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ABSTRACT

Respiratory syncytial virus (RSV) is a common cause of acute lower respiratory tract infection and is
responsible for a large proportion of infant morbidity and mortality worldwide. Most RSV-related deaths
occur in children under six months, and the majority of these occur in low-income settings. To date, there
is no known efficacious treatment for RSV infection; hence, prevention remains an important strategy to
reduce the global burden of disease. Monoclonal antibodies and vaccinations are currently the two main
approaches for prevention of RSV disease. Maternal RSV vaccination is of particular interest as a strategy to
protect infants during their most vulnerable period as this approach has proven highly efficacious in other
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vaccine-preventable conditions such as pertussis and influenza. As results from ongoing phase lll clinical
trials become available, important decisions will need to be made about the priority and potential
implementation of RSV vaccines alongside other public health measures.

Introduction

Respiratory syncytial virus (RSV), of the Pneumoviridae family,
is a common pathogen responsible for approximately 22% of
severe acute lower respiratory tract infections in children
worldwide."* Around 50-70% of infants are exposed to RSV
by the age of two years,” and in most healthy adults and older
children, RSV has a mild to moderate, self-limiting clinical
presentation of upper respiratory tract infection.** Yet, in
certain patient groups, such as infants and young children,
the elderly, the immunocompromised, and those with existing
comorbidities, the consequences of RSV infection can be
severe."® In fact, lower respiratory tract infection (LRTI) is
the leading cause of infant morbidity and mortality globally,
ahead of malaria, responsible for 20% of post-neonatal infant
death; RSV is estimated to be associated with at least 22% of
LRTIs.>” In 2015, RSV was responsible for approximately
3.2 million hospital admissions and over 59,000 in-hospital
deaths in children under five years of age.>®® Approximately
46% of the in-hospital deaths occurred in infants under six
months of age.” Infants less than one year of age are at the
highest risk of severe RSV infection and hospitalization,”® and
infants born prematurely are particularly susceptible to serious
illness resulting from RSV infection, with rates of hospitaliza-
tion around three times that of term infants less than one year
of age (63.8 per 1000 children per year amongst preterm
infants compared with 19.2 per 1000 children amongst term
infants <1 year).®

Most pediatric RSV episodes occur in low- and middle-
income countries, with an incidence of around 117.2 per
1000 children aged 0-5 months in low-income settings as
compared with 66.1 per 1000 children aged 0-5 months in
high-income settings.” RSV is a leading cause of mortality in
low-income settings, although the exact burden of disease in

developing countries is unclear as not all countries collect RSV
surveillance data.” Given the absence of effective treatment, it is
vital that we continue to explore diverse preventative strategies
and treatment options ensuring a multifaceted approach to
controlling this disease. An important aspect to the advance-
ment of these preventative strategies is robust data on the
burden of disease from this pathogen, particularly in low-
and middle-income countries.>® The overwhelming propor-
tion of RSV-associated deaths in childhood (approximately
99%) occur in low-income settings, usually in children under
six months of age.” The median age for RSV-related deaths in
low- or lower middle-income countries is slightly younger,
reported as five months as compared with seven months in
high-income countries."

RSV disease in pregnant women

RSV infection in pregnant women can have a variable clinical
course, ranging from mild disease comparable to that of a non-
pregnant immunocompetent adult to more severe illness with
potential for complications. Two case series from health services
in the United States described several pregnancies in which RSV
was diagnosed.'"'> The outcomes for the mothers described in
these studies ranged from a relatively mild clinical presentation
for which outpatient management alone was adequate, to cases
of RSV disease requiring admission to the intensive care unit and
mechanical ventilation.'"'* In some reported cases, RSV infec-
tion also resulted in adverse pregnancy outcomes, requiring
early delivery by cesarean section.'"'* Similarly, a cohort study
conducted across four high-income countries identified that
among hospitalized pregnant women, there was a significantly
higher rate of pneumonia diagnosed in RSV-positive women
compared to RSV-negative women, affecting 38% and 19% of
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women, respectively."> Overall, significant differences in rates of
adverse pregnancy outcomes, such as preterm birth, small-for-
gestational age, or low birthweight, have not been
recognized;'>'* however, Regan’s cohort study did note that
following hospitalizations for acute respiratory illness where
delivery did not occur, there was a higher rate of subsequent
preterm birth amongst RSV-positive women which was statisti-
cally significant (RSV-positive women, 29%, and RSV-negative
women, 15%)."* In general, the incidence of symptomatic RSV
illness in pregnancy is low, but the potential for serious illness
and pregnancy complications should be considered.>'” Existing
studies in this area are limited by their small sample sizes which
may be underpowered to detect differences in adverse maternal
and pregnancy outcomes.' >

