all attenuated RSV vaccines strategies have failed clinical trials.

1.7.1 The first failed RSV vaccine

Shortly after the discovery of RSV, Kim et a/ in the 1960s attempted to develop a vaccine
through formalin inactivation of RSV.!>® This approach had been successful for Jonas Salk, who
had recently developed the world’s first vaccine against poliovirus.'>* A clinical trial was

completed with a group of 31 infants less than one year of age. These infants were primarily from
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African American and families of low socioeconomic status.!>® 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, enhanced respiratory disease (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.

1.7.2 Enhanced respiratory disease

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.'>
In mice vaccinated with formalin-inactivated RSV (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-deficient mice (which lack antibodies required for IC
formation).!>® 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 a/
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Building on these results, Delgado et al. observed that FI-RSV elicited non-protective low-
avidity antibodies.'>” Insufficient TLR stimulation in plasmacytoid dendritic cells (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 wvaccination with UV-inactivated RSV was

sufficient to induce a protective antibody response.

1.7.3 Lessons learned about enhanced respiratory disease

In the wake of the failed vaccine attempt by Kim et al., candidate vaccines are now carefully
monitored for ERD in animal models (the cotton rat model is especially useful for detecting ERD)
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 '*® 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 '°?). 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).

1.7.4 Live attenuated RSV vaccines in clinical trials

1.7.4.1 cpts248/404

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
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temperature sensitive mutations, respectively. '°° 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.!%? 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
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.'®

1.7.4.2 MEDI-559

MEDI-559 is an attenuated mutant RSV molecular virus clone that was created via reverse
genetics. Cpts248/404 was further attenuated by deletion of RSV-SH and introduction of a
temperature sensitive Y1321K mutation in RSV-L.!®! 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.'¢! 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-AM2-2 which lacks the RSV-M2-2 gene

(NCTO01459198) or a genetically stabilized version of MEDI-599 (NCT01852266). Lastly, results
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are not available for RSV ANS2 A1313 11314L which lacks RSV-NS2, has a deletion of the 1313
codon in the RSV-L protein, and a temperature sensitive mutation introduced through an [1314L

mutation in the RSV-L protein (NCT01893554).

1.7.5 Subunit vaccines in clinical trials

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.!>® 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.

1.8 Prophylaxis

1.8.1 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.!®? 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.'®
Monthly administration of palivizumab in premature infants without bronchopulmonary dysplasia,
a type of chronic lung disease (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
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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) !®*. Subsequent
population-based studies typically confirmed that palivizumab effectively reduced the rate of
hospitalization due to RSV infection.!%> 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 infants must be treated
to avoid a single hospitalization; thus, the cost per hospitalization avoided in this population was
approximately $302,103. This is dramatically more expensive than the cost of hospitalization in
this region, approximately $8,910 per infant in this population.!®® 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 of age (as opposed to only high-risk infants) may be a cost-effective strategy.'®” The
Canadian Pediatric Society notes that palivizumab treatment in Canada costs approximately
$5,600 per infant, and the number needed to treat to prevent hospitalization ranges from 16-23 for
various high-risk groups.'> As such, outside of Baffin Island palivizumab is not a cost-effective

treatment. Currently, the Canadian Pediatric Society recommends prophylactic palivizumab
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treatment for preterm infants, infants with CHD, immunocompromised infants, and infants with

CLD."”

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.'® Similarly, other studies have found no clinically relevant benefits of treatment of RSV

infection with palivizumab. !¢

1.8.2 RSV drug resistance

As an RNA virus with an error-prone RdRp, RSV exists as a quasispecies.!’’ 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.!”! Resistance to palivizumab was first noted via the K272M mutation in RSV-
F which developed readily in cell culture during serial passaging in increasing palivizumab
concentrations.'” This mutation was not associated with a reduction in fitness as growth kinetics
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.' An RSV strain with an RSV-F K272E mutation was the first clinic isolate with
suspected resistance to palivizumab.!”* In untreated populations, mutations associated with

resistance are less common yet remain present. Of 145 untreated infants infected with RSV,
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palivizumab-resistant isolates RSV-F N262D and S275F were identified with a frequency of 0.7%
each.!”® Some studies have found that wild type RSV strains outcompete palivizumab-resistant
RSV strains in direct competition assays.!”> 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. These results on palivizumab, which was once thought to target a conserved epitope
on RSV 7% suggest that resistance mutations to new biologics will likely emerge and surveillance

will have to continue to understand the effect on prophylaxis.

1.9 Preclinical therapeutic models of RSV infection

There have been many in vivo models that have been developed to study the efficacy of
candidate RSV therapeutics. A variety of model systems for RSV infection are available and
include mice, cotton rats, lambs, nonhuman primates, and healthy adult human volunteers.!”” An
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exhaustive review has been written on these models ' '°, so we will provide only an outline of the

models available for preclinical evaluation of promising anti-RSV compounds.

