Nasopharynx

The upper part of the pharynx
that connects with the nasal
cavity.

Bronchioles

Small tubes in the lung through
which air is delivered to the
alveoli.

Alveoli

Small air sacs in the lung that
provide rapid gas exchange
with blood.

Bronchiolitis

Inflammation of the
bronchioles that reduces air
passage.

Formalin
An aqueous solution of
formaldehyde.
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and how to block it

Respiratory syncytial virus entry

Michael B. Battles' and Jason S. McLellan

Respiratory syncytial virus (RSV) was first isolated
in 1955 from chimpanzees suffering from respiratory
illness at the Walter Reed Army Institute of Research
in the United States'. In the following years, the virus
was also isolated from infants with severe lower respira-
tory illness>’. Since then, RSV has been demonstrated
to be a ubiquitous pathogen that infects nearly all chil-
dren by 2 years of age, with one-half having experi-
enced two infections during that time®. Globally, RSV
is responsible for ~60,000 in-hospital deaths annually
in children younger than 5 years of age’, and in the
United States, RSV has a disease burden similar to that
of nonpandemic influenza A for elderly and high-risk
adults®. Recognition of the substantial disease burden
attributable to RSV has ignited interest in the develop-
ment of effective interventions and has led to substan-
tial investments by pharmaceutical companies and
philanthropic organizations.

RSV is a filamentous enveloped, negative-sense,
single-stranded RNA virus that belongs to the Ortho-
pneumovirus genus of the Pneumoviridae family in
the order Mononegavirales. This family also contains
human metapneumovirus (hMPV), which belongs to
the Metapneumovirus genus and, like RSV, is a major
pathogen in children’. The symptoms of RSV and hMPV
infection are indistinguishable®, and both are generally
transmitted through close contact®"’, although they can
be spread in aerosolized droplets''. After a short period
of replication in the epithelial lining of the nasopharynx
and upper respiratory tract, an RSV infection may spread
to the small bronchioles or alveoli of the lower respira-
tory tract'”. Host immune responses to RSV infection

2%

Abstract | Respiratory syncytial virus (RSV) is a leading cause of lower respiratory tract disease in
young children and elderly people. Although the virus was isolated in 1955, an effective RSV
vaccine has not been developed, and the only licensed intervention is passive immunoprophylaxis
of high-risk infants with a humanized monoclonal antibody. During the past 5 years, however,
there has been substantial progress in our understanding of the structure and function of the RSV
glycoproteins and their interactions with host cell factors that mediate entry. This period has
coincided with renewed interest in developing effective interventions, including the isolation of
potent monoclonal antibodies and small molecules and the design of novel vaccine candidates.
In this Review, we summarize the recent findings that have begun to elucidate RSV entry
mechanisms, describe progress on the development of new interventions and conclude with

a perspective on gaps in our knowledge that require further investigation.

increase mucus production and inflammation, leading
to a narrowing of the airway that results in bronchiolitis
in young children and acute respiratory illness in older
adults or those with underlying chronic conditions".
During a series of clinical trials in the 1960s, aberrant
immune responses to natural infection after immuni-
zation with a formalin-inactivated whole-virus RSV vac-
cine were shown to cause vaccine-enhanced disease in
infants'~". This disease was characterized in part by
pulmonary neutrophil infiltration'® and immune complex
deposition in small airways'. As a result of those trials,
RSV vaccine development has progressed cautiously,
particularly in RSV-naive infants.

Currently, there are no licensed vaccines for RSV,
but in the past 5-10 years, there have been tremendous
efforts, with over 30 different vaccine candidates in
clinical or preclinical development. There are multiple
vaccine target populations — pregnant women, elderly
individuals and RSV-naive infants — and each will likely
benefit from a specific vaccine modality or regimen. The
legacy of vaccine-enhanced disease has, in part, led to
the development of alternative interventions, such as
those using monoclonal antibodies and small molecules.
This set of alternatives includes the FDA-approved
monoclonal-antibody therapy licensed under the brand
name Synagis, also known as palivizumab. However, its
use is restricted to passive immunoprophylaxis of high-risk
infants owing to its cost and modest efficacy”, and more
potently neutralizing antibodies with longer half-lives
are in development. Like antibodies, small-molecule
fusion inhibitors block RSV entry, and they avoid con-
cerns related to enhanced disease upon natural infection.
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Neutrophil
Most abundant type of white
blood cell.

Immune complex
An antibody bound to its
antigen.

Passive immunoprophylaxis
The administration of an
exogenously produced
antibody given before infection
oceurs.

Apoptosis
Programmed cell death.

Glycoproteins

Proteins to which
carbohydrates are covalently
attached.

In this Review, we briefly describe the structure of
the RSV virion and its infectious cycle. We focus on the
recent progress that has been made in our understanding
of the entry of RSV into host cells and discuss remain-
ing unanswered questions. We also highlight recent
advances in efforts to combat RSV infection, including
the development of vaccines, monoclonal antibodies and
small-molecule fusion inhibitors. We conclude with a
perspective on what the next few years may hold for RSV
research and clinical interventions.

The virion

The RSV genome is 15.2kb and contains 10 genes
encoding 11 proteins (FIG. 1). The M2 gene has two
overlapping ORFs, generating both M2-1 (a transcrip-
tion processivity factor)?*> and M2-2 (a protein that
governs the switch from transcription to genome rep-
lication)”. The first two transcribed genes are the non-
structural proteins NS1 and NS2, which together inhibit
apoptosis** and interferon responses®. A major differ-
ence between the genomes of the Orthopneumovirus
and Metapneumovirus genera is the absence of these two
genes in viruses belonging to the latter.