In addition to protection resulting from transplacental pas-
sage of antibodies during pregnancy, a further potential benefit
of maternal RSV vaccines may be obtained from the effect of
herd immunity. High rates of vaccine coverage in maternal
populations may provide protection for newborn infants
whose mothers are unvaccinated by reducing the prevalence
of RSV disease amongst the vaccinated maternal and infant
population.'” While there are currently minimal data demon-
strating this potential protective effect, further studies includ-
ing mathematical modeling of disease may be warranted to
understand the full impact of RSV vaccination programs
beyond just protection of newborns at birth.

RSV disease in children

The effect of RSV infection in infants tends to be more severe
than that seen in healthy adults and remains one of the
leading causes of infant morbidity and mortality, estimated
to be responsible for 118,200 deaths in children under 5 years
in 2015.>® The mortality rate of RSV infection is highest in
the first year of life, estimated to be around 6.19 per 100,000
children, and subsequently decreases with increasing age,
dropping to 0.79 per 100,000 children in the second year of
life and reaching 0.18 per 100,000 children by the fifth year of
life."® The range of clinical presentations caused by RSV
infection in infants is wide, with bronchiolitis the most com-
mon. RSV has been reported to be responsible for approxi-
mately 50-90% of infant hospitalizations for bronchiolitis and
5-40% of infant hospitalizations for pneumonia.'® But RSV
infection can also lead to complications such as acute otitis
media and conjunctivitis, with rates of 48% and 11%, respec-
tively, among children hospitalized due to RSV infection.*
Usually, RSV has an incubation period of around 4-6 days,
which is then followed by symptoms such as nasal congestion,
mucus discharge, fever, and cough, and can progress to more
significant respiratory distress presenting with chest retrac-
tions and wheezing, while preterm infants (<37 weeks) may
also present with apnea.>®*! The clinical course of RSV infec-
tion depends on a complex interplay of host, virus, and
environmental factors, and predicting disease progression
and outcomes for individual infants is challenging.*> The
severity of illness is often associated with underlying factors,
including prematurity, chronic lung disease, and immunode-
ficiency, but children who are previously well can also experi-
ence severe, life-threatening RSV-related illness.”® In fact,

HUMAN VACCINES & IMMUNOTHERAPEUTICS . 4543

a large-scale prospective population-based surveillance
study of acute respiratory infections in children conducted
in 2009 found that amongst children hospitalized for RSV
infections, only 34% had an existing high-risk comorbidity.*
Prematurity and young age are the key independent risk
factors associated with illness severity,* although other factors
have been associated with severity, including altered gut
microbiota and vitamin D deficiency.””> > In the CASTOR
study, compared to full-term infants, preterm infants had
a fourfold higher risk of being hospitalized for bronchiolitis,
RSV-confirmed, and all types.*® Given the significant impact
of RSV infection in young infants, this age group remains
a priority population for preventative strategies.

Preventative strategies

In the absence of efficacious treatment modalities for RSV
disease in infants, prevention remains the most important
strategy to impact on the burden of disease caused by RSV.
There are two modalities currently being considered for pre-
vention or studied in clinical trials: passive immunity conferred
by monoclonal antibodies to the RSV fusion (F) protein and
maternal immunization.

