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Abstract

Introduction—In the United States, respiratory syncytial virus (RSV) is responsible for the
majority of infant hospitalizations resulting from viral infections, as well as a leading source of
pneumonia and bronchiolitis in young children and the elderly. In the absence of vaccine
prophylaxis or an effective antiviral for improved disease management, the development of novel
anti-RSV therapeutics is critical.

Areas Covered—Several advanced drug development campaigns of the past decade have
focused on blocking viral infection. These efforts have returned a chemically distinct panel of
small-molecule RSV entry inhibitors, but binding sites and molecular mechanism of action
appeared to share a common mechanism, resulting in comprehensive cross-resistance and calling
for alternative druggable targets such as viral RNA-dependent RNA-polymerase complex.

Expert Opinion—In this review, we discuss the current status of the mechanism of action of
RSV entry inhibitors, recent structural insight into the organization of the polymerase complex
that have revealed novel drug targets sites, and outline a path towards the discovery of next-
generation RSV therapeutics.
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1.1 Introduction

Respiratory syncytial virus (RSV) belongs to the paramyxovirus family of the order
mononegavirales. Paramyxovirus particles are composed of a non-segmented RNA genome
encapsidated by the viral nucleocapsid protein, viral RNA-dependent RNA-polymerase
(RdRp) components, a lipid envelope, and matrix and envelope proteins that organize virion
assembly and mediate host cell entry, respectively. In addition to RSV, the family includes
major animal and human pathogens such as Newcastle disease virus (NDV), measles virus
(MeV), and mumps virus (MuV) amongst others. The paramyxoviruses are further divided
into two subfamilies, the Pneumovirinae and the Paramyxovirinae, with RSV belonging to
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the Pneumovirinae subfamily. All members of the paramyxovirus family spread through the
respiratory route and most cause acute disease. In addition, most paramyxoviruses, RSV
included, are extremely contagious. While vaccines are available for several of the
paramyxovirinae, very few treatment options exist causing an urgent need for the
development of effective antiviral therapeutics.

RSV infects through the respiratory route [1], and initial infection of airway epithelia cells is
followed by rapid spread from the nasopharynx to the lower airways that can affect
respiratory function through excessive mucus, necrotic epithelial debris, and inflammatory
cells obstructing the airways. Despite heightened research efforts, no safe and effective RSV
vaccine has been approved to date. In the United States, RSV causes over 120,000 infant
hospitalizations and is the foremost cause of infant mortality from viral respiratory disease
[2]. Mortality from RSV disease is highest in the very young — the virus is responsible for
6.7% of all deaths in children between the ages of 1 month to 1 year [3]. Globally, RSV
disease is estimated to cause the deaths of 66,000-199,000 children below the age of five per
year [4]. Those especially at risk of severe RSV disease are premature infants, children with
bronchopulmonary dysplasia or congenital heart defects, the elderly, and the
immunosuppressed [2, 4-6].

Several clinical studies have challenged the paradigm that RSV pathogenesis is the result of
host immunopathology alone. Although the relationship between viral load and severe RSV
disease involving lower respiratory infection (LRI) is not fully defined, a correlation
between upper respiratory tract illness and viral load was demonstrated in adults [7].
Furthermore, higher viral load served as a predictor of RSV LRI in naturally infected infants
[8]. Among hospitalized RSV-infected children less than two years of age, viral load on day
three of hospitalization was associated with a requirement for intensive care and respiratory
failure, highlighting a potential window of opportunity for therapeutic intervention [9].

1.2 Current Therapy and Developmental Status of Anti-RSV Therapeutics

While RSV elicits both innate and adaptive immune responses, the virus is poorly
immunogenic and neutralizing antibody titers wane quickly after infection [1]. Poor
immunogenicity allows for reinfections throughout life and compromises vaccine
development [1]. Presently, approved therapeutic options are limited to the monoclonal
antibody Palivizumab which targets the RSV fusion protein, and the small molecule
therapeutic Ribavirin. Palivizumab immunoprophylaxis, however, remains reserved for high-
risk individuals due to prohibitive treatment costs [10, 11], while Ribavirin is compromised
by toxicity and teratogenicity issues and limited antiviral efficacy [12, 13]. Current RSV
disease management remains therefore frequently restricted to supportive care, such as
oxygen therapy, creating an urgent clinical need for new, efficacious and cost effective
therapies [14].

