Acta Pharmaceutica Sinica B 2025;15(4):1752—1772

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

REVIEW

Advances in development of antiviral strategies L)
against respiratory syncytial virus

updates

a,b,c,t a,c,d,*
9

Ge Yang™™“', Guangyu Jiang
Yuhuan Li*"%%"

, Jiandong Jiang

State Key Laboratory of Bioactive Substances and Functions of Natural Medicines, Institute of Medicinal
Biotechnology, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China
PCAMS Key Laboratory of Antiviral Drug Research, Institute of Medicinal Biotechnology, Chinese Academy of
Medical Sciences and Peking Union Medical College, Beijing 100050, China

“Beijing Key Laboratory of Antimicrobial Agents, Institute of Medicinal Biotechnology, Chinese Academy of
Medical Sciences and Peking Union Medical College, Beijing 100050, China

INHC Key Laboratory of Biotechnology for Microbial Drugs, Institute of Medicinal Biotechnology, Chinese
Academy of Medical Sciences and Peking Union Medical College, Beijing 100050, China

Received 25 September 2024; received in revised form 22 December 2024; accepted 14 January 2025

KEY WORDS Abstract Human respiratory syncytial virus (RSV) is a major cause of lower respiratory tract infec-
tions in infants and young children, as well as an important cause of respiratory tract infections in immu-
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espiratory syncytial virus nocompromised patients and the elderly, which poses a significant economic and social burden
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Antivirals; of new therapeutic targets and the development of novel interventions. Although two vaccines and two
Drug development; monoclonal antibodies for RSV prevention have been approved, the antiviral treatment remains an unmet
Viral entry; clinical need. In this review, we summarize the structure, protein functional properties, and pathological
Viral replication; mechanisms of RSV and the current status of RSV drug development. In addition, remaining challenges
New strategies and innovative ideas for RSV prevention and treatment have also been highlighted.
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1. Introduction

In 1955, the Walter Reed Army Institute of Research isolated res-
piratory syncytial virus (RSV) for the first time from chimpanzees
with respiratory diseases'. In the following years, RSV was also
isolated from infants with severe lower respiratory disease”. Since
then, RSV has been recognized as a major cause of lower respiratory
tract infection in infants and young children, as well as an important
cause of respiratory tract infection in immunodeficient patients and
elderly people. In 2019, there were 3.33 million cases of RSV-
associated acute lower respiratory tract infection and 26,300
deaths among children aged 0—60 months globally®. RSV disease
generates an alarming proportion of overall deaths globally, with 1
in 50 deaths among children aged 0—60 months and about 14,000
deaths each year among people aged 65 and older attributable to
RSV. Compared with other respiratory viruses, natural infection
with RSV does not induce lasting immunity, and repeated infection
with the same subtype of RSV is prone to occur.

RSV is the only member of the genus conformal pneumonitis
of the pneumovirus family that can infect humans. The viral
particles of RSV range from 100 to 1000 nm in diameter®, have a
filamentous envelope, and contain a single strand of negative-
sense RNA genome (about 15.2 kb in length) encoding a total
of 11 viral proteins’. Similar to influenza viruses, RSV is spread
by aerosolized droplets and close contact, with an incubation
period of 3—8 days®. After infection, RSV replicates within the
nasopharynx and the epithelium of upper respiratory tract and
even spreads to the small bronchioles or alveoli of the lower
respiratory tract. RSV can cause neutrophil-intensive inflamma-
tion of the airway during both upper and lower respiratory tract
infections’ and elevate the level of eosinophils in the airways®,
which results in airway obstruction and bronchial smooth muscle
spasm. In addition, Infants and young children are prone to hy-
perreactivity after RSV infection, which is closely related to the
occurrence of repeated wheezing and asthma.

Ribavirin spray and Synagis (pavizumab) were approved by
the FDA in 1986 and 1998, respectively. RSV vaccine, Arexvy,
ABRYSVO and mRESVIA have been approved by the US FDA in
May 2023, June 2023 and May 2024, respectively, which are
limited to the prevention of lower respiratory diseases caused by
RSV infection in adults over 60 years. In addition, the second

Figure 1

monoclonal antibody for the prevention of RSV disease in infants,
Beyfortus (nirsevimab) has been approved by the FDA in June
2023.

In this review, we describe the structure, protein functional
properties, and pathological mechanisms of RSV to inform new
approaches for the development of prevention and treatment of
RSV. Further, we focus on the latest progress in the fight against
RSV infection, including the development of small-molecule in-
hibitors, monoclonal antibodies, and nucleic acid drugs, while also
discussing the unresolved problems. In addition, this review
highlights innovative ideas for RSV prevention and treatment,
including engineered cells, novel antiviral nanomaterials, and
fusion biomacromolecules. Finally, the prospect of future RSV
research and clinical intervention is prospected.

2. Overview of RSV

2.1.  The virion, genome and typing

RSV particles are composed of spiral nucleocapsid and amorphous
envelope. From the inside to the outside, there are nucleocapsid,
matrix proteins, and lipid envelope respectively. There are trans-
membrane proteins glycoprotein (G), fusion protein (F), and small
hydrophobic protein (SH) on the lipid envelope. The non-
glycosylated matrix M protein is present on the inner face of the
envelope while the second non-glycosylated matrix protein (M2-1)
is inside’. Nucleocapsid proteins include nucleoprotein (N), phos-
phoprotein (P), and catalytic large subunit (L) (Fig. 1A',

The RSV genome is about 15.2 kb in length and contains 10
genes encoding 11 proteins (Fig. 1B). From 3'- end to 5'- end,
there are nonstructural proteins (NS1 and NS2), N, P, M, N, SH,
G, F, M2 and L"'. With two separate open reading frames that
overlap slightly, the M2 encodes the transcription processing
factor (M2-1) and transcription regulatory factor (M2-2) proteins.
In addition, NS/ at the 3'- end is preceded by a 44-nucleotide
specific leader region, while the L gene at the 5'- end is fol-
lowed by a 155-nucleotide epigenetic region. The replication of
RSV is error-prone and has no proofreading mechanism, which
allows RSV to rapidly generate single nucleotide polymorphisms
and mutations that alter viral virulence, resulting in resistance

Overview RSV. (A) Virion. (B) Genome. (C) Course of infection. (Adapted with permission from Fig. 1 and Box 1 in Ref. 10).
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escape. RSV is divided into two subgroups, A and B'2. RSV A and
B subpopulations are evolutionary lineages that diverged about
350 years ago and have considerable genotypic variation within
them. The main difference was found on the attached glycoprotein
G, which conserved only 53% of the amino acid sequence
between strains. As for the most common RSV genotypes, 14
genotypes have been identified in A strains (GA 1—7'*'%, SAA 1'°,
NA 1-4'° and ON 1-2'"'%), and 20 genotypes have been
identified in B strains (GB 1—4'%, SAB 1—4"°, URU 1-2"°, and
BA 1—10?>?"). The A and B strains are common in RSV epidemic
season, but the dominant subgroup or genotype varies slightly from
year to year and is constantly alternating®>.

2.2.  Life cycle of RSV

The infection cycle of RSV (Fig. 1C) begins with the attachment
of viral particles to the apical surface of ciliated airway epithelial
cells. RSV relies on the G protein to attach to the cell surface
while the F protein can also interact with immobilized heparin or
cellular heparin sulfate to promote attachment”. Then the F
protein promotes the fusion of the viral envelope and the cell
membrane. After the fusion of viral and cell membranes, the RNP
(ribonucleoprotein) complex is released into the host cell cyto-
plasm, where the viral genome replicates and transcribes, forming
inclusion bodies**. These IBs serve as scaffolds formed through
RNA and N protein interactions, corresponding to liquid—liquid
phase separation compartments that concentrate and enhance the
enzyme activity by bringing all components of the polymerase
complex together. This condensate can also sequester immune-
stimulatory proteins, shielding the viral replication machinery
from detection by innate immune sensors>.

Viral mRNA, produced through a discontinuous RNA synthe-
sis mechanism, briefly condenses within IBAGs (inclusion body-
associated granules) before being translated into proteins in the
cytoplasm. Subsequently, RSV viral particles assemble near the
plasma membrane, and the M protein, transported through the
Golgi complex secretory pathway along with the F and G proteins,
is believed to recruit budding initiation.

Finally, viral particles are released as filamentous particles
approximately 130 nm in diameter and ranging from 0.5 to 12 pm
in length?®. In addition to producing viruses, cells infected with
RSV express a significant amount of the F protein, which has been
shown to fuse with adjacent cell membranes, leading to the for-
mation of large multinucleated cells. This tendency to form syn-
cytia is one of the most prominent features of RSV infection and
contributes to the pathogenic effects on cells.

