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Abstract

Respiratory syncytial virus (RSV) is the most common cause of lower respiratory tract infection (LRTI) in children, causing
approximately 3.6 million hospitalizations per year, and has been associated with long-term pulmonary sequelae for up to
30 years after infection, yet preventative strategies and active treatment options remain elusive. The associated morbidity
and healthcare related costs could be decreased substantially with the development of these much-needed medications. After
an initial false start in the development of an RSV vaccine, gradual progress is now being made with the development of
multiple vaccine candidates using numerous different mechanisms of action. Furthermore, nirsevimab, a new monoclonal
antibody for the prevention of RSV, has recently been registered in the European Union. New novel treatments for RSV
infection are also in the pipeline, which would provide the clinician with much needed ammunition in the management of
the acute disease. The next few years have the potential to change the landscape of LRTI forever through the prevention and
management of RSV LRTT and thereby decrease the mortality and morbidity associated with it. In this review, we discuss
these new approaches, current research, and clinical trials in monoclonal antibody and vaccine development against RSV.

1 Introduction evidence of community acquired pneumonia (CAP) [3, 4].

The importance of viral pathogens, and particularly respira-
Lower respiratory tract infections (LRTIs) are the lead-  tory syncytial virus (RSV), in the pathogenesis of CAP was
ing cause of death in children in the 1- to 59-month age  also highlighted in the Pneumonia Etiology Research for
group, accounting for approximately 653,000 (12.1% of  Child Health (PERCH) study, a multicenter case-control
total) annual childhood deaths globally [1, 2]. Viruses  study reporting on the etiology of severe and very severe
are the most common cause of LRTIs in young children, ~ pneumonia in children (1-59 months of age) in seven low-
accounting for approximately 60% of cases in US and Aus- ~ resourced settings [5]. Viral pathogens (61.4%) were more
tralian children younger than 18 years with radiographic =~ commonly attributed as the cause of LRTIs than bacterial
pathogens (27.3%) in pneumonia cases, with RSV being
the most common cause of LRTIs (31.1%). Notably, only a
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small percentage of pneumonia cases were attributed to bac-
terial pathogens that were major causes of fatal pneumonia
prior to the routine immunization of children against these
organisms. The success of reducing the burden of pneumo-
nia mortality and morbidity in children through vaccination
against Haemophilus influenzae type b, Streptococcus pneu-
moniae, and Bordetella pertussis highlight the potential of
the development of vaccines in further reducing childhood
morbidity and mortality due to LRTL.

Furthermore, LRTI causes a substantial burden of disease
in adults, especially in the elderly, causing approximately 1.2
million deaths in 2015 [6]. The contribution of RSV to LRTI
and to LRTI hospitalization increases with increasing age,
and accounts for 2.5-5.0 admissions/10,000 persons per year
in adults over 65 years of age, making them an attractive
target for further RSV vaccine development [7, 8].

2 Epidemiology of Respiratory Syncytial
Virus (RSV)

RSV is transmitted through airborne droplet spread or direct
contact with fomites from contaminated surfaces. Inocula-
tion is usually through the nasopharyngeal mucosa or the
conjunctival membranes [9]. The mean incubation in the
nasopharynx is 5 days, after which the virus spreads via
intracellular transmission, cilial motion, or aspiration of
nasopharyngeal secretions to the rest of the airways [9-12].
RSV displays a direct cytopathic effect on the host’s air-
way epithelial cells characterized by epithelial destruction
and loss of ciliary motion, as well as a multitude of indirect
effects mitigated by the host’s own immune response [13].

RSV causes a wide range of respiratory tract infections
ranging from asymptomatic upper respiratory tract infec-
tion to severe LRTI requiring hospitalization, and death [14,
15]. The clinical syndrome of bronchiolitis is the most com-
mon serious disease manifestation; the majority occurring
in healthy full-term infants during the first year of life [14].

Both the magnitude and intensity of infection, as well as
the host response to RSV infection, determine the severity
of the disease [16]. Risk factors for more severe RSV disease
can be divided into host, environmental, and viral factors.
Host factors include the presence of co-existing medical
conditions such as prematurity, congenital cardiac disease
with increased pulmonary blood flow, chronic lung diseases,
including bronchopulmonary dysplasia (BPD), and primary
or secondary immunological suppression, including HIV
infection, as well as male sex and age < 6 months at the time
of RSV infection [17-22]. Demographic and environmental
risk factors include low socioeconomic status, household
crowding, presence of school-age siblings, créche attend-
ance, duration of initial breastfeeding for <2 months, and
indoor tobacco smoke exposure [17, 18, 23, 24].
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Most children are infected with RSV during the first year
of life, and virtually all by two years of age [25, 26]. Re-
infection occurs frequently during the first few years of life,
and then every 3-10 years throughout life, but these infec-
tions tend to diminish in severity [27, 28].