The development of next-generation therapeutics against RSV has largely focused on two
major target areas, the viral entry machinery and the viral RdRp complex (Figure 1). Of a
multitude of RSV inhibitors that have been described in recent years, only two orally
available drug candidates have advanced to phase 2 clinical trials, GS-5806 and ALS-8176.
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The former functions as an allosteric inhibitor of the RSV fusion (F) protein, blocking viral
entry [15]. By contrast, ALS-8176 is a nucleoside analog that competitively inhibits the
RSV RdRp complex [16]. Both candidates decreased viral load and disease symptoms in
challenge studies [17]. In this review, we will discuss the current state and future of RSV
drug development.

2.1 The RSV Entry Machinery

The RSV envelope is coated with two glycoproteins, the attachment glycoprotein (G) and
the fusion (F) protein [18]. In contrast to attachment proteins of the paramyxovirinae, the
RSV G protein is not essential for viral entry but contributes to the efficiency of entry and
viral pathogenesis [19]. However, RSV F is critical for entry and facilitates fusion of the
viral envelope with target cell membranes and of the plasma membranes of infected cells
displaying F on the cell surface and uninfected bystander cells (Figure 2) [20].

Paramyxovirus F proteins are class | fusion proteins that are synthesized as inactive Fg
precursors (Figure 3). Proteolytic maturation, in most cases carried out by furin-type host
proteases in late Golgi compartments, generates a larger transmembrane F; fragment and
exposes the membrane attack group, the fusion peptide, which is located at the newly
liberated N-terminus of Fy. The shorter F, fragment remains associated with the Fq
ectodomain and is an integral part of the F ectodomain structure [21].

Triggering of metastable prefusion F is thought to be mediated by receptor binding,
indicating the presence of a target membrane (Figure 2). Once activated, the prefusion F
complex passes through a cascade of deep-seated conformational changes. The membrane
distal part of the prefusion F head domain refolds into an extended trimeric heptad repeat
(HR-A) coiled-coil helix, which propels the fusion peptide positioned at the tip of the coiled-
coil towards the target membrane [18]. The resulting F pre-hairpin intermediate fold back
onto itself, resulting in the assembly of a thermodynamically highly stable six helix bundle
(6HB) structure consisting of the trimeric HR-A coiled coil and shorter HR-B domains that
are positioned adjacent to the transmembrane domain. Zippering of the 6HB brings the
transmembrane domain and fusion peptide, and hence donor and target membranes, into
close proximity, ultimately fostering lipid merger at the fusion tip through the introduction
of extreme local negative curvature into the bilayers (Figure 2).

2.2 Entry Inhibitors

Interference with RSV F proteolytic maturation, triggering of refolding, the refolding
cascade, or 6HB zippering can all be anticipated to efficiently prevent viral entry. Indeed,
numerous small molecule compounds have been discovered that inhibit RSV fusion /n vitro
[22-30]. These compounds typically show very high potency combined with low toxicity
and have a tendency to emerge readily in anti-RSV drug screening campaigns [22-30]. One
of the entry inhibitors is the compound GS-5806 that has advanced to clinical trials and has
reduced viral loads in human volunteers [15].

Surprisingly, viral resistance mutations to all of these entry blockers emerged in two distinct
microdomains of the RSV F protein: residues 392-401 and 486-489 (Figure 3) [28].
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Considering the diverse chemical and structural nature of these compound classes,
overlapping resistance profiles were rather unexpected. Originally, it was assumed that the
compounds may interfere with 6HB zippering based on biochemical assays and photo-
crosslinking studies that were carried out for a subset of developmentally advanced entry
inhibitor classes in this panel [31]. While residues in the 486—-489 microdomain are part of
the 6HB structure in postfusion F, this mechanistic proposal could not account for resistance
mediated by mutations in the 392-401 microdomain, however, which is located at the
opposite end to the 6HB in postfusion F [31](Figure 3).

A solution to this conundrum was presented in a recent study, showing that residues in both
resistance domains are located in immediate proximity of each other near the base of the
prefusion F head domain [28]. This observation provided a basis for an alternative model of
fusion inhibition, in which current RSV entry inhibitor classes may target and stabilize the
prefusion F structure, preventing the initiation of F refolding rather than blocking 6HB
zippering. Support for this view comes from the subsequently released high-resolution
crystal structures of prefusion RSV F complexed with several of the entry inhibitor classes
[32]. In all of these structures, the electron density for the small molecule inhibitors was
located in the three-fold symmetry axis at the base of the prefusion F head (Figure 3).
Additionally, all inhibitors are proposed to interact with the aromatic side chains of F140
and F488, which are are located within the fusion peptide and HR-B, respectively. This
suggests that all of these diverse inhibitor classes may indeed block RSF F fusion activity by
stabilizing F in its prefusion form. In concurrence with crystallographic data, binding of all
compounds to the prefusion conformation of F was confirmed by isothermal titration
calorimetry (ITC) [32].