3. Therapeutics strategy for RSV attachment and entry

RSV G glycoprotein facilitates RSV’s attachment through
interaction with either CX3C chemokine receptor 1 (CX3CR1)
or heparan sulfate proteoglycans (HSPGs)?"*®. Subsequent viral
entry is mediated by the F glycoprotein. The F glycoprotein
undergoes dramatic conformational changes and interacts with
nucleoprotein, epidermal growth factor receptor (EGFR),
insulin-like growth factor-1 receptor (IGF1R), and intercellular
adhesion molecule-1 (ICAM-1)%, driving the fusion of the viral
envelope with the host cell membrane'®. The F and G play an
important role in RSV attachment and entry into the host cells
and consequently serve as attractive targets for developing RSV
entry inhibitors.

3.1. Targeting G protein

G protein has attracted increasing attention in the treatment of
RSV after infection and has become an attractive target’’. The
replication cycle of RSV begins with G protein-mediated attach-
ment to the apical surface of polarized ciliated airway epithelial
cells®', which is facilitated by binding of the G protein CX3C
motif to CX3CR1 and other potentially cell surface
molecules®”***. The G protein is highly variable among RSV
isolates, and therefore its sequence has been used in epidemio-
logical and evolutionary studies. This variability, primarily
localized to the mucin-like domains, determines the RSV sub-
groups (RSV A and RSV B)*.

The expression and glycosylation of G protein were changed
when RSV infected different cell lines36’37, and most of the
changes were related to the cell specific glycosylation of G pro-
tein®®. When RSV propagated in primary culture, the molecular
weight of G protein was ~ 170 kDa, while in HEp-2 cells, the MV
of G protein was ~90 kDa*’. In particular, when propagates in
Vero cells, the molecular weight of G protein is ~55 kDa’°.
Modifications of these G proteins affect RSV infection, permis-
sibility, and host response to infection. Therefore, the type of cell
used for RSV propagation is important because host cells vary in
their sensitivity to different RSV strains or in their response to
infection.

G proteins exist in two forms: the full-length membrane-bound
form (mG)40, which is responsible for viral attachment, and the
secretory isomer (sG)*', which mediates immune escape. Produced
by the expression of the full-length G gene, mG is a type II gly-
cosylated complete membrane protein composed of about 300
amino acids** (Fig. 2A'%). The N-terminal cytoplasmic domain
contains a cysteine residue adjacent to the transmembrane (TM)
domain, which is palmitoylated after translation (Fig. 2B). The
outer domain is located outside the cell and consists of an ungly-
cosylated central conserved domain (CCD) and a heparin-binding
domain (HBD), flanked by two highly variable and highly glyco-
sylated mucin-like domains. HBD contains positively charged res-
idues that have been hypothesized to bind to negatively charged
heparin sulfate (HS) and other glycosaminoglycans on the surface
of host cells. This dependence on glycosaminoglycan-initiated
infection does not generalize infection with wild-type RSV
because HS is not present on the surface of human ciliated airway
epithelial cells and infection still occurs primarily through specific
receptor binding“. CCD contains a CX3C chemokine motif (amino
acids 182—186) that promotes RSV attachment to susceptible cells
carrying the CX3C chemokine receptor CX3CR1%.

The simulation of CX3C by G protein promotes RSV
infection***> and may alter the chemotaxis of CX3CLI (fractal-
kine) in leukocytes*®. G protein expression during RSV infection
in mice has also been shown to substantially stop NK1.1" natural
killer, CD11b", and RB6-8C5" polymorphonuclear cells from
trafficking to the lung*’. In addition, G proteins appear to be
involved in impairment of the Thl response, reducing the pro-
duction of Thl cytokines, particularly IFN-v*¥, inhibiting the
mRNA expression of several chemokines, including macrophage
inflammatory protein lae (MIP-1e), MIP-138, MIP-2, monocyte
chemoattractant protein, and IFN-inducer protein 10*°. These
studies suggest that G protein regulates the immune response of
infected hosts™".

sG begins translation at Met48 of the G gene, cleaved at the
amino acid position 66, and the cytoplasmic domain and part of
the TM domain are removed, allowing ectodomain to be secreted
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Structure of RSV G glycoprotein. (A) Full-length and Soluble RSV G glycoprotein. (B) Domain and post-translational modification

of full-length RSV G glycoprotein. (C) Mature secreted RSV glycoprotein G. (Adapted with permission from Fig. 2 in Ref. 10).

from infected cells (Fig. 2C). sG, which is produced 6 h after virus
attachment and accounts for 80% of the total G protein, has most
of the neutralizing epitopes on mG, so that sG in the oligomerized
state is still able to bind to glycosaminoglycans on the cell
surface’'. sG maintains the same characteristics as mG in terms of
glycosylation and antibody reactivity, acts as an antigenic decoy,
binds neutralizing antibodies in the body to resist the immune
response”>, and reduces the Fc-mediated antiviral activity of white
blood cells™.

G-specific antibodies have been shown to induce antibody-
dependent cytotoxicity and phagocytosis of RSV-infected cells,
have a wide range of functions, and play an important role in anti-
RSV**. Rare high-affinity antibodies against the cysteine lasso
region of the G protein, such as CB017.5 and CB002.5, have been
screened from human B cells. These two antibodies potently
neutralize both RSV A and B genotypes, increase IFN-y levels in
bronchoalveolar lavage, and reduce airway hyperresponsiveness
and eosinophilic lung infiltration in mouse models of primary and
secondary infection®>. 131-2G, also binds to the central
conserved domain of the G protein, is a prominent anti-G protein
mab that inhibits the binding and attachment of RSV G protein to
host cells and prevents G-protein-mediated chemotaxis, down-
regulates virus-induced host inflammatory responses, and pro-
motes viral clearance through antibody-dependent cell-mediated
cytotoxicity (ADCC)*®. Treatment of RSV-infected BALB/c mice
with 131-2G reduced viral titers and leukocyte infiltration®’.
Compared with anti-F protein mab (143-6C), mice infected with
RSV and treated with 131-2G showed more rapid reductions in all
evaluated disease measures, including weight loss, number and
type of inflammatory cells in the lungs, airway resistance, and
mucus production®®,

MBX-300 is a negatively charged sulfate lipid with four sulfate
groups that targets the RSV G protein and inhibits virus adsorption
by inhibiting electrostatic binding®®. MBX-300 has been shown to
exhibit lower cytotoxicity than Ribavirin in both cultured cells and
cotton rat models, and to be more potent against both laboratory
strains and clinical isolates. Additionally, MBX-300 also exhibits
inhibitory activity against several other viruses, including human

metapneumovirus, human rotavirus, human immunodeficiency
virus 1, and adenovirus®’3.

Fujikane et al.** reported that Ephedrae Herba (EH) and Cin-
namomi Cortex (CC), components of Mato, exhibit anti-RSV ac-
tivity. EH and CC specifically interacted with the central conserved
domain (CCD) of the G protein, thereby blocking virus adsorption
to the cellular receptor CX3CRI1. Genetic mutation of the CX3C
motif on the CCD of the G protein reduced the binding ability to EH
and CC, suggesting that the CX3C motif is a target of EH and CC.
Oral administration of Mato to mice infected with RSV for 5 days
resulted in a significant reduction in pulmonary virus titers.

3.2.  Targeting F protein

F protein is critical to the entry process of RSV, promoting pH-
independent fusion of the viral membrane with the plasma
membrane of the host cell, leading to the infection of the host
cell®®. RSV F protein, a class I fusion glycoprotein, is synthesized
as an inactive precursor polypeptide (FO) of 574 amino acids. It
contains signal peptide (residues 2—20), signal peptide cleavage
site (residues 21—25), F2 region (residues 26—109), peptide
cleavage region (residues 110—136), and F1 region (residues
137—574). F1 consists of two heptapeptide repeats: HRA (resi-
dues 149—206) and HRB (residues 474—523)66 (Fig. 3A).

FO is cleaved by Furin-like proteases on the trans-Golgi
network at sites 109 and 136 to produce three subunits of F2,
pep27, and F1. The F2 and F1 subunits are covalently linked by
two disulfide bonds to form a heterodimer, and the mature active F
protein folds into a compact prefused conformation as a trimer of
the F1—F2 heterodimer®’ (Fig. 3B). The prefused conformation is
a metastable structure that occurs spontaneously on virions and
cell surfaces and can be thermally stimulated*“®. During the
refolding process, the F1 subunit n-terminal hydrophobic fusion
peptide is pulled out of the central cavity of the pre-fused trimer
and inserted into the host cell membrane®. After pre-fusion is
triggered, a huge conformational change in the F protein is initi-
ated, and the membrane fusion process begins (Fig. 3C). When
heptapeptide repeats near the fusion peptide (HRA) bind to those
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Figure 3