In 2019, it was estimated that there were 33.0 million
RSV-associated acute LRTIs, 3.6 million RSV-associ-
ated acute LRTT hospital admissions, and approximately
66,000-190,000 RSV-attributable deaths in children
aged <60 months. Whereas the rate of RSV hospitaliza-
tion is similar in children living in high-income countries
(1.4/1000) compared with those living in low- and middle-
income countries (LMICs; 0.4-2.2/1000), more than 95% of
deaths transpire in LMICs, including 45% occurring outside
of health facilities [29, 30]. Furthermore, RSV LRTI during
infancy may also predispose to long-term pulmonary seque-
lae. A number of studies report increased odds of recurrent
wheezing episodes up to 10 years of age after RSV LRTI. A
systematic review of the pulmonary function sequelae after
RSV LRTI during the first 3 years of life concluded that
obstructive lung disease without a bronchodilator response
is the most common pulmonary function abnormality, with
effects lasting until 30 years of age, albeit heterogeneity in
findings across studies [31-41].

A further high-risk group that warrants discussion is the
elderly (> 65 years of age), accounting for the majority of
RSV-associated deaths in high-income countries, and even
though the disease is often milder in adults than in child-
hood, increased underlying comorbidities and frailty in this
group leads to an increase in severe disease [7, 42].

3 Microbiology and Structure of RSV

Human RSV, then called Chimpanzee Coryza Agent, was
first described after being isolated from the upper respira-
tory tract of a chimpanzee in 1955 [43]. Subsequently, in
1956, it was isolated from humans and identified as a virus
associated with bronchiolitis in children [44]. RSV has
recently (2016) been reclassified as an orthopneumovirus,
in the Pneumoviridae family, within the Mononegavirales
order [45].

RSV is a single-stranded, negative-sense ribonucleic
acid (RNA) virus that is enveloped by a host plasma
membrane-derived lipid bilayer. The 15.2 kilo-base pair
non-segmented and tightly encapsidated genome con-
tains 10 genes that encode for 11 proteins, three of which
are transmembrane glycoproteins: attachment protein (G
protein), fusion protein (F protein), and small hydropho-
bic (SH) protein [46, 47]. Other virus proteins are the
ribonucleocapsid and regulatory (large polymerase pro-
tein [L], matrix [M2.1 +M2.2], nucleoprotein [N] and
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phosphoprotein [P]), inner envelope (matrix [M]), and
nonstructural proteins (NS1+ NS2) [48].

The G protein was first described as an attachment pro-
tein in 1987 [49]. It is a carbohydrate-rich (60%), heavy
glycosylated protein structure that is present in a mem-
brane form that mediates the binding of RSV to the res-
piratory epithelial cell, as well as a secreted form [50-52].
The full-length transmembrane form is a type II integral
membrane protein and is the most variable structural pro-
tein, but does contain a 26 amino acid central conserved
domain (CCD) that is not glycosylated and has a central
role in the pathogenesis of the RSV infection [53-56]. The
G protein is a less efficient neutralization antigen than the
F protein [56]. The F protein is a type I integral mem-
brane glycoprotein that mediates viral penetration into
the cell and mitigates fusion between viral and cell mem-
branes and infected neighboring cells [53]. It is highly
conserved. The F protein has two unique conformations,
a stable pre-fusion structure, and after binding to its host
cell, a highly stable post-fusion structure [53, 57]. The F
protein has six main antigenic epitopes on its surface (@
and I-V). Antigenic epitope sites @, III and V are only
exposed during the pre-fusion F protein conformation,
while I, IT and IV are exposed on both the pre- and post-
fusion F protein conformations [53, 57, 58]. The number
of exposed epitopes, and that the F protein is required for
cell penetration and is highly genetically conserved, makes
the F protein the main target for interventions such as vac-
cines and monoclonal antibodies targeting RSV. Epitopes
IT and IV are the main neutralizing epitopes, and while
they do not prevent viral attachment into the affected cells,
they effectively block fusion of the viral and host cellular
membranes [58]. Epitope site II is the target antigen for
the monoclonal antibodies palivizumab and motavizumab,
while suptavumab and clesrovimab target epitope site I'V.