2.3 Developmental Implications of RSV Pan-Resistance to Fusion Inhibitors

Mutations in the 392-401 and 486-489 F microdomains likely facilitate RSV escape from
inhibition through different resistance mechanism, however, depending on the microdomain
mutated and the nature of the amino acid substitution. F proteins harboring a signature
mutation in the 486-489 domain, D489Y, were shown to maintain membrane fusion
activities similar to those of standard F [32], whereas several resistance mutations in the
392-401 microdomain and a D489E substitution are associated with strong F
hyperfusogenicity [28, 32]. Modeling of the D489Y mutation into the RSV F prefusion
structure suggest a direct resistance mechanism, since a tyrosine side chain at position 489 is
predicted to protrude into the binding pocket occupied by the fusion inhibitors (Figure 3),
abolishing drug binding. By contrast, the D489E and D401E resistance mutations do not
directly populate the drug target site but may lead to secondary resistance, resulting from a
narrowed window of opportunity for productive drug binding due to accelerated refolding of
the hyperfusogenic F mutants [28, 32]. Naturally, these direct and indirect (kinetic) escape
mechanisms are not mutually exclusive, but several substitutions may mediate viral
resistance through a combination of both effects.

However, the existence of different escape mechanisms from inhibition by all currently
identified RSV fusion inhibitors with known resistance profiles raises concerns about the
long-term value of therapeutic targeting of the RSV F protein. While it may be possible to
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address direct resistance through proactive, structure-guided drug design, overcoming
kinetic resistance synthetically poses a substantially greater challenge. Unless kinetic
resistance is directly associated with a penalty in RSV fitness and pathogenicity, widespread
clinical implementation of RSV entry inhibitors must be considered at high risk to introduce
preexisting resistance into circulating virus strains, comparable for instance to the
experience with the use of the adamantes for the treatment of influenza A virus (1AV)
infections. While originally efficacious, the use of amantadine against IAV is no longer
recommended by the Centers for Disease Control and Prevention, since all seasonal strains
tested in the 2008/2009 influenza season were fully resistant [33].

The effect of hyperfusogenic resistance mutations on RSV pathogenicity is unknown at
present in the human host. In a mouse model of RSV infection that recapitulates several
features of human disease [34], however, only recombinant RSV harboring the D489E
mutation were found to be attenuated, while virus load and clinical symptoms associated
with a D401E strain were identical to those of the non-resistant parent virus [28]. The mouse
model certainly does not fully recapitulate the dynamics of human RSV infection, but the
available data caution against the use of currently tested entry inhibitors as stand-alone
therapeutics against RSV infection.

Considering the substantial up-front investments required for bringing a novel therapeutic to
market, future anti-RSV drug discovery and development campaigns should be designed to
avoid the entry inhibitor pan-resistance trap. Next-generation RSV reporter strains for drug
screening campaigns were recently described that include a signature mutation mediating
pan-resistance against entry inhibitors [28, 35]. Use of these strains at the primary or
counterscreening stage should reliably eliminate compounds sensitive to this escape
mechanism early from the hit pool, most likely shifting the focus of the campaign towards
blockers of downstream stages of the viral life cycle, such as inhibitors of the viral
polymerase complex, particle assembly, or virion release. Alternatively, mechanistically
novel and highly interesting RSV entry inhibitors may be identified that are insensitive to the
pan-resistance mechanism.

3.1 The RSV RdRp Complex

As a member of the order mononegavirales, RSV contains a non-segmented negative-sense
RNA genome, which requires the virus-encoded RdRp complex for both genome replication
and transcription of viral RNA. The RdRp complex is responsible for a variety of distinct
enzymatic activities, highly specific protein-protein interfaces are required for activity, and
there is no cellular equivalent to the RdRp complex in mammalian cells, making it overall an
attractive target for antiviral therapies. In this section, we will discuss the role of different
viral protein components required for RdRp activity, summarize the current structural insight
into the organization of the complex, and evaluate the prospects of therapeutic targeting of
specific RARp substructures.

3.1.1 Nucleocapsid and Nucleocapsid Protein

Throughout the RSV replication cycle, the RNA genome exists as a distinct
ribonucleoprotein complex, the nucleocapsid (NC), that is comprised of the genomic RNA
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fully encapsidated by the viral nucleocapsid (N) protein. Only the assembled NC can act as a
template for RNA synthesis by the viral RdRp complex, which consists of the viral large (L)
and phosphoprotein (P) in addition to host co-factors. The L protein performs all the
enzymatic activities of RNA synthesis, while P acts as an indispensable cofactor. After RSV
enters the host cell, the NC along with the attached RdRp complex is released into the
cytoplasm. Once there, the NC serves as the sole template for both transcription and
replication (Figure 4).