Schematic illustration of the proposed conformational changes during RSV infection for F protein. (A) Domains of full-length RSV F

glycoprotein. (B) F-glycoprotein maturation. Initial state: three loose monomers (including pep27) constitute F protein; Furin enzymatic hy-
drolysis: The action of furan-like protease to remove pep27; Prefusion conformation: three monomers compact together to form a trimer. The 3D
structure on the left shows the prefusion and post-fusion trimers. (C) Fusion process between RSV and host cell membrane mediated by RSV F
glycoprotein. @ Initial status. @ The pre-fusion state. FP is buried in the F protein. ® RSV virus particle attachment and semi-fusion: F protein
changes conformation and forms long HRA helix. FP is exposed and inserted into the host cell membrane, forming a helical trimer with the three
HRA domains, resulting in a semi-fusion between the host cell and the viral membrane. @ Complete fusion: The HRB helix rearranges and
combines with the HRA trimer to form a six-helix bundle, which pulls the cell membrane and the virus membrane to complete fusion. (Adapted

with permission from Fig. 1 in Ref. 66).

near the viral transmembrane region (HRB), a pre-hairpin inter-
mediate is produced and then further refolded. This folding is
irreversible, resulting in the formation of an extremely stable six-
helical bundle, which is characteristic of the conformation after
RSV F fusion, a process that brings the viral envelope and the host
cell membrane closer together to bind’®”". The expression of RSV
F on the cell surface of infected cells can also lead to fusion with
neighboring cells to form a multinucleated syncytium. The triple
symmetric pocket in the central cavity of RSV F is the binding
target of most F protein inhibitors, and inhibitor locking to the
metastable pre-fusion conformation of RSV F will make mem-
brane fusion difficult to initiate. Unlike G proteins, F proteins are
relatively conserved, with a 5% difference between RSV A and
RSV B. Therefore, the development of F protein inhibitors makes
it easier to defend against immune mutations.

Small molecule inhibitors of F protein interfere with the
transition of RSV F protein from the prefusion conformation to the
postfusion conformation, block the formation of the fusion-active
structure, and stop RSV from entering cells, thereby exerting
antiviral activity.

GS-5806 (presatovir) selectively inhibits 75 clinical isolates of
RSV A and B subtypes (ECso = 0.43 nmol/L). The compound
maintained potency in primary human airway epithelial cells and
exhibited low cytotoxicity in human cell lines and primary cell
cultures (selectivity >23,000-fold)’?. In healthy adults infected
with RSV, treatment with GS-5806 significantly reduced viral load,
total mucus produced, and total symptom score’>. The bis-
substituted benzimidazole derivative BMS-233675 is a potent
RSV fusion inhibitor targeting F protein with ECsy and CCs( values
of 0.34 and 84 pumol/L, respectively’®. After a series of modifica-
tions, BMS-433771, with better oral availability and higher anti-
RSV activity (average ECs, = 20 nmol/L) was obtained””.

Animal experiments showed that the compound was effective in
reducing virus titers in the lungs of cotton rats and BALB/c mice
when administered 1 h before RSV inoculation’®. Through some
subtle modifications of BMS-433771, JNJ-53718678 was devel-
oped by Jansen Pharmaceuticals. Oral treatment of neonatal lambs
with JNJ-53718678 effectively inhibits established acute lower
respiratory tract infection in the animals’’. In healthy adults, INJ-
53718678 treatment significantly reduced viral load and disease
severity’®. The clinical trial of INJ-53718678 in adult and adoles-
cent participants, infected by RSV, who had undergone hemato-
poietic stem-cell transplantation was terminated for strategic
reasons, not because of safety concerns (NCT04332523). Zheng
et al. reported an RSV F protein inhibitor, Ziresovir (RO-0529,
AKO0529). In cell experiments, the ECs( of Ziresovir reached the low
nM level for both laboratory and clinically isolated RSV strains. In
BALB/c mouse model of RSV infection treated with Ziresovir, viral
load was reduced more than one log. Ziresovir has moved to clinical
development due to its favorable and balanced preclinical profile of
antiviral, DMPK, and toxicological properties’’. A study assessing
the safety, tolerability, and pharmacokinetics of Ziresovir in healthy
subjects was completed in 2022, but the findings are not yet avail-
able (NCT04788017). In a phase 3, multicenter, double-blind,
randomized, placebo-controlled trial conducted in China, Zir-
esovir treatment reduced signs and symptoms of bronchiolitis in
infants and young children hospitalized with RSV infection and no
safety concerns were identified (NCT04231968)*. In a screening of
130,000 compounds, Johnson & Johnson found JNJ-2408068
(R170591)3:82 Although JNJ-2408068 was highly effective in
both tissue culture and lung testing in cotton rats, it was found to
have long tissue retention and was therefore not suitable for further
development as an antiviral compound®*3*. After structural opti-
mization, TMC353121 was obtained, which retained the potency of
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JNJ-2408068, but eliminated its disadvantage of long-term tissue
retention. TMC353121 inhibits both virus—cell and cell—cell
fusion and could be added as late as 15 h postinfection and still
inhibit syncytia formation by 50%%°. In HeLa/M cells, RSV repli-
cation was effectively inhibited when administered 3 h after
infection, and 50% syncytium formation was inhibited even when
administered 15 h after infection®®. However, pharmacokinetic and
pharmacodynamic studies of TMC353121 in RSV-infected
cotton rats found that the effective dose of TMC353121 was more
than 2000 times higher than the dose required for cultured cells
(0.07 ng/mL), partly due to loss of activity caused by binding to
serum proteins®’. One active biphenyl analogue, CL387626, was
discovered by researchers at Wyeth-Ayerst Research. It was effec-
tive in inhibiting RSV infection with an ICsq of 0.05 pumol/L5®. A
single 30 mg/kg dose of CL387626 administered intranasally 4 or 5
days prior to virus challenge, significantly inhibited pulmonary
replication of RSV®. Modification of the chemical structure of
CL-387626 led to the discovery of RFI-641, which was more
effective than CL-387626 in protecting against RSV in different
animal models, including African green monkeys, BALB/c mice,
and cotton rats”* 2, However, neither CL-387626 nor RFI-641 was
further developed. Using a drug repurposing strategy, lonafarnib, a
licensed farnesyltransferase inhibitor, and phase III candidate for
hepatitis delta virus (HDV) therapy, was identified as an RSV fusion
protein inhibitor. Surface plasmon resonance reveals the binding of
lonafarnib to RSV fusion protein, and co-crystallography identifies
the lonafarnib binding site within RSV F. Oral administration of
lonafarnib dose-dependently reduces RSV virus load in a murine
infection model using female mice. However, lonafarnib’s efficacy
is lower compared with the above-mentioned clinical stage in-
hibitors. Furthermore, lonafarnib also inhibits farnesyltransferases
and may therefore have unwanted side effects, particularly when
administered orally and at high doses®*. 3,4-O-Dicaffeoylquinic
acid methyl ester (3,4-DCQAME), which can be isolated from
several plants of traditional Chinese medicine, has anti-RSV
activity. In RSV-infected mice treated with 3,4-DCQAME,
reduced RSV-induced pathological changes and substantial
inhibition of viral infection in the lung tissue were observed””.

In addition, significant binding of MDT-637 to the F protein
occurred only at 37 °C, while at 22 °C, the binding was signifi-
cantly reduced. The temperature dependence of binding suggests
that VP-14637 may interact with the transient conformation of the
F protein®. Kim et al.’® evaluated the antiviral effect of MDT-637
against a variety of genetically diverse RSV strains in vitro and
compared it with ribavirin. The results showed that MDT-637 had
antiviral activity against a variety of clinical RSV strains of
different genotypes and branches in vitro, and may have a better
clinical effect than ribavirin in the treatment of RSV infection.

Palivizumab is a humanized monoclonal antibody targeting the
F protein. In vitro studies demonstrated that palivizumab effectively
neutralizes RSV and exhibits a dose-dependent response. Pretreat-
ment of cotton rats with palivizumab resulted in a 99% reduction of
lung RSV titers at a dose of 2.5 mg/kg®”. A randomized, double-
blind, placebo-controlled study showed that prophylactic adminis-
tration of palivizumab significantly reduced the rate of high-risk
hospitalization among children infected with RSV, leading to the
FDA approval of palivizumab in June 1998. Given its high cost, it is
critical to know whether palivizumab remains effective in pre-
venting severe RSV disease in children, and its clinical use is still
being explored®®. In addition, modifications of palivizumab resulted
in motavizumab with more potent neutralizing activity. Compared
with palivizumab, motavizumab binds to RSV F protein 70-fold

better than palivizumab and exhibits approximately 20-fold
improvement in neutralizing RSV in vitro. In cotton rats, motavi-
zumab reduced pulmonary RSV titers up to a 100-fold lower level
than palivizumab did at the same concentration’”'*, MEDI8897
(Nirsevimab), a recombinant antibody optimized from D25, was
50-fold more active than palivizumab in neutralizing multiple RSV
A and B strains. At similar serum concentrations, prophylactic
administration of MEDI8897 was nine-fold more potent than pal-
ivizumab at reducing pulmonary viral loads by > 3 logs in cotton
rats infected with either RSV A or B subtypes'®'. MEDI8897 had a
3-amino acid change (M257Y/S259T/T261E YTE) in the highly
conserved fragment crystallizable region, which prolonged the
antibody’s serum half-life'®>. MEDI8897 has a good safety profile
in healthy preterm infants. Its long half-life and good RSV
neutralizing activity resulted in sustained resistance to RSV infec-
tion for up to 5 months after a single 50 mg intramuscular injection,
supporting its use as a cost-effective option to protect infants
against RSV with once-per-RSV-season dosing in the clinic'®*'%,
Nirsevimab was approved in the EU on 3 November 2022 and in
the UK on 7 November 2022 for the prevention of RSV lower
respiratory tract disease in neonates and infants during their first
RSV season'®. Clesrovimab (MK-1654), a monoclonal antibody
targeting F protein with a longer half-life, has the same YTE mu-
tation as nirsevimab. This monoclonal antibody is in ongoing infant
phase 2b/3 trials (NCT04767373) and phase 3 trials
(NCT04938830). The mab showed high potency against RSV
clinical isolates in vitro and was equally potent against RSV sub-
group A and B strains'®. Clinical trials have shown that Clesro-
vimab can reduce viral load and incidence of clinical symptoms
after viral infection'”. A data analysis assessed the association
between serum neutralizing antibodies and clinical endpoints; The
study estimated that a single dose of 75 mg could confer protection
lasting up to 5 months in more than 75% of term infants.