RSV is classified into two antigenic subtypes, RSV-A and
RSV-B, based on the reactivity of monoclonal antibodies
directed at the G protein antigenic epitopes [55, 59]. There
is a shift in the dominant circulating subtype (RSV-A or
RSV-B) over cycles of one to two seasons [60, 61]. Numer-
ous genotypes, which can co-circulate during the same RSV
season, have been identified within each subtype, with domi-
nant genotype changes in successive years [60, 62].

4 Immunology of RSV

Human T cells are essential for the resolution of acute
RSV infection, as well as for the acquisition of specific
immunological memory, resulting in the production of
RSV-specific antibodies and production of RSV-specific
T cells; this results in future infection being clinically
attenuated with decreasing likelihood of severe disease

[63]. CD4+ T cells stimulate B-cell antibody production,
and CD8+ T cells are cytopathic to RSV-infected cells, as
well as regulate the inflammatory response secondary to
the virus through inhibition of the cytokine response [64].
Dysregulation of this process can lead to an unopposed
inflammatory response to RSV and more severe disease,
as well as enhanced disease post-vaccination, as observed
after the administration of a formalin inactivated RSV vac-
cine to infants in 1966 [65]. Serum neutralizing antibodies
against RSV are associated with a reduced risk of RSV
infection progressing to LRTI, as manifested by passive
immunization with monoclonal antibody (palivizumab)
directed at the F-protein, which confers protection against
RSV LRTI. Furthermore, maternally acquired RSV anti-
body has also variably been associated with a lower risk
of RSV during early infancy [66]. Nevertheless, infection-
induced protective antibodies against RSV are transient
[67, 68]

RSV prevents an effective host immune response by a
multitude of mechanisms, including inhibition of inter-
feron responses by NS1+NS2 (non-structural proteins)
[69], the binding of protein F to toll-like receptor 4 (TLR4)
with interference in the TLR signaling pathway [70], and
secretory protein G binding to CX3CRI1 (fractalkine) and
altering chemotaxis, as well as acting as a decoy for anti-
body binding [50, 71].

The RSV G and F proteins harbor epitopes that can
elicit neutralizing antibody following RSV infection or
through vaccines. Protection against RSV LRTI is con-
ferred mainly by neutralizing antibodies, with a positive
correlation between high titers of serum neutralizing anti-
bodies and protection against RSV LRTI, and an inverse
correlation with risk of progression from infection to LRTI
in children [25, 28].

Maternal antibodies, including RSV-specific antibod-
ies, are transferred to the fetus during the latter stages
of pregnancy and to their offspring via breast milk [72,
73]. Lower efficiency of transplacental antibody transfer
in earlier gestation could contribute to the higher risk of
severe RSV LRTI in infants born preterm. Transplacental-
acquired antibodies wane over the course of 3—5 months in
the infant. Furthermore, immaturity of the immune system
during early infancy, is further accentuated in infants born
prematurely [74, 75].

5 Treatment of RSV Infection

Although multiple treatment modalities have been
attempted to manage acute RSV LRTIs, including nebu-
lized hypertonic saline, inhaled, nebulized, or intravenous
f,-agonists, nebulized adrenalin, nebulized ipratropium
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bromide, montelukast, and inhaled, oral, intramuscular or
intravenous corticosteroids, none have been shown to be
effective in treating RSV [76-87]. Consequently, the man-
agement of RSV LRTIs is mainly supportive, with oxygen
therapy and nutritional support.

Antiviral drugs against RSV include ribavirin, a broad-
spectrum antiviral guanosine analog [88]. In a recent sys-
tematic review, analysis of the pooled data concluded that
there was no difference in mortality between individuals
treated with ribavirin compared with those receiving sup-
portive care; however in subgroup analysis in subjects with
hematological disease, ribavirin significantly decreased
mortality [89]. The use of ribavirin is further complicated
by the cost, complicated delivery, and adverse effect pro-
file and therefore is not regularly administered [88].

Novel drug and treatment therapies are constantly being
sought, including a trivalent nanobody that binds antigenic
epitope site II of the F protein (ALX-0171), fusion inhibi-
tors (GS-5806, JNJ-53718678, BTA-C585 +AK-0529), a
non-fusion N-protein inhibitor (EDP-938), and RSV poly-
merase inhibitors (ALS-008176 + PC768) [90-94].