N subunits in the RSV NC are assembled side-by-side and parallel along the length of the
RSV RNA genome, entirely sequestering the viral RNA (Figure 4) [36]. In electron
micrographs, the RSV NC displayed a helical structure that is characteristic for members of
the Paramyxoviridae family. A crystal structure of the RSV N composed of parallel layers of
RSV N:RNA rings was recently solved [37] (Figure 4), and revealed an organization of each
N protomer into two core domains, a N-terminal (NTD) and C-terminal (CTD) domain,
which are linked via a hinge region (Figure 4). Both the NTD and CTD subunits of each N
protomer contain N- and C-terminal extensions, designated N-arm (residues 1-28) and C-
arm (residues 360-375), respectively, which interact with neighboring N protomers in a
chain-link like arrangement [36]. In the crystal structure, RSV N protomers participate in
weak top-to-bottom interactions between NTD originating from one helix layer and the CTD
of the adjacent layer [37]. The RNA is positioned in a central groove at the NTD/CTD
interface, forming a continuous RNA belt along the outside of the NC (Figure 4).

3.1.2 Phosphoprotein

While the RSV phospho- (P) protein lacks any catalytic activity, it serves as an indispensable
cofactor for RdRp actvity. P performs a range of different tasks in the virus replication cycle
and interacts with multiple viral proteins including L and N, in addition to cellular proteins
[38-40]. P is thought to correctly position the L protein for RNA synthesis by interacting
with the NC template [41, 42]. In addition, P also chaperones newly synthesized, RNA-free
N protein (N9) to the nascent genomic and antigenomic viral RNA during replication [43].
Fitting to the multifunctional nature of paramyxovirus P bioactivity, the proteins displays a
modular organization consisting of a central tetramerization domain flanked by N-terminal
(P-NTD) and C-terminal (P-CTD) domains separated by flexible linker regions [44—46].
Structures for individual domains of several paramyxovirus P proteins have been previously
solved [46, 47], but very little structural information is currently available for RSV P [48].

Due to the inability of the RSV L protein to bind to the NC, a critical function of P is to
position the RARp complex on the NC and maintain continued contact between the RdRp
and the NC as the RdRp progresses along its template [49]. It has been shown that the RSV
P C-terminal domain binds to a region in the NTD of RSV N (Figure 4) [50]. Furthermore, it
was demonstrated that the extreme C-terminal residue of RSV P, F241, plays a critical role
in the recognition of the RSV N by inserting into a hydrophobic binding pocket in the N-
NTD (Figure 4) [48]. Importantly, an F241A substitution completely abolished RSV
minigenome activity [50], revealing a critical role for P docking into this pocket for
bioactivity. Although the precise mechanism of how the RdRp accesses the RNA
encapsidated within the NC is unknown, it is thought that a hinge movement between the N
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NTD and CTD allows for the transient exposure of the encapsidated RNA as the RdRp
complex progresses. In fact, transient interaction with the P protein or the L-P complex may
directly induce this conformational change as suggested for the related P protein of Mumps
virus [42]. If the RSV P binding domain in the NTD of the N subunits of the NC serve as
anchor points for the attachment of the RdRp complex [41, 51], RNA synthesis will require
continuous release and reattachment of these contacts as the RdRp complex advances along
the NC [51].

3.1.3 Large Polymerase Protein

The L protein performs all catalytic activities necessary for RNA synthesis, mRNA capping,
and mRNA polyadenylation [52-54]. Bioinformatics analyses have shown that the L protein
can be divided into six conserved regions (CR | to CR VI) that are connected by flexible
linker regions (Figure 5) [55, 56], suggesting a modular organization of the protein.
Biochemical studies on RSV and MeV L protein confirmed that L can be divided into two
distinct fragments that are capable of restoring RdRp bioactivity via trans-complementation
when co-expressed [57]. This finding revealed that the L proteins are comprised of at least
two independently folding-competent domains. In agreement with these data, bioinformatics
analysis previously identified three large regions (LR | to LR Il1) separated by two linker
domains [58]. LR | harbors CR I and II, LR Il contains CR I1I-CR V, and CR VI is located
in LR I1l. Consistent with at least a two-domain organization, insertion analysis on the L
proteins of MeV and rinderpest virus showed that even large insertions were tolerated in the
LR /LR I junction, but not the LR I/LR Il junction [58, 59].