Nanobodies are derived from camelids (llamas, camels, and
dromedaries) and are heavy-chain-only antibodies that are struc-
turally distinct from human antibodies. It is of interest that when
the VHH fragment, the variable domain of these camel antibodies,
is expressed alone, it retains the specific antigen binding capacity.
These therapeutic VHH domains are referred to as nanobodies.
Based on a variable domain that targets antigenic site II on the
RSV F protein, a nanobody named ALX-0171 has been developed
for the treatment of RSV. In preclinical studies, ALX-0171 was
126-fold more potent than palvizumab'®®. It has successfully
completed a phase I clinical trial in healthy adults and has good
safety and pharmacokinetics.

Anti-RSV drugs inhibiting entry are listed in Table 1.

4. Therapeutics strategy for RSV transcription and
replication

RSV RNA synthesis comprises viral transcription and replication
that are catalyzed by the large protein (L) in coordination with the
phosphoprotein polymerase cofactor (P), the nucleoprotein (N),
and the M2-1 transcription factor. These activities are essential for
the RSV replicative cycle and are thus considered attractive tar-
gets for the development of therapeutic agents.

4.1. Targeting L protein

To ensure transcription and replication, the 250 kDa RSV L
protein contains three conserved enzymatic domains: the
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Table 1  anti-RSV drugs inhibiting entry.
Name Category Target Structure Development
MBX-300 Small-molecule RSV G NaO;SQ  0SO3Na OCasHas Preclinical
COONa
NaoaSO\%\OVL/OCZZHM
AcHN
Na0,S0
131-2G mAb RSV G = Preclinical
GS-5806(presatovir) Small-molecule RSV F fb@ Phase 2
NH, @ =y
MDT-637 Small-molecule RSV F N Phase 1
INJ-53718678 Small-molecule RSV F e Phase 2
cl oﬁ'/N =
) WP W
N
S0,CH;3
Ziresovir (AK0529) Small-molecule RSV F S Phase 3
\\,'LNO
X K’SE:?
TMC353121 Small-molecule RSV F Ho?\y Preclinical
f‘\N
A ,{:ﬁj@ﬁﬂ
CL387626 Small-molecule RSV F ”” Preclinical
W
RFI-641 Small-molecule RSV F Q}g . Neoss Preclinical
Bl adare TS
H;N>_/
BMS-233675 Small-molecule RSV F @}mb Preclinical
BMS-433771 Small-molecule RSV F Y Preclinical
Loyt
esoLa)
\\/\/OH
Lonafarnib Small-molecule RSV F b Preclinical
N N,
é@{c
Palvizumab mAb RSV F = Accepted in 1998
MEDI8897(Nirsevimab) mAb RSV F - Accepted in 2022
Clesrovimab (MK-1654) mAb RSV F — Phase 3
ALX-0171 mAb RSV F = Phase 2
Motavizumab mAb RSV F = Phase 3

RNA-dependent RNA polymerase (RdRp) domain, the poly-
ribonucleotidyl transferase (PRNTase/capping domain), and the
methyltransferase (MTase) domain, followed by the more variable
C-terminal domain. In addition, there is another domain in the
middle of these domains: the connector domain. Consequently, the
RSV L protein possesses all the enzymatic activities required for
catalyzing RNA synthesis, which includes activities involved in
5'-RNA capping, N7 and 2’'-O-methylations during cap assembly,
and 3’-end polyadenylation of each RNA transcript (Fig. 4). The
N-terminal RdRp domain of the RSV L protein adopts a right-
handed structure, featuring three conserved regions (CR_I,
CR_II, and CR_III) and six conserved sequence motifs (motifs
a—f). These motifs participate in RNA template regulation,
facilitate nucleotide entry, and ensure flexibility of the polymer-

ase'%. Motif B harbors a conserved proline-rich sequence, con-

taining most escape mutations for inhibitors, contributing to RSV
RdRp’s ability to discriminate between natural NTPs and NTP
analogs as inhibitors''®. The synthesis of RSV RNA requires
binding with the tetrameric P protein, which connects the L pro-
tein to the encapsulated viral genome. Notably, efficient RNA
transcription also requires M2-1'"""12,

Recent low-temperature electron microscopy structures have
elucidated the interaction between RSV L and the tetrameric P
protein, revealing a tentacle-like arrangement of P, with each
monomer adopting a specific conformation''. In addition to the
interaction between the P and L proteins, the low-temperature
electron microscopy structures provide insights into the struc-
tural interaction between the RdRp and capping domains of
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RSV L protein, indicating a close intertwining of these two
domains. This feature demonstrates how the initiation of RNA
synthesis by the polymerase is regulated by the capping domain.
The structural organization of the L protein provides a framework
for understanding the molecular basis of RSV replication and
transcription and should facilitate the design of RSV inhibitors.
The compounds targeting the L protein could be mainly cate-
gorized as nucleoside inhibitors and non-nucleoside inhibitors.
Nucleoside analogues directly inhibit the RdRp enzyme activity of
L protein. ALS-8176 is a nucleoside RSV L protein inhibitor with
good oral bioavailability and demonstrated excellent anti-RSV
efficacy and safety in a phase 2 clinical RSV infection study''*.
ALS-8176 is a prodrug of ALS-8112. ALS-8112 inhibits all RSV
strains in vitro, and its antiviral effect is mediated by the intracel-
lular formation of a 5'-triphosphate metabolite (ALS-8112-TP) that
inhibits viral RNA polymerase''’. In an RSV infection study, faster
RSV clearance and a greater reduction in viral load were observed
in the ALS-8176-treated group than placebo group, accompanied
by improvements in clinical disease severity''>. Remdesivir is a
nucleoside analogue prodrug developed by Gilead Sciences, which
has been approved for the treatment of COVID-19. Remdesivir has
been reported to specifically inhibit RSV RdRp but not human RNA
Pol-II in vitro''®. In the African green monkey RSV model,
10 mg/kg was administered intravenously once daily, showing a
reduction of two orders of magnitude of peak pulmonary viral load.
Similarly, approved for the treatment of COVID-19, Molnupiravir is
a prodrug of N4-hydroxycytidine (NHC), which was identified by
Yoon et al.""” as a potent inhibitor of RSV. NHC is a ribonucleoside
analogue with high bioavailability and is well tolerated. Mecha-
nistic studies have shown that NHC is efficiently converted to the

Schematic illustration of the proposed mechanisms for replication and transcription initiation for the respiratory Syncytial virus L