The RSV virion contains a lipid bilayer displaying
the fusion (F), attachment (G) and small hydropho-
bic (SH) proteins (FIG. 1a). The F and G proteins are
in greater abundance than the SH protein, which is
a pentameric ion channel thought to be involved in
delaying apoptosis in infected cells”*”. The viral enve-
lope is supported by a layer of matrix (M) and M2-1

a

b

proteins. The M protein is a non-glycosylated structural
protein lining the inner leaflet of the viral envelope,
and it associates with the cytoplasmic domain of the F
protein®-*'. M2-1 mediates the association between M
and the enclosed ribonucleoprotein complexes (RNPs)
comprising viral genomic RNA tightly associated with
nucleoprotein (N)*>*. Also associated with the RNP
is the RNA-dependent RNA polymerase complex
(RdRp) composed of the large polymerase subunit (L),
a phosphoprotein polymerase cofactor (P) and N.

Glycoprotein synthesis and structure

G and F are the major glycoproteins on the surface of the
virion and have important roles in entry. The G glyco-
protein functions primarily as an attachment protein
that binds virions to target cells by interacting with one
or more host cell surface molecules. The F glycoprotein
can also facilitate attachment, although to a lesser extent
than G, but its primary function is to mediate fusion of
the viral and host cell membranes. By contrast, the SH
protein is not incorporated at substantial levels into bud-
ding filaments* and is dispensable for entry™; therefore,
it is not further discussed in this section.

Attachment glycoprotein. The G protein is produced
in infected cells as either a full-length, membrane-
bound form that is responsible for viral attachment™ or
as a secreted isoform (sG) that mediates immune eva-
sion”” (FIC. 2). The full-length G protein is a single-pass
type Il integral membrane protein that is synthesized as
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Fig. 1| Respiratory syncytial virus virion. a| The filamentous morphology of the virion is shown. The attachment (G) and
fusion (F) glycoproteins are embedded in the viral membrane, as is the small hydrophobic (SH) protein, which functions as
aviroporin. A layer of matrix (M) protein lies underneath the viral membrane and gives the virion its filamentous shape.
The M2-1 protein —a transcription processivity factor — interacts with both M protein and the nucleoprotein (N)
encasing the viral RNA genome. The large polymerase subunit (L) and the phosphoprotein polymerase cofactor (P) are
also associated with N. b | The respiratory syncytial virus (RSV) genome shown approximately to scale for the A2 strain.
The genome contains 10 genes encoding 11 proteins, with the M2 gene encoding the M2-1 and M2-2 proteins. The most
highly transcribed genes are those encoding nonstructural protein 1 (NS1) and NS2, which inhibit apoptosis and

interferon responses. ssSRNA, single-stranded RNA.
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Ectodomain
The portion of a membrane

protein that resides outside the

cell or virion.

Cystine noose

A surface-accessible loop
structure containing one or
more disulfide bonds.
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Fig. 2 | Attachment protein structure. a | Full-length respiratory syncytial virus (RSV) attachment (G) protein domains and
post-translational modifications. b | Schematic of the two RSV G isoforms. Several O-linked glycans are represented by
chains of green hexagons. c| Superposition of the cystine noose and flanking regions derived from four crystal structures
of RSV G-derived peptides in complex with different antigen-binding fragments (Fabs). The peptide is coloured following
the spectrum from blue (amino terminus) to red (carboxyl terminus). The two disulfide bonds in the cystine noose are

shown as sticks linking the helices.

an ~300-amino-acid polypeptide™, although the exact
length varies by strain. The amino-terminal cytosolic
domain contains a single, unpaired, cysteine adjacent to
the transmembrane domain that is post-translationally
palmitoylated®. The ectodomain consists of two large,
sequence-variable, mucin-like domains flanking a cen-
tral conserved region and a heparin-binding domain
(FIG. 2a). The mucin-like domains are predicted to
be disordered and contain an amino acid composi-
tion of ~30-35% serine and threonine residues and
~8-10% proline residues®. The G protein ectodomain
is post-translationally modified with 4-5 N-linked
glycans and 30-40 O-linked glycans that constitute
~60% of the molecular mass of the mature glycopro-
tein’>*’. Depending on the producing cell, different
molecular masses and oligomeric forms of G have been
observed'*’. The sG form arises owing to translation
initiation at an alternative AUG codon, which, in the
full-length G protein, encodes Met48, located in
the middle of the transmembrane domain*. A sub-
sequent proteolytic event removes the remaining
portion of the transmembrane domain, enabling the
ectodomain to be secreted from the cell* (FIG. 2b).
The sG has been demonstrated to act as an antigen
decoy for G-directed antibodies and to decrease
the Fc-mediated antiviral activity of leukocytes*>*,
although there may be other roles that have not yet
been discovered. A more thorough understanding of
sG function could be particularly important for the
development of passively administered G-directed
monoclonal antibodies.