Whereas the roles for each of the conserved L domains in RdRp activity remain not entirely
understood, some functionalities have been assigned. CR I has been implicated in L—-P
interactions [60—63] and L-L oligomerization [60, 61, 64]. In fact, oligomer formation has
been proposed for several related paramyxovirus L proteins [57, 61-64]. These studies show
that L—L interaction domains are located in N-terminal regions of the L protein and
supposedly function independent of P protein binding [57, 61, 62]. While no native
structural data is available for RSV L or any other paramyxovirus L protein, a cryoEM
structure of the related vesicular stomatitis virus was recently solved at near-atomic
resolution (Figure 5) [65], showing a monomeric organization. If this structure is exemplary
for a mononegavirales L protein, the actual physiological role, if any, that paramyxovirus L
oligomerization would serve is unclear.

In agreement with L having a modular organization of functional domains, the VSV L
structure displays a linear domain architecture (Figure 5) The N-terminal region of L
encompassing CRs I-111 assumes a polymerase fold, in which the catalytic center for
phosphodiester bond formation is located in CR 111 [66]. In addition to two linker domains,
the C-terminal L regions contain two enzymatic centers required for mRNA capping. In
VSV L, a conserved GXXTnHR motif in CR V facilitates an unusual mechanism of capping
the viral mMRNAs through transfer of 5’-monophosphate-mRNA onto GDP [67]. However,
RSV L may possess traditional guanylyltransferase activity, since a related paramyxovirus
RdRp complexes from Rinderpest virus reportedly forms covalent guanosine
monophosphate-L intermediates /n vitro [68]. Finally, CR VI contains methyltransferase
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(MTase) activity [55, 69]. Recently, the structure of the closely related human
metapneumovirus (HMPV) L methyltransferase domain was solved [70], which like RSV,
belongs to the pneumovirinae subfamily within the paramyxoviruses. This high-resolution
structure has strong potential to guide the future design of novel MTase inhibitor candidates.

Due to this multidomain architecture and the concentration of multiple essential enzymatic
centers, the L protein offers an abundance of potentially druggable targets. The
guanylyltransferase domain presents a case in point, since inhibiting the viral capping
machinery using guanosine nucleotide analogs constitutes a proven antiviral approach
against pathogens of other RNA virus families [71]. In addition, it may also be possible to
target the proposed S-adenosyl-l-methionine transferase domain responsible for 5"-cap
methylation [69, 72]. The therapeutic potential of S-adenosyl-I-homocysteine derivatives for
use as potential antivirals has likewise been proven for other RNA virus families [73].

3.2 Targeting the RSV RdRp Complex: Nucleoside and Nucleotide Analogs

Nucleoside analog inhibitors contain modified nucleic acids and typically act, after
intracellular conversion to the triphosphate state, as chain terminators in nucleic acid
polymerization [74, 75]. Although numerous nucleoside analogs have shown great clinical
success, ribavirin is the only substrate analog currently licensed to treat RSV disease.
Ribavirin is a purine-analog with the ability to base pair with either cytosine or uracil [76].
Unlike typical nucleoside analogs, the drug is thought to cause hyper-mutations in the newly
synthesized strands, stopping virus replication by error catastrophe [77]. However, Ribavirin
causes severe adverse side effects and the clinical efficacy of ribavirin against RSV disease
is uncertain [78]. Favipiravir (T-705), a nucleotide analog investigated for the treatment of
multiple different virus infections, such as Ebola virus, influenza A, and foot-and-mouth-
disease virus [79], showed activity against RSV in cell culture. However, effective
concentrations were too high for clinical use [79, 80].

In contrast, ALS-8176, a newly developed nucleoside analog, is currently in phase Il clinical
trials for use against RSV infection [17]. ALS-8176 was well tolerated in initial trials and
significantly reduced viral load when administered at the onset of infection [17], but the
toxicity profile in particular for pediatric use is unclear at present. Nevertheless, these
findings are promising and offer proof-of-concept for the clinical benefit of competitive
polymerase inhibitors for RSV therapy. While ALS-8176 was demonstrated to block virus
replication through chain termination and resistance sites are located in the L polymerase
domain [81], an unrelated nucleoside showed a remarkably distinct resistance profile [82].
Viral escape from inhibition by this compound, identified in a high-throughput anti-RSV
screening campaign, mapped to the RSV P protein instead of the L polymerase [82],
suggesting a distinct and unexpected mechanism of antiviral activity other than chain
termination and error catastrophe.