active NHC-TP form in disease-associated respiratory tissues,
which competes with cytosine ribonucleotides for binding to gua-
nine ribonucleotides and interferes with RNA replication, leading to
high viral mutation rates and lethality. In a mouse model, oral
administration of this compound was effective against RSV infec-
tion, reducing pulmonary viral load and mitigating disease bio-
markers''”. In addition, there are other nucleoside analogues
involved in the inhibition of RSV replication. Ribavirin is a
nucleoside agent with activity against specific members of the
Paramyxoviridae family and exerts antiviral effects by inhibiting
inosine monophosphate dehydrogenase and mutagenizing RNA''®,
Treatment of RSV infection with Ribavirin resulted in faster
clearance of RSV and shorter hospital stay'''*°. Inhaled (aero-
solized) Ribavirin is approved by the Food and Drug Administra-
tion (FDA) for the treatment of infants and children with RSV
pneumonia and for the treatment of severe RSV infection in
adults'?'. Oral administration of Ribavirin has not been approved
by the FDA for the treatment of RSV infection. Marcelin et al.'**
studied oral administration of Ribavirin for RSV infection and
found that was a well-tolerated option for RSV infection in
moderately to severely immunocompromised patients. But as with
other RSV-targeting antiviral agents, resistance to Ribavirin is a
concern, which limits its use. Sourimant et al.'? reported that
4'-fluorouridine, a ribonucleoside analogue, exerts an anti-RSV ef-
fect by delaying polymerase arrest. The compound showed potent
dose-dependent activity against all RSV strains tested, with ECs
values ranging from 0.61 to 1.2 umol/L. When mice and ferrets
were treated within 24 h of RSV infection, once daily oral
administration resulted in a significant reduction in viral load in the
lungs'?.
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In addition to nucleoside analogues, RSV drug discovery has
also focused on the identification of non-nucleoside inhibitors of L
protein. Binding to the connector domain of RSV L, PC786 is a
non-nucleoside RSV L protein inhibitor with potent and selective
antiviral activity against laboratory or clinical isolates of RSV A
and RSV B. Late therapeutic intervention with PC786 rapidly
reduced viral load in human respiratory epithelial cells'**. In
addition, PC786 reduced the level of the inflammatory marker
RANTES (mRNA) in RSV-infected fully differentiated human
airway epithelial cells, suggesting that PC786 treatment may
inhibit virus-induced inflammation'?>. AZ-27 showed antiviral
activity against both A and B RSV types, and no cytotoxicity was
detected'?®. It inhibits the early stages of mRNA transcription, as
well as genome replication, by inhibiting the initiation of RNA
synthesis at the promoter'>’. Fordyce et al.'*® produced a series of
new highly potent RSV inhibitors by replacing cyclopropylamide,
a key pharmacophore of AZ-27, with a heteroaromatic group. One
of these compounds named 4a has low nanomolar activity against
both RSV A and B. In addition, the compound was effective in
inhibiting viral replication when administered nasally in rodent
models of RSV infection'*®. Currently, neither AZ-27 nor com-
pound 4a has entered clinical trials. Besides the connector
domain, non-nucleoside inhibitors can also target the capping
domain. Yu et al."*® reported a non-nucleoside inhibitor JNJ-8003
with sub-nanomolar inhibition potency in both antiviral and po-
lymerase assays. Cryo-EM structure revealed that JNJ-8003 binds
to an induced-fit pocket on the capping domain, with multiple
interactions consistent with its tight binding and resistance mu-
tation profile'*’. In addition, DZ7487 is a novel oral nonnucleo-
side inhibitor specifically designed to target the RSV L protein.
Due to its size and structural complexity, it is not yet possible to
directly measure DZ7487 binding to L protein RdRp domain.
However, the fact that N363T mutation located on the RdRp
domain is by far the dominant resistance mutation suggests that
DZ7487 may target the RdARp domain. DZ7487 effectively
inhibited virus replication in RSV A and B clinical isolates.
DZ7487 showed superior efficacy over the nucleoside analogue
ALS-8112 in lower airway cells. In BALB/c mice and cotton rats
infected with RSV, it effectively inhibited virus replication,
reduced viral load in the lungs after infection, and showed sig-
nificant pathological improvement. Pre-endpoint assessments are

currently being conducted before human clinical studies'".

4.2.  Targeting N protein

The N protein in the pneumovirus is highly conserved. RSV N
protein closely binds to its genome to form ribonucleoprotein
complex (RNP), which on the one hand serves to stabilize RSV
genome and antisense genome without being degraded by host
RNase. On the other hand, it reduces pattern recognition receptors
in the cytoplasm of the host such as retinoic acid-inducible gene-I
and melanoma differentiation-associated gene5 to evade the host’s
natural immune response''. In addition, its sequence is highly
conserved in all known RSV clades. Therefore, it is a viable op-
tion to use it as a target for anti-RSV drug development.
EDP-938 is an RSV N protein inhibitor that works at a post-
entry, replication step of the viral life cycle. Human trials have
shown that this antiviral drug is rapidly absorbed after oral
administration, with a half-life between 11 and 18 h'*. Oral doses
of up to 600 mg/day or 300 mg/day twice daily for 7 days resulted
in a significant decrease in viral load in the lower respiratory tract.
EDP-938 was superior to placebo in reducing viral load, total

symptoms score, and mucus weight, and it was associated with
almost no apparent adverse effects'.

Arrow Therapeutics identified several possible anti-RSV viral
compounds, including 1,4 benzodiazepines, among the 20,000
compounds tested in viral neutralization and ELISA assaysl34,
while RSV604 was obtained by structural optimization of these
compounds'®>. It is potent against all clinical isolates of both
types A and B, with a low resistance rate in vitro. Sequencing
revealed that the resistant virus had mutations in the nucleocapsid
protein. In 3D human airway epithelial cell models, RSV604 was
able to efficiently penetrate from the basolateral side of the
epithelium after mucosal administration and inhibit viral replica-
tion'*®. Mechanistic studies revealed that RSV604 inhibits RSV
replication by inhibiting the N protein, and RSV604 did not inhibit
viral RNA synthesis in RSV subgenomic replicon cells or RNP-
free assays, suggesting that it may act prior to viral replication
complex formation'?”.

4.3.  Inhibiting RSV protein translation

The siRNAs are typically 21—23 nucleotide-long double-stranded
RNA fragments that interfere with the expression of specific target
genes with complementary nucleotide sequences by degrading
their mRNA. ALN-RSVO0I, a siRNA targeting N protein mRNA
developed by Alnylam Pharmaceuticals, has significant antiviral
activity in mouse models of RSV infection and is potent against
both RSV A and B subtypes in vitro'*®. The phase I clinical study
of ALN-RSVOI1 proved successful with minimal side effects. A
phase II trial was also successful, in which ALN-RSVO1 was
administered daily in the form of nasal spray to healthy adults for
two days before and three days after RSV infection, showing the
antiviral efficacy of ALN-RSVO01 by showing a significantly lower
number of RSV infections in ALN-rSVOl-treated subjects
compared with placeb0139.

Deoxyribozymes (Dzs), also known as DNAzymes or DNA
enzymes, are synthetic catalytic single-stranded deoxyribonucleic
acid molecules with precise substrate recognition ability to cleave
sequence-specific mRNA molecules and greater biological sta-
bility'*°. DZ604 is the first reported anti-RSV DNAzyme targeting
the initiation signal of the NS2 gene. However, this DNAzyme
only reduced virus yield by 85.56% and did not protect RSV-
infected cells from cytopathic effect at a concentration of
5 pmol/L. One explanation for the lack of protection of infected
cells treated by NS2 targeting DNAzyme could be that the NS2
protein, as a nonstructural protein, is not important for RSV
replication'*'. DZn1133 is also one of them, directly cleaving the
initial signal site of the N gene in RSV genomic RNA, thereby
reducing the expression of all viral proteins. Among them, the
decreased expression of F protein, which is the core of patho-
logical cell fusion activity, and the decreased expression of N
protein, which protects viral RNA, maybe the main reasons for its
anti-RSV effect. In vitro cell experiments, more than 90% of RSV-
infected HEp-2 cells treated by DZn1133 at a concentration of
8 umol/L were protected from cytopathic effects. In addition, 10
wild strains of RSV, including subgroups A and B, isolated from
the patient were significantly inhibited by DZn1133, which had
higher anti-RSV activity than ribavirin'**.

Antisense oligonucleotides (ASOs) are small synthetic pieces of
single-stranded DNA, typically 15 to 30 nucleotides in length.
ASOs bind specifically to complementary DNA/RNA sequences by
Watson—Crick hybridization. Once bound to the target RNA, ASOs
can inhibit the translational process by inducing cleavage
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machinery or inhibiting mRNA function. Jairath et al. investigated
the use of oligodeoxyribonucleotides to inhibit RSV replication in
cell culture. Jairath et al.'* investigated the inhibition of RSV
replication in cell culture by oligodeoxyribonucleotides. Human
epithelial type 2 (HEp-2) cells were infected with RSV A2 strain and
treated with the designed oligonucleotide. ELISA and PT-PCR
analyses showed that all oligonucleotides inhibited viral antigen
production and were more effective than ribavirin. Reverse tran-
scriptase polymerase chain reaction revealed specific deletion of
genomic RNA target sequences and detected specific cleavage of
genomic target RNA after treating cells with antisense oligonu-
cleotides. These results suggest that antisense oligonucleotides

targeting RSV genomic RNA are effective in inhibiting RSV
replication and may have therapeutic value'**.
Anti-RSV drugs inhibiting propagation are listed in Table 2.