Based on the limited therapeutic options available for
the management of RSV LRTIs, other than supportive
care for symptoms, the focus has been prevention of RSV
LRTIs either by way of passive or active immunization.

6 Passive Immunization

Passive immunization involves administration of antibod-
ies targeted against a pathogen, which is used in instances
of individuals requiring immediate protection, or where
they are unable to timeously produce antibodies, as in
newborn babies with an immature immune system, or
in individuals with underlying immunodeficiencies. Pre-
vention of RSV through passive immunization involves
administration of polyclonal or monoclonal RSV-neutral-
izing antibodies (Table 1).

RSV immune globulin intravenously (RSV-IGIV) was
the first commercially available preparation (1992) and
consisted of purified polyclonal antibodies sourced from
donors with high-titer RSV-neutralizing activity [100].
Monthly high-dose RSV-IGIV administration in chil-
dren (n=81) <2 years of age (mean age 8 months) at
high-risk for developing severe RSV disease, i.e. with
either prematurity, BPD or congenital heart disease, was
associated with 62%, 72%, 63% and 92% risk reduction
of RSV LRTI, severe RSV LRTI, RSV hospitalization,
and duration of RSV-associated intensive care unit (ICU)
admission, respectively [101, 102]. A large follow-up,
randomized, placebo-controlled study of RSV-IGIV in 54
centers across America (PREVENT trial) in children with
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a history of prematurity and/or BPD reported a 41%, 54%,
53% and 60% reduction in RSV-associated hospitaliza-
tion, moderate or severe LRTI hospitalization, duration of
RSV hospital stay and days requiring supplemental oxy-
gen, respectively. However, RSV-IVIG failed to reach its
primary efficacy endpoint in a randomized controlled trial
in children with congenital heart disease (CARDIAC trial)
and resulted in an increased number of cyanotic spells
and poor post-surgery outcomes in cases [103]. Therefore,
RSV-IVIG was only indicated in premature children or
those with chronic lung disease, and was eventually with-
drawn with the subsequent development of palivizumab
[104].

Palivizumab is a humanized monoclonal antibody
directed at RSV Protein F site II epitope [105]. The IMPact-
RSV trial, a randomized, double-blind, placebo-controlled
trial in 139 centers across America, Canada and the UK,
randomized 1502 children with prematurity or bronchopul-
monary dysplasia to either palivizumab or placebo monthly
for 5 months (Table 1) [95]. Palivizumab was efficacious
against RSV hospitalization (78% risk reduction in children
with prematurity and no BPD, and 39% risk reduction in
children with prematurity and BPD). Furthermore, when
compared with placebo, palivizumab was associated with
a reduced number of days for RSV admission, fewer days
on supplemental oxygen, and fewer admissions to the ICU.

Palivizumab is licensed for use in children born at
<36 weeks gestation and younger than six months of age at
the beginning of the RSV season, or children < 2 years of age
requiring treatment for BPD within the past six months or
with a hemodynamically significant congenital heart disease,
although regional guidelines vary significantly [107]. The
high cost of palivizumab, approximately $1700-$12,500 per
patient per RSV season in the US, depending on patient birth
month and dosing regimen, has resulted in more restrictive
use even in high-income countries (HICs), and it being
largely inaccessible in LMICs [106]. In 2014, the Ameri-
can Academy of Pediatrics updated their recommendations
for the administration of palivizumab, limiting its recom-
mended use only to those in the high-risk groups for severe
RSV LRTI, defined as infants born <29 weeks gestation and
younger than one year at the start of the RSV season, infants
<32 weeks gestation with chronic lung disease of infancy
during the first year of life, and infants younger than one year
with a hemodynamically significant congenital heart lesion
[107]. Furthermore, palivizumab may also be considered
in severely immunocompromised children during the first
two years of life and in children unable to clear pulmonary
secretions, such as those with neuromuscular diseases or
abnormal pulmonary anatomy, during the first year of life.
Palivizumab has not been approved for prophylaxis against
RSV illness in elderly patients, especially in those > 65 years
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of age, a group that is prone to more severe infection, with
prolonged hospitalization and increased mortality [108].

The development of the next-generation monoclonal anti-
bodies was facilitated through the introduction of a triple
YTE mutation (M252Y/S254T/T256E) into the Fc portion
of the antibody (IgG), thereby enhancing the binding to the
Fc receptor, resulting in a fourfold increase in the half-life of
the molecule and possibly only necessitating a single dose
that could confer protection through the average RSV epi-
demic period, which usually lasts 5—6 months [109, 110].