The sequence of the 26-amino-acid central conserved
region has some strain-dependent variation yet contains
13 strictly conserved amino acids that partially overlap
with a cystine noose domain. The reason for the strict
conservation of these 13 residues remains unknown.
The cystine noose contains four cysteines forming two
disulfide bonds with a 1-4, 2-3 topology*’**, with the
third and fourth cysteines in this arrangement form-
ing a CX,C motif. Structures of 32-amino-acid and
16-amino-acid synthetic peptides derived from the cen-
tral region of bovine RSV G and human RSV G, respec-
tively, have been determined by NMR studies*. The
cystine noose present in these structures adopts a con-
served fold that is also observed in the fourth subdomain
of the tumour necrosis factor receptor (TNFR)*'. In the
past year, two groups determined four high-resolution
X-ray crystal structures of neutralizing antibodies bound
to human RSV G-derived peptides™™. Although the cys-
tine noose was structurally conserved with minor flex-
ibility at the tip of the noose, multiple conformations
of the highly conserved amino-terminal flanking region
were observed, suggesting that this region is flexible and
generally unstructured (FIG. 20).

The G protein is the most variable structural protein
among RSV isolates, and its sequence has been used in
numerous epidemiological and evolutionary studies
(reviewed elsewhere**). This variability, primarily local-
ized to the mucin-like domains, dictates the RSV anti-
genic groups (termed RSV-A and RSV-B). These groups
have also been referred to as subtypes or subgroups
because the original RSV serology studies identified
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Fig. 3 | Fusion protein structure. a | Schematic of fusion (F) glycoprotein maturation. F is initially synthesized as an
inactive monomer containing peptide 27 (pep27). To adopt the functional prefusion conformation, pep27 must be
removed by proteolysis owing to a furin-like protease, and the monomers must associate into the compact trimer.

The order of events has not been definitively determined, although data favour furin processing before trimerization.

b | Prefusion and postfusion trimers. Two protomers are shown as molecular surfaces coloured grey and white, whereas
the third protomer is shown as a ribbon with the F, subunit coloured blue, F, coloured green, and the fusion peptide (FP)
at the amino terminus of F, coloured red. ¢ | Prefusion and postfusion protomers shown as ribbons. Secondary structure
elements that are in different conformations or positions between the two states are coloured. Parts b and c are adapted

with permission from REF.**, Elsevier.

only a single serotype with two distinct antigenic pro-
files*>*. During annual epidemics, RSV strains of dif-
ferent groups commonly co-circulate, with group RSV-A
viruses predominating in most years”. Over the past
20 years, duplication events in the RSV G ectodomain
have generated emergent RSV genotypes that have been
detected globally, including the Buenos Aires genotype
(BA) in 1999 and the Ontario genotype (ON1) in 2010.
The BA genotype is distinct from other RSV-B genotypes
in having a 60-nucleotide duplication arranged as a tan-
dem repeat insertion in the second mucin-like domain
near the carboxyl terminus*. Following its first isola-
tion, the BA genotype has spread globally and replaced
the circulating RSV-B strains in certain regions™. The
ON1 genotype is distinct from its ancestral RSV-A geno-
type in having a 72-nucleotide tandem repeat insertion
in the carboxy-terminal mucin-like domain®. The ON1
genotype has spread and diversified globally at an even
more rapid rate than the BA genotype®>®. The rapid
global spread of these emergent genotypes suggests that
these duplication events provide a selective advantage,
which may be due to an increase in viral attachment®,
steric masking of the F glycoprotein from neutraliz-
ing antibodies® or another mechanism that has yet to
be determined.

Fusion glycoprotein. The RSV F protein is a class I
viral fusion glycoprotein that shares structural sim-
ilarities with Paramyxoviridae F glycoproteins®’
despite limited sequence similarity. RSV F is synthe-
sized as a 574-amino-acid polypeptide called F, that
is post-translationally modified with 5 or 6 N-linked

glycans, depending on the strain®. To become fusion
competent, F must be cleaved at two polybasic sites that
are separated by 27 amino acids (peptide 27; pep27) con-
taining 2 or 3 N-linked glycans®”° (FIC. 3a). This priming
event is performed by furin-like host proteases’ in the
trans-Golgi network as F is transported to the plasma
membrane’”. The proteolysis generates two subunits,
the amino-terminal F, subunit (residues 26-109) and the
carboxy-terminal F, subunit (residues 137-574), which
in their glycosylated forms are approximately 15kDa and
55kDa, respectively. The F, and F, subunits are covalently
linked through two disulfide bonds to yield a hetero-
dimeric protomer”, three of which associate to form the
mature trimeric form of the F protein. Although not
yet confirmed, there is evidence to suggest that trimeri-
zation of RSV F can only occur after proteolytic activa-
tion’*”>, which would be in contrast to other class I viral
fusion proteins, including the HIV-1 envelope (Env),
coronavirus spike (S) and even paramyxovirus F

Once cleaved and trimerized, F adopts the prefusion
conformation, which has a spheroidal shape that reaches
~12nm above the viral membrane’ (FIG. 3b). The fusion
peptides, located at the amino termini of the F, subunits,
are buried inside the central cavity of the protein. This
prefusion conformation of F is unstable and has a low
energy barrier to refolding, as evidenced by the accu-
mulation of the refolded postfusion form of the protein
on the surface of virions as a function of time””’*. During
the refolding process, the fusion peptides are withdrawn
from the central cavity and are projected away from
the viral membrane, as secondary structure elements
in the F, subunits refold into a long a-helix (FIG. 3¢). If
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Heptad repeat

A seven-amino-acid motif
‘abcdefg’ where a and d are
hydrophobic.