3.3 Non-Nucleoside RdRp Inhibitors

Allosteric RdRp inhibitors block polymerase activity by binding to regulatory sites, which
may or may not be located in proximity to actual catalytic centers. Inhibitors of this class
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may structurally alter the active site through long-range effects or sterically prevent substrate
access to the catalytic center. Compounds may also disrupt the assembly of protein
complexes (protein-protein interaction (PPI) inhibitors) necessary for correct enzymatic
function. Extensive clinical experience with allosteric polymerase inhibitors was gained with
blockers of HIV reverse transcriptase (RT). Implementation of the first generation non-
nucleoside RT inhibitors Nevirapine and Efavirenz [83, 84] has revealed that viral resistance
emerges rapidly, making these compounds unsuitable for monotherapy [85]. In the
precedence set by Nevirapine and Efavirenz, two main resistance mutations emerged,
K103N for efavirenz and Y181C for nevirapine. These mutations prevented inhibitor
binding to a hydrophobic binding pocket. However, development of second-generation non-
nucleoside RT inhibitors such as Etravirine and Rilpivirine incorporated structure-based
design to overcome these resistance mechanisms, allowing for the use of Etravirine in
patients containing multidrug-resistant HIV [83]. These second-generations compounds
utilized a diarylpyrimidine (DAPY) motif, which introduced much greater conformational
flexibility, allowing for the inhibitors to bind in multiple conformations [86]. This flexibility
allowed the molecules to breathe and overcome the previous resistance mutations towards
the first-generation compounds [86]. The development of Etravirine and Rilpivirine offers a
prime example of how structural knowledge can further the generation of new and highly
potent small molecule inhibitors.

The RSV L protein doubtlessly offers a multitude of druggable targets for allosteric
polymerase inhibitors. Indeed, drug discovery campaigns have identified distinct compounds
that specifically block RdRp activity in cell culture and show high potential for lead
development [82, 87—89]. It remains to be explored whether a rapid onset of viral resistance
will undermine the clinical use of allosteric RdRp inhibitors as experienced with the first
generation of HIV RT blockers. We can anticipate that vastly improved structural insight
into the organization of the RSV polymerase complex will be available in the near future,
which may open novel avenues for the proactive design of second generation allosteric
blockers with improved escape profile. These may be suitable for solo-therapy, or could be
used in a combination therapy approach with nucleoside analog blockers, forcing the virus to
accumulate multiple mutations in the polymerase protein to mount resistance.

In addition to de novo drug screening campaigns for hit discovery, the growing body of L
structural information makes feasible the structure-guided redesign against RSV polymerase
of successful drug candidates developed against related RdRp complexes. For instance, an
orally available blocker of related morbillivirus (i.e. MeV and canine distemper virus)
polymerases with demonstrated efficacy in small-animal models [90] has high clinical
potential, but lacks activity against RSV RdRp. Resistance profiling of this compound class
showed escape hot-spots clustered in the polymerase domain of MeV L near the substrate
binding site (Figure 5). Since the overall structural organization of this region is predicted to
be highly conserved between MeV and RSV L, the MeV inhibitor class may serve as a
viable point of entry for the synthetic adaptation of the MeV blocker scaffold to RSV L or
highlight a fruitful molecular target for /n silico drug discovery campaigns.

In addition to directly targeting the enzymatic activities of the L protein, the large number of
dynamic and distinct PPIs available in the RARp complex represents a promising but
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presently underappreciated strategy for the design of antiviral therapeutics. PPls were once
thought to be unviable targets for interference by small molecules due to typically large
interface areas (1,000-2000 A2) and the flat geometry of a traditional PPI interface [91].
However, natural small-molecule drugs such as cyclosporine and rapamycin underscored the
fact that a PPI inhibitor need only block a small number of residues in critical regions that
confer most of the binding energy in order to efficiently prevent protein-protein contact [92].

Currently, over 40 PPIs have been successfully blocked by small molecule compounds [93-
95] and a variety of candidates have advanced to clinical testing. Previous campaigns have
shown that PPIs most suitable for small molecule inhibition should focus on binding
partners with short interacting sequences and contact hot-spots in well defined areas of less
than 900 A2, [94, 96].

Druggability of the RSV N-P interface has been explored in a recent study characterizing
RSV inhibitor RSV604 [97] and a report examining 1-benzyl-1H-pyrazole-3,5-dicarboxylate
(BPdC) based compounds [48]. The BPdC based compounds are thought to inhibit N-P
interactions by mimicking the terminal F241 residue (Figure 3) and inhibit viral RdRp-NC
contacts through the block of N-P interactions [48]. However, BPdC based compounds
discussed in the study displayed unacceptable toxicity [48], and it is unclear whether lead
development will be able to overcome this liability. Resistance mutations to RSV604
affected residues proximal to the P binding site on N-NTD [97]. RSV604 displays potent
antiviral efficacy, uses a novel mechanism of action, and is also orally bioavailable.
Moreover, RSV604 was safe and well tolerated by healthy volunteers in early clinical trials
[97-99].