Palivizumab was modified by in vitro affinity matura-
tion to create motavizumab, a monoclonal antibody, which,
compared with palivizumab, has 70 times the affinity for
the RSV F protein and 20 times higher in vitro neutraliza-
tion activity [111]. In a phase III, randomized, double-blind
study comparing motavizumab (rn=3329) with palivizumab
(n=13306), in children born before 36 weeks gestation and
either < 6 months of age or <2 years of age having received
treatment for chronic lung disease in the past six months,
motavizumab was non-inferior to palivizumab. Compared
with palivizumab, motavizumab was associated with a 26%
and 50% relative risk reduction of RSV hospitalization and
medically attended acute LRTI, respectively [96]. However,
motavizumab was associated with an increase in cutaneous
hypersensitivity reactions in recipients, subsequently leading
to it not being licensed [112].

Suptavumab, a monoclonal antibody that targets the F
protein prefusion site IV epitope, was discontinued follow-
ing the results of a phase III efficacy trial in healthy preterm
infants <6 months of age, which failed to show protection
against RSV-associated hospitalization or outpatient illness,
despite being effective against select RSV-A isolates [98].
This was attributed to a genetic strain of RSV-B that har-
bored mutations of the epitope to which suptavumab was
directed.

Nirsevimab is a recombinant human IgG1 monoclonal
antibody with affinity for the highly conserved site @ of the
prefusion RSV F protein, and can be administered intramus-
cularly as a single dose before the RSV season [113]. In a
phase IIb randomized, placebo-controlled trial of nirsevimab
in premature infants (29 weeks to <37 weeks gestation)
without other underlying comorbidities, a single dose of nir-
sevimab, administered before the start of the RSV season,
resulted in 70.1% (95% confidence interval [CI] 52.3-81.2)
vaccine efficacy against medically attended RSV-LRTI,
and a 78.4% (95% CI 51.9-90.3) lower rate of RSV LRTI
hospitalization [114]. In a further randomized, placebo-
controlled trial of nirsevimab in late—preterm (> 34 weeks
gestation) and term infants (MELODY trial), the efficacy of
nirsevimab was 76.4% (95% CI 62.3-85.2) against medically
attended RSV LRTI and 76.8% (95% CI 49.4 to 89.4) against
hospitalization for RSV LRTI through to 150 days post-
enrolment [99, 115]. Furthermore, nirsevimab may confer

protection beyond 180 days, including through the second
RSV season up to 510 days post-enrolment, as indicated by
a 43% lower risk of medically attended RSV LRTI in the
nirsevimab group compared with the placebo group between
361 and 511 days [116]. In a pooled analysis of the phase IIb
and phase III trials, nirsevimab efficacy through to 180 days
post-enrolment was 79.5% (95% CI 65.9-87.7) against the
primary endpoint of medically attended RSV LTRI, 77.3%
(95% CI 50.3-98.7) for any medically attended RSV LRTI
with hospitalization, and 86.0% (95% CI 62.5-94.8) against
very severe RSV LRTI [117]. Nirsevimab has recently
(October/November 2022) been registered for use in the
European Union and the UK.

Clesrovimab, another long-acting monoclonal antibody
that binds to epitope site IV of the RSV F protein, is cur-
rently being evaluated in a multicenter, randomized, partially
blinded, phase III trial. Clesrovimab safety and efficacy data
will be compared with placebo and the active comparator
palivizumab in infants and children at increased risk of
severe RSV disease, with an estimated completion date of
April 2026 (NCT04938830).

7 Active Immunization

The pathway to an RSV vaccine has been impeded following
initial failure of an inactivated whole virus RSV vaccine in
1966, which culminated in vaccinated children developing
more severe disease following RSV infection, particularly if
they were seronegative prior to vaccination [65]. The inves-
tigational, inactivated RSV vaccine provided no protection
against subsequent RSV infection in 100 children adminis-
tered either a single or three doses, compared with the con-
trol arm that received a parainfluenza vaccine. Furthermore,
80% of the RSV vaccine recipients required hospitalization
during the subsequent RSV infections, compared with 5%
of the controls. There were also two deaths due to RSV ill-
ness in the vaccine recipients, and none in the control group.

