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1 
RESPIRATORY SYNCYTIAL VIRUS 
_____________________________________________________________________ 

Keep your face always towards the sunshine and the shadows will fall behind you. 
Walt Whitman (1819-1892) 

11



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 12PDF page: 12PDF page: 12PDF page: 12

12



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 13PDF page: 13PDF page: 13PDF page: 13

 

 
 
 
 

Chapter 1 — Respiratory Syncytial Virus 
 
 
Virology 
 
Respiratory syncytial virus (RSV) is a negative-sense single-stranded RNA virus 
encoding for 11 proteins. RSV mainly infects the ciliated airway epithelial cells of the 
respiratory tract causing damage and inflammation to the bronchioles. Two surface 
proteins attachment (G) and fusion (F), play a role in RSV binding and fusion 
respectively. The F and G protein are viral epitopes that play a role in virus 
neutralization and are therefore important targets in vaccine development [this thesis]. 
The RSV F protein is a highly conserved class I viral fusion protein1. The discovery 
and stabilization of the prefusion (pre-F) conformation of the RSV surface F 
glycoprotein has provided a new target for vaccines and monoclonal antibodies (mAbs), 
as the pre-F epitope is more immunogenic than the postfusion (post-F) viral epitope2. 

Other RSV viral proteins are less frequently employed in vaccine design. The 
viral envelope protein, small hydrophobic (SH), has a transmembrane and extracellular 
domain and likely plays a role in viral replication and inflammasome activation3.  The 
matrix protein (M), forms the inner envelope. Four proteins make up the nucleocapsid 
inside the viral envelope: nucleoprotein (N) which binds RNA; phosphoprotein (P) 
which is a polymerase cofactor, polymerase (L); and M2-1 which is a transcription 
factor, M2-2 likely has a regulatory role in RNA replication. NS1 and NS2 are non-
structural proteins that downregulate RNA synthesis and inhibit type I interferon4.   
 
Epidemiology 
 
The hospitalization burden of bronchiolitis is well recognized as the number one cause 
of hospitalization for infants and young children globally.  Epidemics due to RSV have 
a seasonal pattern: occurring in winter months in temperate climates and the rainy 
season in tropical climates5. In children under 5 years it is estimated that 33.1 million 
episodes of acute lower respiratory illness (ALRI) and 118,200 deaths are attributable 
to RSV globally6. RSV is the second leading cause of death in the infant period 
following malaria when attributing mortality burden by pathogen7. More than 99% of 
this mortality burden is in developing countries6. Monitoring of RSV mortality beyond 
hospital admissions is needed, especially in areas where healthcare access is limited 
and mortality risk is elevated. Minimally-invasive tissue sampling and cause-of-death 
panels have been validated and set up in low-resource settings to be able to ascertain 
cause of death due to RSV8. Furthermore, the World Health Organization (WHO) has 
piggybacked on global influenza surveillance to set up RSV surveillance in 14 
countries9. Recent global burden estimates are high: 4.1 million RSV-associated ALRI 
hospitalizations under 5 years of age annually10.  

The burden of RSV is not limited to young infants; RSV infection in adults is 
substantial and the disease burden is comparable to that of influenza. Older adults with 
comorbidities such as underlying heart or lung disease are at elevated risk of severe 
RSV disease. 4-10% of high-risk adults will develop acute RSV infection annually11.  

13
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Overall, RSV vaccine candidates aim to protect three target populations at risk 
for severe disease: (1) young infants (0-6 months of age), (2) older infants and young 
children (>6 months of age), and (3) older adults (65 years or older). 
 
Pathogenesis & Host Response 
 
RSV mainly infects the ciliated airway epithelial cells (AEC’s) of the respiratory tract 
and causes both damage and inflammation of the bronchioles12. Direct viral damage 
and cytopathology do not play a major role in the pathology of RSV infection but 
instead the host response plays an essential role in airway damage12. Neutrophils are 
the predominant cells responsive in RSV pathogenesis and are implicated in mucin 
production13. Natural immunity to RSV is incomplete, and reinfection occurs 
throughout life14. 

In the 1960’s concerns of enhanced respiratory disease (ERD) following 
vaccination with formalin-inactivated RSV (FI-RSV) severely hindered inactivated 
virus and subunit vaccine development. However, research on ERD has also guided 
vaccine development towards a desired immune response to RSV. ERD is associated 
with induction of poorly neutralizing antibodies in vaccine recipients15 and animal 
models of ERD suggest a Th-2 biased T cell response16. For this reason, an RSV vaccine 
ideally elicits potent neutralizing antibodies without a Th2 bias. While a definitive 
correlate of protection against RSV infection remains elusive, cell-mediated 
immunity17, mucosal IgA18, and neutralizing antibodies19–22 have been associated with 
protection from RSV infection. Ultimately, the outcome of large phase III trials will 
help to define a correlate of protection from clinical RSV disease. 
 
Clinical Presentation 
 
Bronchiolitis is a clinical diagnosis which occurs primarily in children under 6 months 
of age. Physicians should use a history and physical exam to recognize the diagnosis 
based on symptoms and signs of rhinorrhea, cough, wheeze, tachypnea, increased 
respiratory effort, grunting, nasal flaring and retractions. Severe disease is defined 
clinically by increased respiratory effort, hypoxemia and eventually respiratory 
failure23. Symptoms of difficulty breathing and worsening disease include retractions, 
nasal flaring, cyanosis, and increased respiratory rate. When considering hospitalization 
it is important to evaluate the impact of respiratory symptoms on feeding ability, 
hydration, and mental status23. A randomized controlled trial in which pulse oximetry 
readings were artificially elevated resulted in significantly decreased hospital 
admissions; researchers urge clinicians to not value oxygen saturation too highly as a 
single marker for disease severity. Prematurity, age below 3 months, 
bronchopulmonary dysplasia, congenital heart disease, Down syndrome and 
immunodeficiency are well-established risk factors for severe disease 24–27. For 
bronchiolitis a chest radiograph has little diagnostic added value and findings are often 
non-specific with hyperinflation and patchy atelectasis28. Although bronchiolitis is a 
clinical diagnosis, the gold standard for viral diagnosis can be performed through PCR 
on a nasopharyngeal swab. More recently molecular point-of-care clinical tests have 
been developed and implemented with high sensitivity and specificity29. The added 
value of viral diagnosis is largely in promoting RSV awareness and potentially 
decreased likelihood of antibiotic treatment30. 
 
 

14



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 15PDF page: 15PDF page: 15PDF page: 15

 

Current Management 
 
There is currently no treatment or vaccine against RSV. There is a prophylaxis, 
palivizumab (a mAb against the F protein of RSV) which is given to high-risk babies 
in developed countries to prevent severe RSV disease. An evidence-based approach to 
RSV clinical management can be summed up in three words: less is more. Most often, 
bronchiolitis is self-limiting and resolves within 21 days after symptom onset31 . In the 
case of severe disease, supportive care is the cornerstone of clinical management: 
hydration via the nasogastric or intravenous route and supplemental oxygen in the 
inpatient setting. Most therapeutic interventions (inhaled bronchodilators, systemic 
corticosteroids, ribavirin, antibiotics, chest physiotherapy, epinephrine, antitussives) 
are not recommended in global management guidelines [this thesis]. In fact, reduction 
of the use of non-evidence-based therapies for bronchiolitis is essential in the inpatient 
setting. For RSV bronchiolitis, mechanical ventilation in the intensive-care unit can be 
life-saving, yet the role of non-invasive respiratory support strategies (i.e. high flow 
nasal canula) remains unclear32 . The lack of access to mechanical ventilation may 
explain higher RSV mortality in lower and lower-middle income countries (LMICs): 
100% versus 24% of RSV deaths had access to the intensive care unit in high-income 
countries and LMICs respectively [this thesis]. 
 
RSV Transmission & Prevention 
 
RSV is spread by close contact with direct inoculation of large-particle aerosols or by 
self-inoculation after touching contaminated surfaces. Small-particle aerosols do not 
seem to be a major mode of transmission33.  RSV survives differentially on fomites. 
RSV can survive longer on non-porous surfaces such as countertops, plastic or glass for 
six to 12 hours.  RSV may be transferred from these surfaces to hands with subsequent 
recovery of infectious virus from the skin and inoculation34. In a controlled human 
infection model with adult volunteers it was found that a minimum dose of 3.2 
LogTCID50 of virus is needed for infection35. Many measures have been introduced to 
prevent nosocomial infection of RSV including hand hygiene regimens, gloves, gowns, 
masks, eye protection, and cohorting. In a review of different precautionary measures, 
nursing with gowns and gloves was the only effective measure to prevent RSV 
infection36. 
 
Ethics 
 
After the tragedy of the 1960’s vaccine-enhanced disease in a clinical trial on orphan 
children in the United States, little research was performed on RSV vaccines despite an 
ethical imperative37. International organizations such as the WHO failed to recognize 
the burden and importance of RSV as global health threat until 2015. Since then, RSV 
vaccine development has accelerated but no vaccine for LMICs is on the horizon [this 
thesis]. Many vaccine trials conducted lack data in LMIC settings. Large phase III 
vaccine trials conducted in vulnerable populations (South African, Alaskan-natives38,39) 
failed to meet the ethical principles of post-trial access. These ethical principles have 
been developed to protect vulnerable research populations ensure access to successful 
drugs after the end of a study. 
 
  

15
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Part 2 

GLOBAL LIFE-THREATENING LOWER RESPIRATORY 
TRACT INFECTIONS
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2 
GLOBAL RESPIRATORY SYNCYTIAL VIRUS–RELATED INFANT 
COMMUNITY DEATHS 
___________________________________________________________________________ 

Clinical Infectious Diseases, 2021 

We must look a long time before we can see. 
Henry David Thoreau (1817-1862) 
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RSV COMMUNITY MORTALITY SUPPLEMENT

Clinical Infectious Diseases

Global Respiratory Syncytial Virus–Related Infant 
Community Deaths
Natalie I. Mazur,1 Yvette N. Löwensteyn,1 Joukje E. Willemsen,1 Christopher J. Gill,2 Leah Forman,2 Lawrence M. Mwananyanda,2 Dianna M. Blau,3 
Robert F. Breiman,4 Shabir A. Madhi,5,6 Sana Mahtab,6 Emily S. Gurley,7,8 Shams El Arifeen,8 Nega Assefa,9 J. Anthony G. Scott,10 Dickens Onyango,11 
Beth A. Tippet Barr,12 Karen L. Kotloff,13 Samba O. Sow,14 Inacio Mandomando,15,16 Ikechukwu Ogbuanu,17 Amara Jambai,18 Quique Bassat,15,19,20,21,22;  
on behalf of the CHAMPS Network the RSV GOLD Study Groupa Mauricio T. Caballero,23,24 Fernando P. Polack,23,24 Saad Omer,25,26 Abdul Momin Kazi,27  
Eric A. F. Simões,28 Ashish Satav,29 and Louis J. Bont1,30 
1Division of Infectious Diseases, Department of Pediatrics, University Medical Centre Utrecht, Utrecht, The Netherlands; 2Department of Global Health, Boston University School of Public Health, 
Boston, Massachusetts, USA; 3Centers for Disease Control and Prevention, Atlanta, Georgia, USA; 4Emory University, Global Health Institute, Child Health and Mortality Prevention Surveillance 
(CHAMPS) Network, Atlanta, Georgia, USA; 5South African Medical Research Council—Vaccines and Infectious Diseases Analytics Research Unit, School of Pathology, Faculty of Health 
Sciences, University of the Witwatersrand, Johannesburg, South Africa; 6Department of Science and Technology/National Research Foundation—Vaccine Preventable Diseases Unit, University 
of the Witwatersrand, Johannesburg, South Africa; 7Johns Hopkins Bloomberg School of Public Health, Johns Hopkins University, Baltimore, Maryland, USA; 8International Centre for Diarrheal 
Disease Research, Bangladesh (icddr,b), Dhaka, Bangladesh; 9College of Health and Medical Sciences, Haramaya University, Harar, Ethiopia; 10London School of Hygiene and Tropical Medicine, 
London, United Kingdom; 11Kisumu County Department of Health, Kisumu, Kenya; 12Centers for Disease Control, Kisumu, Kenya; 13Department of Pediatrics, Center for Vaccine Development and 
Global Health and Division of Infectious Disease and Tropical Pediatrics, University of Maryland School of Medicine, Baltimore, Maryland, USA; 14Center for Vaccine Development, Bamako, Mali; 
15Centro de Investigação em Saúde de Manhiça (CISM), Maputo, Mozambique; 16Instituto Nacional de Saúde (INS), Ministério da Saúde, Maputo, Mozambique; 17Crown Agents Sierra Leone, 
Freetown, Sierra Leone; 18Ministry of Health and Sanitation, Freetown, Sierra Leone; 19ISGlobal, Hospital Clínic–Universitat de Barcelona, Barcelona, Spain; 20Catalan Institution for Research and 
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de Investigación Biomédica en Red de Epidemiología y Salud Pública (CIBERESP), Madrid, Spain; 23Fundación Infant, Buenos Aires, Argentina; 24Consejo Nacional de Investigaciones Científicas y 
Técnicas (CONICET), Buenos Aires, Argentina; 25Epidemiology of Microbial Diseases, Yale School of Public Health, Yale University, New Haven, Connecticut, USA; 26Yale Institute for Global Health, 
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Colorado, USA; 29Mahatma Gandhi Tribal Hospital, Kadhava, Maharashtra, India; and 30Respiratory Syncytial Virus Network (ReSViNET) Foundation, Zeist, The Netherlands

Background. Respiratory syncytial virus (RSV) is a leading cause of pediatric death, with >99% of mortality occurring in low- 
and lower middle-income countries. At least half of RSV-related deaths are estimated to occur in the community, but clinical char-
acteristics of this group of children remain poorly characterized. 

Methods. !e RSV Global Online Mortality Database (RSV GOLD), a global registry of under-5 children who have died with 
RSV-related illness, describes clinical characteristics of children dying of RSV through global data sharing. RSV GOLD acts as a col-
laborative platform for global deaths, including community mortality studies described in this supplement. We aimed to compare 
the age distribution of infant deaths <6 months occurring in the community with in-hospital.

Results. We studied 829 RSV-related deaths <1 year of age from 38 developing countries, including 166 community deaths 
from 12 countries. !ere were 629 deaths that occurred <6 months, of which 156 (25%) occurred in the community. Among infants 
who died before 6 months of age, median age at death in the community (1.5 months; IQR: 0.8−3.3) was lower than in-hospital (2.4 
months; IQR: 1.5−4.0; P < .0001). !e proportion of neonatal deaths was higher in the community (29%, 46/156) than in-hospital 
(12%, 57/473, P < 0.0001).

Conclusions. We observed that children in the community die at a younger age. We expect that maternal vaccination or 
immunoprophylaxis against RSV will have a larger impact on RSV-related mortality in the community than in-hospital. !is case 
series of RSV-related community deaths, made possible through global data sharing, allowed us to assess the potential impact of 
future RSV vaccines.

Keywords:  community death; lower respiratory tract infection; respiratory syncytial virus.

As part of the global agenda for 2030 set by the United 
Nations, Sustainable Development Goal (SDG) 3 urgently 
calls for ending preventable deaths of children under 5 years 

of age. Globally, respiratory syncytial virus (RSV) is a leading 
cause of death after malaria for infants [1]. More than 99% of 
these RSV pediatric deaths occur in the developing world [2]. 
Current global mortality estimates are almost exclusively based 
on in-hospital RSV mortality. However, it is likely that a sig-
nificant proportion of these deaths occur outside the hospital, 
especially in low-income settings [3]. A recent meta-analysis 
estimated that out-of-hospital mortality was 2-fold higher 
than in-hospital mortality in 3 low-income and lower-middle-
income countries (L(M)ICs) [3]. Thus, the burden of out-of-
hospital RSV deaths appears to be at least as high as in-hospital 
deaths. Despite the magnitude of the problem, understanding 
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the clinical characteristics of pediatric RSV-related mortality in 
the community remains a key knowledge gap.

Addressing the knowledge gap on community deaths can give 
key insights to inform policy for a future RSV vaccine. More 
than 50 vaccine candidates are in clinical development for RSV 
[4]. Di#erent approaches to RSV prevention confer varying de-
grees and duration of protection. Currently, 2 major approaches 
are in development for infants: (1) maternal vaccination and (2) 
passive antibody prophylaxis. Recent late-phase trial data show 
the potential degree and duration of protection for these dif-
ferent approaches, with infant monoclonals giving a higher de-
gree and duration of protection than a maternal vaccine. !e 
recently published phase III results of a post-fusion F protein 
maternal RSV vaccine show an antibody half-life of 49.1 days 
with 44.4% e$cacy (95% con%dence interval [CI]: 19.6-61.5%) 
against severe RSV lower respiratory tract infection (LRTI) 
through the %rst 3 months of life [5]. Prophylaxis with an ex-
tended half-life monoclonal antibody shows a longer duration 
of protection with 70.1% e$cacy (95% CI: 52.3–81.2%) against 
RSV LRTI through the %rst 5 months of life [6]. To estimate the 
potential impact of RSV-preventive interventions against mor-
tality in the developing world, it is essential to characterize chil-
dren dying of RSV in the community.

Studying community deaths is di$cult given the challenges as-
sociated with virological studies in deaths that occur in the com-
munity. To date, the largest case series of community RSV-related 
deaths includes 11 deaths at home in a single, urban setting in 
Argentina [7]. Although in-hospital deaths are challenging to cap-
ture in L(M)ICs given the lack of diagnostic capacity, capturing 
community deaths is even more challenging due to di$culty in 
ascertaining cause-of-death based on the low speci%city of verbal 
autopsy data and di$culty obtaining postmortem patient samples. 
However, in the past years, several studies supported by the Bill & 
Melinda Gates Foundation (BMGF) aimed to measure RSV mor-
tality in the community: Z-PRIME (the Zambia Pertussis RSV 
Infant Mortality Estimation study); community-based studies in 
Argentina, India, and Pakistan; as well as the Child Health and 
Mortality Prevention Surveillance (CHAMPS) in South Africa, 
Bangladesh, Kenya, Mali, Mozambique, Ethiopia, and Sierra 
Leone [8]. !e RSV Global Online Mortality Database (RSV 
GOLD) provides the unique opportunity to pool data from all of 
these studies and compare global individual-level patient data of 
children dying in the community to children dying in-hospital.

Respiratory syncytial virus–preventive interventions aim to 
prevent infant death in accordance with the SDGs. Estimated 
impact of a maternal vaccine or infant monoclonal on pediatric 
deaths will guide policy decisions and accelerate access to life-
saving interventions. !e primary aim of this article is to de-
scribe global community pediatric deaths under 6 months and 
compare this group with in-hospital deaths in upper-middle-
income countries (UMICs) and L(M)ICs.

METHODS

Study Site, Design, and Population

RSV GOLD is a global online registry for children under the 
age of 5 years who died with laboratory-confirmed RSV infec-
tion after 1 January 1995 [9]. Individual patient-level data are 
collected using an online questionnaire. Variables collected in 
the RSV GOLD database have been published previously [9]. 
Data are collected through active outreach to researchers and 
physicians worldwide. Investigators of BMGF-funded com-
munity mortality studies were specifically asked to share data 
collected through 2 March 2021. The data from these com-
munity studies have been published in this supplement issue. 
Two community studies (Z-PRIME and Pakistan Community 
Mortality studies) included children younger than 6 months of 
age; other studies recruited children through at least 12 months 
of age (Supplementary Table 1). Data from studies submitted to 
the RSV GOLD registry were collected both prospectively and 
retrospectively.

In this analysis RSV-related deaths above 1 year of age, nos-
ocomial deaths, and deaths in high-income countries were ex-
cluded (Figure 1). Based on the expected duration of protection 
for infant RSV-preventive interventions, the primary aim of this 
study was to compare the age distribution of RSV-related infant 
deaths under 6 months occurring in the community with those 
in-hospital. !e secondary aim was to describe age at death for 
children dying of RSV in the %rst year of life in the commu-
nity. In order to achieve our secondary aim, to describe the age 
distribution under 1 year, we analyze the population (“12m co-
hort”), in which we excluded 2 community studies that only en-
rolled children up to 6 months of age.

Data Collection and Case Definition

Case definitions of a community death varied between different 
BMGF-funded community mortality studies (Supplementary 
Table 1). For community deaths submitted to RSV GOLD that 
did not originate from these studies, a community death was 
defined as a child who did not die in the hospital or a child 
who was not hospitalized and location of death was unknown 
(n = 2). As in our previous publications, we included any death 
with laboratory-confirmed RSV infection and did not require 
RSV to be the primary cause of death (Supplementary Table 5) 
[9]. Neonates were defined as children through 1 month of age.

Upon submission to the database, data-quality checks were 
performed by the RSV GOLD team to ensure the completeness 
and accuracy of the data. To this end, case data were veri%ed 
for missingness, plausibility, and accuracy through direct com-
munication with collaborators as soon as possible a&er case 
submission. Minimum essential data for inclusion were the key 
variables age at death, year of death, and laboratory-con%rmed 
RSV infection.
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Statistical Analyses

For continuous variables, the means or medians were re-
ported and differences between 2 groups were tested with 
a Mann-Whitney U test. Categorical variables were de-
scribed with frequencies and percentages and compared 
between groups using Fisher’s exact test. We did not per-
form imputation for missing data because data were not 
missing for essential variables and for other variables there 
was no clear correlation on which to build a multiple im-
putation model.

We considered P < .05 to be significant for all analyses. 
Despite multiple comparisons, we chose not to correct for 
an increased false-positive rate due to the exploratory na-
ture of the study and small sample size. The statistical anal-
ysis was performed using R version 4.0.2 (R Core Team 
2020, Vienna, Austria) with the following packages: ggplot2 
[10], ggpubr [11], rnaturalearthdata [12], dplyr [13], and 
qwraps2 [14].

We performed 2 sensitivity analyses: (1) without the 
Z-PRIME data and (2) restricting the data to community

GOLD II
1311 deaths

1612 deaths

Study popula!on <6 months
473 deaths

Study popula!on <6 months
156 deaths

<12m analyses
611 deaths

<12m analyses
50 deaths

57 deaths excluded a!er assessment of data quality

29 incomplete submission
7 death occurred <24h a!er birth
6 duplicate entry
4 not RSV related
3 aged 5 years or older
3 age not specified
3 no laboratory-confirmed RSV diagnosis
2 incomplete data quality verifica"on

783 deaths excluded for analyses

547 high-income country
62 nosocomial RSV
174 ≥1 yr of age

52 deaths excluded from BMGF-
funded studies collec"ng data up to 6
months (ZPRIME / Pakistan)

116 deaths excluded from BMGF-
funded studies collec"ng data up to 6
months(ZPRIME / Pakistan)

Total
829 deaths
38 countries

GOLD I
358 deaths

In-hospital
663 deaths

35 countries

In-community
166 deaths

12 countries

190 deaths excluded aged ≥6 months 10 deaths excluded aged ≥6 months

Figure 1. Flowchart  of children included in this study. Flowchart shows children excluded via both data quality and per definition of study population. For the primary anal-
ysis we analyzed 629 children dying under age 6 months (473 in-hospital deaths and 156 community deaths). For the secondary analysis we analyzed 661 children dying under 
age 12 months (611 in-hospital deaths and 50 community deaths). GOLD I: Pediatric deaths published as a retrospective case series from 1 November 2014 to 31 October 
2015 [9]. GOLD II includes pediatric deaths collected after this publication. Abbreviations: m, months; BMGF, Bill & Melinda Gates Foundation; GOLD, Global Online Mortality 
Database; RSV, respiratory syncytial virus; ZPRIME, Zambia Pertussis RSV Infant Mortality Estimation Study. 
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mortality studies. As the majority of the data for community 
deaths originated from the Z-PRIME study in Zambia, we 
performed a sensitivity analysis that excluded the Z-PRIME 
cases to ensure that this overrepresentation of Zambia deaths 
did not lead to different results. Furthermore, we tested the 
assumption that community deaths from the Z-PRIME data 
are representative for community deaths from other L(M)
ICs by testing the observed characteristics for significant 
differences.

Ethical Considerations

The institutional research board of the University Medical 
Center Utrecht waived the requirement for parental in-
formed consent in 2014 since the study concerns only an-
onymized secondary data. Collaborators sharing data were 
encouraged to adhere to local standards for ethics approval 
in accordance with the RSV GOLD Ethics Guideline [15].

RESULTS

Study Population

The overall study population included 829 pediatric deaths under 
1 year of age from 38 countries classified as UMIC or L(M)IC 
according to the World Bank income group classification (Figure 
1, Supplementary Table 2). Of these, 166 deaths occurred in 
the community. The world maps in Figure 2A and 2B show the 
global distribution of community and in-hospital deaths, re-
spectively. The study population of infants under 6 months con-
sisted of 629 deaths, of which 156 (25%) deaths from 12 different 
countries occurred in the community (Supplementary Table 
4). Most community deaths were from Zambia (72%, 112/156). 
Community deaths were submitted from 2009 onwards, while 
data for in-hospital deaths were shared from 1995 onwards. The 
12m cohort comprises 661 children, of whom 8% (50/661) died 
in the community and 92% (611/661) died in-hospital.

Figure 2. A, World map showing L(M)ICs and UMICs that shared RSV-confirmed community deaths under 12 months of age and number of RSV-confirmed community 
deaths shared to the registry. The color gradient of purple indicates number of deaths shared, with darker purple representing increased number of deaths shared. Numbers 
of deaths are visible on the map. B, World map showing L(M)ICs and UMICs that shared RSV-confirmed in-hospital deaths under 12 months of age and number of deaths of 
RSV-confirmed in-hospital deaths shared to the registry. The color gradient of green indicates number of deaths shared, with darker green representing increased number 
of deaths shared. Numbers of deaths are visible on the map. Abbreviations: L(M)ICs, lower-income-lower-middle-income country; RSV, respiratory syncytial virus; UMIC, 
upper-middle-income country.
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Age at Death of Community Versus In-Hospital Deaths

Median age at death was significantly lower for community 
deaths (1.5 months; IQR: 0.8−3.3) than in-hospital deaths 
(2.4 months; IQR: 1.5−4.0; P < .0001) (Table 1, Figure 3A). 
Deaths in the community included a higher proportion of 
neonates (29%, 46/156) than deaths occurring in-hospital 
(12%, 57/473; P < .0001). Similar results were found for the 
12m cohort (Table 2, Figure 3A). In the 12m cohort, me-
dian age at death was lower in the community (2.1 months; 
IQR: 1.3–5.0) compared with in-hospital (4.0 months; IQR: 
2.0–6.1; P = .02) (Table 2, Figure 3B). Similarly, for the 12m 
cohort, a higher proportion of deaths occurred in the neonatal 
period in the community (14%, 7/50) than in-hospital (7%, 
40/611), although this difference was not statistically signif-
icant (P = .08).