5. Therapeutics strategy for RSV assembly and budding

5.1.  Targeting M protein

RSV matrix protein (M) is the first protein encoded by RSV found
in the nucleus, with a total length of 256 amino acids. M protein is
a non-glycosylated phosphorylated protein whose monomer
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Table 2 Anti-RSV drugs inhibiting propagation.
Name Category Target Structure Development
EDP938 Small-molecule RSV N WD) Phase 2
Q
RSV604 Small-molecule RSV N 0 N{_N Preclinical
g
ALS-8176 Small-molecule RSV L o:k Phase 2
\\jéﬁz_pw
Remdesivir Small-molecule RSV L , oy Phase 2
¥ 5 )\
PC786 Small-molecule RSV L Q Phase 2
AZ-27 Small-molecule RSV L @;Q@ Preclinical
<
JNJ-8003 Small-molecule RSV L 5W Preclinical
DZ7487 Small-molecule RSV L Unpublished Preclinical
Ribavirin Small-molecule RSV L o YE Accepted in 1986
Ho~ \if N
Molnupiravir Small-molecule RSV L e Phase 2
£
4'-Fluorouridine  Small-molecule RSV L 2 Preclinical
e ‘ N"Eo
ALN-RSVO01 siRNA RSV N mRNA RNA, (CUU GAC UUU GCU AAG AGC CdTdT), complex with Phase 2
RNA (GGC UCU UAG CAA AGU CAA GdTdT)
DZn1133 Dzs RSV N mRNA  5-TGG GGC AAA GGC TAG CTA CAA CGA ACA Preclinical
AAG ATG-3'
DZ604 Dzs RSV NS2 RNA 5-ATG GGG CAA AGG CTA GCT ACA ACG AAA ATC Preclinical
AAT TCA-3
Verdinexor Small-molecule RSV M RS Phase 1
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consists of an unstructured linking region and two large P-fold
structures'**. In the virus particle, the M protein is located outside
the nucleocapsid and promotes coordination between the struc-
tural components of the virus by connecting the lipid bilayer en-
velope and the nucleocapsid'*>'#%. In host cells, the M protein
determines the assembly and budding of RSV (Fig. 5'*’). F pro-
teins initially accumulate and bud on lipid rafts in the plasma
membrane, and then M proteins are recruited to the budding re-
gion'*®. G protein binds to M protein through its cytoplasmic
domain, thus promoting its incorporation into the germination
zone'*. The localization of M proteins depends in part on the
viral microfilament network and may interact with actin to pro-
mote the movement of other host factors'®, including actin
depolymerization factor (cofilin-1)'>', as well as other host factors
such as specialized membrane raft caveolin-1'>% and Rablla'**, a
key component of the apical recirculating endosome. Incorpora-
tion of cofilin-1 and caveolin-1 into RSV virions has been
observed in cell membrane lipids, suggesting the involvement of
cytoskeleton and other host factors in virus germination mediated
by M proteins'>*13,

In addition, M proteins also play an important role in RNP
transport'>®. Through direct interactions mediated by M proteins,
newborn RNPs>!'%7, host cytoskeleton proteins, and other cellular
proteins'>® are transported to the budding site. After the incor-
poration of RNPs into the newborn virus filaments, the virus
particles were released under the control of Rablla'>®. The virions
attract a varying number of host membranes, some of which
remain at the end of the microfilaments as appendages or form
pockets, eventually producing mature spherical/filamentous vi-
rions. The M protein forms a protein sheath around the nuclear
shell, and when the expression of other viral proteins is insuffi-
cient, the M protein promotes the formation, encapsulation, and
release of membrane vesicles to increase the formation of virus-
like particles.

At present, although the function of M in the nucleus is not
fully determined'®*'®?, the accumulation of M protein in the
nucleus will reduce the virus titer'®>. Nuclear export of RSV M
protein is mediated by nuclear export protein 1 (XPO1) and is
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Figure 5

essential for RSV assembly and budding while Verdinexor (KPT-
335) is a small molecule that inhibits XPOl-mediated nuclear
export, thus reducing RSV replication'®*. In addition, Verdinexor
can inhibit the activation of nuclear factor kappa B, thereby
reducing the production of cytokines and eliminating virus-
associated immunopathology'®. KPT-335 is effective against
RSV strains A and B and reduces viral replication after prophy-
lactic or therapeutic administration.

So far there are no drug candidates that directly target RSV
assembly. However, due to its critical role in assembly and
germination, M protein is a promising therapeutic target.

5.2.  Targeting NSI, NS2

The non-structural (NS) proteins NS1 and NS2 of RSV are
essential proteins for RSV virulence. NS1 and NS2 are consid-
ered interferon (IFN) antagonists that strongly inhibit the
IFN induction and IFN response pathways by inhibiting or
degrading many signaling proteins involved in these processes.
Compared with wild-type-infected cells, recombinant NS1 or
NS2-deficient viruses showed reduced virulence, and infected
cells showed elevated IFN-B mRNA levels, which is consistent
with the role of the host antiviral response'®®'’". Of the two
non-structural proteins, NS1 tends to be a more effective in-
hibitor of IFN signaling, while NS2 enhances the function of
NS1!71-173.

Previous studies have shown that NS regulates the expression
level and function of many targets through mitochondrial and
nuclear pathways. NS1 inhibits retinoic acid inducible gene I
activity by interfering with its activation or interacting with
the adaptor protein of the mitochondrial antiviral signaling protein
(MAVS)!7*175 Goswami et al.'”® found that NS proteins assemble
a large degradation complex, named “NS-degradasome” (NSD)
(Fig. 6A), on the mitochondria in which all NS targets can be
found, including RIG-1, TRAF3, IRF3/7, STAT2, etc. The sup-
pression of innate immunity by NS1/2 is enhanced when mitofusin
is lost, suggesting that the mitochondrial association is sufficient
to activate NSD activity.
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Schematic illustration of the role of M protein in RSV assembly and budding. Viral bud initiation: Glycoprotein F accumulates on the

plasma membrane enriched in lipid rafts. Structural protein recruitment: M proteins are recruited through interactions with F and the cell
membrane. G is incorporated into the bud by M—G interaction. M assembled into an elongated tubular structure is speculated to provide the force
that drives the bud. New capsid transport to budding site: The new ribonucleic capsid (RNPs) is partially transported to the budding site by
M-—host cytoskeleton (actin/myosin Vb and microtubules) interactions (yellow dashed line) and M2-1. Viral particle maturation: This filament
integrates the host membrane into its structure, subsequently producing a mature spherical/filamentous viral particle. (Adapted with permission

from Fig. 5 in Ref. 147).
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NS1 inhibits gene expression of the transcription factor IRF3/7
and may enhance STAT2 degradation through a proteasome-
mediated process'”’'7°. Chatterjee et al.'®" reported that NSI
had a structural folding similar to the N-terminal domain of the M
protein, and observed that RSV infection stimulated increased
expression of many genes. RSV-induced gene expression differ-
ences included chemokines and cytoskeleton-related genes at
early time points of infection, and IFN and inflammatory response
genes at later stages of infection. Obviously, NS1 has a significant
effect on transcription in host cells, and the mechanism of non-
structural proteins affecting transcription in the nucleus during
RSV infection has become a current research focus. Pei et al.'®!
observed that NS1 entered the nucleus of RSV-infected cells.
Intranuclear NS1 co-immunoprecipitates with Mediator complex
and is associated with chromatin. Chromatin immunoprecipitation
revealed that NS1 was enriched and overlapped with promoter,
enhancer mesons, and transcription factors of differentially
expressed genes during RSV infection. Conversely, mutations in
the C-terminal helix of NS1 reduce the effect of NS1 on host gene
expression, suggesting that intranuclear NS1 alters the host
response to RSV infection by binding to regulatory elements of
immune response genes and regulating transcription of host genes
(Fig. 6B'®"). In addition, NS1 is an inhibitor of dendritic cell (DC)
maturation'7>"8%182-18% 404 can also inhibit the proliferation of
CD103" CD8" T cells and Th17 cells'®. NS1 and NS2 are
thought to inhibit DC maturation and T cell response through
defects in immune synapse formation in infected cells. In partic-
ular, NS1 promotes the proliferation and activation of Th2 cells,
thus promoting the replication and pathogenesis of RSV'*°.

Studies of the structure of RSV NS1 show that it has secondary
and tertiary structural elements similar to the N-terminal domain
of the RSV M protein, suggesting that the NS1 protein may have
evolved as a structural analogue'®. Given that the unique regions
of RSV NSI are important regulators of host gene expression,
these unique regions also provide new opportunities for the
development of RSV treatment options, such as helio-a3 mutants
with the potential to weaken RSV. At present, there are no re-
ported inhibitors against RSV NS1 and NS2. However, NS1 of
influenza, which performs a similar function, has related in-
hibitors. For instance, Woo et al.'®” developed a specific DNA
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aptamer for the influenza A virus NS1 protein. The experiments
showed that IFN-B was successfully induced by blocking NS1
protein with a specific aptamer, thus promoting the innate immune
response of the host and enhancing the lethality of the host cells
against the virus'®”. This report suggests RSV NS1 and NS2
proteins can be used as targets against RSV.

6. Therapeutics targeting the host

Host-directed therapeutic strategy is an emerging approach in the
field of anti-infection. It mainly includes inhibiting the host-
dependent factors involved in the life cycle of virus; activating the
host’s viral defense mechanisms to enhance the protective immune
response; regulating signaling pathways that are disrupted by the
virus to relieve inflammation; and modulating the local response
to infection, limiting the virus niche and promoting tissue repair.