Palivizumab and Motavizumab are two such monoclonal
antibodies.”’ >’ Palivizumab is a monoclonal antibody to the
RSV F glycoprotein that has been demonstrated in randomized
controlled trials to reduce hospitalization for RSV-associated
lower respiratory tract infection in infants born prematurely,
infants with chronic lung disease and infants with congenital
cardiac disease.”” The rates of reduction for palivizumab alone
were not presented in this study, however, relative risks pre-
sented for all antibodies in these three patient groups showed
relative risk of hospitalization of 0.29, 0.55, and 0.56,
respectively.”’ However, palivizumab has not been demon-
strated to be effective in all studies, including one randomized
trial which found no significant improvement in outcomes of
patients with RSV bronchiolitis treated with palivizumab com-
pared with those who received placebo.’®*! Moreover, palivi-
zumab is expensive, and existing studies of cost-analysis justify
use of palivizumab in high-risk population groups only, such as
infants with active chronic lung disease, rather than wide-
spread use for prophylaxis.’>*> Given these limitations of pali-
vizumab, it is prudent to explore alternative monoclonal
antibodies for RSV prophylaxis. Motavizumab is a version of
palivizumab with greater affinity for the F glycoprotein.*’
Existing guidelines recommend prophylaxis with palivizumab
for high-risk infants to significantly reduce the rate of RSV-
related hospitalization.>* Motavizumab’s greater potency could
further improve this outcome; preliminary results from
a comparative phase III study reported that motavizumab
reduced the incidence of RSV-related hospitalizations in high-
risk infants by 26% compared with palivizumab.*

Another more potent monoclonal antibody, nirsevimab,
that targets the prefusion conformation of the RSV
F glycoprotein is under development. Nirsevimab is
a modified antibody with a longer half-life and potent neutra-
lizing activity. It has been trialed in preterm infants born
between 29 and 34 weeks’ gestation and has reduced the abso-
lute incidence of medically attended lower respiratory tract
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infection attributable to RSV from 9.5% to 2.6%.>> The main
limitation to this preventative strategy is the high cost asso-
ciated with this treatment, which precludes its use in many of
the low- and middle-income settings where the greatest burden
of RSV disease remains.

To date, no licensed RSV vaccine exists for children, nor for
people of any other age group. Furthermore, there are inherent
challenges in immunizing children in a timely manner that can
afford sufficient protection in the first three to six months of
life. These challenges include immature immunity, potential
suppression of the immune response by maternal antibody and
the risk of enhanced disease in infants who are subsequently
infected with wild-type virus.

Vaccines currently in development for prevention of RSV
infection are based on four distinct approaches: particle-based,
vector-based, subunit, and live-attenuated or chimeric
vaccines.”® Particle-based vaccines are being explored as poten-
tial candidates for maternal immunization to protect infants
through placental transmission of antibodies, and as vaccines
in children between six months and five years, and older adults
aged 60 years and older. One trial is investigating the RSV
F nanoparticle; this is a randomized clinical trial (RCT) which
has completed phase II trials.”®>*” Two other phase III trials are
currently recruiting (Table 1). Vector-based vaccines use mod-
ified versions of vector viruses to generate a protective immune
response against RSV. There are five vector-based vaccines in
development: one vaccine candidate uses a modified vaccinia
Ankara (MVA) smallpox viral vector while the others are
derived from adenovirus vectors. These vaccines are being
developed and trialed for administration in pediatric and older
adult populations. There are five subunit vaccines under devel-
opment using various antigens (Table 1), including versions of
the RSV F protein, the RSV pre-F protein, and parts of the RSV
SH protein. Finally, live-attenuated and chimeric vaccines are
being developed for RSV-naive infant populations: five live-
attenuated vaccines are in phase 1 trials and a single chimeric
vaccine derived from BCG are being investigated for potential
use in newborns and infants under two years of age.”®