Clinical Characteristics of Community vs In-Hospital Deaths

For infants who died under 6 months, clinical characteristics of 
community and in-hospital deaths were largely comparable. For 
children under 6 months with comorbidity data, 31% (11/35) 
of infants dying in the community had a comorbidity com-
pared with 44% (162/368) who died in-hospital. However, data 
on comorbidities were missing for 78% of community deaths, 
limiting the power to analyze this characteristic (comorbidities 
are specified in Supplementary Table 8). The proportion of 
premature infants did not differ significantly between com-
munity (25%, 11/44) and in-hospital (32%, 81/253; not sig-
nificant) deaths. We note that prematurity data were missing 
for a substantial proportion of community (72% 112/156) and 
in-hospital (47%, 220/473) deaths for infants under 6 months. 
The reported mean gestational age was lower for deaths 
in-hospital compared with those occurring in the community 
(36.2 vs 38.5 weeks; P = .005).

!e secondary analysis of the 12m cohort was remark-
ably similar to the primary analysis of children dying before 
age 6 months. Among infants dying in the community, 28% 

(10/36) had a comorbidity compared with 46% (240/525, 
P = .04) of infants dying in-hospital. In the 12m cohort, the 
proportion of premature infants did not di#er signi%cantly 
between community versus in-hospital deaths (Table 2), al-
though reported gestational age was signi%cantly lower for 
infants dying in-hospital than in the community (36.3 vs 38.4 
weeks; P = .006).

Sensitivity Analyses

We performed a sensitivity analysis excluding the majority 
of the community deaths, which originated from a single 
Zambian study site (71%, 112/156). The age at death in the 
community did not differ significantly for children who died 
in Zambia (n = 112; data shown in Gill et al in this supplement 
issue) compared with children from other countries (n = 44; 
2.0 months; IQR: 1.3–3.3 months). The proportion of children 
with prematurity was similar for community deaths in Zambia 
and community deaths elsewhere (Forman et al, data pub-
lished elsewhere in this supplement issue). After excluding the 
Zambia data, we found that age at death remained lower for 
children who died in the community (2.0 months; IQR: 1.3–
3.3) compared with children who died in-hospital (2.5 months; 
IQR: 1.8–4.0), although this difference was not statistically sig-
nificant (P = .07) (Supplementary Table 6). The proportion of 
neonates was similar in the in-hospital and community deaths 
(Supplementary Table 6).

We performed a sensitivity analysis restricted to data 
obtained from the community mortality study sites (144 
community deaths and 68 in-hospital deaths) to rule out 
bias due to differences in methodology of data collection, 
because data in this subset were collected systematically in 
the community and in the hospital setting (Supplementary 
Table 7). In this analysis, we observed a lower median age 
at death in the community compared with in-hospital, al-
though differences were smaller than in the main analysis 
and not statistically significant (1.5 vs 2.0 months; P = .26). 

Table 1. Clinical Characteristics of Children Under 6 Months Who Died with Respiratory Syncytial Virus In-Hospital Versus in the Community in Lower-
income Middle-Income Countries and Upper-Middle-Income Countries

Clinical Characteristics All Deaths (n = 629) Community (n = 156) In-Hospital (n = 473) P

Sex, male, % (n/N) 54 (330/615) 55 (78/142) 53 (252/473) NS
Age at death, months, median (IQR) 2.0 (1.1-4.0) 1.5 (0.8-3.3) 2.4 (1.5-4.0) <.0001
Neonatal deaths, % (n/N) 16 (103/629) 29 (46/156) 12 (57/473) <.0001
Comorbidity, % (n/N) 43 (173/403) 31 (11/35) 44 (162/368) NS
Prematurity, % (n/N) 31 (92/297) 25 (11/44) 32 (81/253) NS
Gestational age, weeks, mean (SD, n) 36.6 (3.5, 145) 38.5 (2.4, 23) 36.2 (3.6, 122) .005
Birth weight, kg, median (IQR, n) 2.8 (2.2-3.2, 156) 3.0 (2.4-3.3, 30) 2.8 (2.2-3.2, 126) NS
Month and year of death, minimum–maximum July 1995–February 2021 February 2009–July 2020 July 1995–February 2021 …
Not immunized, % (n/N) 30 (71/235) 36 (15/42) 29 (56/193) NS
Other children in household, % (n/N) 75 (118/158) 82 (18/22) 74 (100/136) NS
Mother uneducated, % (n/N) 10 (23/231) 6 (6/103) 13 (17/128) NS
Father uneducated, % (n/N) 6 (9/161) 1 (1/86) 11 (8/75) .01

P values are provided for the comparison between community and in-hospital deaths. Abbreviations: IQR, interquartile range; NS, not significant; SD, standard deviation.
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Moreover, in this sensitivity analysis, the proportion of neo-
nates was similar in the in-hospital and community deaths 
(Supplementary Table 7).

DISCUSSION

As a result of global data sharing by collaborators, this study is 
the first global case series to compare RSV-related mortality in 
the community with in-hospital deaths in L(M)ICs and UMICs. 
The aim of this study was to understand differences between 
infants dying in the community and infants dying in-hospital in 
order to inform RSV vaccine–development strategies for low-
resource settings. We found that children dying in the commu-
nity were generally younger than children dying in-hospital. A 
larger proportion of deaths in the community involved neo-
nates in the primary analyses but not the sensitivity analyses, 
possibly due to a larger proportion of deaths originating from 
L(M)ICs in the community. The younger age at death in the 
community may be explained by difficulty of caregivers in rec-
ognizing respiratory danger signs at a younger age, resulting 
in delayed or no access to care for younger children with RSV 
LRTI. We conclude that RSV-prevention strategies targeting in-
fants in the first months of life will likely have a larger impact on 
mortality occurring in the community than in-hospital. Thus, 
we expect a high impact of infant RSV immunization strategies 
via maternal vaccination or infant immunoprophylaxis.

!e RSV GOLD database serves as a platform that can bundle
data from study sites around the world to allow for a high-level 
analysis of RSV-related mortality around the globe. Previous 
publications on community deaths did not describe age distri-
bution for RSV-related illness but instead described risk factors 
for community deaths in Argentina [7], leading causes of deaths 
determined by minimally invasive autopsies in the CHAMPS 
sites [8], and estimates of the proportion of out-of-hospital 
deaths in South Africa [16]. Previously we published a case se-
ries of in-hospital deaths in which we found the median age at 
death to be 5 months in L(M)ICs and 4 months in UMICs in 
children under 5 years of age. In this analysis, we found the me-
dian age at RSV-related death in infants from UMICs and  L(M)
ICs who died before 1 year of age to be similar (4.0 months; 
IQR: 2.0−6.1).

!ere were several limitations of this study. First, the commu-
nity mortality studies contributing to the RSV GOLD registry 
were not designed identically and used di#erent de%nitions for 
community deaths (Supplementary Table 1). A second limita-
tion concerns the reporting of age at death by collaborators. 
!ere are 2 ways in which collaborators may have rounded age
at death to age in months, which could introduce bias in our
analysis. Due to general conceptualization of age, collaborators
may have rounded age in months down. !is rounding method
may have introduced systematic bias for the group of children
who died in-hospital because age at death was most frequently
shared in months for in-hospital deaths and in days for com-
munity deaths. Second, collaborators may round age to the
nearest integer, which would mean that the cuto#s applied for
our analyses exclude children whose age was rounded to 1 (neo-
nates), 6 (primary analysis), or 12 (secondary analysis) months.

Figure 3. A, Histogram and density plot of age at death for children under 6 months 
who died with RSV in the community compared with in-hospital in L(M)ICs and UMICs. 
The histogram shows number of deaths (count, left y-axis) shared to the registry by 
age at death in months (rounded to the nearest integer) from age 0 up to 6 months 
for all infants under 6 months of age. Lines show the kernel density estimate of age 
at death in months (density, right y-axis). Deaths that occurred in the community are 
shown in purple, while deaths that occurred in the hospital are shown in green. B, 
Histogram and density plot of age at RSV-related death for children under 12 months 
who died in the community compared with in-hospital in L(M)ICs and UMICs. The his-
togram shows number of deaths shared (count, left y-axis) to the registry by age at 
death from age 0 up to 12 months for the 12m cohort. Lines show the kernel density 
estimate of age at death in months (density, right y-axis). Deaths that occurred in the 
community are shown in purple, while deaths that occurred in the hospital are shown 
in green. Abbreviations: L(M)ICs, lower income and lower middle income country; RSV, 
respiratory syncytial virus; UMIC, upper-middle-income country.
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For example, the observed di#erence in proportion of neonatal 
deaths could be in'uenced by misclassi%cation bias. To this end, 
age reported in months may have been rounded to age 1 month 
for deaths in the %rst month of life and subsequently these chil-
dren would not be classi%ed as neonatal deaths more o&en for 
the in-hospital group. In summary, for both rounding methods, 
age at death may have been underestimated for children dying 
in the hospital, which would mean that the di#erence in age 
between community and in-hospital deaths may have been 
underestimated. A third limitation of the study is the quality 
and completeness of the data. An inherent weakness in global 
data sharing is that primary data cannot be veri%ed and data-
collection systems di#er in quality. With extensive data-quality 
checks and direct veri%cation with collaborators, we attempted 
to limit the impact of this methodological weakness. For some 
variables (comorbidity, prematurity), a high proportion of data 
were missing.

More than 50% of community death data originate from a 
single study site (Zambia). Our conclusions regarding age at 
death did not change when excluding these deaths from the 
analysis. An important limitation is the di$culty of measuring 
mortality in the community, which may have resulted in missed 
deaths. Data from the community were from a small number 
of countries while hospital deaths were shared from a larger 
number of countries over a longer period of time, which may 
account for di#erences in the data. Data from most studies 
were obtained from systematic postmortem sampling, which 
may not be comparable to the way in which data were obtained 
for the in-hospital group and which could explain the di#erent 
%ndings in the sensitivity analyses. For this reason, the age dif-
ference could also be explained by limitations in study meth-
odology as children with RSV may present with nonspeci%c 
symptoms to the hospital at a younger age and not be tested 
in L(M)ICs. However, in a sensitivity analyses limited to com-
parable groups in-hospital and in the community, we observed 

the same trend of lower age at death in the community. Despite 
data-quality veri%cation processes, there are major limitations 
of the study methodology as published previously [9].

Future steps should consist of analysis of a larger case se-
ries including more community deaths and a larger global 
distribution, which will allow for more robust conclusions 
regarding vaccine impact on infant mortality. Prospective, 
real-time data sharing of RSV-related death in L(M)ICs will 
contribute to increased data quality and completeness of 
data, including more detailed information on age at death, 
allowing for a better comparison between community and 
in-hospital RSV-related deaths. A uniform definition of 
RSV-related deaths in the community will allow for better 
collection and understanding of global community mor-
tality. Future studies would be strengthened by enhanced 
systems for data collection of key clinical characteristics 
such as immunization status, prematurity, and comorbidity 
for community deaths, as this information was frequently 
missing for this population.

Conclusions

Community deaths are thought to represent more than half 
of all RSV-related deaths globally [17]. Characterizing these 
deaths is essential to estimate the impact of future preventive 
interventions. Due to global data sharing and efforts of BMGF-
funded community mortality studies and other collaborators, 
the RSV GOLD database has served as a platform to aggregate 
robust data for analysis of RSV-related pediatric mortality on 
a global level. We show that infants under 6 months of age die 
at a younger age in the community than in-hospital. Modeling 
studies will have to translate these findings into expected im-
pact of upcoming maternal vaccines and next-generation mon-
oclonal antibodies against RSV. For the first time, we show 
evidence that maternal vaccination or infant monoclonal pro-
phylaxis may have a greater impact on RSV-related community 

Table 2. Clinical Characteristics of Children Under 12 Months Who Died with Respiratory Syncytial Virus In-Hospital Versus in the Community in Lower-
Middle-Income Countries and Upper-Middle-Income Countries, Excluding Deaths From Studies Recruiting Only Those Under 6 Months

Clinical Characteristics All Deaths (n = 661) Community (n = 50) In-Hospital (n = 611) P

Sex, male, % (n/N) 56 (369/661) 56 (28/50) 56 (341/611) NS
Age at death, months, median (IQR) 4.0 (2.0-6.0) 2.1 (1.3-5.0) 4.0 (2.0-6.1) .02
 Neonatal deaths, % (n/N) 7 (47/661) 14 (7/50) 7 (40/611) NS
Deaths <6 months, % (n/N) 70 (461/661) 80 (40/50) 69 (421/611) NS
Comorbidity, % (n/N) 45 (250/561) 28 (10/36) 46 (240/525) .04
Prematurity, % (n/N) 28 (101/356) 24 (9/37) 29 (92/319) NS
Gestational age, weeks, mean (SD, n) 36.6 (3.5, 195) 38.4 (2.5, 27) 36.3 (3.5, 168) .01
Birth weight, kg, median (IQR, n) 2.8 (2.2-3.2, 208) 3.0 (2.5-3.3, 30) 2.8 (2.2-3.2, 178) NS
Month and year of death, minimum–maximum July 1995–February 2021 February 2009–February 2020 July 1995–February 2021 …
Not immunized, % (n/N) 13 (33/258) 19 (5/27) 12 (28/231) NS
Other children in household, % (n/N) 73 (160/220) 90 (19/21) 71 (141/199) NS
Mother uneducated, % (n/N) 12 (19/155) 8 (2/25) 13 (17/130) NS
Father uneducated, % (n/N) 7 (6/81) 5 (1/21) 8 (5/60) NS

P values are provided for the comparison between community and in-hospital deaths. Abbreviations: IQR, interquartle range; NS, not significant; SD, standard deviation.
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mortality than in-hospital mortality. Ultimately, clinical trials 
and postmarketing surveillance studies will provide further evi-
dence to evaluate the impact of these interventions on pediatric 
RSV mortality in the community versus in-hospital.

Supplementary Data
Supplementary materials are available at Clinical Infectious Diseases online. 
Consisting of data provided by the authors to bene%t the reader, the posted 
materials are not copyedited and are the sole responsibility of the authors, 
so questions or comments should be addressed to the corresponding author.
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He who has a why to live for can bear almost any how. 
Friedrich Nietzsche (1844-1900) 
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STUDY PROTOCOL

Describing global pediatric RSV disease 
at intensive care units in GAVI-eligible countries 
using molecular point-of-care diagnostics: 
the RSV GOLD-III study protocol
Yvette N. Löwensteyn1, Natalie I. Mazur1, Harish Nair2,3, Joukje E. Willemsen1, Ghislaine van Thiel4 and 
Louis Bont1,3*  on behalf of the RSV GOLD III—ICU Network study group 

Abstract 
Background: Respiratory syncytial virus (RSV) infection is an important cause of hospitalization and death in young 
children. The majority of deaths (99%) occur in low- and lower-middle-income countries (LMICs). Vaccines against 
RSV infection are underway. To obtain access to RSV interventions, LMICs depend on support from Gavi, the Vaccine 
Alliance. To identify future vaccine target populations, information on children with severe RSV infection is required. 
However, there is a lack of individual patient-level clinical data on instances of life-threatening RSV infection in LMICs. 
The RSV GOLD III—ICU Network study aims to describe clinical, demographic and socioeconomic characteristics of 
children with life-threatening RSV infection in Gavi-eligible countries.

Methods: The RSV GOLD-III—ICU Network study is an international, prospective, observational multicenter study 
and will be conducted in 10 Gavi-eligible countries at pediatric intensive care units and high-dependency units 
(PICUs/HDUs) during local viral respiratory seasons for 2 years. Children younger than 2 years of age with respiratory 
symptoms fulfilling the World Health Organization (WHO) “extended severe acute respiratory infection (SARI)” case 
definition will be tested for RSV using a molecular point-of-care (POC) diagnostic device. Patient characteristics will be 
collected through a questionnaire. Mortality rates of children admitted to the PICU and/or HDU will be calculated.

Discussion: This multicenter descriptive study will provide a better understanding of the characteristics and mortal-
ity rates of children younger than 2 years with RSV infection admitted to the PICU/HDU in LMICs. These results will 
contribute to knowledge on global disease burden and awareness of RSV and will directly guide decision makers in 
their efforts to implement future RSV prevention strategies.

Trial registration number: NL9519, May 27, 2021

Keywords: Respiratory syncytial virus, Children, Pediatric intensive care unit, Study design, Lower-middle-income 
countries, Burden, Awareness
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Background
Respiratory syncytial virus (RSV) infection is an impor-
tant cause of hospitalization and mortality due to lower 
respiratory tract infection (LRTI) in children under 
5  years of age worldwide [1]. Annual RSV-related hos-
pital admissions and in-hospital deaths in this age group 
have been estimated to be 3.2 million and 59,600, respec-
tively, while overall annual RSV-related mortality includ-
ing community deaths could be as high as 118,200 [1]. 
"e majority of deaths (99%) occur in low- and lower-
middle-income countries (LMICs) due to lack of access 
to healthcare and poor quality of care in health facilities 
[1], and children under 2 years of age are disproportion-
ally affected [2, 3]. As the Haemophilus influenza type 
b and pneumococcal conjugate vaccines are introduced 
and scaled up in LMICs, the global burden of child pneu-
monia attributable to bacterial causes has decreased and 
the proportional contribution of viral pathogens has 
increased. RSV now remains one of the major pathogens 
that needs to be tackled in order to achieve sustainable 
development goal 3.2—end preventable deaths of new-
borns and children under 5 years of age by 2030.

Currently there is no immunization available against 
RSV, although several vaccine and monoclonal antibody 
candidates are under clinical development [4]. "e most 
advanced maternal vaccine candidate has completed a 
phase 3 trial but did not meet the primary endpoint [5]. 
A new extended half-life monoclonal antibody developed 
by SanofiPasteur / MedImmune, nirsevimab (previously 
MEDI8897), has met the primary endpoint of reducing 
RSV LRTI in healthy infants in a recent phase III trial [6].

Gavi, the Vaccine Alliance (previously: Global Alliance 
for Vaccines and Immunizations), is an international 
organization that invests in vaccines to protect children’s 
lives and health in LMICs. Every 5 years, Gavi develops a 
new vaccine investment strategy (VIS) to prioritize new 
and under-used vaccines and to make these available to 
LMICs through the Gavi vaccine support programme. 
RSV interventions, including both maternal vaccine and 
monoclonal antibodies, were considered as one of the 
six prioritized vaccine programmes as part of Gavi VIS 
for the 2021–2025 funding period [7]. It is anticipated 
that future RSV vaccines or monoclonal antibodies will 
be most efficacious in targeting severe disease leading to 
poor outcome (e.g. oxygen supplementation, ICU admis-
sion, and death).

"e majority of Gavi-eligible countries have sparse or 
no individual patient-level data to make decisions on 
target populations for RSV interventions when these 
become available in the next 5–10 years. "ese data will 
be important for cost-effectiveness analyses of potential 
RSV interventions to assist policy makers in making deci-
sions related to resource allocation for RSV interventions 

[8]. Patient-data will also contribute to local disease 
awareness. Defining burden in terms of RSV incidence 
and case-fatality ratios in Gavi-eligible countries has 
been challenging due to insufficient diagnostic capabili-
ties for RSV surveillance [9]. Interviews with stakehold-
ers revealed that RSV prevention received low priority at 
national and government level due to lack of information 
about disease and disease burden, and some respondents 
suggested that RSV diagnostics would help to improve 
value proposition [10].

"is study aims to obtain individual patient-level data 
from children who have been admitted with severe RSV 
infection at the (pediatric) intensive care unit (ICU) or 
high-dependency unit (HDU) in Gavi-eligible countries 
through implementation of RSV point-of-care testing to 
pave the way for future vaccine introduction.

Methods/design
Study design and study site selection
"e RSV GOLD III study is a prospective, observational, 
multi-centre study and will be conducted at 11 sites in 
10 Gavi-eligible countries. "e study was initiated at the 
first study sites in April, 2021. "e total duration of the 
study is 2 years for each participating study site. To select 
study sites, we sent out an open invitation for collabora-
tion to researchers and physicians from various LMICs 
from the existing RSV GOLD network. Before the start of 
the study, we collected information about potential study 
sites through email correspondence and teleconferences. 
"e minimum collected information included but was 
not limited to the location and catchment area of the hos-
pital, the hospital staff to be in charge of performing the 
study, logistics of the hospital (languages spoken, freezer 
availability, respiratory seasonality), pediatric ward, pedi-
atric or neonatal ICU, and (pediatric) HDU availability 
and number of beds, the annual number of respiratory 
illness-related admissions, and mortality rates. If admis-
sion data were not available, estimations were made by 
the study team based on number of beds and information 
from local collaborators. We selected study sites based on 
a high expected number of RSV inclusions, quality of the 
communication and engagement of local collaborators.

Study sites
"e study will be conducted in the following LMICs: 
Afghanistan, Cameroon, Ghana, Haiti, Mozambique, 
Nepal (2 hospitals), Nigeria, Sudan, Tanzania, and "e 
Gambia. "e study will also be conducted at 2 sites in the 
Netherlands to allow for a comparison of patient charac-
teristics with patients from a high-income country (HIC). 
Table  1 provides the characteristics of the participating 
LMIC study sites.
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Study objectives
Primary objective
To describe the clinical, demographic, and socioeco-
nomic characteristics of RSV-positive children under 
2  years of age who have been admitted with sus-
pected RSV infection at ICUs or HDUs in Gavi-eligible 
countries.

Secondary objectives

1. To determine proportional RSV-related mortality in
children under 2 years of age at participating ICUs or
HDUs.

2. To compare clinical, demographic, and socioeco-
nomic characteristics between children with fatal
and non-fatal RSV infection.

3. To compare clinical, demographic, and socioeco-
nomic characteristics between children with RSV
infection from LMICs and HICs.

4. To describe RSV seasonality in the study locations.
5. To compare clinical, demographic, and socioeco-

nomic characteristics between children with (fatal)
RSV infection and children with (fatal) influenza
infection.

6. To confirm the point-of-care (POC) RSV test using
conventional or real-time RSV PCR.

7. To estimate the sensitivity of the World Health
Organization (WHO) “extended severe acute respira-
tory infection (SARI)” case definition for hospital-
based surveillance for severe RSV infection. [11]

8. To compare the burden of RSV infection and mortal-
ity rates between children who do and do not meet
the WHO “extended SARI” case definition.

Study participants
For this study, 2 different groups of children (A and 
B) are distinguished. For each group, a subject must
meet all the eligibility criteria in order to participate
(Table  2). Children from group A will be tested for
RSV at all study sites and for influenza at 3 study sites
(Ghana, Mozambique, Nepal) (Fig. 1):

Group A. Children with suspected RSV disease (all study sites)

1. Children < 2 years of age at time of sampling;
2. Who are admitted to an ICU and/or HDU and meet

the WHO “extended SARI” case definition;

Table 1 Characteristics of the participating RSV GOLD III - ICU Network study sites in low- and lower-middle-income countries

PICU pediatric intensive care unit, HDU high dependency unit, NICU neonatal intensive care unit, NA not available

*Emergency unit serves as HDU

**No recruitment

City, Country Hospital Number of 
PICU Beds

Number of 
HDU Beds

Number of 
NICU beds

Estimated annual number 
of children < 2 years 
admitted to PICU / HDU 
/ NICU with severe acute 
respiratory infection

Respiratory season

Zaria, Nigeria Ahmadu Bello University 
Teaching Hospital

NA 32* 8 155 April–November

Mazar-e-Sharif, Afghanistan Balkh regional hospital 35 NA 8 650 October–March

Banjul, The Gambia Edward Francis Small Teach-
ing Hospital

NA 20 37 100 October-May

Khartoum, Sudan Jafar Ibn Auf Specialized 
Hospital for Children

8 9 16 100 December-May

Kathmandu, Nepal Kanti Children’s Hospital 12 8 16 130 July-March

Kathmandu, Nepal Tribhuvan University Teach-
ing Hospital

4 6 8 32 July-March

Douala, Cameroon Laquintinie Hospital Douala 20 NA NA 180 September-January
April-June

Accra, Ghana Korle Bu Teaching Hospital 6 18 50** 70 June-November

Maputo, Mozambique Maputo Central Hospital 21 NA 70** 85 March-August

Dar es Salaam, Tanzania Muhimbili National Hospital 13 NA 19** 270 December-May

Port-au-Prince, Haiti Saint-Damien Hospital 10 NA 16** 40 August-January
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Children who do not meet the WHO “extended 
SARI” case definition will be tested for RSV at 3 study 
sites (group B):

Group B. Children who are not suspected to have RSV disease 
(Ghana, Mozambique, Nepal)

1. Children < 2 years of age at time of sampling;
2. Who are admitted to an ICU and/or HDU and do

not meet the WHO “extended SARI” case definition;

WHO “extended SARI” RSV surveillance case de"nition
In this study, the global case definition developed by the 
WHO for hospital-based RSV surveillance is used to iden-
tify children hospitalized with suspected RSV infection. 
"e RSV surveillance case definition was recently modi-
fied based on results from the WHO RSV surveillance pilot 
which showed that the use of an extended SARI case defini-
tion, not requiring fever to identify a suspect case, substan-
tially increased the number of RSV infections detected [3].