Antigenic drift

The accumulation of amino
acid substitutions that reduce
antibody binding.

Apical surface

The surface of a polarized cell
that faces the lumen or
external environment.

Type 1 alveolar
pneumocytes

Surface epithelial cells of
alveoli involved in gas
exchange.

Chemokine

A small secreted protein that
stimulates recruitment of white
blood cells.

another membrane, such as a host cell membrane, is in
close proximity, the fusion peptides will insert into the
membrane, and the F protein will span both membranes.
This conformation of F is referred to as the hypotheti-
cal prehairpin intermediate, in part because it has only
been observed indirectly for the F protein from para-
influenza type 5 (REF”). The F protein continues to
refold as heptad repeat patterns in the amino termini
and carboxyl termini of the F, subunit associate, forming
a trimer of hairpins that brings the two membranes
together to facilitate fusion®. This refolding process is
irreversible, and the postfusion conformation of F, which
stands ~17nm above the membrane®"®, is extremely sta-
ble, with a melting temperature >90 °C. The difference in
free energy between the prefusion and postfusion con-
formations offsets the free energy needed to deform and
fuse the two apposed membranes, although the num-
ber of F proteins required to form a fusion pore has not
been determined.

Unlike the G protein, the sequences of F ectodomains
differ by ~5% between RSV-A and RSV-B. This lack of
sequence variation in F explains the single RSV sero-
type and is in stark contrast to the sequence variation
observed for some other class I viral fusion proteins,
such as HIV-1 Env and influenza virus haemaggluti-
nin (HA). Thus, RSV F does not undergo substantial
antigenic drift as an immune-evasion strategy, despite
eliciting neutralizing antibodies in people who have
been infected. Consequently, a vaccine for RSV may be
easier to obtain than a vaccine for HIV-1 or a universal
influenza vaccine.

Host cell entry

The entry process consists of two main steps: attachment
of the virion to the host cell and fusion of the viral and
host cell membranes (BOX 1). Host cell factors may be
involved in either one or both steps. For this Review,
we define attachment factors as host cell molecules that
function only to bind components of the virion, and we
define functional receptors as host cell molecules that
stimulate, or trigger, the refolding of F. In vivo, RSV tro-
pism is highly restricted to the apical surface of ciliated
airway epithelial cells and type | alveolar pneumocytes®,
although the molecular basis for this restriction is not
well understood. There have also been reports of viral
RNA in extrapulmonary sites and fluids*-*, but further
studies are needed to determine whether this is a result
of RSV infection at these sites.

Attachment. The primary role of the G protein is to
attach virions to cell surfaces through interaction with
host cell attachment factors. The G protein has been
shown to bind glycosaminoglycans (GAGs), which are
unbranched disaccharide polymers linked to trans-
membrane proteins on the surface of many mammalian
cell types®”*. This interaction is primarily mediated
by a stretch of positively charged amino acids located
between the two mucin-like domains of G, referred
to as the heparin-binding domain®. However, vari-
ants of G lacking the heparin-binding domain retain
some heparinase-sensitive binding to cells, suggesting
that other regions of G may bind weakly to GAGs®".

REVIEWS

Negatively charged regions of heparan sulfate are consid-
ered to be the primary attachment points****!, although
other iduronic-acid-containing GAGs may contribute to
alesser extent’. There are, however, conflicting reports as
to the abundance of heparan sulfate on the apical surface
of ciliated, well-differentiated human airway epithelial
cells””, which are the principal sites of RSV replication
during natural infection”. Thus, although GAGs mediate
interactions with G on the surface of immortalized cells,
these interactions may not be physiologically relevant™.

Another host cell attachment factor thought to inter-
act with G is the fractalkine receptor CX,C-chemokine
receptor 1 (CX,CR1). An analysis of the amino acid
sequence of G identified a CX,C motif that is also
found in the chemokine fractalkine, the natural ligand
for CX,CR1 (REF”). Like G, fractalkine is tethered to the
membrane by a mucin-like domain and can be found
as a soluble protein due to proteolysis®™. Various lines of
investigation of both immortalized and human airway
epithelial cells — including flow cytometry, fluorescence
microscopy, chemotaxis and RSV infection — have sug-
gested an interaction between G and CX,CR1 that is
mediated by the CX,C motif in the cystine noose’>*>%.
However, a direct interaction using purified components
has not been demonstrated. Moreover, the structures of
fractalkine and the G cystine noose do not adopt the
same fold*, and the disulfide-bond arrangement in frac-
talkine (1-3, 2-4) is different from that in G (1-4, 2-3).
Thus, the precise role of CX,CR1 in RSV entry remains
to be defined.

Although G facilitates attachment of virions to the
host cell surface, RSV variants lacking both G and SH
grow well in cell culture'®'”!, implying a role for the
F protein in attachment. Like G, the F protein has been
demonstrated to interact with immobilized heparin or
cellular heparan sulfate, promoting attachment to and
infection of immortalized cells'””. Virions containing
only F on the surface retain ~50% of their infectivity
for cells treated with heparinase or deficient in GAG
synthesis, suggesting that F also interacts with one or
more non-GAG attachment factors. Several proteins
have been proposed to interact with F and facilitate
RSV entry, including intercellular adhesion molecule 1
(ICAM1)'%, epidermal growth factor receptor (EGFR)'*
and nucleolin'®. Of these, the data for nucleolin are the
strongest, and nucleolin has been shown to interact
with many other viruses, including parainfluenza
type 3 (PIV-3)'%, enterovirus 71 (REF'”"), Crimean-Congo
haemorrhagic fever virus'®, adeno-associated virus
type2 (AAV-2)"” and HIV-1 (REF.'"). Given the promiscuity
of nucleolin, it is likely to function as an attachment
factor for RSV F, as opposed to acting as a functional
receptor. It should also be noted that for all the putative
attachment factors, none has been demonstrated bio-
chemically or biophysically to interact directly with F
using purified components.