Importantly, the resistance profile of RSV604, as well as the co-crystal structures of RSV N-
NTD with BPdC compounds, established proof-of-concept for the feasibility of small
molecule interference with PPIs critically needed for RSV RdRp activity [48, 97]. As our
structural knowledge into the organization of the RSV RdRp complex and the molecular
nature of its PPIs advances, a combination of targeted high throughput screening campaigns
directed against individual interfaces in the RdARp complex and structure-guided /n silico
evaluation and optimization of hit candidates should yield a new crop of developable RSV
RdRp scaffolds.

4.1 Expert Opinion

The high contagiousness of RSV and the lack of vaccine protection against infection create
an urgent need for the development of efficacious and cost-effective antiviral therapeutics
that are capable of preventing infection if given prophylactically to high risk patients and/or
improve disease management through suppression of progression to severe LRI. Based on
the overlapping resistance profiles of all RSV entry inhibitors currently considered for
human use, the likely existence of both direct and kinetic resistance pathways to overcome
entry blockage, and the alarming observation that some pan-resistant RSV strains remained
fully pathogenic in a small animal model of RSV infection, we believe that small-molecule
RSV entry inhibitors will have little long-term impact if used for monotherapy. The same
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limitation conceptually applies, however, to blockers of RSV RdRp activity, whether they act
through allosteric or competitive mechanisms.

Combination therapy, for instance consisting of a nucleoside analog and an allosteric RdRp
blocker or an entry inhibitor, will therefore likely be required to counteract the rapid
introduction of preexisting resistance into circulating RSV strains. Of these options, we
consider combining different classes of RdRp inhibitors to be most promising, since the
accumulation of multiple distinct resistance mutations in a single protein complex complex
has inherently higher potential to be mandatorily linked to a viral fitness and pathogenesis
penalty than mutations in distinct viral proteins, especially since it is already known that
pan-resistance to entry inhibitors can be achieved without viral attenuation in the mouse
model. Since paramyxoviruses including RSV cause predominantly acute disease and
require continuous transmission to sustain presence in a population, even a slight reduction
in viral fitness or transmission success caused by multiple mutations in the RdRp complex
may prevent that strains resistant to multiple RdRp blocker classes become predominant in
the field.

The use of next-generation RSV reporter strains engineered to eliminate compounds from
the hit candidate pool that are sensitive to entry inhibitor pan-resistance will likely result in a
shift of hits towards RdRp blockers. In addition, recent advances in our structural
understanding of the spatial organization of the mononegavirales RdRp complexes and an
increasing number of native crystal structures of RSV RdRp fragments are expected to
provide a solid foundation for the structure-guided design of drug discovery campaigns
aimed at both direct blockers of enzymatic activity and PPI inhibitors. High-resolution
structures of RARp components have also high prospect to open the field for a molecular
understanding of polymerase blocker activity, the mechanistic evaluation of viral escape
mechanisms, and structure-guided synthetic scaffold optimization campaigns of lead
candidates. Considering the tremendous progress experienced in our structural
understanding of RSV biology in recent years and encouraging early results of a nucleoside
analog inhibitor in clinical trials, there is high prospect that new generations of much needed
effective anti-RSV therapeutics will become available for clinical use in the foreseeable
future.
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Schematic of the RSV life cycle. (1) Infection commences with viral attachment, fusion of
the viral envelope with target membranes, and entry. (2) The viral nucleocapsid genome and
RdRp complex are released into the cytoplasm. (3) Together with host factors, the RdRp
complex begins primary transcription to synthesize viral mRNAs. (4) Viral proteins are
synthesized, glycoproteins are transported to the plasma membrane through the host cell
secretory system. (5) Switch of RdRp to replicase mode results in the production of full-
length antigenomes of positive polarity. (6) Antigenomes then serve as templates for the
creation of progeny genomic RNA. (7) Newly synthesized genomes template the majority of
viral mMRNAs through secondary transcription. (8) For particle assembly, progeny genomes
with associated RdRp components are shuttled to budding sites at the plasma membrane. (9)
Virion assembly. The virus entry machinery and the RdRp complex were identified as
molecular targets of a large proportion of developmental drug candidates.
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Figure 2.
Fusion pore formation through class | viral fusion proteins. (A) The F protein initially folds