In group A, subjects will be tested for RSV when they are 
admitted to the ICU meeting the WHO “extended SARI” 
case definition for hospital-based surveillance for severe 
RSV infection:

• Severe (defined as requiring hospitalization); and
• Acute (defined as onset within the last 10 days); and
• Respiratory infection (defined as having cough or

shortness of breath)

In infants less than 6  months, additionally include 
those who present with:

• Apnea (temporary cessation of breathing from any
cause); and/or

• Sepsis, defined as:
• Fever (37.5  °C or above) or hypothermia (less than

35.5 °C); and
• Shock (defined as lethargy, fast breathing, cold skin,

prolonged capillary refill or fast weak pulse); and
• Seriously ill with no apparent cause

In group B subjects not fulfilling the WHO “extended 
SARI” case definition will also be tested for RSV.

Exclusion criteria
Neonates younger than 4 days old will not be tested for 
RSV or influenza due to the high incidence of respiratory 
symptoms related to intrapartum-related complications 
or prematurity in this group.

Sample collection
A nasopharyngeal swab (flocked swab, COPAN, 3  ml 
universal transport medium (UTM)) will be obtained as 
soon as possible but no later than 72 h after admission to 
the PICU and/or HDU. Samples will be taken by trained 
healthcare staff.

Table 2 Eligibility criteria for RSV GOLD III—ICU Network Study

PICU pediatric intensive care unit, HDU high dependency unit, NICU neonatal intensive care unit, WHO world health organization, SARI severe acute respiratory 
infection

Inclusion criteria

Group A Group B

Age < 2 years at time of sampling;

Admitted to PICU / HDU / NICU;
Meeting WHO “Extended SARI” case definition:
Severe (defined as requiring hospitalization); and
Acute (defined as onset within the last 10 days); and
Respiratory infection (defined as having cough or shortness of breath)
In infants less than 6 months, additionally include those who present with:
Apnea (temporary cessation of breathing from any cause); and/or
Sepsis, defined as:
Fever (37.5 °C or above) or hypothermia (less than 35.5 °C); and
Shock (defined as lethargy, fast breathing, cold skin, prolonged capillary 

refill or fast weak pulse); and
Seriously ill with no apparent cause
Signed and dated written informed (deferred) consent obtained from the 

parent(s)/legal representative(s) of the subject, or in accordance with 
local regulations

Age < 2 years at time of sampling;
Admitted to PICU / HDU / NICU;
Signed and dated written informed (deferred) consent obtained from the 

parent(s)/legal representative(s) of the subject, or in accordance with 
local regulations
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Point-of-care testing
"e samples will be tested for RSV and influenza using 
the highly sensitive and specific point-of-care (POC) ID 
NOW test [12–14]. On-site training for local study staff 
on performing the POC test will be provided by the RSV 
GOLD team. If site visits are not possible, the training 
will be given online. Refresher training will be provided 
before the start of each new respiratory season or if 
required by the study sites.

Point-of-care test con"rmation
Although the POC ID NOW RSV test has shown high 
sensitivity and specificity of 100% and 97%, respectively, 
in previous studies [13], polymerase chain reaction 
(PCR) remains the gold standard for confirmation of a 
positive or negative test. POC RSV test confirmation is 
an optional part of the protocol. Samples will preferably 
be shipped to the University Medical Centre Utrecht 
(UMCU) laboratory for conventional or real-time PCR 
testing in order to confirm the POC RSV test and ensure 

Fig. 1 Schematic diagram of the study workflow. Group A: children < 2 years admitted to the PICU and/or HDU meeting the WHO “extended SARI” 
case definition (10 study sites). Group B: children < 2 years admitted to the PICU and/or HDU not meeting the WHO “extended SARI” case definition 
(3 study sites: Ghana, Mozambique, Nepal)
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quality of the data. Researchers may decide to perform 
viral testing and/or sequencing at a local, national or 
academic reference laboratory accredited to interna-
tional quality standards with validated conventional or 
real-time RSV PCR tests when the capacity is available or 
when shipment of samples to UMCU is not possible.

Per study site, the following samples will be confirmed:

• All RSV-positive samples.
• A matched (by age and month of admission) number

of RSV-negative samples.

Sample storage
Nasopharyngeal samples will be stored in freezers before 
shipment. For budget restrictions, influenza-positive 
samples will not be confirmed through PCR and will not 
be stored.

RSV sequencing
RSV sequencing is an optional part of the protocol. Sam-
ples sent for confirmation will be stored at the UMCU or 
study site to allow for sequencing if the sample is RSV-
positive. Investigating the molecular heterogeneity of 
RSV isolates can be important to determine susceptibil-
ity or resistance to future RSV monoclonal antibodies or 
vaccines.

Data collection and data management
From each study site baseline data will be obtained using 
questionnaires to evaluate local clinical treatment and 
management availability and standards. Included patients 
will be followed up until death or discharge. Participant 
data will be collected through a case report form and 
parental questionnaire (Additional file 1: Table S1). "ese 
data will be entered by hospital study staff into Castor 
Electronic Data Capture (EDC) system [15]. Data valida-
tion, data analysis and interpretation of the data will be 
performed by the Utrecht-based study team in collabora-
tion with the site investigators.

Sample size
RSV
"e aim is to include all children < 2 years of age meeting 
the case definition admitted to the PICU and/or HDU at 
each study site each year during the respiratory season. 
"ere is no maximum number of patients each study site 
needs to recruit. We estimated the following number of 
inclusions for all study sites (Table 3):

Group A
Based on an estimated number of admissions, we expect 
to recruit 2800 patients across 10 study sites, 100–400 

patients at each study site. Assuming 30% of patients who 
fulfill the WHO case definition “extended SARI” will have 
a positive RSV test, we expect to capture 840 RSV-posi-
tive children, 30–120 children at each study site. Assum-
ing a mortality rate of 10% we expect approximately 3–12 
RSV-related deaths at each study site, in total N = 84 
deaths. We consider this number sufficient for descrip-
tive purposes.

If 2800 patients will be recruited and 30% RSV-pos-
itives are observed (N = 840), this produces a two-sided
95% Clopper-Pearson confidence interval with a width 
equal to 0.034, ranging from 28 to 32%. In the smallest 
estimate, 100 patients will be recruited per site. With an 
assumed RSV-positive sample proportion of 30%, a sam-
ple size of 100 patients produces a two-sided 95% confi-
dence interval with a width equal to 0.187, with a lower 
limit of 21% and an upper limit of 40%.

In 840 RSV-positive patients, an observed proportion 
of mortality of 10% will produce a two-sided 95% confi-
dence interval with a width equal to 0.042, producing a 
lower limit of 8.1% and an upper limit of 12.2%. In the 
smallest estimate, 100 patients will be recruited per site. 
With an observed mortality proportion of 10%, a sample 
size of 100 patients produces a two-sided 95% confidence 
interval with a width equal to 0.127, corresponding to a 
lower limit of 4.9% and an upper limit of 17.6%. We con-
sider those estimates sufficiently precise.

Group B
We expect to recruit 1200 patients in 3 study sites, 200–
600 patients at each study site. Assuming 5% of patients 
will have a positive RSV test, we expect to capture 60 
RSV-positive children, 10–30 children at each study 
site. Assuming a mortality rate of 10% in children who 
tested positive for RSV, we expect an additional 1–3 RSV-
related deaths at each study site, in total N = 6 deaths.

When the sample proportion is 5%, a sample size of 
1200 patients produces a two-sided 95% confidence 
interval with a width equal to 0.026, corresponding to a 
confidence interval from 3.8 to 6.4%.

In 60 RSV-positive patients, an observed propor-
tion of mortality of 10% will produce a two-sided 95% 

Table 3 Estimated number of RSV-positive patients and RSV-
related deaths

RSV-positive patients 
per study site (N, range)

Total RSV-
positive 
patients (N)

Total RSV-
related 
deaths (N)

Group A 30–120 840 84

Group B 10–30 60 6

Total NA 900 90
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confidence interval with a width equal to 0.167, with a 
lower limit of 3.8% and an upper limit of 20.5%.

Sensitivity WHO case de"nition
"e sensitivity of the WHO “extended SARI” case defini-
tion will be calculated using the total population from the 
3 sites that included group A and B for RSV testing. In 
total, we expect to recruit 800 patients from group A and 
1200 patients from group B at 3 study sites, in total 2000 
patients. We will not adapt the sample size for this pur-
pose as this is a secondary endpoint of the study.

In"uenza (secondary objective)
Per site we expect to test for influenza in 100–400 (group 
A) children. Assuming a 5% positivity rate we expect to
capture 42 influenza-positive children, 5–20 children
at each study site. Assuming a mortality rate of 10%, we
expect approximately 1–2 influenza-related deaths at
each study site for group A, in total N = 4 deaths.

Statistical analysis
We will describe characteristics of RSV-positive chil-
dren. Chi-square tests and nonparametric tests will be 
used to compare clinical and demographic characteristics 
between children where appropriate. RSV-positive chil-
dren from group A and group B will be presented as pro-
portions with 95% confidence intervals. "e estimated 
case fatality ratio in RSV positive children will be pro-
vided with 95% confidence intervals. We will also report 
the mortality rate with 95% confidence intervals, and 
total RSV-related mortality in group A and B. Subgroup 
analysis per site will also be performed. We will calcu-
late the sensitivity of the WHO case definition “extended 
SARI”. We will divide the number of RSV-positive chil-
dren meeting the case definition (group A) by the total 
number of RSV-positives regardless of whether the case 
definition was met and express it as a percentage. No for-
mal statistical analysis plan was written before the start 
of this descriptive study.

Burden of disease
"e estimated number of RSV-related PICU and/or 
HDU admissions and deaths in children with respira-
tory infection in the specific country of participating 
study sites will be quantified. A numerator (the number 
of POC-confirmed RSV-related admissions and deaths at 
the PICU and/or HDU) and denominator (population in 
the hospital catchment area) will be defined. In case the 
catchment population is not readily available because the 
facility is not the only one providing in-patient care to the 
population, it will be estimated based on reviewing hospi-
tal administrative datasets and using a hospital admission 

survey [16]. In the case of limited administrative data or 
limited resources to perform a hospital admission survey, 
burden of RSV disease may be described in terms of the 
proportion of RSV-related PICU and/or HDU admissions 
(or deaths) among all PICU and/or HDU admissions 
with LRTI. Other markers of disease burden will also be 
reported, such as length of stay, duration of oxygen sup-
plementation, etc.

Ethical considerations
"e study will be conducted according to the principles 
of the Declaration of Helsinki (version 2013), and local 
law and regulations. Risks and burdens for study sub-
jects are considered minimal. No other safety issues are 
expected due to the set-up and nature of the study. No 
Data Safety Monitoring Board will be appointed and 
no (Severe) Adverse Events will be reported. Written 
informed consent will be obtained from each patient-
participant by research staff or in accordance with local 
regulations prior to enrolment in the study.

"e intended benefits resulting from this study can be 
divided into 1) direct benefits and 2) indirect benefits. 
"e primary direct benefit for study participants is timely 
and proper diagnosis of RSV infection which may result 
in the prevention of unnecessary or inappropriate use of 
antibiotics. Secondary direct (patient) benefits consist of:

a) "e ability to determine that RSV is not the cause of
disease and that an alternative diagnosis should be
considered in case of a negative test;

b) "e ability to provide parents of RSV-positive chil-
dren who have been admitted to PICU and/or HDU
or who died with information about the cause of or
contribution to death.

Indirect (societal) benefits consist of:

a) "e ability to provide information on disease burden
and target populations to policy makers when a vac-
cine becomes available;

b) Giving medical staff insights into the incidence of
RSV/influenza-related admissions and mortality at
their hospital;

c) Identifying RSV and influenza as important causes of
PICU and/or HDU admission and death;

d) Capacity building by supplying a reliable POC test to
confirm or rule out RSV and influenza as a cause of
respiratory infection;

e) Capacity building through involving local site investi-
gators in conducting clinical research;

f ) Increasing overall RSV awareness of hospital staff 
and parents of young children.
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For children from HICs, no direct benefits apply, as 
RSV testing is part of routine care.

Dual ethical review was performed to ensure that the 
ethical standards in this study are no less stringent than 
those applicable in the country of the sponsoring organi-
zation. "is protocol was therefore submitted for ethics 
review in "e Netherlands as well as to all local (and/or 
national) research ethics committees.

Discussion
Although global estimates show a high RSV burden in 
children from LMICs, individual patient-level data are 
lacking due to limited availability of RSV testing in these 
countries. "e critical lack of diagnostic capacity ham-
pers the ability to distinguish RSV from other causes 
of severe respiratory infection in children to justify the 
need for vaccine introduction in LMICs. Disease aware-
ness is essential to introduce RSV interventions, which 
will become available in the near future. RSV GOLD is 
the first global online registry for children younger than 
5 years who have died with RSV infection. "e first results 
of the RSV GOLD study have been previously published 
[2, 17]. "e registry was extended after publication (RSV 
GOLD II) and data collection is still ongoing. In order to 
increase real-time data collection from LMICs, funding 
was obtained to establish a network of PICUs in 10 differ-
ent Gavi-eligible countries (RSV GOLD III).

"e RSV GOLD III—ICU Network study is a novel 
collaboration between RSV GOLD and 10 study teams 
from 3 different continents, aiming at collecting indi-
vidual patient-level data of young children with severe 
RSV infection through POC RSV testing. Data analyses 
will provide insights into potential risk factors for fatal 
RSV infection at the PICU and/or HDU and differences 
between patients from various income settings.

Some challenges remain for this type of study. First, 
this study will take place mainly in tertiary level facilities 
in urban areas where access to healthcare is likely better 
than in rural areas. Results may therefore not be repre-
sentative of the whole country. Second, the definition of 
an ICU and HDU may differ from country to country and 
even within a single healthcare system. For example, in 
some countries, the capacity to mechanically ventilate 
differentiates a PICU bed from a HDU bed, while in other 
countries, a PICU bed may be defined as a bed within a 
hospital area with a higher patient: nurse ratio. In 2017, 
the task force of "e World Federation of Societies of 
Intensive and Critical Care Medicine proposed a global 
definition and stratified ICUs based on the intensity 
of care provided [18]. For this study, we included both 
PICUs and HDUs according to the definition of the par-
ticipating study sites, where the most severely ill children 
are usually admitted. To characterize differences between 

participating PICUs and HDUs, we will collect informa-
tion on the capacity of care, such as the number of avail-
able ventilators and attending healthcare staff. "ird, due 
to budgetary constraints, we are unable to extend RSV 
testing to the regular wards. We will therefore likely miss 
a proportion of potential study participants in case PICU 
and/or HDU beds are occupied and children with severe 
respiratory infection are admitted to the regular wards 
instead. We will make an effort in collecting informa-
tion on the number of refusals to estimate the potential 
impact of this study limitation. Also, influenza testing is 
limited to 3 study sites. However, this study will provide 
insights into the characteristics of hospitalized children 
with severe RSV infection in LMICs including complete 
granular age distribution data which can be used for 
modelling studies on the impact of upcoming mater-
nal vaccines and monoclonal antibodies against RSV. 
Fourth, for some study sites it may be difficult to calcu-
late a catchment population due to the presence of other 
PICUs in the area. We will collect information on the 
number of other available PICUs and will adjust for this 
in our calculations. Based on preliminary data we esti-
mate that 2–4 study sites will not have sufficient data to 
estimate the catchment population.

Finally, the SARS-CoV2 pandemic may affect the num-
ber of respiratory admissions, thus study results may 
not be representative of regular respiratory seasons in 
participating countries. Since the duration of the study 
is 2 years and most of the recruitment will take place in 
2022, we do not expect this to be a major limitation.

In summary, this global prospective multicenter study 
will provide a better understanding of the characteristics 
and mortality rates of children younger than 2 years who 
are admitted to the PICU and/or HDU with severe RSV 
infection in LMICs. "ese results will not only contribute 
to knowledge on global disease burden and awareness of 
RSV, but will also provide valuable information to health-
care policy makers on the impact of future RSV preven-
tion strategies.
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4 
SEVERITY OF RESPIRATORY SYNCYTIAL VIRUS LOWER 
RESPIRATORY TRACT INFECTION WITH VIRAL COINFECTION IN 
HIV-UNINFECTED CHILDREN 
___________________________________________________________________________ 

Clinical Infectious Diseases, 2016 

The question is not what you look at, but what you see. 
Henry David Thoreau (1817-1862) 
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Severity of Respiratory Syncytial Virus Lower Respiratory 
Tract Infection With Viral Coinfection in HIV-Uninfected 
Children
Natalie I. Mazur,1,2,3 Louis Bont,2,4 Adam L. Cohen,5,6 Cheryl Cohen,7,8 Anne von Gottberg,8,9 Michelle J. Groome,1,10 Orienka Hellferscee,8,9  
Kerstin Klipstein-Grobusch,3,7 Omphile Mekgoe,11 Fathima Naby,12 Jocelyn Moyes,7,8 Stefano Tempia,5,6 Florette K. Treurnicht,8 Marietje Venter,13,14 
Sibongile Walaza,7,8 Nicole Wolter,8,9 and Shabir A. Madhi1,10; for the South African Severe Acute Respiratory Illness (SARI) Surveillance Group
1Medical Research Council: Respiratory and Meningeal Pathogens Research Unit, University of the Witwatersrand, Johannesburg, South Africa; 2Wilhelmina Children’s Hospital and 3Julius Global 
Health Center for Health Sciences and Primary Care, University Medical Center Utrecht, The Netherlands; 4Respiratory Syncytial Virus Network (ReSViNET) Ultrecht, The Netherlands; 5Influenza 
Division, National Center for Immunization and Respiratory Diseases, Centers for Disease Control and Prevention, Atlanta, Georgia; 6Influenza Program, Centers for Disease Control and Prevention–
South Africa, Pretoria, 7Division of Epidemiology and Biostatistics, School of Public Health, Faculty of Health Sciences, University of the Witwatersrand, 8Centre for Respiratory Diseases and 
Meningitis, National Institute for Communicable Diseases of the National Health Laboratory Service, 9School of Pathology, University of the Witwatersrand, and 10Department of Science and 
Technology/National Research Foundation: Vaccine Preventable Diseases, University of the Witwatersrand, Johannesburg, 11Klerksdorp Hospital, Klerksdorp, North West Province, 12Department of 
Pediatrics, Pietermaritzburg Metropolitan Hospital, 13Global Disease Detection Center South Africa, Division of Global Health Protection, Centers for Disease Control and Prevention, Pretoria, South 
Africa, and 14Department of Medical Virology, University of Pretoria, South Africa

Background. Molecular diagnostics enable sensitive detection of respiratory viruses, but their clinical signi!cance remains 
unclear in pediatric lower respiratory tract infection (LRTI). We aimed to determine whether viral coinfections increased life-threat-
ening disease in a large cohort.

Methods. Molecular testing was performed for respiratory viruses in nasopharyngeal aspirates collected from children aged 
<5 years within 24 hours of hospital admission during sentinel surveillance for severe acute respiratory illness (SARI) hospitalization 
conducted in South Africa during February 2009–December 2013. #e primary outcome was life-threatening disease, de!ned as 
mechanical ventilation, intensive care unit admission, or death.

Results. Of 2322 HIV-uninfected children with respiratory syncytial virus (RSV)–associated LRTI, 1330 (57.3%) had RSV 
monoinfection, 38 (1.6%) had life-threatening disease, 575 (24.8%) had rhinovirus, 347 (14.9%) had adenovirus (ADV), and 30 
(1.3%) had in$uenza virus. RSV and any other viral coinfection was not associated with severe disease (odds ratio [OR], 1.4; 95% 
con!dence interval [CI], OR, 0.74; 95% CI, .39–1.4), ADV coinfection had increased odds of life-threatening disease (adjusted OR, 
3.4; 95% CI, 1.6–7.2; P = .001), and in$uenza coinfection had increased odds of life-threatening disease and prolonged length of stay 
(adjusted OR, 2.1; 95% CI, 1.0–4.5; P = .05) compared with RSV monoinfection.

Conclusions. RSV coinfection with any respiratory virus is not associated with more severe disease when compared to RSV 
alone in this study. However, increased life-threatening disease in RSV-ADV and RSV-in$uenza coinfection warrants further study.

Keywords. respiratory syncytial virus; viral coinfection; lower respiratory tract infection disease severity.

Respiratory syncytial virus (RSV) is a global health problem, 
causing an estimated 66 000–199 000 deaths per year globally 
in children <5 years of age [1]. #e clinical manifestations of 
RSV infection range widely from a mild, self-limiting upper 
respiratory tract infection (URTI) to severe lower respiratory 
tract infection (LRTI), which may lead to death. Risk factors 
for severe disease include premature birth, low birth weight, 

immunocompromised status, chronic lung disease, congenital 
heart disease, human immunode!ciency virus (HIV) infection, 
and Down syndrome [2–8]; however, the majority of infants 
hospitalized for RSV LRTI are previously healthy children [9].

Currently, management options for RSV-associated disease 
are limited, with supportive treatment as the cornerstone of 
clinical care [10]. #erefore, it is essential to gain insight into 
factors contributing to disease severity to e%ectively direct 
future preventive and therapeutic interventions.

#e development of sensitive molecular diagnostics for the 
detection of respiratory viruses has given insight into the viral 
respiratory dynamics during severe respiratory infection [11]. 
#ere are con$icting data on whether viral coinfection results 
in more severe RSV-associated LRTI. Whereas some stud-
ies report an association for RSV–human metapneumovirus 
(HMPV) coinfection and less severe disease [12–14], others 
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report more severe disease associated with RSV-HMPV, RSV-
rhinovirus (RV), RSV-adenovirus (ADV), and any coinfection 
compared to identi!cation of RSV alone [15–21]. Furthermore, 
no association with disease severity for RSV-RV, RSV-HMPV, 
and any viral coinfection has been reported by others [13, 22–
25]. #e majority of these studies are limited by assessment over 
a single season [15, 18, 26], lack of adjustment for confounders 
[13,15,20,22–25], and small sample size (38–666 RSV cases), all 
of which could bias the interpretation of the results.

#e aim of this study was to evaluate the e%ect of respiratory 
viral coinfection on disease severity among children hospital-
ized with RSV-associated LRTI.

METHODS

Study Site, Design, and Population

Children <5  years of age hospitalized with severe acute res-
piratory illness (SARI) were enrolled in a prospective, hos-
pital-based, sentinel surveillance study conducted at 6 sites 
in 4 provinces in South Africa from February 2009 through 
December 2013 as described elsewhere [27]. Four rural, periur-
ban, and urban hospital sites enrolled children in 3 provinces 
(Gauteng, Mpumalanga, KwaZulu-Natal), and 2 sites were 
added in a fourth province (North West) in June 2010. There 
were a total of 24 pediatric intensive care unit (ICU) beds avail-
able across all sites.

Data Collection and Case Definition

SARI was defined among hospitalized children as follows: 
physician-diagnosed sepsis or LRTI in children aged 2  days 
to 3  months; or physician-diagnosed LRTI in children aged 
3 months to 5 years, presenting within 7 days of symptom onset. 
Exclusion criteria were transfer from another hospital, neonates 
who were never discharged after delivery, and children residing 
outside of the hospital catchment area. A nasopharyngeal aspi-
rate (NPA) in 4 mL of normal saline and a blood sample were 
collected from the child, ideally within 24 hours of admission 
but up to 7 days after onset of symptoms. Specimens were trans-
ported within 72 hours of collection to the National Institute for 
Communicable Diseases in Johannesburg for viral and bacterial 
analysis. Demographic and hospitalization data were collected 
by interview and record review, and children were followed up 
to hospital discharge.

Laboratory Testing

RSV infection was confirmed via multiplex real-time 
reverse-transcription polymerase chain reaction (PCR) assay 
performed on collected NPAs. NPAs were also tested for 9 
other viruses: ADV, parainfluenza viruses 1, 2, and 3 (PIV1–3), 
influenza A and B viruses, HMPV, RV, and enterovirus (EV) 
with the same molecular testing technique [28]. RV clades A, 
B, and C were detected in the primer set utilized [29]. ADV 
testing was not done from August to October 2009 due to 

limited availability of reagents [28]. PCR data were semiquanti-
tative and specimens with a cycle threshold (Ct) value <37 were 
considered positive. To detect pneumococcal infection, both 
blood culture for Streptococcus pneumoniae and whole blood 
lytA PCR were performed on blood specimens, although blood 
cultures were not systematically performed on all patients [30]. 
HIV testing was performed on a whole blood specimen or dried 
blood spot using an HIV PCR assay for children <18 months of 
age and HIV enzyme-linked immunosorbent assay for children 
≥18 months of age. Quality Control for Molecular Diagnostics 
external quality assessments for all viruses in the panel were 
performed as well as annual World Health Organization panels 
for influenza alongside live and post hoc data quality checks.

Outcomes

The primary outcome of this study, life-threatening disease, was 
defined as a composite outcome of mechanical ventilation, ICU 
admission, or death. The secondary outcome was life-threaten-
ing disease or prolonged length of hospital stay ≥5 days.

Statistical Analyses

Continuous variables were described using mean (standard 
deviation) or median (interquartile range [IQR]). Differences 
in mean/median of continuous variables were tested with the 
2-sided t test or a nonparametric Mann-Whitney test when
appropriate. Categorical variables were described with fre-
quencies and percentages and compared between groups using
χ2 test or Fisher exact test if there were <5 observations in
one group.

Logistic regression was used to assess the association 
between any viral coinfection (at least one of the following 
viruses detected: HMPV, RV, ADV, EV, in$uenza, PIV1, PIV2, 
PIV3) and virus-speci!c coinfections on the study outcomes as 
described above among RSV-positive children. In addition, we 
compared ADV-RSV and in$uenza-RSV coinfections to ADV 
and in$uenza monoinfection, as coinfection with these patho-
gens among RSV-positive children was found to be associated 
with increased risk of life-threatening disease. #is analysis was 
implemented to assess whether ADV and in$uenza monoinfec-
tion were the driver of severe disease. Results were expressed 
as odds ratios (ORs) with 95% con!dence intervals (CIs). 
Multivariate logistic regression was performed by use of the 
manual forward stepwise procedure including variables with a 
P value  <  .2 in univariate analyses. #e analysis was adjusted 
for age using the subgroups <6  months and ≥6  months. #e 
primary analysis was conducted on the HIV-uninfected popu-
lation; subsequently, a separate analysis was performed for the 
HIV-infected population due to signi!cantly elevated mortality 
rate and altered immune status of this subgroup.