Membrane fusion and regulation. After attachment,
fusion of the viral and host cell membranes must occur
for the RNP to enter the cytoplasm. On the basis of exper-
iments demonstrating that fusion is pH-independent
and insensitive to lysosome acidification''"'"> and that
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Box 1| The life cycle of respiratory syncytial virus

The infectious cycle of respiratory syncytial virus (RSV) begins upon attachment of the virion to the apical surface of
polarized, ciliated airway epithelial cells* (see the figure). The viral attachment (G) glycoprotein associates with cell surface
factors and facilitates the initial attachment step®*'*>. Viral entry is facilitated by the viral fusion (F) glycoprotein® —

a trimeric class | fusion protein that drives fusion of the viral and host cell membranes by undergoing a drastic
conformational change’®*®*. After fusion, the helical ribonucleoprotein complex (RNP) is released into the host cell
cytoplasm. Transcription and replication occur in the cytoplasm in viral inclusion bodies that serve to concentrate viral
products’®~®. The viral RNA-dependent RNA polymerase (RdRp) complex is responsible for transcribing viral mMRNA and
synthesizing positive-sense anti-genome intermediates needed for replication of new negative-sense genomes for
packaging into virions (reviewed elsewhere'®). In addition to performing non-proofreading polymerase functions, the
RdRp caps and polyadenylates viral mRNAs.

Assembly of RSV virions occurs at or near the plasma membrane'®**’°. Initial models posited that F proteins associate with
lipid rafts and, through the F cytoplasmic tail, recruit and concentrate matrix (M) proteins; this process initiates filament
budding through actin-dependent outward membrane deformation®'’”'"!. Recent cryo-electron tomography studies have
provided support for this model through the visualization of filament assembly and budding at the plasma membrane'’°.
However, other experiments have suggested that this process may be more complex, with filament formation initially
occurring intracellularly as vesicles containing viral proteins traffic along microtubules and grow into filaments that are
then loaded with nucleocapsid before merging with the plasma membrane through an unknown mechanism'’%. After
budding from the apical membrane of polarized epithelial cells, virions detach and are released in a M-dependent
maturation process as filamentous particles ~130 nm in diameter and 0.5-12 micrometres in length'’%'7*’*, Over time, the
M layer dissociates from the viral membrane, creating non-filamentous regions in the virion that ultimately lead to
spherical or pleiomorphic particles that are thought to be less infectious, likely owing to a premature conversion of the
F protein from the prefusion to postfusion conformation’’’¢. HSPG, heparan sulfate proteoglycan.
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RSV-infected cells can fuse with neighbouring cell mem-
branes to generate multinucleated cells called syncytia’,
RSV fusion was thought to occur at the plasma mem-
brane. However, this interpretation assumed that viruses
utilizing endocytic pathways for fusion require low pH
for infectious entry. Since those initial RSV fusion exper-
iments, a variety of mechanisms for viral endocytic entry
have been defined, some of which are pH-independent
or require only low pH for the activity of an endosomal
protease (reviewed elsewhere'"*). A more recent report
indicated that the initial steps of RSV fusion occur at
cholesterol-rich microdomains in the plasma mem-
brane, with completion of membrane fusion possibly
requiring a dynamin-independent endocytic event''.
A subsequent study demonstrated that RSV utilizes

macropinocytosis as an initial entry mechanism followed
by fusion in endosomes'"’. Thus, the evidence now sug-
gests either a two-step fusion event or fusion in endo-
somes after macropinocytosis. However, it may be the
case that RSV can fuse at both the plasma membrane
and in endocytic vesicles, with different efficiencies
depending on environmental conditions and target cells.

Although some questions remain about the location
of RSV fusion, there is even less known about the event
that initiates, or triggers, fusion. For class I viral fusion
proteins, three triggers have been well defined: low pH,
as is the case for influenza virus HA; direct receptor
binding, as used by HIV-1 Env; and provocation by a
second viral glycoprotein, which is the mechanism for
paramyxovirus F proteins (BOX 2). As mentioned above,
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Box 2 | Paramyxovirus entry
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Box figure adapted with permission from REF."”*, Elsevier.

there is substantial evidence to support pH-independent
triggering of RSV E. Receptor-induced triggering
remains a possibility, although a host cell molecule that
stimulates refolding of F has not been identified to date.
Evidence for such a molecule was suggested in an article
from 2003 that reported that human RSV infects human
but not bovine primary cells, whereas bovine RSV infects
bovine but not human primary cells'®. Using chimeric
viruses, the species tropism was attributed to the F, sub-
unit. However, to our knowledge, these data were neither
pursued further nor independently verified. The third
option, provocation by a second viral glycoprotein,
appears unlikely given that virions lacking both the G
and SH proteins are infectious and grow to high titres
in culture. Furthermore, unlike the attachment proteins
of paramyxoviruses, which have tertiary and quaternary
structure''”''%, the G proteins of RSV and the related
hMPYV are predicted to be mostly disordered®. This lack
of structure would make it difficult to transduce a bind-
ing event from the G protein to the F protein. A fourth
mechanism, originally proposed for certain paramyxo-
viruses, is known as the clamp model (reviewed else-
where'"”), whereby the G protein binds to and prevents