The mechanism for vaccine-associated enhanced dis-
ease (VAED) and the unfavorable outcome in vaccine
recipients has been attributed to the formation of an
abundance of non-neutralizing antibodies, as opposed to
neutralizing antibodies, which is the desired effect of vac-
cines against viral pathogens [118]. Neutralizing antibod-
ies bind to receptor-binding domains of viruses; surface
proteins are recognized and bound by the neutralizing
antibodies and subsequently inhibit attachment, entry and
fusion with the host cell. Furthermore, antibody-mediated
antigen-binding fragments (Fab) binding to the antigenic
proteins on the virus surface induce immune complexes,
which through binding of immune effector cells via the Fc
receptor of the antibody complex (FcR) triggers further
enhancement of the immune response. An accumulation
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or deposition of these immune complexes could lead to
overstimulation of the FcR-mediated immune response,
with exaggerated immune cell recruitment, antibody
production, and T-helper cell 2 type response, with the
resultant increase in inflammation and VAED [118, 119].
Future vaccines targeting RSV, or any pathogen, need to
be assessed and studied vigorously, to avoid a repeat of
VAED experienced after vaccination against RSV in the
1960s.

There are currently multiple RSV vaccine candidates in
various stages of development and testing, targeting either
infants, pregnant women or the elderly (Electronic Supple-
mentary Table 1). Vaccination of pregnant women aims to
prevent RSV LRTI in their young infants, through mater-
nal—fetal antibody transfer (Table 2). Prevention of RSV
LRTI in early infancy is important, since the median age
of RSV LRTT hospitalization is 3—4 months, with approxi-
mately 50% of RSV LRTI hospitalizations and RSV-asso-
ciated deaths in children occurring in the first six months
of life [120, 122, 122]. Illustrative of the potential of vac-
cination during pregnancy in preventing infections due to
respiratory pathogens in young infants, is the effectiveness
of vaccinating pregnant women with the acellular pertussis
vaccine and inactivated influenza virus vaccine (IIV) [123,
124]. In the case of maternal pertussis vaccination, it pro-
tects infants in the first two months of life, which is the age
period of greatest susceptibility for fatal pertussis in chil-
dren, and when infants are too young to be protected through
direct active immunization. In keeping with the kinetics of
maternally derived hemagglutination inhibition antibody in
infants, there is waning of protection against influenza ill-
ness beyond three months of age in babies born to women
vaccinated with IIV [125]. Furthermore, the infants born
to women vaccinated with ITV had a 43% lower risk of all-
cause severe pneumonia, or hospitalization for pneumonia,
during the three months of life, indicating that maternal ITV
vaccination conferred protection beyond only directly pre-
venting influenza illness [126].

There are multiple phase I, II and III trials currently
underway examining the different RSV vaccine candidates
[120]. PATH provides an updated snapshot of RSV vaccines
and immunoprophylactic options currently under investiga-
tion or in production (https://www.path.org/resources/rsv-
vaccine-and-mab-snapshot/). Different vaccine types under
investigation for prevention of RSV include live attenuated
virus vaccines, chimeric vaccines, protein-based vaccines,
including nanoparticles, nucleic acid vaccines and recom-
binant vector based vaccines (Electronic Supplementary
Table 1).

Live attenuated vaccines (LAVs) contain a live replicating
pathogen, thereby eliciting a potent immune response, both
humoral and cellular, with the virulence of the pathogen
having been reduced [127]. Earlier attempts at developing
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LAVs were unsuccessful in inducing immunity to RSV or
were too reactogenic [128]. Current RSV LAVs include
attenuation through reverse genetic engineering that delete
proteins that regulate viral synthesis or responses [129]. A
potential advantage of the LAV is the intranasal route of
administration, which could induce mucosal immunity better
than when vaccines are administered systemically. There are
currently multiple LAV candidates undergoing phase I and
phase II trials [130]. MV-012-968 (Meissa Vaccines, Inc.),
in which there is codon deoptimization of NS1/NS2/G, as
well as SH deletion and secreted G ablation, has just com-
pleted a randomized, double-blind, placebo-controlled phase
Ila trial to evaluate the safety and efficacy against RSV
infection in a human challenge model in adults. VAD00001
(SPO125) [Sanofi Pasteur] is undergoing a randomized, pla-
cebo-controlled trial evaluating safety, immunogenicity and
dosing in 300 children aged 6—18 months, with completion
expected in April 2023.