For instance, targeting the receptors that need to interact with
RSV to inhibit virus entry. ICAM-1 promotes RSV entry into and
infection of human epithelial cells by binding to RSV F protein'®®.
The anti-RSV effect of tiotropium bromide was first reported by
Iesato et al.'® Pretreatment with 100 nmol/L tiotropium bromide
for 3 days inhibited cell surface ICAM-1 expression and reduced
RSV attachment to HEp-2 cells, thereby inhibiting RSV replica-
tion. In addition, tiotropium can inhibit RhoA activity and reduce
multiple cytokines produced by RSV-infected cells induced by the
RhoA signaling pathway, such as IL-1, IL-6, and IL-8, thereby
regulating the occurrence of inflammation'®’. RSV interacts with
cell surface HSPGs to initiate infection23‘190‘191, which provides
an attractive target for the development of new inhibitors of RSV
infection. Donalisio et al.'®? screened and identified SB105-A10
that binds to HSPGs, thereby blocking RSV attachment and
infection. The ICsq values of SB105-A10 were detected as 0.35
and 0.25 pmol/L in HEp-2 and AS549 cells, respectively, and
SB105-A10 was found to bind to both cell types via HSPGs,
indicating that its antiviral activity is indeed available by
competing with RSV for binding to cell surface HSPGs. Further
evaluation of the antiviral effect of SB105-A10 using a highly
differentiated human airway epithelial tissue model showed that
SB105-A10 significantly reduced RSV infectivity in this model
and showed no signs of cytotoxic or proinflammatory effects.
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Figure 6

Functional pathways of RSV NS1 and NS2. (A) Schematic illustration of a working NSD assembled by mitochondria. The subunits of

the core NSD (green) may be loosely attached. NSD stabilizes by recruiting MAVS to the motional mitochondria, possibly allowing recruitment of
other host factors. If juxtaposed in the right space, both NS proteins have the ability to interact with MAVS. It is hypothesized that mitochondrial
motion allows rapid clearance of cytoplasmic collection and assembly of complex subunits, and mitochondrial fission provides a larger mito-
chondrial surface area, allowing more efficient utilization of more MAVS and other membrane structures. (Adapted with permission from Fig. 10.
in Ref. 176). (B) NS1 functions as an immune antagonist by binding chromatin at the promoters and enhancers of immune response genes and
modulating host gene transcription. (Adapted with permission from Ref. 181).
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These features make SB105-A10 an attractive candidate for
further development of RSV inhibitors'®. Lingemann et al.'”
found that RSV infection triggers the activation of ATP1AI.
After signaling by c-src kinase, Tyr845 phosphorylation activates
EGFR to mediate RSV entry into cells. In A549 cells, PST2238
(rostafuroxin) can specifically bind to the extracellular domain of
ATP1A1 and block RSV-triggered EGFR activation to inhibit RSV
entry, thereby playing an anti-RSV effect'®. It’s worth noting that
PST2238 is a drug that has already been shown to be well toler-
ated in humans, which means it can be further developed as an
antiviral agent for RSV'*,

In addition, using antioxidants to delay the pathological pro-
cess caused by RSV is one approach. Regulating the intracellular
environment to inhibit the replication of the virus is another. RSV
infection can induce intracellular reactive oxygen species (ROS)
production, leading to elevated levels of proinflammatory media-
tors and oxidative stress, which contribute to advancing the
pathological process'®>'%. Treatment with natural antioxidant
vitamin A resulted in reduced clinical complications and duration
of hospitalization for children with severe RSV infection'®”'%%,
The antioxidant resveratrol, a natural polyphenol found in peanuts,
grapes, and some berries, has been shown to reduce viral load,
airway hypersensitivity, and inflammation in mouse models of
RSV infection'®’. Treatment of RSV infection with ROS scav-
enger, butylated hydroxyanisole or melatonin, not only reduced
pulmonary inflammation but also ameliorated clinical disease in
mice?®®?!, The interaction between RSV and host mitochondria
is not fully understood, but treatment of Vero cells with mito-
quinone mesylate (MitoQ), a mitochondrial ROS scavenger, has
been shown to reduce RSV replication. MitoQ treatment reduced
infectious virus titers and genomes in primary human bronchial
epithelial cells. In RSV-infected BALB/c mouse models, MitoQ
treatment significantly reduced the dense inflammatory cell infil-
tration in the bronchial periairway and pulmonary perivascular
areas®%%,

Cui et al.?® identified the intracellular calcium ATPase in-

hibitor cyclopyrazolic acid (CPA) as an RSV inhibitor
(ECsp = 4.13 umol/L). CPA inhibited the replication of RSV
subgroup A and B and human parainfluenza virus type 3 (PIV-3).
The virus titers of RSV A, RSV B and PIV-3 were reduced by 2.7,
2.2 and 1.8 orders of magnitude at 10 pmol/L, respectively. In-
vestigations about its mechanism of action suggest that CPA may
function during viral genome replication and/or transcription. In
addition, drugs that increase intracellular calcium concentrations
can also inhibit RSV replication®”. These findings reveal an
important role for intracellular calcium in the RSV life cycle and
bring new possibilities for the control of RSV infection.

Since every step of the viral life cycle requires the involvement
of host cell factors, every host factor involved is a potential drug
target. The development of host-directed treatment strategies for
RSV is still in its infancy, but it is still critical for the development
of drugs to overcome resistance and achieve broad-spectrum
antiviral activity.

Anti-RSV drugs targeting the host are listed in Table 3.

7. New options for RSV prevention and treatment

7.1. Antiviral ENMs

While there have been significant advances in RSV treatment,
recent therapeutic methods and drugs remain limited and cannot
fully control the diseases caused by RSV. Therefore, there is an
urgent need to develop more effective treatment strategies to
combat RSV. In comparison to traditional medications, Engi-
neered Nanomaterials (ENMs) offer numerous therapeutic ad-
vantages, such as enhanced drug delivery efficiency to the affected
areas, reduced side effects on the human body, ease of modulation
of physicochemical properties, lower cost, and higher synthesis
throughput. These superior characteristics of ENMs can be

Table 3  Anti-RSV drugs targeting the host.
Name Category Target Structure Development
Vitamin A Antioxidant Host oxidative responses Preclinical
Resveratrol Antioxidant Host oxidative responses “° Preclinical
Melatonin Antioxidant Host oxidative responses /@12 Preclinical
oY
HN‘\g
MitoQ Antioxidant Host oxidative responses N Qo Preclinical
SRS
Tiotropium Small-molecule ICAM-1 5 X Preclinical
o 'N‘i\;HO Vs
H
PST2238 Small-molecule ATPIAL Preclinical
HO' [
SB105-A10 Peptide HSPGs ASLRVRIKK Preclinical
CPA Small-molecule ATPase Preclinical

o OoH
N NPT
] e}
HN




Advances of anti-respiratory syncytical virus strategies

1765

considered as an emerging solution to the challenges faced in the
process of new drug development.

In most studies, the antiviral effects are achieved through the
preparation of nanoparticles modified with various functional
biomolecules, where the modified coatings can directly inactivate
the virus or recognize receptors on the host cell surface, thus
blocking virus entry into cells. Functional nanoparticles such as
gold nanoparticles’®*?%, zinc oxide nanoparticles?®®, carbon
nanomaterials®”’, and nanoclays**® have demonstrated some de-
gree of antiviral properties. The use of metal nanoparticles appears
to provide a potential opportunity for novel antiviral treatments.
Due to their broad-spectrum antiviral capabilities and ability to
overcome drug resistance, metal nanoparticles offer a promising
avenue for the development of potential and effective antiviral
drugs.

Currently, the development of nanotechnology provides a new
platform for the development of potential and effective antiviral
drugs. Metal nanoparticles find extensive applications in various
fields, including diagnostics, biomarkers, drug delivery systems,
and antimicrobial agents, among others. Researchers are contin-
uously exploring efficient nanotechnological solutions for the
treatment of RSV virus infections.

Sun et al.>*® prepared three types of conjugated silver nano-
particles with coatings using polyvinylpyrrolidone (PVP), bovine
serum albumin, and recombinant RSV F protein (RF 412). All
three showed antiviral activity against RSV infection in HEp-
2 cells. Among them, PVP-coated silver nanoparticles demon-
strated effective interaction with the G protein on the envelope of
RSV viral particles. Yang et al.>'® developed curcumin-modified
silver nanoparticles that exhibited highly efficient inhibition
against RSV infection, reducing viral titers by approximately two
orders of magnitude. These curcumin-modified silver nano-
particles were non-toxic to host cells and could prevent RSV
infection of host cells by directly inactivating the virus. Cagno
et al.?!'" and colleagues designed antiviral nanoparticles with
long and flexible linkers that mimic HSPGs. These nanoparticles
mimic the strong and multivalent binding of viral attachment
ligands repeating units, generating a force (190 pN) that leads to
irreversible virus deformation, resulting in virus killing. These
particles are non-cytotoxic and exhibit nanomolar-level irre-
versible inhibitory activity against RSV both in vitro and in
infected mice.