We considered P  <  .05 to be signi!cant for all analyses. 
Statistical analysis was performed using STATA/SE so'ware, 
version 13.1 (StataCorp, College Station, Texas).
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Ethical Considerations

The study protocol was approved by the University of the 
Witwatersrand Ethics Committee and the KwaZulu-Natal 
Human Biomedical Research Ethics Committee (protocol 
M081042 and BF157/08). Details of consenting, which included 
written informed consent from the parent or primary caregiver 
of the child, have been described [30]. This surveillance was 
deemed nonresearch by the US Centers for Disease Control and 
Prevention (NRD 2012 6197).

RESULTS

Study Population

During February 2009 to December 2013, 10 128 children <5 
years of age were enrolled, including 2404 (23.7%) with RSV-
associated LRTI. Our total HIV-uninfected population with 
RSV-associated LRTI was 2322 children. We performed a sensi-
tivity analysis to validate HIV status and found that the untested 
and HIV-negative population did not differ in baseline charac-
teristics or underlying conditions, and both had a similar mean 
RSV Ct value of 25.1 (SD, 5.1) and 25.7 (SD, 4.6) (P = .004), 
respectively (Supplementary Table 1).

Prevalence of Viral Coinfection

Table 1 details the prevalence of respiratory virus coinfections 
among children hospitalized for RSV-associated LRTI, includ-
ing stratification by age groups <6 months and ≥6 months of 
age. The prevalence of any respiratory viral coinfection was 
more common among children aged ≥6 months (529 [51.1%]) 
compared with those aged <6 months (463 [36.0%]) (P < .001). 
The prevalence of RSV-PIV1, RSV-PIV2, and RSV-PIV3 coin-
fection was <1% in both groups. Rhinovirus was the most prev-
alent coinfecting virus, found among 23.5% of children aged 
<6  months and 26.4% of children aged ≥6  months; followed 
by RSV-ADV coinfection (8.3% and 23.2% in children aged 

<6 months and ≥6 months, respectively; P < .001) and RSV-EV 
coinfection (5.6% and 11.5% in children aged <6 months and 
≥6 months, respectively; P < .001). The different permutations 
of viral coinfections in the RSV-infected population are eluci-
dated in a coinfection matrix (Supplementary Table 2).

We compared the prevalence of viruses in the presence 
(n = 2404) or absence of RSV (n = 7447) and found that the 
presence of RSV was associated with a lower prevalence of all 
other respiratory viruses during RSV season (Supplementary 
Figure 1). In the RSV-negative population, 19.3% (1436/7447) 
of children hospitalized for LRTI had 2 or more viruses detected 
in the respiratory tract, with the most prevalent viruses being 
RV and ADV, respectively.

Demographic and Clinical Characteristics

We examined the prevalence of demographic and clinical char-
acteristics among RSV monoinfection cases and those with any 
respiratory virus coinfection, stratified by age <6 months and 
≥6 months. A total of 1287 children were aged <6 months and 
1035 were aged ≥6 months. The median age for RSV monoin-
fection was 4.2 months (IQR, 1.9–9.6 months), and 6.6 months 
(IQR, 3.0–14.7 months) for RSV with any viral coinfection. Age 
was associated with RSV and any viral coinfection in both chil-
dren <6 months of age (P < .001) and aged ≥6 months (P = .05; 
Table 2).

We described the demographics and underlying conditions 
of RSV monoinfection and coinfections in Table 2. Underlying 
conditions were not more prevalent in viral coinfection than 
in RSV monoinfection (P =  .29 for children aged <6 months; 
P = .38 for children aged ≥6 months).

Respiratory Viral Coinfections and Disease Severity

Within the RSV-positive population <5 years old, 26 children 
(1.1%) were admitted to the ICU, 21 children (0.90%) needed 

Table 1. Respiratory Viral Coinfections, Stratified by Age Group, in HIV-Uninfected Children Aged <5 Years With Respiratory Syncytial Virus–Associated 
Lower Respiratory Tract Infection at 6 Sentinel Sites in South Africa, 2009–2013

Infection

All Ages (N = 2322) <6 mo (n = 1287) ≥6 mo (n = 1035)

P ValueaFrequency (%) Frequency (%) Frequency (%)

RSV monoinfection 1330 (57.3) 824 (64.0) 506 (48.9) <.001
RSV + any coinfectionb 992 (42.7) 463 (36.0) 529 (51.1) <.001
RSV-HMPV 26 (1.1) 16 (1.2) 10 (0.97) .53
RSV-RV 575 (24.8) 302 (23.5) 273 (26.4) .11
RSV-ADV 347 (14.9) 107 (8.3) 240 (23.2) <.001
RSV-EV 191 (8.2) 72 (5.6) 119 (11.5) <.001
RSV-Influenza 30 (1.3) 11 (0.85) 19 (1.8) .04
RSV-PIV1 12 (0.52) 2 (0.16) 10 (0.97) .01
RSV-PIV2 12 (0.52) 4 (0.31) 8 (0.77) .12
RSV-PIV3 20 (0.86) 12 (0.93) 8 (0.77) .70

Abbreviations: ADV, adenovirus; EV, enterovirus; HIV, human immunodeficiency virus; HMPV, human metapneumovirus; PIV, parainfluenza virus; RSV, respiratory syncytial virus; RV, rhinovirus. 
aThe P value is given for a comparison of the prevalence of a certain coinfection in the age group <6 mo and ≥6 mo. 
bAny viral respiratory coinfection with HMPV, RV, ADV, EV, influenza, PIV1, PIV2, or PIV3.

49



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 50PDF page: 50PDF page: 50PDF page: 50

mechanical ventilation, and 8 children died (0.34%). Seventeen 
of the 21 children (81%) who received mechanical ventilation 
were admitted to the ICU. Sixty-seven percent of children were 
hospitalized for <5 days. When comparing RSV with any res-
piratory viral coinfection to RSV monoinfection, we found no 
overall association between any viral infection and life-threat-
ening disease (OR, 0.74; 95% CI, .39–1.4; P = .36; Table 3). We 
found the same to be true for our secondary outcome, includ-
ing extended length of stay (adjusted OR [aOR], 0.83; 95% CI, 
.69–1.0; P = .05) Table 4. After adjusting for confounders, RSV-
ADV coinfection had a 3.4 increased odds of life-threatening 
disease compared with RSV monoinfection (95% CI, 1.6–7.2; P 
= .001; Table 3). RSV-ADV coinfection was not associated with 
the secondary outcome (aOR, 1.0; 95% CI, 0.77–1.3; P = .77, 
Table 4). When we compared RSV-ADV coinfection to ADV 
monoinfection, we found no relation to life-threatening disease 
(aOR, 0.78; 95% CI, .37–1.6; P = .51) and decreased life-threat-
ening disease and extended length of stay (aOR, 0.51; 95% CI, 
.38–.70; P < .001). The median ADV Ct value was significantly 
lower in ADV monoinfection (29.7; IQR, 20.8–34.3) compared 
with RSV-ADV infection (33.2; IQR, 30.1–35.5) (P < .001). 
Finally, RSV-influenza showed increased odds for our second-
ary outcome including prolonged length of stay (aOR, 2.1; 95% 

CI 1.0–4.5; P = .05) Table 4. We identified an increased odds of 
our secondary outcome for RSV-influenza when compared to 
influenza alone (aOR, 2.1; 95% CI, 1.0–4.4; P = .04). No other 
viral coinfections showed increased odds of severe disease com-
pared with RSV monoinfection.

In the HIV-infected population, 6.3% (n = 5) of children had 
life-threatening disease. Mean RSV Ct value was signi!cantly 
lower in the HIV-infected population than the HIV-uninfected 
population (RSV Ct value 27.1 [SD, 5.0] vs 25.5 [SD, 4.8]; P = 
.003). Similarly, in this population, we found no association 
between any viral coinfection and more severe disease com-
pared with RSV monoinfection [Supplementary Table 4].

RSV Viral Load and Disease Severity

We found a mean Ct value of 25.1 (SD, 4.6) for children aged 
<6 months and 26.0 (SD, 5.0) for children aged ≥6 months (P 
< .001). RSV viral load was not associated with life-threatening 
disease in children with RSV monoinfection or children with 
RSV with any coinfection. When included in our multivariate 
model, RSV Ct values were not found to be associated with 
life-threatening disease (aOR, 1.0; 95% CI, .94–1.1) or the sec-
ondary outcome including increased length of stay (aOR, 1.0; 
95% CI, .98–1.0).

Table 2. Demographic and Clinical Characteristics, Stratified by Age Group, for Any Coinfection or Respiratory Syncytial Virus Monoinfection in HIV-
Uninfected Children <5 Years of Age at 6 Sentinel Sites in South Africa, 2009–2013

<6 mo ≥6 mo

Characteristic
RSV Monoinfection 

(n = 824)
Any Coinfectiona 

(n = 463) P Value
RSV Monoinfection 

(n = 506)
Any Coinfectiona  

(n = 529) P Value

Demographics
Age, mo, median (IQR) 2.4 (1.3–3.8) 2.8 (1.9–4.0) <.001 12.8 (8.1–21.0) 14.0 (9.0–22.7) .05
Female sex 354/824 (43.0) 199/463 (43.0) .99 223/506 (44.1) 227/529 (42.9) .71
Race, black 810/823 (98.4) 454/463 (98.1) .63 493/504 (97.8) 519/528 (98.3) .58

Duration of symptoms, d,  
median (IQR)

2 (1–3) 2 (1–3) .44 2 (1–3) 2 (1–3) .16

Premature birthb 16/822 (2.0) 12/463 (2.6) .45 4/503 (0.80) 5/528 (0.95) .99
DOB within 10 wk of start  

of RSV season
524/824 (63.6) 295/463 (63.7) .97 182/506 (36.0) 210/529 (39.7) .22

RSV Ct value, mean (SD) 24.8 (4.5) 25.6 (4.6) .002 25.8 (4.6) 26.3 (5.3) .15
Crowding (≥5 people in the 

household)
82/813 (10.1) 57/455 (12.5) .18 31/499 (6.2) 56/525 (10.7) .01

Underlying conditionsc

Underlying illness 20/823 (2.4) 16/463 (3.5) .29 15/505 (3.0) 21/528 (4.0) .38
Whole blood PCR + 

Streptococcus pneumoniae
29/453 (6.4) 6/254 (2.4) .02 13/297 (4.4) 18/277 (6.5) .26

Outcome
Primary outcome 17/810 (2.1) 12/460 (2.6) .56 2/496 (0.4) 7/511 (1.4) .18
Secondary outcome 363/811 (44.8) 189/458 (41.3) .23 115/499 (23.1) 100/523 (19.1) .12

Data are presented as no./No. (%) unless otherwise indicated. 

Abbreviations: Ct, cycle threshold; DOB, date of birth; IQR, interquartile range; PCR, polymerase chain reaction; RSV, respiratory syncytial virus; SD, standard deviation. 
aAny viral respiratory coinfection with HMPV, RV, ADV, EV, influenza, PIV1, PIV2, or PIV3. 
bBorn at <37 weeks gestation age. 
cUnderlying conditions included asthma, chronic renal failure, splenectomy/asplenia, autoimmune disease, seizure disorders, malignancy, chronic lung disease, heart failure, organ trans-
plant, diabetes, kwashiorkor/marasmus, prematurity, valvular heart disease, immunosupressive therapy, burns, nephrotic syndrome, obesity, cirrhosis/liver failure, coronary artery disease, 
sickle cell, immunoglobulin deficiency, spinal cord injuries, chronic obstructive pulmonary disease/emphysema, or other as specified by parent(s). 
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DISCUSSION

In general, our study did not corroborate the findings from 
previous smaller studies, that children hospitalized with LRTI 
characterized by RSV coinfection with respiratory viruses had 
more severe disease compared with children with RSV monoin-
fection [15, 31, 32]. We did, however, identify an association 
between RSV-ADV coinfection and life-threatening disease, 
which may be indicative of synergistic pathogenesis leading to 
respiratory failure or that severe disease in these children was 
largely driven by coinfection with ADV. The association of 
RSV-ADV coinfection with severe disease was, however, not 
evident when we assessed prolonged hospitalization. Our data 
are supported by findings of another study in which RSV-ADV 
coinfection showed statistically significant increases in hos-
pital length of stay, days with supplemental oxygen use, ICU 
admission, and mechanical ventilation compared with RSV 
monoinfection in children hospitalized for LRTI, although no 
comparison was made with ADV monoinfection [33]. In a 
study of mixed RSV-ADV infection, RSV-ADV coinfection was 
not found to be more severe than ADV alone when examining 
duration of fever, oxygen requirement, and length of hospital 
stay [34]. Another study of 9 RSV-confirmed infants found 
that 75% of children with RSV-ADV coinfection died despite 
mechanical ventilation [35]. Even though ADV alone may be 
responsible for more severe disease, clinical features such as 
hospital stay were not found to differ between RSV and ADV 
hospitalized LRTI [36]. However, increased pathogenicity may 

be explained by distinctly different immunological responses 
produced by RSV and ADV. ADV induces interferon-γ produc-
tion activating the classical antiviral defense mechanism and 
heightened mononuclear cell activation compared with RSV, 
possibly leading to more severe disease with coinfection [37].

#e increased odds of severe disease for RSV-ADV coinfec-
tion may warrant further exploration on a host and pathogen 
level. Virus–virus interactions can be classi!ed into 3 catego-
ries [1]: viral genes or gene products interacting directly [2], 
host environment changes that result in indirect interaction, or 
[3] immunological interactions [38]. It is plausible that simi-
lar mechanisms that enhance bacterial superinfection may also
enhance viral superinfection, namely, depletion of host defenses 
due to initial viral infection [39].

We found that coinfection of RSV and any other virus was 
not related to disease severity. #is is in line with a retrospective 
study which found that clinical severity did not di%er between 
RSV monoinfection and viral coinfection with 17 di%erent res-
piratory viruses [40]. A recent meta-analysis of clinical disease 
severity and viral coinfection vs monoinfection found no clin-
ical di%erence in severity between these 2 groups even when 
constrained to more pathogenic respiratory viruses (in$u-
enza, RSV, HMPV, PIV) [19]. Another meta-analysis of single 
and multiple virus respiratory infections (in$uenza, RV, ADV, 
HMPV, coronavirus, bocavirus, PIV1–3) and severity of disease 
concluded that the in$uence of coinfection on disease severity 
remains unclear due to the heterogeneity of results [41].

Table 3. Primary Outcome in Univariate and Multivariate Analyses of Respiratory Syncytial Virus Viral Coinfection and Life-threatening Disease in HIV-
Uninfected Children <5 Years of Age at 6 Sentinel Sites in South Africa, 2009–2013

Coinfection
Life-threatening  

Disease
MV, ICU, Death,

no./No. (%)
OR

(95% CI) P Value
aOR

(95% CI) P Value

Anya No
Yes

19/1306 (1.5)
19/971 (2.0)

0.74
(.39–1.4)

.36

HMPV No
Yes

38/2251 (1.7)
0/26 (0.0)

… …

RV No
Yes

31/1715 (1.8)
7/562 (1.3)

0.69
(.30–1.6)

.37

ADV No
Yes

27/1937 (1.4)
11/340 (3.2)

2.4
(1.2–4.8)

.02 3.4
(1.6–7.2)

.001

EV No
Yes

35/2091 (1.7)
3/186 (1.6)

0.96
(.29–3.2)

.95

Influenza No
Yes

38/2248 (1.7)
0/29 (0.0)

… …

PIV1 No
Yes

37/2266 (1.6)
1/11 (9.1)

6.0
(.75–48.3)

.09

PIV2 No
Yes

38/2265 (1.7)
0/12 (0.0)

… …

PIV3 No
Yes

37/2257 (1.6)
1/20 (5.0)

3.2
(.41–24.2)

.27

Univariate analysis: All factors with P < .20 were entered into the multivariate model. Multivariate analysis: Only factors with P < .05 are shown. Multivariate analysis was adjusted for the 
covariates prematurity and age, which were found to be significant in univariate analysis and subsequently in multivariate analysis using the manual forward stepwise procedure. Primary 
outcome data were missing for 45 RSV–infected children. 

Abbreviations: ADV, adenovirus; aOR, adjusted odds ratio; CI, confidence interval; EV, enterovirus; HMPV, human metapneumovirus; ICU, intensive care unit; MV, mechanical ventilation, 
OR, odds ratio; PIV, parainfluenza virus; RV, rhinovirus,  RSV: respiratory syncitial virus. 
aAny viral respiratory coinfection with HMPV, RV, ADV, EV, influenza, PIV1, PIV2, or PIV3.
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In our study, the highest prevalence of viral coinfection was 
detected in HIV-uninfected children aged ≥6 months hospital-
ized for LRTI. #is is in accordance with !ndings from a num-
ber of studies that found multiple viral respiratory infection to 
be associated with older age [21, 33, 42, 43] when compared 
to RSV monoinfection. Increased rates of virus infection with 
increasing age have been described previously in this surveil-
lance population [30]. #e increased prevalence of respira-
tory viral coinfections among children aged ≥6 months may 
be explained by increased exposure to respiratory viruses, an 
increased immune response during primary infection that dis-
courages viral coinfection, or increased susceptibility due to 
waning maternal antibodies [44].

In the presence of RSV, our data show lower prevalence of 
non-RSV viruses in children hospitalized for viral respiratory 
illnesses during the RSV season (Supplementary Figure 1). #is 
could be indicative of viral interference in which the presence 
of RSV in the community inhibits infection by or circulation of 
other viruses. Evidence of viral interference has been found in 
studies of children who received in$uenza vaccine [45, 46] and 
among children receiving immunoprophylaxis for RSV [47]. In 
both groups, the prevalence of nonpreventively targeted viruses 
was higher than among comparison groups that did not receive 
vaccination or immunoprophylaxis. However, these speculations 
and the clinical relevance of some of these identi!ed viruses 
need further exploration with a more suitable study design.

#e strength of this study lies in the large sample size, which 
allowed us to look at di%erent permutations of coinfection 

within the RSV population and compare them to RSV monoin-
fection only and to draw conclusions about an infrequent, yet 
important, outcome. Furthermore, we were able to control for 
important confounders of disease severity including age and 
prematurity. Finally, we did not limit our assessment of respira-
tory viral coinfection to a single season.

There were some limitations to our study. Given that viral 
data were collected at one time point after disease onset, it 
is difficult to link viral detection to etiology of LRTI. Some 
respiratory viruses are frequently detected in asymptomatic 
children and infants. RSV, HMPV, influenza, and ADV 
are significantly more prevalent in symptomatic children, 
whereas RV is commonly found in asymptomatic indi-
viduals [48]. Another study of infants up to 12 months of 
age found that detection of RSV, RV, influenza, ADV, and 
HMPV are highly associated with symptoms, with an OR 
>4 for presence of symptoms, whereas for EV, detection is
not significantly associated with symptoms [49]. In South
Africa, ADV was only moderately associated with severe
disease as it was commonly identified in controls; the attrib-
utable fraction of ADV detection was 10.1% [50]. Viral
detection may also be an artefact of prolonged viral shed-
ding: ADV, for example, is known to exhibit longer low-level 
shedding [51]. In the RSV-ADV coinfection population, we
found more frequent low-level virus than in the popula-
tion with ADV monoinfection, which may be indicative of
prolonged viral shedding and acute infection, respectively
(Figure 1). The multiplex PCR used was limited in its ability

Table 4. Secondary Outcome in Univariate and Multivariate Analyses of Respiratory Syncytial Virus Viral Coinfection and Life-threatening Disease or 
Length of Stay of ≥5 Days in HIV-Uninfected Children <5 Years of Age at 6 Sentinel Sites in South Africa, 2009–2013

Coinfection
Secondary  
Outcome

MV, ICU, Death, or  
LOS ≥5 d, no./No. (%)

OR
(95% CI) P Value

aOR
(95% CI) P Value

Anya No
Yes

478/1310 (36.5)
289/981 (29.5)

1.3
(1.2–1.6)

<.001

HMPV No
Yes

758/2265 (33.5)
9/26 (34.6)

1.1
(.47–2.4)

.90

RV No
Yes

599/1724 (34.7)
168/567 (29.6)

0.79
(.64–.97)

.03

ADV No
Yes

671/1946 (34.5)
96/345 (27.8)

0.73
(.57–.94)

.02

EV No
Yes

721/2101 (34.3)
46/190 (24.2)

0.61
(.43–.86)

.005

Influenza No
Yes

753/2261 (33.3)
14/30 (46.7)

1.8
(.85–3.6)

.13 2.1
(1.0–4.5)

.05

PIV1 No
Yes

765/2280 (33.6)
2/11 (18.2)

0.44
(.09–2.0)

.30

PIV2 No
Yes

765/2279 (33.6)
2/12 (16.7)

0.40
(.09–1.8)

.23

PIV3 No
Yes

761/2271 (33.5)
6/20 (30.0)

0.85
(.33–2.2)

.74

Univariate analysis: All factors with P < .20 were entered into the multivariate model. Multivariate analysis: Only factors with P < .05 are shown. Multivariate analysis was adjusted for the 
covariates prematurity and age, which were found to be significant in univariate analysis and subsequently in multivariate analysis using the manual forward stepwise procedure. Secondary 
outcome was missing for 31 RSV–infected children. 

Abbreviations: ADV, adenovirus; aOR, adjusted odds ratio; CI, confidence interval; EV, enterovirus; HMPV, human metapneumovirus; ICU, intensive care unit; LOS, hospital length of stay; 
MV, mechanical ventilation, OR, odds ratio; PIV, parainfluenza virus; RV, rhinovirus, RSV: respiratory syncitial virus. 
aAny viral respiratory coinfection with HMPV, RV, ADV, EV, influenza, PIV1, PIV2, or PIV3.
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to discriminate between RV and EV due to cross-reactivity; 
therefore, these coinfections are not optimally characterized 
within this population. Furthermore, the definition of any 
viral coinfection is limited by the respiratory viruses we 
did not test for, although the clinical significance of many 
of those (eg, human coronavirus and human bocavirus) as 
LRTI etiological agents also remain to be fully elucidated. 
Another limitation was that we only had semiquantitative 
data for viral load.

CONCLUSIONS

The present study contributes to a better understanding 
of the role of viral coinfection in children hospitalized for 
RSV-associated LRTI. Molecular diagnostics for respiratory 
viruses may serve as an important diagnostic tool in pediat-
ric LRTI, but the possible synergy of multiple viruses in the 
respiratory tract is an area with no clear consensus. In our 
study, we found that RSV and any respiratory viral coinfec-
tion was not associated with more severe disease. The asso-
ciation between RSV-ADV coinfection and life-threatening 
disease in hospitalized children <5 years of age warrants fur-
ther exploration and may be explained by enhanced ADV 
disease alone.
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A B S T R A C T

Background: Influenza virus infection is an important cause of under-five mortality. Maternal vaccination
protects children younger than 3 months of age from influenza infection. However, it is unknown to what
extent paediatric influenza-related mortality may be prevented by a maternal vaccine since global age-strati-
fied mortality data are lacking.
Methods: We invited clinicians and researchers to share clinical and demographic characteristics from chil-
dren younger than 5 years who died with laboratory-confirmed influenza infection between January 1, 1995
and March 31, 2020. We evaluated the potential impact of maternal vaccination by estimating the number of
children younger than 3 months with in-hospital influenza-related death using published global mortality
estimates.
Findings: We included 314 children from 31 countries. Comorbidities were present in 166 (53%) children and
41 (13%) children were born prematurely. Median age at death was 8¢6 (IQR 4¢5!16¢6), 11¢5 (IQR 4¢3!24¢0),
and 15¢5 (IQR 7¢4!27¢0) months for children from low- and lower-middle-income countries (LMICs), upper-
middle-income countries (UMICs), and high-income countries (HICs), respectively. The proportion of chil-
dren younger than 3 months at time of death was 17% in LMICs, 12% in UMICs, and 7% in HICs. We estimated
that 3339 annual influenza-related in-hospital deaths occur in the first 3 months of life globally.
Interpretation: In our study, less than 20% of children is younger than 3 months at time of influenza-related
death. Although maternal influenza vaccination may impact maternal and infant influenza disease burden,
additional immunisation strategies are needed to prevent global influenza-related childhood mortality. The
missing data, global coverage, and data quality in this study should be taken into consideration for further
interpretation of the results.
Funding: Bill & Melinda Gates Foundation.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Influenza virus is an important cause of mortality due to acute
lower respiratory infection (ALRI) in young children. In 2018, influ-
enza was associated with an estimated 15,300 (uncertainty range
[UR] 5800!43,800) in-hospital deaths in children younger than 5
years of age globally [1]. More than one third of in-hospital deaths
occurred in children younger than 6 months and the majority (82%)

occurred in low-income (LICs) and lower-middle-income countries
(LMICs) [1]. Children younger than 6 months of age have higher rates
of influenza-associated hospitalisation and influenza-related mortal-
ity when compared to older children in high-income countries (HICs)
[2,3].

Paediatric influenza vaccines are licensed for children aged 6
months and older [4]. This leaves a gap in protection during the first
6 months of life. Maternal vaccination has the potential to protect
infants early in life through transplacental transfer of maternal anti-
bodies against influenza virus. The World Health Organization
(WHO) announced in 2012 that pregnant women should have the
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highest priority for seasonal influenza vaccination [5]. Since then,
several countries have incorporated maternal influenza vaccination
into routine immunisation programs, although implementation has
been negligible in LMICs due to logistical challenges, vaccine accep-
tance, and costs [6]. In 2014, the Board of Gavi, the Vaccine Alliance,
advocated for more evidence of vaccine impact on infants’ health out-
come to support maternal influenza vaccination programmes in
countries eligible for their support [7]. The efficacy of maternal influ-
enza vaccination has been demonstrated in 4 randomised controlled
trials, reducing laboratory-confirmed influenza in infants by 30!63%
in the first 6 months of life [8!11].

In the secondary analysis of a maternal influenza vaccine trial
duration of protection by maternal vaccination was shown to be lim-
ited to the first 3 months of life due to the decline of maternally-
derived antibodies [12]. However, it remains unknown to what

extent maternal influenza vaccination could prevent influenza-
related mortality in infants, as global granular data on age distribu-
tion under 6 months at time of death are lacking [13]. Studies exam-
ining vaccine efficacy against influenza-related mortality from
countries where maternal vaccination has been implemented
exclude children younger than 6 months of age or do not collect
maternal vaccination data [2,13,14]. Thus, the potential impact of
maternal influenza vaccination on paediatric influenza-related mor-
tality remains unknown.