Maternal immunization

The use of maternal immunization to prevent disease in infants
is not new. Maternal influenza and pertussis vaccination are
routinely recommended in many countries to reduce burden of

neonatal influenza and pertussis infection through vertical
transmission of antibodies.’® ** Based on the principle of pas-
sive antibody transfer harnessed by maternal influenza and
pertussis vaccination, to protect the infant against disease dur-
ing their most vulnerable period either before vaccination can
occur (in the example of influenza) or before active immuniza-
tion can produce sufficient autologous antibodies (in the set-
ting of pertussis), maternal RSV immunization is an attractive
preventative strategy. Further immunity may also be provided
via transfer of antibodies in breast milk.** Maternal IgG is the
only antibody subtype which is transferred to the fetus through
the placenta.*' This passive transfer commences as early as
6 weeks’ gestation and shows a continuous rise during preg-
nancy, with maximum levels of antibody transfer occurring in
the third trimester.*' In contrast, IgA is the main antibody
transferred through breast milk, although IgG has also been
detected in breast milk for certain respiratory infections,
including COVID-19.*' Maternal pertussis vaccination serves
as an example of protection provided through transplacental
IgG transfer, whereby maternal vaccination between 27- and
36-weeks’ gestation significantly reduces the risk of neonatal
pertussis disease in the first six months of life prior to active
infant immunization,*' and demonstrates a vaccine effective-
ness of around 95% for preventing infant deaths.*? It is unclear,
however, whether the presence of IgA antibodies transferred
through breast milk correlates with a reduction in clinically
significant respiratory illness. One study investigated this cor-
relation and found no difference in IgA antibody levels for RSV
between cases and controls,* but further research is required
to confirm the level of protection provided by breast milk IgA
antibodies against respiratory infections. One Australian study
demonstrated the potential effect of a maternal RSV vaccine
through a mathematical model, reporting a likely reduction in
rates of hospitalization for RSV by 6-37% for infants under
three months of age, and 30-46% for children between three
and five months of age, depending on the level of vaccine
efficacy.** The effect was most pronounced in the first three
months of life due to maternally acquired passive immunity,
but declined over time so that by six months of age, the
reduction in hospitalizations was minimal.** This model is
not generalizable to all settings as it was conducted in a high-
income setting with different RSV-related hospitalization and
mortality rates compared with low-income settings; however,
the overall effect demonstrated by this model is consistent with

Table 1. Randomized clinical trials for maternal RSV vaccine formulations as listed on clinicaltrials.gov website.

Vaccine Setting

No. of participants Trial identifier Phase of trials (recruitment status)

Intramuscular adjuvanted RSV
F maternal vaccine

88 study locations, mostly high-
income, several low- and middle-
income sites

421 study locations, mostly high-
income, one low-income site

119 study locations, mostly high-
income, several low- and middle-
income sites

N/A

RSVpreF maternal vaccine

RSV maternal unadjuvanted vaccine
containing recombinant subunit
pre-fusion RSV antigen

Investigational RSV vaccine
(GSK3003891A)

Investigation RSV maternal vaccine
(RSVPreF3)(GSK3888550A)

RSV stabilized pre-fusion F subunit
vaccine

34 study locations, upper middle-
income to high income settings only

153 study locations, upper middle-
income to high income settings only

4,636 NCT02624947 Phase 3 (Completed)
10,000 (projected) NCT04424316 Phase 3 (Recruiting)
20,000 (projected) NCT04605159 Phase 3 (Recruiting)
N/A NCT03191383 Phase 2 (Withdrawn)
420 NCT04126213 Phase 2 (Active, not recruiting)
650 NCT04032093 Phase 2 (Active, not recruiting)




the expected benefits of an RSV vaccination based on princi-
ples of maternal-fetal antibody transfer.

RSV vaccines in pregnancy: clinical trials

There are currently five clinical trials investigating the safety,
efficacy, and tolerability of various maternal RSV vaccine can-
didates (Table 1). One phase III vaccine trial has published its
results,”” while two others are currently ongoing (clinicaltrials.
gov identifiers NCT04424316, NCT04605159).