Researchers have been modifying the monomers of Au/Ag
nanoparticles to alter their antiviral action modes, achieving both
inhibition and inactivation of viruses, including RSV. However,
concerns exist about the unknown clearance mechanisms and
potential long-term toxicity of Au/Ag nanoparticles when used as
drugs. Despite these concerns, a series of antiviral drugs devel-
oped using nanoparticles with multiple functional mechanisms
still hold significant application potential. It’s important for
ongoing research to address the safety and long-term effects of
these nanoparticles, as well as to better understand their clearance
from the body. The development of effective and safe
nanomaterial-based antiviral treatments remains an area of active
exploration and innovation in the field of medical research.

Additionally, research has shown that sulfonated cyclodextrins
(CDs) exhibit antiviral properties against the HIV virus®'2. CDs
are naturally occurring glucose derivatives with rigid cyclic
structures composed of glucose pyranose units linked by a(1—4)
glycosidic bonds. CDs have been applied in various commercial
applications, including drug delivery, cosmetics, and food prod-
ucts. However, the antiviral effects of CDs have been found to be

reversible and virus-specific. Samuel T. Jones and colleagues®'"?
attached highly sulfonated chemical moieties to FDA-approved
CD scaffolds, achieving efficient antiviral broad-spectrum mole-
cules. These molecules demonstrated effectiveness against mem-
bers of the Pneumoviridae family, including RSV A, RSV B, and
human metapneumovirus (HMPV), in both in vitro and in vivo
studies.

Although ENMs exhibit excellent multifunctionality in anti-
viral applications, the development of practical therapeutic ap-
proaches has been limited in terms of devising new strategies and
enhancing both efficacy and safety. While most reported antiviral
nanomedicines have shown outstanding performance in mamma-
lian or rodent models, they may elicit adverse or more complex
reactions in humans. Therefore, before hastily advancing into
clinical trials, further preclinical testing must be conducted using
promising animal models such as ferrets, macaques, and other
primates that better mimic human disease responses. This will
help assess health risks and the antiviral activity of nanomedicines
more accurately. Moreover, comprehensive preclinical trials are
essential for developing nanomedicines with superior efficacy and
broad-spectrum antiviral activity compared to currently approved
antiviral drugs. The main targets for designing antiviral nano-
medicines are the viral envelope, capsid, and nucleic acids.
However, the interactions between ENMs and these targets are not
yet fully understood, impeding a deeper comprehension of the
mechanisms underlying virus inhibition. Hence, it is essential to
elucidate potential interaction mechanisms, including damage
caused by the direct binding of ENMs to the virus, interference
with virus-host cell interactions, or indirect effects on innate and
adaptive immune activation.

7.2.  Engineered cells

Currently, the administration of Palivizumab is limited to high-risk
individuals and still requires monthly reinfusion to maintain pro-
tection. Although new methods have been developed to extend the
antibody half-life post-injection, even the most promising of these
strategies require lifelong reinfusion to sustain protection. To
overcome the need for repeated infusions, alternative strategies for
generating long-term immunity have been explored. One approach
involves using adenovirus vectors encoding protective antibodies
to transduce muscle cells?**'>. Another method utilizes
lentivirus-encoded antibodies to transduce hematopoietic stem
cells, which differentiate into plasma cells secreting antibodies
either in vitro before infusion or in vivo after infusion®'®. A
common limitation of both the adenovirus/muscle and lentivirus/
stem cell approaches is that the levels of antibodies produced are
fixed and do not respond to infections. In contrast, protective
antibodies can induce long-lived memory B cells as well as
antibody-secreting plasma cells. Memory B cells express a
membrane-bound form of antibodies, allowing these cells to
rapidly respond to infections and differentiate into additional
antibody-secreting cells after infection.

While the use of primary B cells for adoptive cell therapy in
generating antibodies has lagged behind other cell types, there has
recently been a wave of innovation in this field. Some recent
genetic engineering efforts have focused on harnessing the potent
protein secretion capabilities of B cells to produce non-antibody
therapeutic proteins®'’'®. Strategies have also been developed to
reprogram B cells to produce therapeutic antibodies?'®. One
notable approach in this regard is the work by Howell F. Moffett
and colleagues®®®, who developed an engineered cell strategy
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using CRISPR/Cas9 to replace endogenous antibodies with anti-
bodies targeting respiratory syncytial virus (RSV) in primary
human B cells. Under the control of endogenous regulatory ele-
ments, engineered antibodies were effectively expressed in pri-
mary B cells, maintaining normal expression and secretion. This
work demonstrated the specificity and high efficiency of engi-
neering primary mouse and human cells to produce various
effective antiviral antibodies. In these engineered B cells, modified
heavy chain loci retained the ability for selective splicing,
resulting in cell surface BCR (B cell receptor) and antibody
secretion that reached protective levels after adoptive transfer.
Using engineered B cells, it was shown that a single transfer of B
cells expressing anti-RSV antibodies could provide effective and
long-lasting protection against RSV infection in RAG1-deficient
mice. This approach offers an opportunity to achieve sterilizing
immunity against pathogens that traditional vaccination has failed
to induce or maintain protective antibody responses.

8. Conclusions

Since the discovery of respiratory syncytial virus (RSV) in 1955,
researchers have accumulated a wealth of knowledge regarding its
virus structure, infection mechanisms, life cycle, host responses,
community transmission, and clinical management. Our under-
standing of RSV has facilitated the development of new therapies,
but basic scientific research on RSV has lagged behind its clinical
advancements. Compared to other viruses, vaccines, drugs, and
clinical treatment strategies for RSV still fall short of clinical
needs. An encouraging sign is the widespread research into
various treatment strategies for RSV, with an increasing number of
ongoing clinical trials.

The development and use of antiviral drugs for RSV still face
several challenges: 1) Imbalance in virus target research.
Currently, a substantial amount of research is focused on the
RSV F protein, with insufficient research targeting the G protein
and other proteins as potential anti-RSV targets. These proteins
play crucial roles in virus infection, replication, and disease
initiation, making it particularly important for the innovation
paradigm shift in RSV drug research and treatment strategies. 2)
Emergence of escape mutants. Like other RNA viruses such as
influenza, the high genetic variability of the RSV genome is a
major factor contributing to the appearance of escape mutants.
Research, clinical trials, and long-term efficacy of single-target
anti-RSV drugs may be adversely affected. Therefore, the
development of broad-spectrum drugs targeting multiple targets
and cocktails should be considered. 3) Drug resistance. With the
use of anti-RSV drugs, there is a high probability of evolving
drug-resistant mutant strains. The rapid development of drugs
targeting drug-resistant mutants remains a challenge. 4) Co-
infections. Since the outbreak of COVID-19, cases of RSV co-
infections with influenza, HBV, HIV, and other viruses have
gained attention. Effective antiviral treatment for virus co-
infections requires further research. 5) Insufficient research
models. Cell and animal models for RSV play a crucial role in
the preclinical testing of candidate RSV drugs. Despite many
drugs showing efficacy in preclinical studies, few have pro-
gressed to clinical trials. This is partly due to a lack of accurate
models for evaluating the pathogenesis of RSV infection. 6)
Medicinal chemistry strategies. The medicinal chemistry strate-
gies for the development of antiviral drugs are crucial. There are

a lot of medicinal chemistry strategies such as Structure-based
drug design, mechanism-based drug design, multivalent
interaction-based drug design and drug repurposing®>'>*2. These
strategies have accelerated the efficiency of antiviral drug
development. But these strategies have their limits. Structure-
based drug design relies on techniques that identify the binding
between molecules and targets, and skilled operators®*>. The
limitation of drug repurposing is that the number of drugs on the
market is limited. The molecular weight of polyvalent molecules
is so large that it is hard to be used as oral drugs in clinic***. We
look forward to the emergence of approaches to address these
limitations and the development of new drug design strategies.

In theory, all viral components can serve as targets for antiviral
drugs. Currently, most anti-RSV drugs primarily target viral
fusion proteins and replicative enzymes, and genes encoded by the
virus are expected to become hotspots for future antiviral drug
development. From a viral target perspective, RSV replicates in
the cytoplasm and establishes cellular organelles derived from
host cell membranes for efficient replication and immune evasion.
RdRp is a critical component in the replication machinery of RSV.
It differs significantly from the host cell’s polymerases, making it
a major target for anti-RSV drugs. The three-dimensional struc-
ture of the core catalytic domain of RdRp is highly conserved and
represents an important target for developing broad-spectrum
drugs against RSV and its mutant strains. Furthermore, the 5’ cap
modification at the beginning of the RSV genome plays a crucial
role in genome replication, translation of viral proteins, particle
assembly, and evasion of the host innate immune system. There-
fore, targeting the methyltransferase responsible for this cap
modification could potentially achieve resistance to RSV and its
mutant strains. From a host target perspective, some host proteins
are crucial for RSV replication. Targeting these proteins can lead
to broad-spectrum anti-RSV effects and may offer higher barriers
to resistance development. Additionally, enhancing host restriction
factors is a feasible approach to control viral infections. Drugs
targeting host factors represent a promising direction for future
drug development against RSV.
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