To gain insight into the age distribution and clinical characteristics
of influenza-related mortality in young children worldwide, we initi-
ated the FLU Global Online Mortality Database (FLU GOLD) study.
Using retrospective data, we determined the characteristics and age
distribution of children younger than 5 years who died in-hospital
with laboratory-confirmed influenza infection worldwide. Applying
the proportions of children younger than 3 months at time of death
to global mortality estimates, we estimated the potential impact of
maternal influenza vaccination on in-hospital paediatric-related
death.

2. Methods

2.1. Study design and patients

The FLU GOLD study was initiated in October 2017. We invited our
existing global respiratory syncytial virus (RSV) GOLD network [15],
consisting of individual investigators, research groups, and clinicians,
to share individual-level data of children aged 0!59 months who
had died with laboratory-confirmed influenza infection between Jan-
uary 1, 1995 and March 31, 2020. YNL, NIM, FSV, and LJB had full
access to all the data in the study. We excluded community deaths
due to limited available data (n = 8) and children with influenza-
related mortality after stem cell transplantation. Additionally, we
searched the literature using PubMed for “influenza” combined with
“death”, “deaths”, “died”, “mortality”, “fatality”, or “case fatality ratio
(CFR)” and “pediatric”, “pediatrics”, “child”, or “children” and invited
authors to share additional (unpublished) cases. Collaborators were
invited to share data between October 13, 2017, and March 31, 2020
through a link to a questionnaire (Supplementary Material) in
Research Online, an electronic data capture platform [16].

2.2. Definitions

We collected demographic and clinical characteristics and com-
pared these between children from different income groups. Coun-
tries of origin were categorised as LMIC (LIC and LMIC combined),
upper-middle-income countries (UMIC), and HIC according to the
World Bank classifications for 2020 [17]. We compared age distribu-
tion at time of death for the 3 income groups and between the follow-
ing 3 patient populations: children with comorbidities, healthy term
children, and healthy preterm children (without comorbidities). A
comorbidity was defined as at least one underlying disease, such as
congenital heart disease, chronic lung disease or a genetic disorder.
Prematurity was defined as gestational age less than 37 weeks. If
data for comorbidities or prematurity were not reported, we assumed
that the children were healthy term. We calculated weight-for-age z-
scores as previously described [15]. We determined the proportion of
children who died within the influenza virus epidemic season by
comparing age at death and seasonality within the country of origin
as estimated by a recent systematic analysis on global patterns of
monthly influenza virus activity [18]. We compared the proportion of
in-hospital deaths under 6 months of age in our study to the propor-
tions from published studies used for the recent global influenza bur-
den study from the Respiratory Virus Global Epidemiology Network
[1].

Research in Context

Evidence before this study

Influenza infection was associated with an estimated 15,300
(uncertainty range [UR] 5800!43,800) in-hospital acute lower
respiratory infection (ALRI) deaths in children younger than 5
years in 2018, of which 36% occurred in infants under 6 months.
The potential impact of maternal vaccination on paediatric
mortality is unclear as age-stratified data under 6 months at
time of death are lacking and maternally-derived influenza
antibodies provide protection up to the first 3 months of life.
We searched for articles published in English from January 1,
2014 to February 2, 2020 using PubMed and search terms con-
cerning influenza infection and childhood mortality. Publica-
tions originated from high-income countries (HICs) only and
there were no multi-country case series.

Added value of this study

To our knowledge, this is the first global case series of children
who died with laboratory-confirmed influenza infection report-
ing age-stratified data in young children. We provide clinical
and demographic characteristics of 314 paediatric in-hospital
deaths with laboratory-confirmed influenza infection from 31
countries. In our study, 91 children (29%) were from LMICs.
Less than 20% of children dying in-hospital with influenza were
younger than 3 months at time of death and children from
LMICs were younger (8¢6 months) than children from HICs
(15¢5 months) at time of death.

Implications of all the available evidence

Our data show that maternal vaccination may prevent a higher
proportion of influenza-related in-hospital deaths in children
in LMICs than in other World Bank income regions. However,
even in LMICs, more than 80% of children are 3 months or older
at time of influenza-related in-hospital death. This implies that
a maternal vaccine could maximally prevent a small proportion
of global paediatric influenza-related in-hospital mortality and
other strategies are expected to have greater impact. By apply-
ing the proportions of children younger than 3 months at time
of death to global mortality estimates, we calculated that
maternal vaccination can potentially prevent up to 3339 (UR
1287!9886) influenza-related in-hospital deaths in children
younger than 5 years annually. The missing data, global cover-
age, and data quality in this study should be taken into consid-
eration for further interpretation of the results.
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2.3. Age at influenza infection

We calculated age at influenza infection by subtracting the num-
ber of days between onset of influenza-related symptoms and influ-
enza-related death from age at influenza-related death. We then
determined the proportion of children under 3 months of age at time
of influenza infection.

2.4. Community-acquired and hospital-acquired influenza-related
death

We differentiated between children with community-acquired
and hospital-acquired influenza infection. In case the setting where

influenza had been acquired was not provided, and if there were no
strong indications of nosocomial infection based on timeframe and
clinical disease course, we assumed the infection had been commu-
nity-acquired. We assumed that deaths occurred within the hospital
if data on location of death were missing.

2.5. Potential impact of maternal influenza vaccination on influenza-
related in-hospital death

To evaluate the minimum expected impact of maternal vaccina-
tion on influenza-related deaths assuming 100% vaccine efficacy and
complete vaccination coverage, we multiplied the proportion of chil-
dren younger than 3 months at time of community-acquired in-

Fig. 1. Flowchart of included deaths.

RSV=respiratory syncytial virus. GOLD=global online database. LMIC=low-income and lower-middle-income countries. UMIC=upper-middle-income countries. HIC=high-
income countries. *For 1 child the collaborator had indicated in the comments that the death was not influenza-related.
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hospital death by the estimated total number of global influenza-
associated ALRI in-hospital deaths under 5 years of age for each
World Bank income group [1].

2.6. Sensitivity analyses

We compared demographic and clinical characteristics between
different income groups, excluding cases with missing data for
comorbidities or prematurity. We performed subgroup analyses and
compared characteristics for children with hospital-acquired and
community-acquired influenza-related death. Furthermore, we dif-
ferentiated between seasonal and pandemic influenza-related deaths
by excluding children with influenza A(H1N1)pdm09 who died
within the timeframe of the WHO-declared pandemic (June 2009 -
August 2010) from the analyses. Lastly, we analysed to what extent
our results were sensitive to the contribution of a large number of
cases from Ecuador, United Kingdom, Kenya, Turkey and South Africa
(n = 145) by excluding these countries from our analyses.

2.7. Ethical approval

Since de-identified secondary patient data were used in the FLU
GOLD study, parental informed consent was waived by the institu-
tional research board of the University Medical Centre Utrecht. Ethi-
cal approval was obtained for individual collaborating institutes
when required.

2.8. Statistical analysis

We report descriptive statistics for all variables. Continuous varia-
bles are presented as median with interquartile ranges (IQR). Cate-
gorical variables are presented as frequencies and proportions. We
used the x2-test or the Fisher’s exact test to determine statistical sig-
nificance between groups for categorical parameters. We report con-
servative exact p values instead of asymptotic p values because of the
small sample size. The Mann-Whitney U test was used for all continu-
ous parameters. We applied the Bonferroni correction for multiple

testing between World Bank income groups. All statistical analyses
were performed with SPSS (version 21¢0; IBM Corp, Armonk, NY).

2.9. Role of the funding source

The funder had no role in study design, data collection, data analy-
sis, data interpretation, writing of the report, or the decision to sub-
mit the paper for publication. YNL, NIM, FSV, and LJB had full access
to all the data in the study and NIM had final responsibility for the
decision to submit for publication.

3. Results

We obtained data from both published and unpublished cases and
included 314 influenza-related deaths from 6 WHO regions and 31
countries (9 LMICs [29%], 9 UMICs [29%], and 13 HICs [42%]) across
the world (Figs. 1 and 2, Supplemental Table 1). The majority of cases
were shared through the RSV GOLD network and additional cases
were identified through the literature search [19,20]. In total, 91
(29¢0%) children were from LMICs, 115 (36¢6%) were from UMICs and
108 (34¢4%) were from HICs.

3.1. Clinical and demographic characteristics

Comorbidities were present in at least 166 (52¢9%) children and
41 (13¢1%) children were born prematurely (Table 1). Paediatric influ-
enza vaccination had been administered to 11 (3¢5%) children. Out of
31 children for which data on maternal immunisation were available,
2 children (Chile, n = 1 and US, n = 1) had mothers who had been vac-
cinated against influenza during pregnancy. Age at death for these
children was 15 and 16 months, respectively. Type of diagnostic
influenza tests used and additional characteristics for children from
different income countries are included in Supplemental Tables 2
and 3, respectively. Co-pathogens were identified in respiratory sam-
ples of 114 children. RSV was the most common co-infection (Supple-
mental Table 4).

Fig. 2. Countries of children with influenza-related in-hospital death included in the analysis.

Number of included deaths are given for each country (in pink) from which collaborators shared data.
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3.2. Age distribution

Globally, more than 80% of paediatric influenza-related deaths
occurred after the first 3 months of life. The proportion of children
younger than 3 months at time of death was 16¢5% in LMICs, 12¢2% in
UMICs and 7¢4% in HICs (Fig. 3A). The proportions of children younger
than 6 months at time of death were 33¢0% in LMICs, 30¢4% in UMICs,
and 19¢4% in HICs. Median age at death was 8¢6, 11¢5 and 15¢5
months for children from LMICs, UMICs, and HICs, respectively
(Fig. 3B). Children from LMICs were younger at time of death than
children from HICs (p<0¢001). The age distribution for preterm

children without comorbidities, term children with comorbidities,
and healthy term children is shown in Supplemental Figure 1.

3.3. Hospital-acquired influenza-related death

We separately described variables for 38 (12¢1%) children with
hospital-acquired influenza-related death and compared these to
children with community-acquired influenza-related death (Supple-
mental Table 5). Age at death, and time between onset of influenza-
related symptoms and death did not differ significantly between
both groups (p = 0¢09 and p = 0¢14, respectively). More children with

A

B

Fig. 3. A) Age younger than 3 months or 3 months and older at time of influenza-related in-hospital death for children younger than 5 years from low- and lower-middle-income
countries (LMIC), upper-middle-income countries (UMIC), and high-income countries (HIC). B) Age distribution at time of influenza-related in-hospital death for children younger
than 5 years from low- and lower-middle-income countries (LMIC), upper-middle-income countries (UMIC), and high-income countries (HIC).
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hospital-acquired influenza-related death were born preterm as
compared to children with community-acquired influenza-related
death (36¢8% versus 9¢8%, p<0¢001). Although timing of intensive
care unit (ICU) admission in relation to influenza infection was
unknown, all children with hospital-acquired influenza-related death
had been admitted to the ICU. This differed from children with com-
munity-acquired influenza-related death, of which 70¢1% had been
admitted to the ICU (p<0¢001).

3.4. Potential impact of maternal vaccination on influenza-related in-
hospital death

Based on published global mortality estimates, we calculated that
3339 (UR 1287!9886) influenza-related in-hospital deaths occurred
annually in children younger than 3 months (Table 2).

3.5. Sensitivity analyses

When excluding children with hospital-acquired influenza-
related mortality (n = 38) from the analyses, differences in character-
istics between income groups remained unchanged, except for the
length of hospital and ICU stay, and the presence of comorbidities
between children from LMICs and UMICs (Supplemental Table 6).

We also analyzed our data after excluding children with missing
data for prematurity and comorbidities (n = 150). Results for age dis-
tribution remained unchanged, including a higher age at death for
children from HICs (14¢5 months [IQR 6¢1!28¢6]) than from UMICs
(12¢0 months [IQR 4¢0!28¢9]) and LMICs (9¢2 months [IQR
4¢0!23¢2]) (Supplemental Table 7), although the difference in age at
death for children from HICs compared to children from LMICs was
no longer significant. Furthermore, when excluding 26 children with
influenza A(H1N1)pdm09 virus infection who died within the time-
frame of the WHO-declared pandemic (June 2009 - August 2010),
conclusions did not change (Supplemental Table 8).

Lastly, we analysed our data after excluding children from Ecua-
dor, Kenya, United Kingdom, Turkey, and South Africa (n = 145), as
these accounted for almost half of all influenza-related deaths
(Fig. 2). As these were mainly UMIC deaths (n = 89), median age at
death for children from UMICs increased to 23¢5 months (IQR
9¢9!39¢0) and there were more children with comorbidities from
HICs (62¢8%) as compared to children from LMICs (30¢8%, p<0¢001)
(Supplemental Table 9).

4. Discussion

To our knowledge, the FLU GOLD study is the first global case
series reporting on influenza-related deaths in children under 5 years
of age. We collected demographic and clinical characteristics of

children who died with influenza virus infection in the hospital from
31 countries. We showed that more than 80% of children were 3
months or older at time of influenza-related death. This finding
implies that maternal vaccine alone would be insufficient to prevent
the majority of global paediatric influenza-related in-hospital mortal-
ity, given that the duration of protection is limited to the first 3
months of life [12]. We estimated that a total of 3339 influenza-
related in-hospital deaths in infants younger than 3 months could
have been potentially prevented by maternal vaccination, which is
21¢8% of the global influenza-related paediatric mortality burden [1].
Maternal vaccination may have a higher impact on influenza-related
paediatric in-hospital deaths in LMICs as we observed a trend
towards a higher proportion of children dying below the age of 3
months in LMICs compared to other income regions. Since we
reported conservative p values, this difference may be significant in
larger sample sizes.

Our findings are in line with a systematic review of the global bur-
den of influenza-associated in-hospital deaths in children under 5
years in which 36% of deaths occurred in children younger than 6
months. Moreover, the highest number of deaths was estimated to
occur in children aged 12!59 months, comparable to our results [1].

We found that at least 53% of children had comorbidities which is
similar to results from other studies [21,22] In contrast, in a study
from the United Kingdom that evaluated all influenza-related paedi-
atric ICU admissions between 2003 and 2015, nearly four fifths of
children had high-risk conditions [23]. The Advisory Committee on
Immunization Practices (ACIP) from the United States Centers for Dis-
ease Control and Prevention (CDC) recommends vaccination for chil-
dren aged 6 months and older and recognises that children with the
following underlying conditions are at increased risk of developing
medical complications attributable to severe influenza infection:
chronic pulmonary disease, hemodynamically significant cardiovas-
cular disease, immunosuppression, renal, hepatic, neurological,
hematologic, or metabolic disorders [4]. In our registry, congenital
heart disease and neurological disease were the most reported
comorbidities. Prematurity was present in 13% of children, but data
were missing for 48% of all children included in the study. Comorbid-
ities were less often reported in children from LMICs than from
UMICs. This may have been caused by lack of available clinical data or
limited access to adequate healthcare resources resulting in a higher
number of influenza-related deaths in previously healthy children.

Children from LMICs were younger at time of influenza-related
death, had a longer time interval between onset of symptoms and
hospital admission and were less often admitted to the ICU as com-
pared to children from UMICs and HICs. These findings might be due
to poor access to healthcare and limited availability of ICU beds
rather than underlying susceptibility of these children to influenza.

Table 2
Global paediatric influenza-associated in-hospital deaths in children younger than 5 years.

Estimated number of global annual influenza-related
ALRI deaths in children younger than 5 years[1]

Proportion of children younger
than 3 months (FLU GOLD registry)

Potentially prevented influenza-related
ALRI in-hospital death*

LMIC 17,000 (6900!45,100) 17¢2% 2924 (1187!7757)
UMIC 3200 (800!14,400) 11¢6% 371 (93!1670)
HIC 600 (100!6200) 7¢4% 44 (7!459)
Overall 3339 (1287!9886)**

Data are provided in numbers and uncertainty ranges. ALRI=acute lower respiratory infection. LMIC=low-income and lower-middle-income countries.
UMIC=upper-middle-income countries. HIC=high-income countries.
*Percentage of children younger than 3 months with in-hospital, community-acquired influenza-related death from the FLU GOLD registry (n = 276,
Supplemental Table 6) was multiplied with the number of global estimated deaths as reported by Wang et al. [1] for each income group. By analyzing
the income groups separately, we accounted for the fact that the proportion of children from LMICs in the FLU GOLD registry is not representative for
the total global burden in this population.
**Overall number was calculated by summing up the number of potentially prevented influenza-related ALRI in-hospital deaths for each World Bank
income level group.
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In contrast, in UMICs and HICs, children may die at an older age due
to pre-existing susceptibility from underlying conditions.

Paediatric deaths associated with influenza A(H1N1)pdm09 virus
were proportionately higher in HICs than LMICs. This is likely caused
by publication bias since there were more studies on influenza A
(H1N1)pdm09 virus available from HICs than from LMICs. Further-
more, information on influenza subtype in LMICs was not always
available, which also may have contributed to this difference.

Beyond the scope of this paper, we compared our data to 358 pre-
viously reported cases from the RSV GOLD I study of children under 5
years of age with RSV-related in-hospital mortality [15], as RSV is
currently the most common viral pathogen causing ALRI in young
children. Children with influenza-related death were substantially
older than children with RSV-related death (Supplemental Table 10,
Supplemental Figure 2). This difference was also demonstrated in
other studies [24]. In a prospective Dutch birth cohort of 4072 prema-
ture infants [25], 181 infants were hospitalised with RSV infection
and 2 with influenza infection in the first year of life (data not
shown), indicating that severe ALRI due to influenza is less prevalent
than RSV in younger children. Reasons for this age difference are
likely multifactorial. In contrast to influenza, RSV predominantly
affects the airways and causes greater epithelium damage [26], lead-
ing to significant airway obstruction and fatality in infants who have
smaller airways than older children. Additionally, coinfections, which
could cause mortality also in older children, may occur less often in
children with RSV infection compared to children with influenza
infection [27].

For the first time, we report global age-stratified data for children
dying with influenza. This enabled us to assess the potential impact
of maternal vaccination on paediatric influenza-related mortality.
Furthermore, we verified each case through direct communication
with the local collaborators.

There are also limitations to this study. First, our results reflect
only a small proportion of paediatric influenza-related mortality
occurring worldwide, since limited data are available due to lack of
diagnostic testing, in particular from children who died outside of
the hospital. Our database included only 18 (5¢7%) children from LICs,
and this proportion should be much higher based on global mortality
burden estimates. Since children dying in the community may be
younger and are mainly from LMICs, our results are an underestima-
tion of the potential impact of maternal vaccination on paediatric
influenza-related mortality in LMICs. Furthermore, since we only
included individual-level patient data, it was not possible to use
larger published case series from the US for which only aggregated
data could be provided [3,20,28!31]. The percentage of children
younger than 6 months within the under-five age group in these case
series ranged between 19% and 35%, which is slightly higher than we
report for HICs (19%). Second, we were unable to assess the potential
impact of maternal vaccination on stillbirths associated with in utero
influenza exposure. Furthermore, we were unable to assess the indi-
rect impact of maternal vaccination on paediatric mortality due to
bacterial pneumonia following influenza infection, all-cause ALRI,
deaths prevented due to herd immunity including young siblings, or
impact on postpartum maternal death and subsequent effects on the
health of the child. This limitation resulted in an underestimation of
the potential impact of maternal influenza vaccination on paediatric
mortality. Third, we did not account for maternal vaccination cover-
age, vaccine efficacy and potential programmatic limitations. Data on
maternal immunization during pregnancy was available for only 31
patients. For this reason we may show an overestimation of vaccine
impact. Fourth, our literature search terms were more limited than
those used for the global influenza burden study [1] resulting in
missed published deaths (91 deaths from 18 studies). From the
missed published deaths, age distribution data were available for 15
children, of which 3 (20%) were younger than 6 months at the time of
influenza-related death, which is similar to what we observed (27%).

We therefore expect that this limitation does not have a major impact
on our study. Data were unavailable on the proportion of children
younger than 3 months in the missed deaths. Fifth, we have based
our estimations on the global influenza estimates from the global
burden study, which has its own limitations such as heterogeneity of
studies, several forms of bias and scarcity of data, which could have
caused both overestimations as underestimations of paediatric influ-
enza-related death burden according to the authors and therefore
could lead to over- or underestimation of vaccine impact on mortality
[1]. Moreover, data from LMICs were limited in this study which
likely leads to an underestimation of mortality burden. Sixth, some
authors did not respond to our invitation to collaborate, which could
have led to non-response bias. Seventh, data on location of death
were not always available. We assumed that these deaths occurred
within the hospital due to the limited number of studies and lack of
available influenza testing within the community. Furthermore, the
majority of children with missing data for location of death were
from HICs. It is unlikely that these children would not have been
admitted to hospital. Finally, data for prematurity and comorbidities
were often missing, in particular from LMICs, which could have
caused an underestimation of the number of children with prematu-
rity and comorbidity. However, when we excluded children with
missing data in the sensitivity analyses, the main results from this
study remained unchanged.

There are important factors to support maternal influenza vacci-
nation: it has proved to be safe [11] and effective in preventing influ-
enza-associated ALRI in both infants and pregnant women, the latter
forming a substantial risk group for influenza-associated hospitalisa-
tion [32] and death [33]. Furthermore, maternal influenza vaccination
decreased all-cause ALRI hospitalisations in infants during the first 3
months of life [34]. A study on maternal influenza vaccination among
HIV-infected and HIV-uninfected pregnant women in South Africa
showed that antenatal influenza vaccination campaigns in South
Africa would be cost-effective [35]. However, we showed that the
impact on paediatric influenza-related death may be limited since
more than 80% of global paediatric influenza-related in-hospital
deaths occurred after the first 3 months of life, which is beyond the
timeframe in which maternally-derived anti-influenza antibodies are
expected to have protective effect. Although maternal influenza vac-
cination may have more impact in LMICs where children with influ-
enza infection die at a younger age, additional immunisation
strategies and more high-quality patient data from LMICs are
required to prevent global paediatric influenza-related death. Studies
to develop a safe and effective influenza vaccine for children younger
than 6 months could be considered. In the context of SDG 3¢1 and
3¢2, maternal vaccination should continue to be emphasized and
additional strategies are needed to target influenza-related under-
five mortality. The missing data, global coverage, and data quality in
this study should be taken into consideration for further interpreta-
tion of the results.
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nology, Dr. Gazi Yaşargil Women's and Children's Health, Edu-
cation and Research Hospital, Diyarbakır, Turkey

37 Department of Paediatric Pulmonology, Ege University Medical
Faculty, Ege University Children's Hospital, Izmir, Turkey

38 Child Health Research Foundation (CHRF), Dhaka, Bangladesh
39 Division of Paediatric Critical Care Medicine, Johns Hopkins All

Children's Hospital, St Petersburg, USA
40 Division of Paediatric Critical Care Medicine, Morgan Stanley

Children’s Hospital of NewYork-Presbyterian, New York, New
York, USA

41 Division of Infectious Diseases, The Hospital for Sick Children,
Toronto, Canada

42 Emory University, Global Health Institute, Child Health and
Mortality Prevention Surveillance (CHAMPS) network, Atlanta,
USA

43 Johns Hopkins Bloomberg School of Public Health, Johns Hop-
kins University, Baltimore, Maryland, USA and International
Centre for Diarrhoeal Disease Research, Dhaka, Bangladesh

44 International Centre for Diarrhoeal Disease Research, Dhaka,
Bangladesh

45 College of Health and Medical Sciences, Haramaya University,
Harar, Ethiopia

46 London School of Hygiene & Tropical Medicine, London, United
Kingdom

47 Kisumu County Department of Health, Kisumu, Kenya
48 Department of Pediatrics, Center for Vaccine Development and

Global Health and Division of Infectious Disease and Tropical
Pediatrics, University of Maryland School of Medicine, Balti-
more, Maryland, USA

49 Center for Vaccine Development, Bamako, Mali
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Breast Milk Prefusion F Immunoglobulin G as a Correlate 
of Protection Against Respiratory Syncytial Virus Acute 
Respiratory Illness
Natalie I. Mazur,1,2,3,  Nicole M. Horsley,2 Janet A. Englund,4 Maaike Nederend,3 Amalia Magaret,5,6 Azad Kumar,7 Shamir R. Jacobino,3  
Cornelis A. M. de Haan,8 Subarna K. Khatry,9 Steven C. LeClerq,10 Mark C. Steinhoff,11 James M. Tielsch,12 Joanne Katz,10 Barney S. Graham,7 
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Bloomberg School of Public Health, Baltimore, Maryland; 11Cincinnati Children’s Hospital Medical Center, Ohio; 12Department of Global Health, George Washington University, 
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Background. Transplacental respiratory syncytial virus (RSV) antibody transfer has been characterized, but little is known 
about the protective e!ect of breast milk RSV-speci"c antibodies. Serum antibodies against the prefusion RSV fusion protein (pre-F) 
exhibit high neutralizing activity. We investigate protection of breast milk pre-F antibodies against RSV acute respiratory infection 
(ARI).

Methods. Breast milk at 1, 3, and 6 months postpartum and midnasal swabs during infant illness episodes were collected in 
mother–infant pairs in Nepal. One hundred seventy-four infants with and without RSV ARI were matched 1:1 by risk factors for RSV 
ARI. Pre-F immunoglobulin A (IgA) and immunoglobulin G (IgG) antibody levels were measured in breast milk.

Results. $e median breast milk pre-F IgG antibody concentration before illness was lower in mothers of infants with RSV ARI 
(1.4 [interquartile range {IQR}, 1.1–1.6] log10 ng/mL) than without RSV ARI (1.5 [IQR, 1.3–1.8] log10 ng/mL) (P = .001). $ere was 
no di!erence in median maternal pre-F IgA antibody concentrations in cases vs controls (1.7 [IQR, 0.0–2.2] log10 ng/mL vs 1.7 [IQR, 
1.2–2.2] log10 ng/mL, respectively; P = .58).