A variety of animal models exist, with benefits and drawbacks to each. These include the use
of lab-adapted and clinical human RSV strains. There are also models of bovine RSV infection in
cattle or pneumonia virus of mice (PVM) infection in mice.!”” 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/Hel, DBA/J, and A/J.'”° Finally, C57/BL6J was the least permissive to
RSV infection.!” 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.
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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 10* PFU and
resultant peak viral titers are approximately 100-fold higher than in mice.'®® Therefore, cotton rats
are much more susceptible to RSV infection. A limitation of the cotton rat model is that symptoms
during infection are limited.!”” 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 !, TMC353121 '¥!, MDT-
637, BMS-433771, and BTA-C585.%° Cotton rats would provide a good small animal model for
examining the antiviral effects of certain compounds against RSV in vivo, before moving on to

larger animals or adult human volunteer challenge studies.

Therefore, answering the aforementioned questions on clinical efficacy will require a new line
of experimentation. It is essential to monitor disease severity through a variety of parameters
including weight loss, viral load in the lungs, airway hyper responsiveness, and airway
inflammation. Selecting the appropriate animal model will be important to studying the effect of

compounds on disease severity.

1.10 Conclusions

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.
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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, more drugs
need to be identified and tested in clinical trials. Therefore, there is still room to design new

protocols which could rapidly identify compounds with antiviral activity against RSV.

In this thesis, we describe a computer-aided drug design campaign to design, synthesize and
evaluate a new series of bis(indole) compounds as broad-spectrum antiviral agents based on the

compounds previously published by our group.'®?

In Chapter 2, we investigated the RSV polymerase complex with the aim of identifying the
target of the bis(indole) compounds. MD simulations were carried out for: 1) minimizing the
protein structure and relax residue clashes, 2) identify potential allosteric binding sites, and 3)
evaluate the best hit compound from the previous virological screening for model validation.
Afterwards, the newly designed compounds were ranked based on their relative binding energy to
the protein and synthesized using a straightforward synthetic strategy previously developed in the
West lab. In vitro virological evaluation of several compounds using RSV progeny assay and

qPCR is described.

Chapter 3 comprise an in-depth computational approach for the identification of allosteric
binding site on the SARS-CoV-2 replication complex. The molecular docking and MD simulations
along with binding pose metadynamics studies that led to the design of a new library of compounds
with potentially better activity is discussed. Compounds were ranked based on their interactions
and binding affinity and synthesized for biological screening. The antiviral evaluation identified
two compounds with substantially improved inhibitory effect on the SARS-CoV-2 viral

polymerase compared to the parent compound.
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Chapter 4 describes the discovery of a single amino acid mutation on the RSV fusion
glycoprotein (RSV F) that can switch the virus from type A to type B. Computational modelling,
reverse genetics, and viral evolution experiments are described. In this chapter, we describe the
discovery on a new way of viral evasion under sterilizing conditions with by only one amino acid

which affects the virus susceptibility to antibodies and patient serum neutralization.

Chapter 5 provides a general summary of the thesis findings regarding the development of a
novel class of antiviral inhibitors with the potential of combating several RNA viruses. It also

addresses the future work needed for the advancement of these compounds from bench-to-bedside.
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Chapter 2:
Structure-Based Discovery of Allosteric Inhibitors Targeting

Respiratory Syncytial Virus L protein

2.1 Introduction

Human respiratory syncytial virus (RSV) is the leading cause of upper and lower
respiratory tract infections in pediatric patients worldwide.! The severity of RSV infections is
clearly manifested in infants and immunocompromised adults with approximately 60,000 children
under the age of 5 and ~ 177,000 adults are being hospitalized each year.!** The viral infection can
be processed from the upper to the lower respiratory tract which can result in more complicated
symptoms and illness including pneumonia, bronchiolitis, asthma and, in some cases,

cardiopulmonary distress.”>”’

Although the virus was first isolated in 1955 from chimpanzees, there is no vaccine
available, and limited drug treatment options beyond the prophylactic drug palivizumab, a highly
expensive monoclonal antibody (mAB) used only for high-risk premature infants.®° Ribavirin, a
well-known antiviral drug, was approved for aerosol treatment against RSV infections; however,
its use has been curtailed due to risks of carcinogenic and teratogenic effects.!® The absence of any
effective small-molecule antiviral drugs represents a significant unmet need in the health care

delivery system.

Human respiratory syncytial virus exists as two subtypes: A and B which are found within
the genus Orthopneumovirus, tamily Pneumoviridae, order Mo