1

The genomes of paramyxoviruses and pneumoviruses encode similar proteins, and until recently, both types of virus
were classified in the same family — Paramyxoviridae. However, unlike Pneumoviridae G proteins, which are highly
O-glycosylated, structurally flexible and poorly conserved in the large mucin-like domains, Paramyxoviridae attachment
proteins (referred to as HN, H or G proteins) are tetramers of a six-bladed p-propeller head and helical stalk that are
structurally and functionally conserved across Paramyxoviridae (reviewed elsewhere''*'”°). Paramyxovirus attachment
proteins bind various substrates on the surface of target cells, such as sialic acid, or proteinaceous receptors, such as
ephrin type-B receptor 2 (EPHB2) and/or EPHB3 or NECTIN4. The receptor engagement triggers the membrane fusion
process through interactions between the homotypic attachment and fusion (F) proteins. The fusion proteins of
paramyxoviruses and pneumoviruses are structurally similar, although there are differences, such as the position of the
fusion peptides, disulfide bonds and N-linked glycosylation sites.

The ‘provocateur’ model has coalesced as the most comprehensive model for the spatiotemporal regulation of
paramyxovirus membrane fusion, supplanting the alternative ‘clamp’ or dissociation model (reviewed elsewhere!**'").
In the provocateur model (see the figure), the binding of a cellular receptor to the receptor-binding domain head of the
tetrameric attachment protein results in a conformational change that, in a two-step process, first exposes the four-helix
bundle stalk domain, enabling association with F, and then triggers membrane fusion by lowering the activation energy
required to initiate F refolding through F-stalk interactions. Crystal structures of various paramyxovirus attachment
proteins have revealed the beginning (four heads down)'’¢, intermediate (two heads up and two heads down)'”” and end
(four heads up)*"’ states of the conformational changes in the tetrameric head domains associated with the unveiling of the
stalk domain. Compelling evidence for the provocateur model comes from experiments utilizing ‘headless’ stalk constructs
that have been observed to constitutively activate conformational changes in F/5%, In addition, certain residues on the
surface of the Newcastle disease virus or parainfluenza virus 5 HN stalk have been shown to specifically disrupt fusion
, presumably through direct interactions with the F protein (reviewed elsewhere®’). Thus, although a number
of outstanding questions remain, the molecular mechanisms governing the spatiotemporal regulation of Paramyxoviridae
fusion activation have a solid basis in experimental evidence and appear to be conserved across this family of viruses.

Triggering
—_—

spontaneous triggering of the F protein until engage-
ment of the G protein by a host cell receptor. The ability
of viruses lacking the G protein to grow to high titres in
cell culture disfavours this mechanism for RSV E

An alternative hypothesis is that RSV lacks spatio-
temporal control of F protein triggering. The benefit
of triggering at the proper time and place is that all
fusion proteins remain functional until the possibility
of a productive fusion event is maximized. However, it
may not be necessary for all viruses to be so efficient.
It is well documented that the prefusion conformation
of RSV Fis unstable and converts to the postfusion form
at some basal rate”’. As expected, both longer incubation
times and incubation at elevated temperatures increase
the conversion to the postfusion conformation”'*.
Therefore, it is possible that the basal rate of spontaneous
conversion to the postfusion form is sufficient for RSV
entry once attachment by G or F brings the target cell
membrane into close apposition with refolding F pro-
teins (FIG. 4). Evidence for this model would likely require
fusion reconstitution experiments with liposomes or
supported lipid bilayers in which the composition of the
target membrane could be carefully controlled.
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Fig. 4| Attachment and fusion. The fusion (F) protein can interact with one or more attachment factors to bind the virus
to the host cell, a process that is greatly enhanced by the viral attachment protein (not shown). The F protein may also
interact with a functional receptor that induces refolding of the prefusion conformation to the prehairpin intermediate.
Alternatively, or in addition, the F protein spontaneously refolds at a basal rate.

Clinical interventions

Preclinical and clinical development of RSV interven-
tions primarily falls into three categories: monoclonal
antibodies, small molecules and vaccines. These modal-
ities have their own unique advantages and disadvan-
tages, but promising candidates for each are in clinical
trials. These include viral RARp inhibitors (reviewed
elsewhere'”'), but because these compounds do not block
entry, they are not discussed here.

Antibodies. High levels of RSV-neutralizing-antibody
titres correlate with protection in children and adults,
including elderly individuals*'*>'**. An RSV intra-
venous immune globulin infusion preparation,
RespiGam, was used prophylactically in the late 1990s
and early 2000s to prevent severe RSV-associated
lower respiratory tract disease in young children with
bronchopulmonary dysplasia or premature birth'*.
The use of RespiGam was discontinued in 2003 and
replaced by prophylaxis with palivizumab (Synagis), a
humanized murine monoclonal antibody that binds the
F glycoprotein'®. Palivizumab recognizes an epitope
within antigenic site II, which is preserved on both the
prefusion and postfusion F conformations'*® (FIC. 5a).
As palivizumab does not prevent triggering of confor-
mational changes in F, it presumably blocks entry and
membrane fusion by preventing conversion of the pre-
hairpin intermediate into the postfusion conformation.
As with RespiGam, palivizumab is used for prophy-
laxis only for high-risk infants because of its cost and
limited efficacy™.