Conclusions. Low breast milk pre-F IgG antibodies before RSV ARI support a potential role for pre-F IgG as a correlate of pro-
tection against RSV ARI. Induction of breast milk pre-F IgG may be a mechanism of protection for maternal RSV vaccines.

Keywords. breast milk; maternal vaccination; IgG and IgA antibodies; respiratory syncytial virus; acute respiratory infection.

Maternal vaccination against respiratory syncytial virus (RSV) is 
a promising intervention to protect young infants against RSV 
infection through transfer of antibodies from mother to infant [1].  
Transplacental transfer of RSV immunoglobulin G (IgG) anti-
bodies via the neonatal Fc receptor has been characterized in 
mother–infant pairs in di!erent populations [2–5]. Transplacental 
transfer ratio and decay kinetics of maternal IgG are considered 
cornerstones of protection of the infant through maternal vacci-
nation [6]. However, other routes of antibody transfer may also 
be important to protect infants from RSV disease.

A novel route of RSV antibody transfer directly to the respi-
ratory tract via RSV-speci"c IgG and immunoglobulin A (IgA) 
in amniotic %uid was recently described [7]. $e acquired amni-
otic %uid antibodies show neutralizing activity against RSV and 
provide protection to the neonate for at least 1 week postpartum 
in vivo, demonstrating the role of mucosal immunity in protec-
tion of infants.

Postnatal antibody transfer to the mucosal surfaces occurs via 
breast milk [8–12]. A better understanding of the role of RSV-
speci"c antibodies in breast milk may give further insight into 
mucosal antibody transfer from mother to infant in the context 
of maternal vaccination and may serve as a correlate of pro-
tection against RSV disease. Correlates of protection for RSV 
remain a knowledge gap and priority for RSV vaccine develop-
ment [13]. Despite the lack of a clear correlate of protection [14],  
recent insights into the structure of viral envelope proteins 
have led to the distinction in antibody function on the basis of 
target epitopes. RSV F protein mediates RSV entry and fusion 
with the host cell membrane. Antibodies that target prefusion F 
(pre-F) protein account for the majority of neutralizing activity 
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against RSV in human sera of infected individuals [15–17] and 
modify disease severity in young children [18]. $us, antibod-
ies directed against pre-F play an important role in protection 
against RSV infection. No previous studies have evaluated pre-F 
RSV antibody in breast milk in relationship to RSV disease risk 
in infants.

$e aim of this study was to characterize the relationship 
between pre-F antibodies in breast milk and RSV acute respira-
tory infection (ARI) in infants.

METHODS

Study Site, Design, and Population

From mid-April 2011 to mid-April 2013, 3693 women in 
the second to third trimester of pregnancy were enrolled in 
a maternal influenza immunization trial in rural southern 
Nepal [19]. Weekly home-based visits were conducted until 
180 days after birth for respiratory symptom surveillance of 
mother–infant pairs based on maternal report of symptoms 
each day in the past week. Nasal swabs were collected from 
infants if respiratory illness was noted; samples from moth-
ers were collected for febrile respiratory disease. Breast milk 
was collected from a subset of 827 women living in the 3 
study regions closest to the study clinic. Within this sub-
set of mother–infant pairs, infants who had RSV-confirmed 
respiratory illness in the first 6 months of life were matched 
1:1 to controls (infants with no RSV ARI) based on the 
following risk factors for RSV ARI: maternal influenza 
vaccination, maternal education, infant month of birth, 
number of siblings, use of an indoor biomass cook stove, 
and preterm birth (<37 weeks gestational age). Healthy 
infant controls were matched to have at least 4  months of 
respiratory surveillance.

Data Collection and Case Definition

A respiratory illness was de"ned as fever, cough, wheez-
ing, rapid breathing, or a draining ear on any 1  day in the 
past week. Breastfeeding was not exclusive if anything other 
than breast milk was given to the baby. Illness episodes 
were considered distinct when separated by 7 symptom-free 
days. Clinical and sociodemographic data were collected at 
enrollment, birth, and weekly respiratory surveillance visits. 
Midnasal swabs were collected from infants who met criteria 
for respiratory illness in the past 7 days and were tested for 
RSV by reverse-transcription quantitative polymerase chain 
reaction (PCR) [20]. Breast milk was collected at 1, 3, and 
6 months postpartum. Participants were asked to wash their 
hands and self-express 15 mL of breast milk into a sterile con-
tainer. Samples were transported on wet ice to the "eld lab-
oratory and centrifuged to remove the lipid layer, aliquoted, 
and frozen at –80°C prior to shipment to the University of 
Washington (Seattle) for testing.

Laboratory Testing

Breast milk IgA and IgG antibody concentrations against 
RSV-stabilized pre-F (DS-Cav1) protein were quanti"ed by 
enzyme-linked immunosorbent assay (ELISA). DS-Cav1 is an 
RSV F protein that is stabilized by a T4 "britin-trimerization 
domain (foldon) at the C-terminal, S155C, and S290C cyste-
ine mutations to form an additional disul"de bond, and S190F 
and V207L cavity-"lling mutations. DsCav-1 is expressed by 
transient transfection of HEK293F cells and puri"ed by a&nity 
puri"cation (NTA resin and StrepTactin resin) and a Superose 
200 gel "ltration column [21]. Nunc MaxiSorp 96-well plates 
($ermo Scienti"c) were coated overnight at 4°C with either 
pre-F (100  ng/mL, DS-Cav1, for pre-F IgA or pre-F IgG 
ELISA). In between steps, plates were washed 3 times with 
phosphate-bu!ered saline (PBS) containing 0.05% Tween-20 
(Sigma-Aldrich) (PBS-T) using a microplate washer (Biotek 405 
LS). Plates were blocked for 1 hour at room temperature with 
1% bovine serum albumin (Roche Diagnostics) in PBS-T. Breast 
milk was added (100 μL/well) in duplicate, at 2–3 dilutions and 
incubated for 1.5 hours at room temperature. Recombinant 
palivizumab IgA1 and recombinant palivizumab IgA2 were 
synthesized by cloning variable heavy and light chain sequences 
of palivizumab into Lonza expression vector, followed by pro-
duction in HEK293T cells, and puri"cation by KappaSelect 
and high pressure size exclusion chromatography [22].  
Recombinant palivizumab IgA1 and IgA2 and  palivizumab 
(Synagis, MedImmune) were used to generate a standard curve 
on every plate. Horseradish peroxidase–labeled goat antihuman 
IgA and horseradish peroxidase–labeled goat-anti-human IgG 
(both Jackson ImmunoResearch) were added at a concentration 
of 0.5  μg/mL and 0.16  μg/mL, respectively, as detection anti-
bodies and incubated for 1 hour at room temperature. Plates 
were developed with ABTS substrate (Roche) and absorbance 
was measured at 415 nm with a microplate spectrophotometer 
(Biotek Epoch). Data were captured and exported using Gen5 
so(ware (Biotek).

Statistical Analyses

Continuous variables were described using mean (standard devia-
tion [SD]) or median (interquartile range [IQR]). Di!erences in the 
mean or median of continuous variables were tested with a 2-sided 
t test or a nonparametric Mann–Whitney test when appropriate. 
Log10 transformation was performed for all antibody measurements. 
For our primary analysis, we compared antibody titers prior to 
infection using a Mann–Whitney test; for infections that occurred 
before 1 month, we used the antibody titer at 1 month. We used 
the corresponding time point for controls as used for the matched 
cases. A  linear mixed-model analysis was performed to compare 
the di!erence of antibody titers over time for cases and controls. We 
included time of breast milk collection (month 3 or 6 vs month 1) as 
covariates and RSV status of children in the "rst 6 months of life, 
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as well as the interaction terms of collection time by RSV positivity, 
to test the hypothesis of whether RSV antibody levels in breast milk 
increased or decreased di!erently by RSV status of the infant. We 
used a Spearman correlation to perform a correlation of RSV anti-
body titer to time of infection in cases only, as well as a correlation 
of pre-F antibody to total antibody by isotype and pre-F IgA to pre-F 
IgG in both cases and controls. $e statistical analysis was performed 
using Stata/SE 13.1 so(ware (StataCorp) and sinusoid function to 
examine seasonal variation using SPSS Statistics 25 (IBM) so(ware.

Ethical Considerations

Ethical approval for the primary trial (ClinicalTrials.gov identi-
"er NCT01034254) was obtained from the institutional review 
boards at the Institute of Medicine at Tribhuvan University, 
the Nepal Health Research Council, John Hopkins University 
Bloomberg School of Public Health, Seattle Children’s Hospital, 
and Cincinnati Children’s Medical Center.

RESULTS

Clinical and Sociodemographic Characteristics

Clinical and sociodemographic characteristics were com-
pared for 174 children (87 cases and 87 controls). One 
hundred six of the 174 children (61%) were female. No sig-
nificant differences for clinical or sociodemographic charac-
teristics of mothers or infants were observed between cases 
and controls (Table 1). The mean age at primary RSV ARI in 
cases was 3.1 (SD, 1.5) months.

Quantification of Pre-F IgA, Pre-F IgG, Total IgA, and Total IgG

Pre-F IgA, pre-F IgG, total IgA, and total IgG antibodies were mea-
sured in 454 breast milk samples from 174 mothers at 1  month 
(n = 150), 3 months (n = 151), and 6 months (n = 153) postpartum. 
$e median concentration of pre-F IgA (77.7 [IQR, 22.3–200.7] ng/
mL) was higher than the median concentration of pre-F IgG (36.5 
[IQR, 21.0–62.8] ng/mL). Likewise, the median concentration of 
total IgA was higher (0.2 [IQR, 0.15–0.27] mg/mL) than total IgG 
(0.04 [IQR, 0.03–0.05] mg/mL) (Supplementary Table 1). In Table 2 
the log10 median concentrations of pre-F IgA, pre-F IgG, total IgA, 
and total IgG for all breast milk samples for both cases and controls 
are described in addition to the raw values in Supplementary Table 1.

Correlation Between Specific and Total Antibody Levels

Pre-F IgG concentration showed a moderate positive correla-
tion to total IgG at 1 month (ρ = 0.38; P < .0001; Supplementary 
Figure  2), 3  months (ρ  =  0.38; P  <  .0001), and 6  months 
(ρ  =  0.40; P  <  .0001) postpartum. Pre-F IgA showed a lower 
positive correlation to total IgA at 1 month (ρ = 0.22; P = .007; 
Supplementary Figure 2) and at 3 months (ρ = 0.27; P = .0009), 
but not at 6  months (ρ  =  0.09; P  =  .29). Pre-F IgG was posi-
tively correlated with pre-F IgA at 1 month (ρ = 0.18; P = .03; 
Supplementary Figure 3), at 3 months (ρ = 0.37; P < .0001), and 
at 6 months (ρ = 0.22; P = .008) postpartum.

Pre-F IgG and Pre-F IgA in Cases and Controls Before Infection

We compared pre-F antibody titers at the time point prior 
to RSV ARI in cases and matched controls. If there was no 
breast milk sample before infection, then we used the closest 
time point a(er RSV ARI. $e median time gap between anti-
body measurement used and RSV ARI was 1.1 (IQR, 0.45–1.6) 
months. Eight infants had RSV ARI before 1  month of age, 
and the median time at RSV ARI in these infants was age 0.64 
(IQR, 0.49–0.80) months. $e median log10 pre-F IgG antibody 
titer before infection was signi"cantly lower in breast milk of 
mothers of cases (median, 1.4 [IQR, 1.1–1.6] log10 ng/mL) than 
in mothers of controls (median, 1.5 [IQR, 1.3–1.8] log10 ng/
mL) (P  =  .001; Figure  1A). $e e!ect was more pronounced 
a(er excluding 8 children who had RSV ARI before 1 month 
of age and their matched controls: $e log10 pre-F IgG anti-
body titer was signi"cantly lower in breast milk of mothers of 
cases (median, 1.4 [IQR, 1.1–1.5] log10 ng/mL) compared with 
mothers of controls (median, 1.6 [IQR, 1.3–1.8] log10 ng/mL) 
(P = .0002; Supplementary Figure 5A).

Table  1. Maternal and Pediatric Clinical Characteristics of Cases and 
Controls

Characteristic Cases (n = 87) Controls (n = 87) P Value

Maternal
Median age, y (IQR) 22 (19–27) 22 (20–26) .64
Mean body mass index, kg/ 
m2 (SD)

21.0 (2.5) 20.7 (2.9) .55

Literacy 47/82 (57.3) 47/81 (58.0) .93
Nulliparous 31/87 (35.6) 35/87 (40.2) .53
Exclusive breastfeeding 57/86 (66.3) 49/87 (56.3) .21
Household smoking 3/82 (3.7) 4/81 (4.9) .72
Influenza vaccinationa 40/87 (46.0) 40/87 (46.0) .99
No. of respiratory episodes 
during pregnancy

5/87 (5.8) 6/87 (6.9) .76

No. of respiratory episodes 
after delivery

6/87 (6.9) 4/87 (4.6) .52

Pediatric
Mean age at RSV illness, 
mo (SD)

3.1 (1.5) NA NA

Mean birth weight, g (SD) 2767 (401) 2802 (488) .63
Low birth weight 15/75 (20.0) 20/74 (27.0) .31
Median gestational age, 
wk (IQR)

40 (39–41) 40 (39–41) .33

Small for gestational age 35/75 (46.7) 30/74 (40.5) .45
Preterma 6/87 (6.9) 6/87 (6.9) .99
Female sex 40/87 (46.0) 38/87 (43.7) .76

Data are presented as no./No. (%) unless otherwise indicated. Baseline characteristics of 
children with and without RSV acute respiratory infection in the first 6 months of life (cases 
and controls) are shown. Maternal and pediatric clinical and sociodemographic character-
istics were compared between cases and controls. The Intergrowth-21 criteria [46] were 
used to calculate small for gestational age. Differences in mean/median of continuous vari-
ables were tested with the 2-sided t test or a nonparametric Mann–Whitney test when 
appropriate. Categorical variables were described with frequencies and percentages and 
compared between groups using χ2 test. 

Abbreviations: IQR, interquartile range; NA, not applicable; RSV, respiratory syncytial virus; 
SD, standard deviation.
aVariables used to match controls to cases.
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$e median log10 pre-F IgA antibody titer of the breast milk 
sample at the latest time point prior to infection did not di!er 
signi"cantly in breast milk of mothers of cases (median, 1.7 
[IQR, 0.0–2.2] log10 ng/mL) compared with mothers of controls 
(median, 1.7 [IQR, 1.2–2.1] log10 ng/mL) (P =  .58; Figure 1B). 
Similarly, when excluding children with RSV ARI <1 month of 
age, there was no signi"cant di!erence in pre-F IgA antibody 
in breast milk of mothers of cases (median, 1.7 [IQR, 0.0–2.1] 
log10 ng/mL) compared with mothers of controls (median, 1.7 

log10 ng/mL [IQR, 1.1–2.1] log10 ng/mL) (P = .50; Supplementary 
Figure 5B).

We evaluated the ratio of pre-F antibody titers to total antibody 
titer by IgG or IgA isotype. For the ratio of pre-F IgG to total IgG 
and pre-F IgA levels to total IgA, the same trends were observed 
(Figure 1C and 1D). Pre-F IgG/total IgG was lower in cases than 
in controls (0.89 [IQR,  0.58–1.1] log10 ng/mL vs 1.0 [0.83–1.2] 
log10 ng/mL; P = .001), whereas pre-F IgA/total IgA did not dif-
fer between cases and controls (2.4 [0.0–2.9] log10 ng/mL vs 2.4 
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Figure 1. Prefusion F (pre-F) antibody titers prior to time of infection in cases (respiratory syncytial virus positive [RSV+]) and matched controls (respiratory syncytial virus 
negative [RSV–]). Mann–Whitney test was performed to compare medians of cases and controls. Pre-F antibody titer was compared for measurement prior to infection. For 
healthy controls, antibody measurement at time of infection for age-matched cases was used. Ratio of pre-F immunoglobulin A (IgA) to total IgA (TIgA) was multiplied by 
1 × 106 to ensure values on the y-axis were >0. Ratio of pre-F immunoglobulin G (IgG) and total IgG (TIgG) was multiplied by 1 × 104 for the same reason. A, Log10 pre-F IgG. 
B, Log10 pre-F IgA. C, Log10 pre-F IgG divided by log10 TIgG. D, Log10 pre-F IgA divided by log10 TIgA.

Table 2. Antibody Measured in Breast Milk at All Time Points Combined, Log-Adjusted Data

Breast Milk Antibody  
Measured

All (N = 454),
Log10 ng/mL

Cases (n = 227),
Log10 ng/mL

Controls (n = 227),
Log10 ng/mL

Median (IQR) Median (IQR) Median (IQR)

Pre-F IgA (n = 450) 1.9 (1.3–2.3) 2.0 (1.4–2.3) 1.8 (1.3–2.2)
Pre-F IgG (n = 449) 1.6 (1.3– 1.8) 1.5 (1.3– 1.7) 1.6  (1.4–1.8)
Total IgA (n = 452) 5.3 (5.2–5.4) 5.3 (5.2–5.4) 5.3 (5.2–5.4)
Total IgG (n = 447) 4.5 (4.4–4.7) 4.5 (4.4–4.7) 4.6 (4.4–4.7)

Table shows median antibody titers in breast milk of all 174 mothers, and cases and controls separately for all time points combined. Log10 pre-F IgA, pre-F IgG, total IgA, and total IgG 
concentrations are shown for all children, and cases and controls separately. Pre-F IgA and pre-F IgG antibodies are expressed as nanograms per milliliter. Total IgA and total IgG antibodies 
are measured in milligrams per milliliter.

Abbreviations: IgA, immunoglobulin A; IgG, immunoglobulin G; IQR, interquartile range; Pre-F, prefusion F.
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[1.8–2.8] log10 ng/mL; P = .72). We performed a sensitivity anal-
ysis for infants who were exclusively breastfed in the "rst few 
days of life (n = 106), and found that pre-F IgA prior to infec-
tion did not di!er signi"cantly between cases and controls (1.7 
[1.1–2.2] log10 ng/mL vs 1.9 [0.1–2.1] log10 ng/mL; P = .85), but 
did di!er for pre-F IgG (1.3 [1.1–1.6] log10 ng/mL vs 1.6 [1.3–1.8] 
log10 ng/mL; P = .01).

Mixed-Model Analysis of Pre-F Antibodies Over Time

We used a mixed-e!ects linear regression model to compare 
pre-F IgG and pre-F IgA antibody concentrations in breast milk 
over time in mothers of cases compared to controls. $e mean 
log10 di!erence of pre-F IgG concentration in breast milk of 
mothers of cases compared to controls was –0.21 (95% con"-
dence interval [CI], –.35 to –0.06; P = .004) at 1 month postpar-
tum, –0.12 (95% CI, –.26 to .02; P = .09) at 3 months postpartum, 
and 0.00 (95% CI, –.14 to .14; P = .99) at 6 months postpartum 
(Figure 2A and 2B). $e mean log10 di!erence of pre-F IgA in 

breast milk of mothers of cases compared to controls was –0.10 
(95% CI, –.38 to .17; P = .46) at 1 month postpartum, 0.11 (95% 
CI, –.17 to .38; P = .44) at 3 months postpartum, and 0.28 (95% 
CI, .01–.55; P = .046) at 6 months postpartum (Figure 2C and 
2D). Antibody level was found to increase at 6 months relative 
to month 1 only for cases (0.27 log10 ng/mL increase in titer for 
pre-F IgG, P =  .001; 0.44 log10 ng/mL increase for pre-F IgA, 
P = .003). $ere was no evidence of increase over time for either 
antibody level among controls (P = .45 and P = .21 for pre-F IgA 
and pre-F IgG, respectively). Consequently, for pre-F IgG, the 
di!erence found at 1 month between cases and controls was no 
longer present at 6 months of age (P = .99).

Antibody Concentration and Time to Infection

Among cases, there was a low negative correlation between 
pre-F IgG concentration in breast milk at 1 month postpartum 
and time to RSV ARI in cases, which is marginally signi"cant 
(ρ = –0.22; P = .06), indicating that higher antibody levels may 
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Figure 2. Mixed-model analysis of prefusion F (pre-F) antibody in cases and controls over time. A linear mixed-model analysis was used to examine the effect of respiratory 
syncytial virus (RSV) on pre-F antibodies at different time points. A, Log10 pre-F immunoglobulin G (IgG) antibody concentration at 1, 3, and 6 months postpartum for cases (RSV 
positive [RSV+], dark blue) and controls (RSV negative [RSV–], light blue), with medians indicated in black. B, Linear mixed-model analysis for log10 pre-F IgG in cases and controls. 
Solid line is the mean, and dashed line indicates the 95% confidence interval (CI). C, Log10 pre-F immunoglobulin A (IgA) antibody concentration at 1, 3, and 6 months postpartum 
for cases and controls, with medians in black. D, Linear mixed-model analysis for log10 pre-F IgA in cases and controls. Solid line is the mean, and dashed line indicates the 95% CI.
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be associated with shorter time to infection. However, there was 
no detected correlation between pre-F IgA antibody concen-
tration at 1 month postpartum and time to RSV ARI in cases 
(ρ = 0.10; P = .40).

Seasonal Fluctuation of Pre-F IgA and Pre-F IgG Titers

We applied a sinusoidal model to the pre-F IgG and pre-F IgA 
concentrations in breast milk of all mothers at 1 month post-
partum. All RSV-infected infants in this substudy were born 
between June and September, as were the controls who were 
matched by birth month. $erefore, no children in this sub-
study were born in October through January, corresponding to 
the peak of the RSV season in Nepal [23], which resulted in a 
poor "t of the model (goodness-of-"t measure: r  =  0.008 for 
pre-F IgG; r = 0.02 for pre-F IgA) (Supplementary Figure 4A 
and 4B).

DISCUSSION

We provide evidence that IgG antibodies in breast milk against 
RSV pre-F are lower in mothers of children who develop RSV 
ARI in the "rst months of life compared with children who do 
not. In the context of RSV maternal vaccine development with 
no established correlate of protection against RSV [24], we con-
clude that breast milk pre-F IgG antibodies may be a correlate of 
protection against RSV ARI. $e importance of these "ndings 
is underscored by the fact that premature infants, who are dis-
proportionately a!ected by RSV disease [25] and have reduced 
transplacental antibody transfer, may still be potentially pro-
tected by maternal immunization via breast milk [11].

One strength of this study was the development of a novel 
breast milk RSV antibody assay targeting the RSV fusion pro-
tein in a pre-F–stabilized conformation, which permitted 
measurement of antibodies known to be an important target 
for RSV neutralizing antibodies [15]. Additionally, the use of 
recombinant palivizumab IgA allowed for accurate measure-
ment with an IgA standard. Palivizumab IgA1 and IgA2 were 
used in a 3:2 ratio as found in human breast milk [26].

$e results show a potential protective role against RSV ARI 
for breast milk pre-F IgG but not pre-F IgA antibodies. $e dif-
ference in pre-F IgG between cases and controls is small, though 
statistically signi"cant. $e di!erence in protection across anti-
body isotypes is in accordance with studies speci"c to RSV and 
other pathogens, such as human immunode"ciency virus [27] 
and cytomegalovirus [28]. Likewise, recombinant palivizumab 
IgA o!ers less e!ective protection following intranasal admin-
istration than IgG in mice [22].

$e relationship between breast milk pre-F IgG and time to 
infection was an exploratory analysis; the negative correlation 
merits further study in a larger population powered to look at 
this e!ect using more frequent sequential breast milk samples 
collected over time and a comparison to serologic assays. When 
looking at seasonality of breast milk pre-F antibodies in breast 

milk, IgA but not IgG decreased in the summer months, possi-
bly due to the shorter half-life [29] and lack of exposure to RSV. 
Increases in breast milk pre-F IgG at 6 months postpartum may 
have re%ected exposure and infection of the mothers. However, 
in our study we did not sample for respiratory viruses in asymp-
tomatic or afebrile illnesses in women, therefore limiting our 
ability to detect these by molecular diagnosis.

$ere is consensus on the protective e!ect of breastfeeding 
on infant respiratory morbidity and mortality [30], with lower 
risk of RSV hospitalization and reduced disease severity when 
comparing breastfed to nonbreastfed infants [31–33]. However, 
evidence for the mechanisms by which breast milk antibodies 
may enter the neonatal circulation is limited. Breast milk anti-
bodies have been shown to reach the neonatal circulation in 3 
children who were given antibody-rich human colostrum via 
a nasogastric tube [34]. A(er closure of the gut, uptake of IgG 
may occur via the neonatal Fc receptor, which has been iden-
ti"ed in the human intestine [35] and is involved in bidirec-
tional transport across the enterocyte, allowing for defense at 
the mucosal level [36]. Secretory IgA plays a role at the muco-
sal surface by neutralizing pathogens in the intestinal lumen in 
humans [36].

Boosting breast milk antibody via maternal vaccination may 
help protect infants from RSV disease. In a subunit RSV vaccine 
trial, increased IgA and IgG antibodies against RSV in breast 
milk were measured in vaccinated compared to nonvaccinated 
women [4]. Increased concentrations of breast milk anti-
gen-speci"c antibodies have been measured following maternal 
vaccination against in%uenza, pertussis, RSV, and Streptococcus 
pneumoniae [37]. Only 1 study examined the association 
between respiratory pathogen–speci"c antibodies and clinical 
outcomes in 57 infants [38]. In this study, maternal in%uenza 
vaccination and increased in%uenza-speci"c IgA in breast milk 
correlated with decreased episodes of infant respiratory illness, 
though IgG was not measured. Finally, there is evidence that 
high virus-speci"c IgA may interfere with vaccine response for 
rotavirus vaccination [39], which may be a consideration for 
RSV maternal vaccination.