Chimeric vaccines comprise selected attenuated viruses
that contain genetic material from the organisms of inter-
est, forming a hybrid organism. There are currently three
chimeric vaccines in phase I trials and none in phase II trials
[130]. These include parainfluenza 5 virus/RSV chimera,
Bacillus Calmette—Guerin expressing the RSV N gene, and
Sendai virus/RSV protein F.

Protein-based vaccines are either particle or subu-
nit based. These contain nanoscopic particles that mimic
selected antigens on the virus surface and can be manufac-
tured with or without an adjuvant. Furthermore, they elicit
a robust humoral and cellular immune response. The F pro-
tein has been the main protein epitope utilized, with both
the pre-F and post-F conformation of the protein explored.
Other antigenic particles that are being investigated include
epitopes of the G protein, SH protein, matrix protein, and
nucleocapsid (N) protein. There are two maternal F-protein
vaccines currently in phase III trials (Table 2). The F-protein
vaccine is also being evaluated in adults older than 65 years
of age and in the pediatric population.

A phase III, randomized, observer-blind, placebo-con-
trolled trial to determine the immunogenicity and safety
of a prefusion RSV F protein nanoparticle vaccine with
aluminum adjuvant (Novavax) administered to healthy
third-trimester pregnant women did not meet predeter-
mined efficacy targets [122]. In the trial that enrolled
healthy pregnant women between 28 and 36 weeks ges-
tational age, a single dose of vaccine was associated with
a39.4% (95% CI 5.3-61.2) reduction in the primary end-
point of RSV-associated medically significant LRTIs in
the first 90 days of life in the infants. However, the vaccine
efficacy for medically significant RSV LRTI was higher
in LMICs (40.5%, 95% CI —3.1 to 65.7) than in HICs
(37.7%, 95% CI — 33.8 to 71.0), which had increased even
more by 180 days (33.1,95% CI — 8.6 to 58.7 versus 14.6,
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95% CI —61.6 to 54.8). These differences were even more
marked for RSV LRTI with hospitalization, with vaccine
efficacy of 54.2% (95% CI 29.5-70.2) and 50.4% (95%
CI 26.2-66.7) at 90 and 180 days in LMICs versus 7.7%
(95% CI1 —92.4 t0 55.8) and 2.1% (95% CI —96.3 to 51.2),
respectively.

A further phase III, randomized, double-blind, placebo-
controlled study evaluated a single dose of unadjuvanted
prefusion F protein RSV vaccine administered intramus-
cularly. This study, led by GlaxoSmithKline™, evaluated
vaccine efficacy in pregnant women 18—49 years of age in
protecting against RSV-associated LRTIs in their infants
through to 180 days of age (NCT04605159). Enrolment
into the GSK maternal RSV vaccine program was termi-
nated following a recommendation from the independent
data monitoring committee following an excess of serious
adverse events in the vaccine arm [131].

A phase IIb proof-of-concept study evaluating the effi-
cacy of a bivalent RSV-A and RSV-B stabilized prefusion
F protein vaccine (Pfizer) administered to pregnant women
between 24 and 36 weeks gestational age induced robust
neutralizing antibody responses in the women and high effi-
ciency of transplacental antibody transfer to the newborn,
with geometric mean transplacental ratios for neutralizing
antibodies ranging from 1.41 to 1.67 in those who received
RSVpreF with aluminum adjuvant and 1.68 to 2.10 in
those who received RSVpreF without aluminum adjuvant
(NCT04032093). Furthermore, neutralizing antibodies in
the infant persisted through to 180 days of age above the
putative threshold associated with protection against RSV
LRTI. An exploratory analysis of the phase II trial reported
vaccine efficacy of 85% (95% CI 21.5-97.6%) for medi-
cally attended LRTI and 91.5% (95% CI —5.6 to 99.8%)
for medically attended severe LRTI through to 180 days of
age in the infants. The subsequent phase III trial is currently
being evaluated in pregnant women. Enrolment of preg-
nant women into the phase III study was completed in late
2022 and analysis for vaccine efficacy is expected early in
2023 (NCT04424316). Preliminary data released by Pfizer
reported a vaccine efficacy of 81.8% (99% CI 40.6-96.3)
against severe medically attended LRTI due to RSV from
birth to 90 days of life and 69.4% (99% CI 44.3-84.1) up to
6 months [132]. GSK recently reported data from a phase
II observer-blind, placebo-controlled RCT (NCT04126213)
[133]. An RSVPreF3 maternal vaccine administered to 213
pregnant women aged 18—40 years during the second or
third trimester was well tolerated. Maternal neutralizing
antibodies against both RSV-A and RSV-B were induced
with successful transfer to the newborn.