As a result of tremendous advances in monoclonal-
antibody-isolation technology, during the past 10 years,
hundreds of human-derived antibodies directed against
the RSV F and G proteins have been isolated and charac-
terized'”"*>. Some of the F-directed antibodies are
10-50-fold more potent than palivizumab, and many
of them recognize epitopes located exclusively on the
prefusion conformation. Consequently, these prefusion-
specific antibodies are able to lock F in its prefusion
conformation and prevent conversion to the prehairpin

intermediate’®. One such human antibody, called D25,
which recognizes antigenic site @, was optimized to pro-
duce a variant, MEDI8897, with enhanced potency and
extended serum half-life'”’. Owing to these improve-
ments, MEDI8897 may require only a single dose during
the RSV season to prevent severe disease in infants, and
results from a phase IIb clinical study were expected in
late 2018 (REF."**). However, a different prefusion-specific
antibody, REGN2222, which recognizes antigenic
site V; recently failed to reach its clinical end points in a
phase III study'*, and the reasons for the failure are not
yet known. Other prefusion-specific antibodies are also
in preclinical development, as are antibodies directed
against the G protein that inhibit viral attachment™®.
Cocktails of antibodies against F and G, or against two
different antigenic sites on F, are also being consid-
ered and may lead to synergistic effects and reduced
viral escape.

Small-molecule fusion inhibitors. Phenotypic screening
of targeted chemical libraries identified several structur-
ally distinct molecules that inhibited RSV fusion with
target cells (reviewed elsewhere'**'*”). On the basis of
crosslinking studies with RSV virions'** and biochemi-
cal and structural studies with peptides comprising the
heptad repeats of the RSV F, subunit'”, it was thought
that the small molecules bound to a fusion interme-
diate of F and prevented the postfusion conformation
from completely forming. However, once the prefusion
and postfusion F protein crystal structures were deter-
mined, the escape mutations for these molecules were
found to cluster inside the central cavity of the prefu-
sion conformation, whereas in the postfusion con-
formation, they were separated by ~100 angstroms'*’
(FIC. 5b). Crystallographic experiments later revealed
that the small molecules bind inside the central cav-
ity of the prefusion conformation and interact with
residues in the fusion peptide and the second heptad
repeat'"’. Functional studies with soluble F proteins'*
and membrane-bound F proteins'*! demonstrated that
the small molecules function as antagonists that prevent
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Fig. 5 | Fusion protein binding sites for antibodies and small molecules. a | Location of the major antigenic sites on the
prefusion and postfusion conformations of the respiratory syncytial virus (RSV) fusion (F) protein as defined in REF.*%°.
Modelled complex-type N-linked glycans are shown as sticks. b | Escape mutations of the fusion inhibitors map to three
distinct regions of the RSV F protein primary amino acid sequence, coloured red, green and blue. The positions of the
escape mutations are shown as coloured spheres on ribbon diagrams of the prefusion (left) and postfusion (right)
conformations. ¢ | Schematic representation of the prefusion (left) and prehairpin intermediate (right) conformations
depicting the location of the fusion peptides (cylinders) and fusion-inhibitor binding site (red oval). Small-molecule fusion
inhibitors bind inside the central cavity of the prefusion F conformation and interact with the fusion peptides, preventing
their release and insertion into host cell membranes. Part a is adapted with permission from REF.'*°, Elsevier.

triggering of the prefusion conformation. To date, all
known RSV small-molecule fusion inhibitors bind
in the same pocket and have the same mechanism of
action (FIG. 50).

Fusion inhibitors GS-5806 (presatovir) and JNJ-
53718678, developed by Gilead Sciences and Janssen
Pharmaceuticals, respectively, have both performed
well in phase II double-blind, placebo-controlled,
human-challenge studies. Oral administration of either
compound led to a reduction in viral load and disease
severity among healthy adults experimentally infected
intranasally with a clinical isolate of RSV'**!**, The par-
ticipants were administered the fusion inhibitors either
5 days after inoculation or at the time of a positive test
for RSV, demonstrating that these compounds could be
used for treatment of an upper respiratory tract infec-
tion if administered soon after infection. Of course,
protecting the lower respiratory tract of infants in a
natural-infection setting will likely prove to be more dif-
ficult than the proof-of-principle adult challenge studies
described above, and these fusion inhibitors will need to
be evaluated in the paediatric population.

A concern for RSV fusion inhibitors is the ease at
which escape variants in the F protein arise in cell culture
experiments'*’. Many of these variants, however, have
reduced fitness in cell culture growth assays, reaching
titres approximately 100-fold lower than those of the wild-
type virus 48 hours post-infection'*'. Presently, the
degree to which escape variants may arise in humans
treated with fusion inhibitors is unknown, as is the effect
that the emergence of such variants would have on clini-
cal outcomes. With high-resolution structural informa-
tion available for many of these compounds, it may now
be possible to design next-generation inhibitors that are
more resistant to escape or that bind to a different site on

the F protein so that cocktails of fusion inhibitors could
be used to suppress the outgrowth of escape variants.
A better understanding of the mechanisms of escape
from these fusion inhibitors would also aid these efforts.