$e most important limitation of this study was that we did not 
measure pre-F antibodies in serum of all mothers of these infants 
or in cord blood. No blood was drawn from infants during this 
study, so further study in infants was not possible. An alternative 
explanation for protection may be serum pre-F antibody titers in 
women and their infants. However, in a subset of 310 maternal 
infant pairs within the maternal vaccination cohort, neutraliz-
ing RSV antibody titers in cord blood were not shown to protect 
against RSV ARI [40]. For 44 maternal infant pairs that overlapped 
with the cohort in this study, we examined the correlation between 
breast milk pre-F IgG at 1 month postpartum and cord blood anti-
body titers and found a positive correlation between breast milk 
pre-F IgG antibodies and neutralizing antibody titers in cord 
blood (r(2)  =  0.29; P  =  .05). We found no relationship between 
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breast milk pre-F IgA and cord blood neutralizing antibody titers 
(r(2) = –0.07; P = .6). In an exploratory analysis, we found no rela-
tionship between disease severity and breast milk pre-F IgG and 
IgA antibody titers from samples collected closest to the time of 
infection (data not shown). Furthermore, we found no relationship 
between breast milk pre-F antibody levels at the time points clos-
est to infection and nasal swab PCR cycle threshold values (data 
not shown). Another limitation of this study is a facet of the study 
design. Although RSV ARI o(en occurs a(er 6 months of age [25, 
41], in this study we were limited to early RSV infection in subjects 
<6 months of age by design. We did not measure antibody titers 
in the "rst month postpartum. $e study population was small 
(N = 174), though larger than almost all studies measuring anti-
gen-speci"c antibodies against respiratory pathogens (n = 5–258) 
[37] and larger than any study measuring RSV antibodies in breast
milk (n = 57–130) [4, 42, 43]. $ese results should be replicated
in a larger group in a di!erent population with longer follow-up
time. An additional limitation was the choice to measure antibod-
ies against pre-F but not to exclude antibodies that bind epitopes
present on postfusion F protein (sites II and IV). Antibodies that
target only antigenic site ø show high neutralizing activity [44] and
may correlate even better with protection from RSV. $e protective
e!ect of breast milk pre-F–speci"c antibodies against respiratory
disease may have been underestimated because antibodies against
all pre-F epitopes were measured, which included less potent
RSV-neutralizing or nonneutralizing antibodies. Finally, we did
not measure antibodies against G protein, which have recently
also been shown to display neutralizing activity and correlate with
decreased disease severity in infants and young children [45] and
should be assessed in future studies.

In conclusion, the current study provides evidence that pre-F 
IgG antibodies in breast milk may play a protective role against 
RSV-con"rmed ARI in the "rst 6 months of life. Induction of 
pre-F IgG in breast milk may be a potential mechanism of pro-
tection of maternal RSV vaccine candidates.
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Supplementary materials are available at !e Journal of Infectious 
Diseases online (http://jid.oxfordjournals.org/). Supplementary 
materials consist of data provided by the author that are pub-
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ABSTRACT 
 
Background 
Mucosal administration of monoclonal antibodies (mAbs) against respiratory pathogens is a 
promising alternative for systemic administration since lower doses are required. Clinical 
development of mucosal mAbs is a highly active field. Clinical proof-of-concept is not yet 
available. We aimed to investigate the efficacy of mucosally administered palivizumab, a mAb 
targeting respiratory syncytial virus (RSV). 
 
Methods 
In this investigator-initiated, double-blind, randomized placebo-controlled trial (NTR7403) we 
evaluated intranasal palivizumab for the prevention of RSV infection in preterm infants after 
determining an acceptable safety profile in a phase I cross-over trial (NTR7378) in healthy 
adults. We randomized infants 1:1 to receive intranasal palivizumab (1 mg/ml) or placebo daily 
during the RSV season. The primary outcome was any RSV infection with RSV hospitalization 
as key secondary outcome.  
 
Results 
We recruited 268 infants after which the trial was stopped for futility following the planned 
interim analysis. Adverse events were similar in both groups. In total, 168/268 infants were 
excluded from the efficacy analyses due to absent RSV circulation during the pandemic. Lab-
confirmed RSV infection was similar in 18/47 (38.3%) infants in the palivizumab arm and 
11/47 (23.4%) in the placebo arm (adjusted OR (aOR): 2.2; 95%CI: 0.7-6.5, p=0.14). The 
proportion of infants hospitalized for RSV was similar in the palivizumab arm (7/47, 14.9%) 
and placebo arm (3/47, 6.4%) (crude OR: 2.6; 95%CI 0.6-10.6).  
 
Conclusions 
Daily intranasal palivizumab prophylaxis did not show protection against RSV infection in late 
preterm infants. The nose may not be the first site of RSV viral replication in infancy or nasal 
antibody half-life may not be sufficient for clinical protection. Our findings of lack of efficacy 
have important implications for the clinical development of other antibodies for intranasal 
administration. 
 
 
(Funded by the Department of Pediatrics of the University Medical Centre Utrecht, the 
Netherlands; Netherlands Trial Register numbers, NTR7378 and NTR7403.)  
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INTRODUCTION 
 
Globally, RSV is the second cause of death in the infant period21, yet there is no vaccine or 
treatment available22. Of the sixteen vaccine candidates and monoclonal antibodies (mAbs) in 
late-stage clinical trials, none target the LMIC market, where RSV mortality is highest. 
Palivizumab, a humanized mAb against the surface F protein of RSV, has been market-
approved for more than twenty years, but access is limited to high-risk infants due to 
prohibitive costs. Furthermore, administration is burdensome, via monthly intramuscular (i.m.) 
injections and not maximally effective with breakthrough infections occurring at low trough 
antibody levels.  

According to Ku, et al.23, circulating IgG antibodies lack efficient access to mucosal 
compartments as antibody levels in the lung are 200-500 times lower after intravenous infusion 
resulting in the need for high doses (up to 8g) of potent neutralizing monoclonal antibodies 
with only a small antiviral effect in the respiratory tract. The need for high doses of systemic 
mAb to reach a therapeutic dose may be overcome through local administration. Mucosal 
administration of mAbs may offer a key solution for major respiratory pathogens: this approach 
offers a dose-sparing highly targeted prevention by stopping infection at the site of viral entry. 
Monoclonal antibodies need to be administered at high doses systemically to reach a 
therapeutic dose locally in the respiratory tract. Mucosal mAb administration overcomes this 
challenge by stopping infection at the site of viral entry and is therefore a key solution for major 
respiratory pathogens. Preclinical studies support efficacy of local administration of mAbs 
against respiratory pathogens24. Previously, we demonstrated that intranasal (i.n.) palivizumab 
provides full protection against experimental RSV infection in mice in a dose-dependent 
manner for at least a week after administration25. Another recent study has shown that low 
doses of i.n. hyper-enriched anti-RSV IgG inhibit infection in mice26. Recently, multiple 
preclinical studies showed that i.n. administered SARS-CoV-2 neutralizing mAbs provide 
protection in mice23,27.  

Currently, intranasal antibody drug development is highly active with 7 drug candidates 
in development for SARS-CoV-2, RSV, and influenza. Development is led by pharmaceutical 
companies, public private partnerships and non-profit networks (total market capital >20.6 
billion USD) with several preclinical candidates, 1 phase I trial ongoing, a phase I/II trial and 
a phase II trial expected to start soon. Therefore, the results of this study have important 
implications for mucosal antibody development including the necessity of a timely interim 
analysis to evaluate efficacy to avoid wasted time and capital.  

Intranasal palivizumab offers a child-friendly, affordable and effective alternative for 
intramuscular palivizumab. Previously, we and others have shown 80% efficacy against RSV 
hospitalization through intramuscular administration of palivizumab in late preterm infants 32-
25 weeks gestational age28. We hypothesized that local administration to the airways will be at 
least as effective because it is delivered directly to the main port of entry and decreases the 
chance of break through infection.  

We describe product development, a phase I trial followed by the first report of a phase 
IIb trial to evaluate the efficacy of daily i.n. administration of palivizumab during the RSV 
season to prevent RSV infection in otherwise healthy late preterm infants during the first year 
of life.   
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METHODS 
 
Study design 
 
We conducted a double-blind, randomized, placebo-controlled cross-over phase I safety trial 
(Narsyn Study A, NTR7378, Supplementary Appendix) in 2018. Subsequently, we intended to 
obtain proof–of-concept that intranasal palivizumab prevents RSV infection in infants. Study 
B (NTR7403, Supplementary Appendix), a double-blind, randomized, placebo-controlled 
proof-of-concept phase IIb trial was initiated based on overall safety profile of Study A upon 
recommendation of an independent data safety and monitoring board (DSMB). Recruitment 
for study B was conducted at 39 hospitals (1 academic, 38 regional) in the Netherlands from 
November 2018 through January 2021. The trial was approved by the institutional review board 
of the University Medical Center Utrecht, the Netherlands (NL66735.041.18). 
 
Study population  
 
Study A included 20 healthy adult volunteers between 18-60 years of age. We excluded adults 
with a nasal cold or nasal obstruction that could interfere with administration of the study 
medication, respiratory symptoms 4 weeks prior to study medication administration, 
simultaneous use of other nose drops or spray, use of other nasal medication (including any 
cocaine use ever) or use of tobacco. For study B, we included infants with a gestational age 
between 32+0 and 35+6 weeks who were younger than 6 months at the start of the RSV season 
(October 1st). To limit the required3 sample size, the trial was performed in a high-risk 
population of infants with at least one older sibling. We excluded infants with congenital heart 
disease, bronchopulmonary dysplasia, Down’s syndrome, or other serious congenital disorders 
for which regular palivizumab was indicated. Simultaneous use of nose drops or spray other 
than normal saline was also an exclusion criterion.    
 
Study medication 
 
Study medication consisted of nasal drops with a concentration of 1 mg/ml palivizumab (ATC 
code J06BB) in 0.9% sodium chloride. Commercial saline nasal drops (0.9% sodium chloride, 
Fagron) were used as placebo. We showed the drug formulation is stable at 4C (intended use) 
and room temperature for at least 52 weeks. We included the 24 month shelf life at 4C in the 
investigational medicinal product dossier [Supplementary Appendix]. Study staff and study 
participants were blinded to study arm assignments. Study participants were randomized 1:1 
in a non-stratified manner using blocks of 2 and 4 using Castor Electronic Data Capture (EDC) 
platform. Study medication and placebo were identically packaged and indistinguishable by 
sight or smell. For study A, participants administered one nasal drop (50ul) daily to the right 
nostril for 7 days before wash-out (14 days) and crossover to the alternate treatment for 7 days. 
For study B, parents were instructed to administer one drop of study medication in each nostril 
daily from the beginning of the RSV season for a maximum duration of 5 months. Eligible 
infants who were born during the RSV season were enrolled until the end of January and 
received minimally 2 months of study medication.   
 
Study definitions and follow-up 
 
Primary endpoints. For study A, the primary outcome was self-reported local and systemic 
adverse events (AEs) according to the FDA scorecard. Participants were instructed to use a log 
to record any solicited local or systemic AEs and notify study staff. In the case of objectifiable 
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symptoms, researchers performed a home visit. For study B, the primary outcome was any lab-
confirmed RSV infection.  
 
Secondary endpoints. Secondary outcomes included RSV hospitalization (key secondary 
outcome), medically attended RSV infection without hospitalization, non-medically attended 
RSV infection, respiratory tract infection (RTI) hospitalization, medically attended RTI 
without hospitalization, non-medically attended RTI, RSV-associated intensive care unit (ICU) 
stay, mechanical ventilation and supplemental oxygen, otitis media, and wheeze in the first 
year of life.  Parents were instructed to take a nasal swab (Copan universal transport medium 
(UTM)) in case of respiratory symptoms lasting more than 1 day. Parents recorded medication 
adherence, presence of respiratory symptoms, doctor visits, and the use of airway medication 
in a daily log through April and presence of wheezing until their infant was 1 year of age. 
Weekly follow-up calls were performed. Study B endpoints are further defined in the Statistical 
Analysis Plan [Supplementary Appendix]. For both trials, objective adherence was measured 
by weighing study medication before and after use. Subjective adherence was measured by 
self-reported administration in a diary.   
 
Laboratory tests 
 
Nasal swabs were transported in UTM by regular mail to the laboratory and were stored at –
80°C until analysis. Polymerase-chain-reaction (PCR) assays were performed. The presence of 
RSV RNA was determined as described previously with minor modifications29. Samples, 
spiked with a fixed dose of murine encephalomyocarditis virus as internal control, were 
extracted using the MagNA Pure 96 DNA and Viral NA Large Volume Kit (Roche 
Diagnostics, Mannheim, Germany). Copy DNA synthesis and real-time PCR were performed 
using the one-step Taqman Fast Viral Master Mix (Applied Biosystems) in an ABI Prism 7500 
real-time PCR system. 
 
Statistical analysis  
 
Detailed information about the statistical procedures for this study is provided in the predefined 
Statistical Analysis Plan [Supplementary Appendix]. Nearly all analyses were performed 
according to the statistical analysis plan; we specified if the analysis was performed post-hoc 
in the Results section The predefined target sample size of 408 infants provided 85% power to 
detect a relative risk reduction for RSV infection of 62.5% assuming an RSV infection rate of 
16% in the placebo group30 and 80% power to detect a relative risk reduction for RSV 
hospitalization of 80% assuming 8% RSV hospitalizations in the placebo group. An interim 
analysis was performed according to protocol to assess futility or efficacy when 50% of the 
expected events had been observed. The predetermined stop criterion for futility was a 
conditional power <20% for the primary endpoint analysis. The primary endpoint was 
compared between trial arms using a mixed effect logistic regression on the modified intention-
to-treat (mITT) population as described in the Statistical Analysis Plan. Post-hoc analyses were 
performed to assess wheezing in RSV-infected and non-infected infants. The analyses were 
performed in R (version 4.0.3 or higher), SAS Enterprise Guide (version 8.2) and SPSS 
(version 25.0.0.2). All reported effect sizes are for palivizumab relative to placebo.  
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RESULTS 
 
Phase I   
 
Safety. In September 2018, 20 subjects were enrolled. One subject was excluded before any 
study medication was administered due to symptoms of a respiratory infection at the start of 
the study. Airway patency after 10 minutes was 100% in both the palivizumab (10/10) and 
placebo (9/9) arm. Self-reported local and general symptoms were tabulated per arm per study 
participant [Table S2A]. There were no SAEs in either trial arm and no AEs were considered 
to be treatment-related by the study staff or DSMB [Table S2B-C].   
 
Phase IIb  
 
Study population. Of 4403 eligible patients, 268 were enrolled in the study [Figure 1]. Eleven 
(11) infants were enrolled during season 1 (2018/2019), 89 during season 2 (2019/2020) and 
168 during season 3 (2020/2021).  Parents administered nasal drops for an average duration of 
4.1 months (SD: 1.2); 4.2 months (SD: 1,2 months) in the intervention group and 4.0 months 
(SD: 1.2 months) in placebo group. As there was complete absence of RSV circulation in the 
winter of 2020/2021 due to the COVID-19 pandemic, infants enrolled during season 3 were 
excluded from the efficacy analyses. The interim analysis performed on May 19th, 2021, 
showed that the conditional power of the trial was 1%. The trial was stopped on June 7, 2021 
after the DSMB confirmed the stopping rule for futility was met (conditional power < 20%). 
[Supplementary Appendix]. 
 
Clinical characteristics. The mITT population (n=94) used for the interim and final primary 
analysis consisted of all infants for whom the primary endpoint was known. We excluded 6/100 
infants who discontinued the study early (3 in the intervention group and 3 in the placebo 
group). One child in the intervention arm who discontinued the trial early, but was hospitalized 
with RSV before trial discontinuation, was included in the mITT population.  

Baseline characteristics were similar in both study arms [Table 1]. Median age of 
infants at time of inclusion in the study was 2.3 months (IQR 0.7-4.3) and median gestational 
age was 34.3 weeks (IQR 33.4-35.1). Twenty-nine (29%) infants were part of a multiple birth. 
Subjective and objective adherence was high and similar in both study arms. [Figure S3]. 
 
Safety. Adverse events were determined to be unrelated to study medication in the all-subjects 
treated  population [Table S10]. No SAEs were determined to be related to study medication; 
the number of SAEs was similar in the palivizumab arm (22) and placebo arm (26).  
 
Efficacy. In the mITT population, 29 infants (30.9%) had any laboratory-confirmed RSV 
infection; 18/47 (38.3%) in the palivizumab arm and 11/47 (23.4%) in the placebo arm [Table 
2]. Trial arms were similar in terms of any RSV infection (adjusted OR (aOR): 2.2; 95%CI: 
0.74-6.5) in the mITT population and per protocol population (aOR: 2.0; 95%CI: 0.60 – 6.3) 
[Table 2]. Sensitivity analyses assessing the impact of missing outcome [Table 3], different 
CT-value cut-offs and adherence [Table S3] also showed no difference between both trial arms. 
The key secondary outcome, number of infants hospitalized with lab-confirmed RSV was 
similar in the palivizumab arm (7/47, 14.9%) and placebo arm (3/47, 6.4%). Other secondary 
outcomes were also similar in both trial arms [Table 2, Table S5].  
 
Wheeze. There was no difference in any wheezing, fraction of wheezing days [Table S6], or 
wheezing episodes between the trial arms (incidence rate ratio (IRR): 1.15; 95%CI 0.8-1.7) 
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[Table S7-S8]. The proportion of infants with recurrent wheezing and physician-diagnosed 
wheeze were similar across trial arms [Table S7], also when analyzed separately for infants of 
parents with and without an atopic history. Occurrence of any wheezing was similar for RSV-
infected and non-infected infants [Table S9] (post-hoc analysis).  
 
DISCUSSION 
 
In this study we evaluated the safety and efficacy of daily i.n. palivizumab administration 
against RSV infection in late preterm infants through a phase I and IIb clinical trial. Clinical 
development of the investigational product was fully investigator-initiated and conducted 
without funding from the pharmaceutical industry. This is the first study determining efficacy 
of nasal administration of antibodies with a non-human target to prevent respiratory infection. 
Intranasal prophylaxis in late preterm infants was not effective against lab-confirmed RSV 
infection despite high rates of adherence.  

The rate of total RSV infection (30.8%) and RSV hospitalization (10.6%) was higher 
than expected at the time of sample size calculation (16% and 8% respectively) but similar to 
the rate reported in a recently published RSV burden study31. The proportion of infants with 
any wheezing in the placebo arm (43.5%) was similar to the MAKI trial (47%)28.  

Limitations of the study include no circulation of RSV during the third season of the 
trial due to the COVID-19 pandemic, resulting in a relatively small sample size for the final 
efficacy analysis. The small sample size resulted from early termination of the trial due to 
futility before the final season of enrollment. Baseline incidence of RSV infection was 
sufficiently high to support our negative conclusion. Second, administration of study 
medication was dependent upon parental adherence. Parental-reported subjective adherence 
may have been subject to social desirability bias, underreporting missed doses resulting in 
overestimating adherence. Objective adherence based on weight of dosage was high, indicating 
that insufficient adherence is not the main driver of lack of efficacy. Third, symptoms of RSV 
infection and nasal swabs were collected by parents. To mitigate the risk of missed outcomes, 
parents were contacted on a weekly basis by dedicated study staff. We therefore expect a low 
number of missed infections this study. 

The observed lack of efficacy may be explained by several non-exclusive mechanisms. 
First, there is currently no sampling technique in the nasal cavity to measure an effective 
medication dosage by measuring trough antibody concentrations; therefore, it has not been 
possible to define the half-life of palivizumab in the airways. For this reason, half-life of 
palivizumab in the airways has also never been shown for intramuscular palivizumab. The half-
life of IgG in the nasal epithelial lining fluid is not well established but due to mucociliary 
clearance it is expected that it is substantially shorter than in serum. Half-life of bovine IgG in 
the nose of mice was determined to be 4 hours32. However, it remains unclear whether 
measurement of half-life corresponds to the clinical outcome of interest, namely, protection 
against RSV infection. Furthermore, it is unclear whether antibody levels in the epithelial lining 
fluid of the nasal cavity are a good correlation of protection. In vivo we showed that despite 
being fully protected against RSV for at least one week25, monoclonal RSV-neutralizing 
antibodies (0.5 mg/kg) palivizumab administered into the lungs of naïve wild-type BALB/c 
mice are detected at low levels or not at all on the mucosal level 7 days after administration in 
the nasal airway or lungs [unpublished data]. Second, it is known that the eyes (mouth less so) 
are routes of inoculation for RSV33,34 and local nasal administration did unlikely protects 
against these infection routes. Lastly, both inadequate dosing or antibody-dependent 
enhancement (ADE) might have contributed to lack of efficacy. In ADE, suboptimal RSV 
medication concentrations may enhance viral replication35. However, the trial dosage of i.n. 
palivizumab is expected to be higher than airway medication concentrations achieved through 
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i.m. administration.  The dosing regimen of i.m. palivizumab has been designed such that 
trough concentrations are minimally 30 ugml-1 and ideally greater than 40 ugml-1 (as a margin 
of safety for person-to-person variability) for clinical efficacy36. The daily dose of 50 ug per 
nostril in this study is easily above the minimal threshold needed for protective efficacy 
(0,064ug per nostril). In summary, lack of efficacy may be explained by a short half-life of 
study medication in the nasal cavity, overestimated adherence, inadequate protection for viral 
inoculation routes other than the nose, and inadequate dosing. This study also shows a local 
correlate of protection is required.  

We show that an IgG mAb administered once daily to preterm infants does not prevent 
RSV infection. In future trials, it will be important to measure antibody half-life in the nose as 
improved sampling devices such as a synthetic absorptive matrix (SAM) strip have recently 
become available to collect neat mucosal lining fluid. The neonatal Fc receptor (FcRn), which 
is critical to extended half-life of antibodies, is present on fixed nasal tissue37 and transepithelial 
delivery of therapeutic extended half-life mAbs has been shown in human nasal epithelial cells 
in vitro38 transgenic mice expressing human FcRN 39 and ex vivo porcine olfactory mucosa40. 
Intranasal extended half-life mAbs have recently been shown to block COVID-19 infection 
after experimental infection in mice23. A controlled human challenge model may be used to 
determine the half-life of these mAbs in the nose. In vitro models of human nasal epithelium 
show high expression of FcRn in ciliated cells and trans epithelial delivery of extended half-
life IgG mAbs38. IgA is a mucosal antibody which has been associated with protective 
immunity against RSV11.  Potentially, mucosally delivered IgA mAbs may play a more 
important role in prevention of infection in the airways than IgG. However, we previously 
showed that reformatting palivizumab into anti-RSV monomeric and secretory IgA is a less 
effective intranasal prophylaxis in mice41. Finally, in the case respiratory pathogens primarily 
infect through nasal inoculation as opposed to other routes (i.e., eyes, mouth), they may more 
effectively block infection.  