A randomized placebo controlled clinical trial investigating
an intramuscular adjuvanted RSV fusion (F) nanoparticle vac-
cine completed phase III clinical trials in 2020 and was found
not to meet the pre-specified primary endpoint for efficacy
against RSV illness (clinicaltrials.gov ~ identifier
NCT02624947).%” To date, this trial is the only maternal RSV
vaccine candidate which has completed phase III trials and
published findings. This randomized trial was conducted
across 87 countries and randomized 4,636 women to receive
either active vaccine or placebo between 28 and 36 weeks’
gestation. The trial included women from high-, middle-, and
low-income settings. RSV antibody levels were higher in
infants whose mother received RSV F vaccination compared
to infants of women who received placebo; however, this did
not translate to reach statistical significance for reduction in
RSV-specific medically significant lower respiratory tract infec-
tion (presence of RT-PCR-confirmed RSV genome in respira-
tory secretions; and at least one pre-specified manifestation of
lower respiratory tract infection; and evidence of medical sig-
nificance defined by presence of hypoxemia or tachypnea) for
infants 0-90 days of age.”” The percentage of infants with
medically significant RSV lower respiratory infection was
1.5% in the group who received the vaccine compared to
2.4% in the group who received placebo (vaccine efficacy
39.4%, 95% CI 5.3 to 61.2, 97.52% CI -1.0 to 63.7). One
possible explanation for why the findings did not reach statis-
tical significance include the possibility that the study was
underpowered. The calculated number of participants needed
to enroll was based on a primary event end point rate of 4% and
a vaccine eflicacy of 60% (in the absence of antecedent data).
The actual event rate in the study was lower than this.
Furthermore, although not powered to evaluate differences
between countries of different income levels, the reported
vaccine efficacy was higher in low- and middle-income coun-
tries compared to high-income countries, which may have
been due to the substantially lower number of cases reported
in high-income settings.

The percentage of infants with RSV attributable lower
respiratory tract infection and severe hypoxemia (defined as
peripheral oxygen saturation [SpO2] <92% at sea level or <87%
at altitudes >1800 meters) was 0.5% compared to 1.0% (vaccine
efficacy 44.4%, 95% CI 19.6 to 61.5). The reported vaccine
efficacy against hospitalization due to RSV disease was 44.4%,
with a 95% CI of 19.6 to 61.5.”” Overall, there was an acceptable
safety profile reported with similar rates of adverse events and
birth outcomes reported between the two groups except for
local injection site reactions which were more commonly
reported in the RSV vaccine group.
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Pfizer’s vaccine candidate in phase III trials commenced its
double-blind placebo-controlled randomized trial in June 2020
and is currently recruiting (clinicaltrials.gov identifier
NCT04424316). This study is trialing an RSV prefusion
F (RSVpreF) subunit vaccine. The study population is estimated
to include 10,000 pregnant women and their fetuses who will be
randomized 1:1 into either active or placebo arms. Primary
outcomes of this trial include RSV-related medically attended
lower respiratory tract illness in infants up to 180 days after
delivery, birth outcomes, rates of adverse events and chronic
medical conditions diagnosed in infants in first year of life, and
local and systemic adverse events in mothers. This trial is
expected to be completed by September 2023.

The other RSV vaccine currently in phase III clinical trials,
developed by GlaxoSmithKline, commenced recruiting in
October 2020 (clinicaltrials.gov identifier NCT04605159).
This vaccine is an unadjuvanted maternal RSV formulation
which contains a recombinant subunit pre-fusion RSV antigen
administered through intramuscular injection.* The study
population is estimated to include around 20,000 pregnant
women and their fetuses, who will be randomized to either
the active or placebo groups. The primary outcome of interest
is medically assessed, RSV-related lower respiratory tract ill-
ness in infants up to six months of age. Rates of infant hospi-
talizations, maternal adverse effects, and measurements of
humoral immune response comprising maternal and infant
RSV IgG antibody and RSV neutralizing antibody levels are
included as part of secondary outcome analysis. This trial is
expected to be completed in February 2024.

Based on the published results from phase III trials, there
remain a number of unanswered questions. As results become
available for the ongoing studies, it is hoped that further
evidence will provide clarification in relation to the role (if
any) of maternal RSV vaccines in the future.