Vaccines. RSV vaccine development has become more
sophisticated owing to recent advances in our under-
standing of the structure and function of the viral pro-
teins, the morphology and architecture of the virion, the
immune responses to natural infection and the causes
of vaccine-enhanced disease. These advances have cre-
ated a complex vaccine landscape with over 30 candi-
dates in clinical or preclinical development comprising
six different vaccine modalities each targeting one or
more of the three major target populations (reviewed
elsewhere!*>!%°),

Particle-based and subunit-based vaccines are
intended for elderly people or maternal immuniza-
tion owing to concerns that these vaccines may cause
vaccine-enhanced disease in RSV-naive infants. The
F protein is the primary antigen for these modalities,
although some virus-like particles also contain the
G protein, and a few subunit-based vaccines consist of
only the G protein. Approximately 5 years ago, research-
ers demonstrated that the majority of RSV-neutralizing
activity in human sera is specific for the prefusion con-
formation of F'*/, and many of the most potent anti-
bodies specifically target this conformation'*'**. As a
result, vaccine development of candidates containing
the F protein has focused on structure-based engineer-
ing approaches to stabilize F in the prefusion conforma-
tion”'”, and animal studies have shown that prefusion F
elicits higher neutralizing antibody titres than does post-
fusion E. Currently, several prefusion F-subunit vaccine
candidates are in phase I clinical trials"****!, and results
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are expected to be announced in 2019. Candidates con-
taining postfusion F, or molecules with the postfusion
F morphology, have failed in several recent late-stage
clinical trials'*>"**, but they remain under development,
and one candidate is being tested in a phase III trial'*°.
For particle-based and subunit-based vaccines intended
for elderly individuals or maternal immunization, the
challenge will be to induce an antibody response of suf-
ficient titre and duration to protect elderly people and
newborns from severe disease during the RSV season.

Live-attenuated and chimeric virus vaccines are pri-
marily intended for the paediatric population because
they are considered safe for RSV-naive infants given their
demonstrated inability to prime for vaccine-enhanced
disease (reviewed elsewhere'*™). Vaccines based on viral
vectors and DNA or RNA are also thought to be safe for
infants because the infants’ cells produce the encoded
antigen or antigens, leading to a balanced T cell response
and display of properly folded antigens on the cell surface
for antibody recognition and elicitation. There are sev-
eral live-attenuated vaccine candidates in phase I trials,
with the majority attenuated via deletion of viral genes
such as NS2 or M2-2 (REF'”"). New candidates in preclini-
cal development include some that have been engineered
to display prefusion-stabilized variants of the F glycopro-
tein'**'*”. Three vector-based candidates are in or have
almost completed phase II trials, including two adeno-
virus candidates expressing either prefusion-stabilized
F protein'® or F, N and M2-1 (REF.'*") and a modified
vaccinia Ankara (MVA) candidate expressing F, G,
N and M2-1 (REF.'%%). For all live-attenuated vaccines,
achieving the optimal balance between attenuation and
immunogenicity will be crucial, whereas viral vector
and nucleic-acid-based vaccines will need to achieve suf-
ficient gene delivery and expression to produce a robust
immune response.

Conclusions and outlook

There has been substantial progress in our understand-
ing of RSV entry, although the basic science continues
to lag behind clinical advances. Indeed, we may now be
closer to having an effective RSV vaccine than we are

Savage, R. E. Recovery
1749-1759 (2005).

elderly and high-risk adults. N. Engl. J. Med. 352,

to understanding the molecular mechanisms of RSV
attachment and fusion. Future experiments should
define how, or if, the G protein interacts with CX,CR1
and uncover new host cell attachment factors. Similarly,
the interactions of F with G and M proteins and host cell
factors will need to be biochemically and biophysically
characterized. The development of reconstituted fusion
assays should help to better define the minimal require-
ments for RSV fusion and answer outstanding questions
concerning the triggering of the F protein. Structural
studies of F protein intermediates, as well as uncleaved
forms of F, will also improve our understanding of RSV
fusion and may identify new targets for antibodies or
small molecules.

The next few years will be an exciting time for clinical
interventions. The outcome of the MEDI8897 clinical
trial™ is eagerly anticipated, as are results from clini-
cal trials involving vaccines containing prefusion and
postfusion F antigens. Clinical trials for fusion inhib-
itors, such as JNJ-53718678, are ongoing, and new
trials will be started soon. For small-molecule and
monoclonal-antibody interventions, which bind to a sin-
gle site on the glycoproteins, the presence and distribu-
tion of naturally occurring RSV variants will need to be
monitored as they could affect the results of clinical trials
and long-term product efficacy. Similarly, the large-scale
administration of such an intervention may select for the
emergence of escape variants, as has occurred for other
RNA viruses such as the influenza virus, and cocktails
of more than one antibody or small molecule should be
considered for development. Vaccines may also benefit
from the monitoring of RSV variation, although in gen-
eral, the immune responses to vaccines are diverse and
target multiple viral epitopes.

It is our hope that the current optimism surround-
ing RSV interventions is well founded and that one or
more effective interventions will be licensed during the
next decade. Such an advance would have a tremen-
dous impact on the lives of many of the world’s most
vulnerable populations.
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