into a metastable prefusion conformation. (B) Once proteolytically matured and activated,
the prefusion F head domain undergoes a series of major conformational changes, resulting
in the assembly of an elongated trimeric coil (HR-A), which propels the fusion peptide
towards the target membrane. (C) Heptad repeats proximal to the transmembrane domain
(HR-B) start to fold onto the HR-A central helix during F hairpin formation, generating
fusion dimples in the lipid bilayers. (D & E) Continued hairpin formation leads to the
assembly of the 6HB through zippering of the HR-B domains into the grooves of the HR-A
triple helix. Extreme negative curvature is introduced into the approaching bilayers, resulting
in the disarray of lipids in the outer monolayers and ultimately merger of the outer layers in
a hemifusion intermediate. (F) Transmembrane domains and fusion peptides are brought into
close proximity, leading to the opening of a fusion pore. Creation of a productive fusion pore
by paramyxovirus F proteins is not mandatorily dependent on full closure of the 6HB [100].
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Images of protein structures were generated in Pymol. PDB codes: prefusion F:4MMS;
postfusion F:3RRT
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Figure 3.
Structural model of the RSV fusion protein. (A) The RSV F protein in the prefusion

conformation. Shown are a ribbon model of the native prefusion F trimer (left), a single
monomer (center), and a monomer with known resistance mutations (magenta) in the 392—
401 and 486-489 microdomains (right). (B) The F protein in the thermodynamically stable
postfusion conformation. Fields of view as described for (A). (C) Schematic of the domain
architecture of the RSV fusion protein. Proteolytic maturation of newly synthesized F results
in the liberation of the F1 and F5 subunits. F; harbors the fusion peptide (FP; blue), heptad-
repeat A (HR-A; red), connecting domains 1 and 2 (yellow), heptad-repeat B (HR-B; green),
a transmembrane domain (TM; olive), and a short cytoplasmic or luminal tail (CP; tan). F,
remains an integral structural component of the trimer. This subunit contains the signal
peptide (SP; grey) and a heptad-repeat C (HR-C; cyan) domain. (D) Schematic of the
prefusion RSV F trimer overlaid with entry inhibitor binding locations (orange) and
resistance hot spots (magenta spheres). For clarity, only one monomer was color-coded by
domain structure as outlined in (C). Images of protein structures were generated in Pymol.
PDB codes: prefusion F:4MMS; postfusion F:3RRT; Inhibitor bound F: 5SEA3, 5SEA4, 5EAS,
5EA6, S5EAT.
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Figure 4.
Structural models of the RSV N protein and the nucleocapsid. (A) Structure of the helical

RSV nucleocapsid showing the encapsidated RNA in red and individual N protein protomers
in dark and light blue. (B) Surface representation of a RSV N monomer (left). Rotation of
the N monomer reveals the RSV P protein binding site (red sphere) and resistance mutations
against RSV604 (yellow). (C) The RSV N protein is composed of two core domains, NTD
(blue) and CTD (tan), which enclose the viral RNA genome (red). Terminal extensions from
the NTD and CTD domains, the N- and C-arm, respectively, interact with adjacent N
subunits in the helical nucleocapsid structure. Images of protein structures were generated in
Pymol. PDB codes:4BKK(RSV N), 4UCB(RSV NTD-P).
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Structure of a mononegavirales L protein and homology models of the RSV L protein
generated based on the coordinates reported for the related VSV L structure [65]. (A)
Structure of the VSV L protein shown as surface (left) and ribbon (right) models. Red
spheres in the ribbon model highlight the active site for phosphodiester bond formation. (B)
The VSV L structure displayed five main structural units: polymerase (cyan), capping
(green), connector domain (yellow), methyltransferase (orange), and C—terminal domain
(red). (C) Sequence analysis revealed six conserved regions (CR I-VI) in the L proteins. (D)
Insertion analysis has shown that paramyxovirus L proteins can be further divided into three
large regions (LRI-11). The location of the polymerase active site is shown in (B-D) as red
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lines, mutations that confer resistance to the RSV nucleoside analog inhibitor ALS-8176 are
shown as black crosses. (E) Homology models of the RSV L protein based off the VSV L
structure. A surface representation (left) and a model of the internal organization (right) are
shown. The active site for phosphodiester bond formation and the ALS-8176 resistance
mutations are highlighted as magenta and yellow spheres, respectively. Arrows indicate
channels for the template (black) and newly synthesized (magenta) RNA strands. Images of
protein structures were generated in Pymol; PDB code:5A22 (VSV L). Homology models
were generated using SWISS-MODEL.
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