There are a further two vaccine formulations currently in
phase II clinical trials. These are an RSV stabilized prefusion
F subunit vaccine by Pfizer (NCT04032093) and an RSVPreF3
vaccine by GlaxoSmithKline (NCT04126213). Another formu-
lation previously developed by GlaxoSmithKline was with-
drawn due to instability of the PreF antigen during
manufacturing (NCT03191383).

Where to from here?

In 2019, global health organization PATH in collaboration
with the World Health Organization (WHO) published
a roadmap for advancing RSV maternal immunization.*®
Prevention of RSV disease is viewed as a global priority due
to the number of attributable hospitalizations and deaths
per year in children under five years of age and nearly half of
these under six months of age. This road map was based on
a gap analysis report which highlighted gaps essential and
specific to maternal immunization such as RSV burden of
disease data, evidence of maternal RSV vaccine effect and
health economics and financing of this preventative strategy;
and gaps essential to all immunizations such as collection of
standardized data, funding support for low- and middle-
income countries (LMICs), and the availability of a WHO
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prequalified maternal RSV vaccine.” The roadmap outlines
the activities needed to make the introduction and wide-scale
implementation in LMICs possible. In summary, this includes:
ensuring the availability of safe, effective and affordable RSV
vaccines; supporting evidence-based global and country deci-
sion-making; and enabling systems to equitably deliver mater-
nal RSV vaccines. This was published in May 2019, prior to the
publication of the phase III maternal RSV clinical trial data.

One of the challenges now facing policymakers and health-
care providers is how to apply the findings from the published
clinical trials to date, namely the large phase III Novavax study
which did not meet the primary endpoint of interest but did
demonstrate other important clinical benefits such as reduced
hospitalization due to RSV attributable lower respiratory tract
disease with severe hypoxemia and all-cause pneumonia in the
first 12 months of life.”” As the authors of the study point out
however, these are of an exploratory nature, and based on
expanded-data, rather than pre-specified criterion for success,
so should be viewed as hypothesis-generating.”” Examples of
these unanswered questions include why infants of vaccinated
mothers were less likely to have all cause pneumonia in the
first year of life, what was the mechanism of protection against
lower respiratory tract infection from any cause with severe
hypoxemia, why were there differences between high-income
and low-income countries, and what may be contributing
factors to the lower efficacy reported in high-income settings?

Other maternal vaccine studies are underway which will be
essential to help clarify vaccine efficacy across a range of clinical
endpoints and across different income settings, noting the dif-
ferences reported between low- and high-income countries in
the study published by Madhi SA, et al.”” Initial safety data in
relation to maternal RSV vaccine is reassuring. However, with
the suggestive, but not definitive clinical benefits reported to
date, women and babies remain vulnerable to the effects of
RSV infection with no viable prevention strategies in LMICs.
Unfortunately, many babies will continue to be hospitalized and
die whilst we await more clinical trial data. What can be done
whilst we await results from these ongoing studies?

In many settings there is ongoing research and operational
work which can be started or continued to ensure successful
implementation if a safe, effective maternal RSV vaccine becomes
available in the future.*® This includes raising stakeholder aware-
ness of RSV disease and maternal immunization, improving
coordination and collaboration between Expanded Programs
on Immunization (EPI) and Maternal, Neonatal and Child
Health (MNCH) programs who may be responsible in many
settings for the implementation of maternal immunization,*’
ensuring operations and logistics are in place to procure, deliver
and monitor new vaccine implementation,” and ensuring sys-
tems are implemented to track local epidemiology of disease and
subsequently vaccine safety and impact.™

It is crucial that we do not lose sight of the profound positive
health benefits maternal immunization can have on pregnant
women and their children. We must continue to advance the
maternal immunization agenda, fill the knowledge gaps, and strive
to obtain an RSV vaccine that is safe and effective with a robust
evidence base ensuring its consideration by health policymakers
for implementation in countries most affected by RSV disease.
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