A limitation of the maternal RSV vaccine trials in deter-
mining the durability of protection is that enrolment into the
studies are generally planned for women to be vaccinated
so that the birth of their babies coincides with the onset of

the predicted RSV season. Consequently, exposure to RSV
is enriched in children <3 months of age in such studies,
and vaccine efficacy beyond three months of age remains
uncertain.

A phase II, randomized, double-blinded, placebo-
controlled trial investigating the safety and tolerability
of BARS13, a recombinant G protein plus cyclosporine
A (which induces regulatory T lymphocytes and sup-
presses interleukin-2) vaccine, is currently underway
(NCTO04681833), and a further five phase I trials are cur-
rently ongoing, either targeting adult or elderly participants
(Table 2).

Nucleic acid vaccines, such as messenger RNA (mRNA),
is a relatively new approach to vaccine development that
was used in the development of vaccines against coronavirus
disease 2019 (COVID-19) [134]. mRNA vaccines use labo-
ratory-based prefabricated mRNA to encode for the produc-
tion of a protein, or part thereof, in the recipient’s cellular
nucleus [135]. The protein stimulates the recipient’s immune
system to deliver an immune response, with subsequent anti-
body production. There are currently three RSV nucleic acid
vaccines in phase I human trials, including a randomized,
observer-blinded, placebo-controlled, dose-escalation trial
to evaluate the safety, reactogenicity and immunogenicity
of the mRNA-1345 vaccine, which encodes stabilized RSV
pre-F protein, in healthy adults aged 18-49 years, women
of childbearing age 18—40 years of age, healthy older adults
aged 65-79 years, and RSV-seropositive children aged
12-59 months, with results expected by September 2023
(NCTO04528719). The phase II +1II trial of mRNA-1345
(Moderna) is currently underway (NCT05127434). There
is also the future possibility of combining RSV mRNA with
targets against other respiratory viruses (human metap-
neumovirus [hMPV] and parainfluenza), such as is being
undertaken in preclinical studies of a monovalent RSV and
bivalent RSV and hMPV vaccine.

Recombinant vector vaccines use replicating or non-
replicating viruses that have been engineered to contain
extra genetic material from a pathogen of interest. This
genetic material is then delivered to the recipient and
an immune response is elicited. There is currently one
non-replicating RSV vaccine undergoing a phase III
trial, and two in phase II trials. These include a phase
III randomized, double-blinded, placebo-controlled study
to evaluate the safety and immunogenicity of an Ad26.
RSV.pre-F-based vaccine in adults aged 18-59 years
(NCTO05070546). Ad26.RSV.pre-F delivers pre-F protein
via an adenoviral vector. Completion is predicted during
2022. A phase II, randomized, double-blinded, placebo-
controlled trial evaluating the safety, tolerability and
immunogenicity of the same vaccine in RSV seroposi-
tive toddlers aged 12—24 months has finished recruitment
and is awaiting results. A further phase III, randomized,
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double-blind trial assessing the clinical efficacy, safety
and reactogenicity of a recombinant modified vaccinia
virus (Ankara-BN) containing five different RSV-spe-
cific antigens encoding the RSV F protein, G protein,
nucleoprotein, and transcription elongation factor (M2-
1) derived from RSV subtype A, as well as another G
protein of RSV subtype B, in adults older than 60 years
of age is currently taking place, with a completion date
set for December 2024.

8 Conclusion

RSV is the most common cause of LRTIs in children, caus-
ing approximately 3.6 million hospitalizations per year, and
has been associated with long-term pulmonary sequelae for
up to 30 years after infection, yet preventative strategies
and active treatment options remain elusive. After an initial
false start in the development of an RSV vaccine, for the
first time in decades gradual progress is being made with
the development of new-generation monoclonal antibodies
with extended half-lives and multiple vaccine candidates.
Building on these successes, and with the recent registration
of the monoclonal antibody nirsevimab, as well as promis-
ing data from a recent phase III maternal vaccination trial,
the future of RSV morbidity and mortality looks to change
substantially. We have the potential to change the landscape
of RSV LRTI, and therefore all-cause LRTI, through con-
tinuing along this path and by expanding on the work that is
currently being performed.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40259-023-00596-4.
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