In conclusion, daily intranasal palivizumab prophylaxis did not show protection against 
RSV infection in late preterm infants.   
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Figure 1. Study B enrollment 

 

 
 
 

 

  

553 Eligible infants 

268 Were included

268 Underwent 
randomization

100 Were included in 
intention-to-treat 

population

50 Were assigned to receive 
Palivizumab i.n.

50 Were assigned to receive 
placebo

285 Did not provide 
consent

4403 Preterm infants 

3850 Did not meet 
inclusion criteria

168 Safety analysis 
only due to absence 
of RSV seasonality

3 Were lost to follow-up:

1 Discontinued because of 
vomiting
1 Contact with parents lost
1 Discontinued because 
parents felt the study was 
too much of a burden

 

47 Were included in mITT 
population

3 Were lost to follow-up:

1 Received palivizumab i.m.
2 Discontinued because 
parents felt the study was 
too much of a burden

47 Were included in mITT 
population

18 Infants with RSV infection 11 Infants with RSV infection

106



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 107PDF page: 107PDF page: 107PDF page: 107

Table 1. Baseline characteristics of Study B participants 

 Palivizumab (N = 50) Placebo (N = 50) Total (N = 100) 

Female (%) 22 (44) 26 (52) 48 (48) 

Age in months (median, IQR) 2.3 (0.7–4.4) 2.4 (0.6–4.2) 2.3 (0.7–4.3) 

Gestational age in weeks 
(median, IQR) 

34.3 (33.1–35.3) 34.5 (33.6–35.1) 34.3 (33.4–35.1) 

Birth weight in grams 
(median, IQR) 

2325 (1947–2602) 2364 (2000–2575) 2342 (1953–2590) 

Multiple birth (%) 16 (32) 13 (26) 29 (29) 

Complication(s) during 
pregnancy (%) 

23 (46) 27 (54) 50 (50) 

Antenatal corticosteroids (%) 20 (40) 22 (44) 42 (42) 

Complication(s) during 
delivery (%) 

26 (52) 29 (58) 55 (55) 

Antibiotics during delivery 
(%)  

8 (16) 7 (14) 15 (15) 

Vaginal Delivery (%) 24 (48) 27 (54) 51 (51) 

Apgar score 5 min (median) 9 (8–10) 9 (8–10) 9 (8–10) 

Respiratory support after birth 
(%) 

26 (52) 24 (48) 50 (50) 

Received antibiotics after birth 
(%)  

19 (38) 22 (44) 41 (41) 

Maternal age at birth child 
(median, IQR) 

32 (30–36) 32 (30–35) 32 (30–35) 

Breastfeeding (%)  21 (42) 23 (46) 44 (44) 

Breastfeeding and formula 
(%) 

22 (44) 17 (34) 39 (39) 

Formula (%) 7 (14) 10 (20) 17 (17) 

Parental level of education – 
postgraduate 

   Maternal  

   Father 

 
 
46 (92) 

42 (87.5) 

 
 
46 (92) 

46 (92) 

 
 
92 (92) 

88/98 (89.8) 
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Maternal smoking during 
pregnancy (%) 

5 (10) 4 (8) 9 (9) 

Smoking inside (%) 1 (2) 0 (0) 1 (1) 

Total number of persons in 
household (median, IQR) 

4 (4–5) 4 (4–5) 4 (4–5) 

Number of older siblings 
(median, IQR) 

1 (1–2) 1 (1–1) 1 (1–1) 

Day care attendance (%) 28 (56) 27 (54) 55 (55) 

Sibling attending day care (%) 1 (1–2) 1 (1–1) 1 (1–1) 

Atopy mother (%) 26 (52) 16 (32) 42 (42) 

Physician diagnosis asthma 
(%) 

8 (16) 5 (10) 13 (13) 

Physician diagnosis hay fever 
(%) 

20 (40) 10 (20) 30 (30) 

Physician diagnosis eczema 
(%) 

10 (20) 8 (16) 18 (18) 

Atopy father (%) 20/47 (42.6) 18 (36) 38/97 (39.2) 

Physician diagnosis asthma 
(%) 

5/47 (10.6) 2 (4) 7/97 (7.2) 

Physician diagnosis hay fever 
(%) 

12/48 (25) 13 (26) 25/98 (25.5) 

Physician diagnosis eczema 
(%) 

8/48 (16.7) 6 (12) 14/98 (14.3) 
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Table 2. Efficacy of intranasal prophylaxis against RSV infection and all-cause respiratory tract infections 
 

Variable 
 

Palivizumab 
(N = 47) 
 

Placebo  
(N = 47) 

Adjusted 
odds ratio 1 
(95% CI) 

P value Crude odds 
ratio   
(95% CI) 

Risk 
difference 
(%)  
(95% CI) 

Relative 
risk 
reduction 
(%)2 

(95% CI) 
Primary Endpoint 
RSV infection 
(%) 
 

18 (38.3) 113 (23.4) 2.2 
(0.74 – 6.5) 

0.14 2.0 
(0.83 – 5.0) 

14.9 
(-3.5 – 33) 

 

-64 
(-208 – 13) 

Secondary Endpoints 

Hospitalization 
for RSV infection 
(%) 
 

7 (14.9) 3 (6.4)   2.6 
(0.62 – 11) 

8.5 
(-3.8 – 21) 

-133 
(-748 – 36) 

Medically 
attended RSV 
infection without 
hospitalization 
(%) 
 

8 (17.0) 2 (4.3)   4.6 
(0.92 – 23) 

12.7 
(0.1 – 25) 

-300 
(-1685 – 10) 

RSV infection 
without medical 
attention (%) 
 

3 (6.4) 7 (14.9)   0.39 
(0.094 –1.6) 

-8.5 
(-21 – 3.8) 

57 
(56 – 88) 

All-cause RTI 

Any RTI (%) 
 

46 (97.9) 
 

45 (95.7) 
   

2.0 
(0.18 – 23) 

 
2.1 

(-5.0 – 9.2) 

 
-2.2 

(-10 – 5.0) 
RTI 
hospitalization 
(%) 

 
9 (19.2) 

 
6 (12.8) 

   
1.6 

(0.53 – 5.0) 

 
6.4 

(-8.4 – 21) 

 
-50 

(-288 – 42) 

Medically 
attended RTI 

 
26 (55.3) 

 
22 (46.8) 

   
1.4 

(0.62 – 3.2) 

 
8.5 

(-12 – 29) 

 
-18 

(-76 – 21) 

Non medically 
attended RTI 

 
43 (91.5) 

 
45 (95.7) 

   
0.48 

(0.083 – 2.7) 

 
-4.3 

(-14 – 5.6) 

 
4.4 

(-6.2 – 14) 
 
 
1 Adjusted analyses using a mixed effect logistic regression with treatment arm, having more than 1 sibling, date 
of birth between August 14 and December 1, neonatal respiratory support as fixed effects and random intercept 
for family. Adjusted analyses were not performed for secondary outcomes because there was only a very small 
number of infants with this endpoint. Placebo group is the reference group.  
2 The following formula was used to calculate relative risk reduction: RRR=((CER-EER))/CER  
3 One child had an RSV hospitalization (November) followed by a case of non-hospitalized medically-attended 
RSV (December). One participant had two medically-attended RSV infections and two participants had two 
non-medically attended RSV infections within one RSV season.  
RTI, respiratory tract infection. 
*100%. 
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Table 3. Sensitivity Analyses including infants with missing outcome 
 

Analysis 
 

Population Palivizumab 
 

Placebo  aOR (95% CI) 
or 
RR (95%) 

aOR for primary 
analysis with all 
missing outcomes 
replaced with no 
RSV 

ITT  
(N = 100) 

18/50 (38.3) 11/50 (23.4) 2.2 (0.76 – 6.3)1 

aOR for primary 
analysis with all 
missing outcomes 
replaced with RSV 

ITT  
(N = 100)  

21/50 (42.0) 14/50 (28.0) 2.0 (0.71 – 5.5)1 

aOR for primary 
analysis with all 
missing outcomes 
replaced with RSV in 
the placebo group 
and no RSV in the 
treatment group 

ITT  
(N = 100)  

18/50 (36.0) 14/50 (28.0) 1.5 (0.55 – 4.0)1 

aOR for primary 
analysis with all 
missing outcomes 
replaced with no 
RSV in the placebo 
group and RSV in 
the treatment group 
 

ITT 
(N = 100)  

21/50 (42.0) 11/50 (22.0) 2.8 (0.97 – 7.8)1 

aOR for primary 
analysis in the per 
protocol population 

Per Protocol 
Population (N = 86) 

16/42 (38.1) 11/44 (25.0) 1.9 (0.59 – 6.3)1 

Relative risk 

 
mITT  
 (N = 94)  

 
18/47 (38.3) 

 
11/47 (23.4) 

 
1.6 (0.87 – 3.1)2 

1 Mixed effect logistic regression with treatment arm, having more than 1 sibling, date of birth between August 
14 and December 1, neonatal respiratory support as fixed effects and random intercept for siblings was used to 
calculate OR for CT-value sensitivity analyses. 2Crude relative risk for treatment arm. 
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8 
LOWER RESPIRATORY TRACT INFECTION CAUSED BY 
RESPIRATORY SYNCYTIAL VIRUS: CURRENT MANAGEMENT AND 
NEW THERAPEUTICS 
___________________________________________________________________________ 

The Lancet Respiratory Medicine, 2015 

Simplify, Simplify, Simplify! 
Henry David Thoreau (1817-1862)
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Lower respiratory tract infection caused by respiratory 
syncytial virus: current management and new therapeutics 
Natalie I Mazur, Federico Martinón-Torres, Eugenio Baraldi, Brigitte Fauroux, Anne Greenough, Terho Heikkinen, Paolo Manzoni, Asuncion Mejias, 
Harish Nair, Nikolaos G Papadopoulos, Fernando P Polack, Octavio Ramilo, Mike Sharland, Renato Stein, Shabir A Madhi, Louis Bont, in 
collaboration with Respiratory Syncytial Virus Network (ReSViNET)

Respiratory syncytial virus (RSV) is a major worldwide cause of morbidity and mortality in children under fi ve years of 
age. Evidence-based management guidelines suggest that there is no eff ective treatment for RSV lower respiratory 
tract infection (LRTI) and that supportive care, ie, hydration and oxygenation, remains the cornerstone of clinical 
management. However, RSV treatments in development in the past decade include 10 vaccines and 11 therapeutic 
agents in active clinical trials. Maternal vaccination is particularly relevant because the most severe disease occurs 
within the fi rst 6 months of life, when children are unlikely to benefi t from active immunisation. We must optimise 
the implementation of novel RSV therapeutics by understanding the target populations, showing safety, and striving 
for acceptable pricing in the context of this worldwide health problem. In this Review, we outline the limitations of 
RSV LRTI management, the drugs in development, and the remaining challenges related to study design, regulatory 
approval, and implementation.

Introduction
Respiratory syncytial virus (RSV) bronchiolitis con-
tributes greatly to mortality in children under 5 years of 
age,1 and has implications for long-term respiratory 
health.2 Nearly all children in the world will be infected 
with RSV by 2 years of age.3 

Several evidence-based guidelines for the management 
of bronchiolitis exist, with diff ering recommendations, 
but all agree on supportive management in the inpatient 
setting. A guideline published by the American Academy 
of Pediatrics4 reported insuffi  cient evidence for any 
intervention except respiratory support and hydration. In 
view of the paucity of therapeutic alternatives, it is 
essential to understand the existing challenges to the 
development of prevention and treatment options for 
RSV.

Burden of disease
In the USA, RSV is the leading cause of hospital admission 
in children under 1 year of age, causes about 
150 000 hospital admissions per year in children under 
2 years of age, and accounts for 18% of all emergency 
department visits in children under 5 years of age.5–7 
Beyond the substantial disease burden during acute 
infection, evidence suggests that RSV bronchiolitis plays a 
causal part in the development of recurrent wheeze, and is 
associated with the development of asthma and 
subsequent respiratory morbidity.5,8–10 Evidence supports a 
transient association of RSV lower respiratory tract 
infection (LRTI) and recurrent wheeze, which subsides 
after the school years,11,12 and a more permanent eff ect on 
long-term respiratory health and asthma in the 
adult years.10 If the consequences of RSV LRTI are more 
permanent and extend to adult asthma, then RSV 
vaccination will have repercussions into adulthood, which 
underscores the importance of developing preventive and 
therapeutic strategies, such as vaccination, beyond 
prevention or treatment of acute infection.

The pathogenesis of long-term RSV morbidity is 
incompletely understood. Evidence supports the role of 
both a genetic and physiological predisposition for 
severe disease and recurrent wheeze, and a role for 
RSV in respiratory epithelium damage with sub sequent 
development of recurrent wheeze.2,13,14 Biological 
mechanisms that might explain the association between 
RSV infection and the development of asthma include 
persistent airway hyper-responsiveness after RSV 
infection, impaired T-regulatory function, persistent 
activation of the innate immune response, T-helper-2 
activation leading to airway remodelling, and increased 
susceptibility to allergen sensitisation because of 
reduced airway epithelial barrier function.15 Diff erential 
persistence of RSV recurrent wheeze might be 

Key messages

• RSV LRTI is a worldwide health problem; it is a major 
cause of morbidity and mortality in children under 5 years 
old and has a high socioeconomic burden, yet the 
mortality burden is still poorly understood

• A rigorous analysis confi rms that there are no eff ective
evidence-based therapeutic or preventive interventions 
for RSV, and supportive care (hydration and oxygenation) 
remain the cornerstone of clinical management 

• The past decade has been characterised by new 
therapeutics in clinical development including 10 vaccines 
and 11 antivirals

• We are now challenged to optimise these new 
therapeutics, with remaining challenges to development 
and implementation, including the need for regulatory 
guidance on drug testing, establishment of clinically 
relevant outcomes for vaccine and therapeutic effi  cacy,
establishment of target populations and subpopulations, 
acceptable pricing, and logistic barriers to distribution in 
regions where mortality is highest
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explained by the severity of the initial episode, with 
these long-term sequelae occurring more frequently in 
children admitted to hospital than in children treated 
as outpatients with RSV infection.16 These respiratory 
sequelae result in a disproportionate health-care and 
fi nancial burden for children under 5 years of age.17

More than 99% of deaths associated with RSV occur 
in low-income countries.18 In all low-income countries, 
LRTI is the leading cause of death, and RSV is one of 
the most common pathogens causing LRTI.1 Two 
estimates of mortality from RSV have been reported 
using diff erent modelling approaches.1,18 A systematic 
review of epidemiology data reported the estimated 
incidence of RSV-associated LRTI of 33·8 million cases 
in children under 5 years old worldwide in 2005, of 
which 3·4 million (10%) were admitted to hospital and 
an estimated 66 000–199 000 died (fi gure 1). This 
estimate assumed that RSV causes negligible mortality 
in children older than 2 years of age. The lower bound 
estimate was generated using pooled case fatality ratios 
from hospital-based data, which probably underestimate 
true mortality rates. The upper bound was estimated 
under the assumption that all excess LRTI mortality 
during the RSV season was RSV-associated, after 
extrapolation from a single study.18 The second mortality 
estimate was derived from the Institute for Health 
Metrics and Evaluation global all-cause of death analysis 
compiling mortality data from 1990 to 2013, in which 

RSV pneumonia was reported to cause an estimated 
41 100 deaths in children under 5 years of age in 2013 
(95% CI 23 000–65 500).1 High-risk groups include 
premature infants, HIV-infected children, children 
with other immunocompromised status, and infants 
with very low birthweight.19–21 Although risk factors for 
severe disease have been identifi ed, most children 
admitted to hospital with RSV LRTI were previously 
healthy (fi gure 1).22 Obstacles limiting the ability to 
compile an accurate worldwide estimate of disease 
burden of RSV LRTI include absence of a universal 
defi nition, quality of monitoring methods, paucity of 
monitoring outside the hospital setting, and scarcity of 
diagnostic confi rmation of RSV infection.

Clinical management: less is more
Bronchiolitis is a variable but usually self-limiting 
disease, and it is estimated to resolve in 90% of children 
about 21 days after symptom onset.23,24 However in the 
case of severe disease (defi ned by respiratory distress 
or dehydration) children need to be managed 
with intravenous fl uids and supplemental oxygen as 
inpatients.

The American Academy of Pediatrics (AAP) 
bronchiolitis guideline4 restricts the use of therapeutic 
interventions that are not evidence based. Moreover, the 
Cochrane reviews25–27 support the absence of effi  cacy of 
systemic corticosteroids and bronchodilators as 

Figure 1: RSV burden of disease: key facts and fi gures
LRTI= lower respiratory tract infection. RSV=respiratory syncytial virus.18–22
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suggested by the guidelines.4 Tables 1 and 2 outline 
diff erences between the AAP and three additional 
evidence-based guidelines4,28–30 for the management of 
bronchiolitis; the main diff erences between the new and 
old AAP guidelines are summarised in the panel.4,35 
Oxygen supplementation is recommended when pulse 
oximetry shows peripheral capillary oxygen saturation 
(SpO2) less than 90%.35 When oxygen supplementation is 
not suffi  cient, invasive or non-invasive ventilatory 
support might be necessary. High-fl ow nasal cannula 
(HFNC) for oxygen delivery generates a positive airway 
pressure in bronchiolitis and is emerging as a potentially 
interesting delivery method. Respiratory support using 
HFNC is a promising strategy, because it seems safe for 
children that are managed in a general paediatric ward 
and might decrease the need for intubation or paediatric 
intensive care unit admission.4,36,37 However, there are no 
randomised controlled trials for HFNC, so this method 
still lacks suffi  cient evidence for recommendation. There 
are various theoretical risks of using HFNC for babies 
with RSV LRTI, including the risk of delaying intubation 
and increased mortality because of HFNC failure.38,39 The 
AAP guideline pre-dates evidence from a randomised 
controlled trial39 that challenges the role of oximetry as an 
identifying criterion for bronchiolitis admissions. Pulse 
oximetry readings were artifi cially elevated, displaying 
3% higher than true SpO2—as recorded by pulse oximetry 

with non-artifi cially elevated levels. Artifi cial elevation 
resulted in a 16% decrease in the probability of hospital 
admission in two groups with similar outcomes, 
controlled for disease severity.40 Although lower oxygen 
saturation thresholds seem safe, clinicians should not 
value oxygen saturation too highly as a single marker of 
disease severity and need for admission to hospital.

The European Respiratory Society 2004 Task Force 
assessed therapeutics often used to treat acute viral 
bronchiolitis using the Grades, Assessment and 
Evaluation method41 and reported that nebulised 
hypertonic saline might be useful, but no other 
interventions are useful and should therefore not be 
used.42 The AAP guidelines do not recommend giving 
nebulised hypertonic saline to infants in the emergency 
department and only weakly recommend its use in 
patients admitted to hospital with an average length of 
stay greater than 3 days. Evidence has been compiled 
from a meta-analysis of 11 trials43 and data from four more 
recent trials31–34 that compare various concentrations of 
nebulised hypertonic saline with normal saline. A 
reduction in length of hospital stay of 1·2 days was 
reported in the meta-analysis,43 but has been contradicted 
by results of trials that reported no relevant reduction in 
length of hospital stay.31–34 There is evidence that adverse 
eff ects after treatment with hypertonic saline are similar 
with or without concomitant bronchodilator use, but with 

Recommended Not recommended

American Academy of 
Pediatrics, 20144

Supplemental oxygen optional if SpO₂ is greater than 90%, 
nebulised hypertonic saline optional for hospitalised children 
with expected length of stay longer than 72 h, nasogastric or 
intravenous fl uids if oral hydration cannot be maintained

 Albuterol, epinephrine, nebulised hypertonic saline in emergency 
department, systemic corticosteroids, antibacterial medicine 
(unless concomitant bacterial infection), chest physiotherapy, 
continuous pulse oximetry

Royal Australian College of 
General Practitioners, 200828

Supplemental oxygen, saline nasal drops, nasal suctioning, 
comfortable positioning (prone or supine if unable to 
position self), continuous pulse oximetry monitoring if in 
prone position, oral feeding can continue unless respiratory 
distress increases, trial of β2 agonist bronchodilators for 
children older than 9 months (discontinue if no response), 
antibiotics if clinical signs or symptoms of bacterial infection, 
paracetamol or ibuprofen can be used if pyrexia is present

Chest physiotherapy, routine mist, routine steam, routine 
nebulised saline, routine nebulised adrenaline, routine β2 agonist 
bronchodilators, routine ipratropium bromide, routine antibiotics, 
routine corticosteroids, routine ribavirin, routine 
immunoglobulin, routine oral antitussives, oral expectorants or 
oral decongestants 

Scottish Intercollegiate 
Guidelines Network, 200629

Supplemental oxygen if SpO₂ is less than 92% or if severe 
respiratory distress or cyanosis, nasogastric feeding if child 
cannot maintain hydration or oral intake, nasal suction for 
hospitalised infants showing respiratory distress, pulse 
oximetry 8 to 12 h after supplementary oxygen is 
discontinued

Nebulised ribavirin, antibiotic therapy, inhaled β2 agonist 
bronchodilators, nebulised ipratropium or epinephrine, inhaled or 
oral corticosteroids, chest physiotherapy

NICE, 201530 Supplemental oxygen if SpO₂ is less than 92%, continuous 
positive airway pressure if impending respiratory failure, 
upper airway suctioning in children who have respiratory 
distress or feeding diffi  culties because of upper airway 
secretions or children who present with apnoea, fl uids by 
nasogastric or orogastric tube if children cannot take fl uid 
orally, intravenous isotonic fl uids to children who do not 
tolerate nasogastric or orogastric fl uids or have impending 
respiratory failure, consider capillary blood case testing in 
children with severe worsening respiratory distress or 
impending respiratory failure

Chest physiotherapy for children who do not have relevant 
comorbidities, antibiotics, hypertonic saline, nebulised adrenaline, 
salbutamol, montelukast, ipratropium bromide, systemic or 
inhaled corticosteroids and nebulised adrenaline, routine upper 
airway suctioning, routine blood gas testing

Peripheral capillary oxygen saturation=SpO2. Guidelines included are either accepted on a national level (not hospital based) and apply a clearly defi ned evidence-based 
framework to recommendations

Table 1: Treatment recommendations based on current evidence-based global management guidelines
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the possibility of bronchospasm with hypertonic saline, 
the addition of a bronchodilator might ensure treatment 
safety.4,43 Furthermore, reduction in length of hospital stay 
was restricted to a few patients with moderate 
bronchiolitis and length of hospital stay greater than 72 h. 
Most trials included in the Cochrane review43 had a 
relatively long length of stay (>3 days) in the trial group 
without hypertonic saline, which limits generalisation to 
settings in which length of stay is less than 3 days. The 
eff ect of continued nebulised hypertonic saline treatment 

in settings with shorter length of stay and treatment in 
the outpatient setting has yet to be examined.

In view of widespread use of non-evidence-based 
therapies for bronchiolitis, reduction of unnecessary 
therapies in the inpatient setting is essential. In the USA, 
a temporal association exists between the introduction of 
the 2006 AAP bronchiolitis guidelines and a reduction of 
therapeutic interventions, except for antibiotics.44 The 2014 
guidelines further restrict therapeutic inter vention, which 
means the management of bronchiolitis can be summed 

2014 American Academy of 
Pediatrics4

2008 Royal Australian College of General 
Practitioners28

2006 Scottish Intercollegiate Guidelines 
Network29

NICE Guideline 201530

Inhaled bronchodilators Level B: albuterol (salbutamol) 
should not be given

Level A: β2 agonists not recommended
Level D: trial β2 agonists if older than 
9 months, discontinue if no response
Level A: ipratropium bromide not 
recommended

Level B: β2 agonists not recommended
Level X: nebulised ipratropium not 
recommended

Not recommended

Systemic corticosteroids Level A: not recommended Level A: not recommended Level A: not recommended Not recommended

Ribavarin No recommendation Level A: not recommended Level B: not recommended No recommendation

Antibiotics (only if indications 
for bacterial co-infection 
present)

Level B: recommended Level A: not recommended
Level D: consider for secondary bacterial 
infection

Level X: not recommended Not recommended

Chest physiotherapy Level B: should not be used Level A: not recommended Level A: not recommended Not recommended if children do not 
have relevant comorbities

Maintaining hydration and 
fl uid balance

Level X: nasogastric or intravenous 
fl uids if unable to maintain oral 
hydration

Level D: maintain oral feeding unless 
feeding increases respiratory distress

Level D: nasogastric feeding if child cannot 
maintain oral intake

Nasogastric or orogastric tube 
recommended when children cannot 
take enough fl uid orally
Intravenous isotonic fl uids 
recommended for children who do 
not tolerate nasogastric or orogastric 
fl uids, or have impending respiratory 
failure

Supplemental oxygen Level D: choice not to administer if 
SpO2 >90%

No recommendation Level D: should be given for SpO2 ≤92% or 
severe respiratory distress or cyanosis
Level X: CPAP should be considered for 
severe respiratory distress or apnoea

Recommended for SpO2 <92%

Pulse oximetry Level C: continuous pulse oximetry 
not recommended

Level D: continuous pulse oximetry 
if in prone position

Level C: should be performed for every 
child attending hospital with acute 
bronchiolitis
Level X: monitor 8-12 h after 
discontinuation of supplemental oxygen 
therapy

No recommendation

Epinephrine Level B: should not be given Level A: nebulised adrenaline not 
recommended

Level A: not recommended Not recommended

Nebulised hypotonic saline, 
Normal Saline

Level B: can be given during 
hospitalisation*

Level D: mist, steam, nebulised saline not 
recommended

No recommendation Not recommended

Paracetamol or ibuprofen No recommendation Level D: may be given No recommendation No recommendation

Antitussives, expectorants, 
decongestants

No recommendation Not recommended No recommendation No recommendation

Capillary blood gas No recommendation No recommendation No recommendation Consider in children with severe 
worsening respiratory distress or 
impending respiratory failure
Not recommended as routine

Nasal suctioning No recommendation Level D: may be trialled Level D: should be used for children who 
exhibit respiratory distress due to nasal 
blockage

Recommended if respiratory distress 
or feeding diffi  culties or apnoea

Guidelines compared from table 1 based on level of evidence for each intervention. Level A: well designed randomised controlled trials; Level B: randomised controlled trials with minor limitations or 
overwhelming evidence from observational studies; Level C: observational studies (case-control and cohort); Level D: expert opinion, case reports; Level X: validating study not possible but clear benefi t or harm 
or recommended practice by development group. CPAP=continuous positive airway pressure. *4 trials published after the publication of the 2014 American Academy of Pediatrics guidelines found no benefi t of 
hypertonic saline therapy.31–34 

 Table 2: Level of evidence per recommended intervention
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up in three words: less is more. Nevertheless, further 
controlled studies stratifying children with bronchiolitis 
into subpopulations according to aetiology, age, and 
severity might uncover groups of children who could 
benefi t from specifi c interventions that showed no benefi t 
in the evidence-based guidelines for the treatment of 
bronchiolitis as a whole.

New therapeutics
RSV is a negative-sense single-stranded RNA virus 
encoding 11 proteins. RSV mainly infects the ciliated 
airway epithelial cells of the respiratory tract and causes 
both damage and infl ammation of the bronchioles. Two 
surface proteins (G and F) play a part in RSV binding and 
fusion respectively. The RSV viral envelope protein, SH 
(small hydrophobic), is an ion channel whereas the inner 
envelope is formed by the M (matrix) protein. Inside the 
viral envelope, four proteins make up the nucleocapsid: N 
(nucleoprotein [protein that is conjugated with a nucleic 
acid]),45 which binds the RNA; P (phosphoprotein [protein 
that can be modifi ed post-translationally by attaching a 
phosphate group or a complex phosphate molecule]),46 
which is an important polymerase cofactor; L (polymerase); 
and M2–1, which is a transcription factor. M2–2 is 
postulated to have a regulatory role in RNA replication, 
and NS1 and NS2 are non-structural proteins that might 
downregulate RNA synthesis by inhibiting type I 
interferon responses.47 Of all the RSV proteins, F and G 
are the most important surface epitopes for neutralisation 
and thus the most frequent targets for vaccine induced 
protective immunity and antivirals (fi gure 2).

There are only two licensed drugs for treatment of RSV 
infection. Inhaled ribavirin, a nucleoside analogue and 
virostatic, is approved by the Food and Drug Administration 
(FDA) for treatment of children with severe RSV-associated 
disease. However, this antiviral is no longer recommended 
in the AAP guideline because of insuffi  cient evidence of 
eff ectiveness.4 Palivizumab, a humanised monoclonal 
antibody that targets the RSV F protein, was approved by 
the FDA and European Medicines Agency for immuno-
prophylaxis in high-risk infants after the Impact trial64 
showed a 55% reduction in hospital admission attributable 

Panel: Main changes in the American Academy of 
Pediatrics guidelines4,35 between 2006 and 2014

• Carefully monitored trial of bronchodilators no longer 
recommended

• Continuous pulse oximetry no longer recommended
• Nebulised hypertonic saline not recommended in the 

emergency department, weakly recommended for 
hospitalised children

• Discussion of high-fl ow nasal cannula without 
recommendation due to limited evidence

• Hydration support may be administered via nasogastric 
route as well as intravenously

Figure 2: Vaccines, antivirals, and RSV targets
(A) Vaccines. (B) Antivirals and RSV targets. A) RSV vaccines in clinical development. Vector-based vaccines 
MEDI-534 and RSV001 are delivered through humanised bovine parainfl uenza type 3 chimeric vectors (B/HPIV3), 
simian adenovirus vectors (PanAd3-RSV) and modifi ed vaccina virus ankara vectors (MVA-RSV).48,49 RSV-F is a 
particle-based vaccine that expresses post-fusion F protein in baculovirus which forms nanoparticles.50,51 
Live-attenuated vaccine candidates include MEDI-559,52 MEDI-∆M2-2/MEDI-LID ∆M2-2, RSV ∆NS2 ∆1313, 1314L, 
RSV cps2.53–55 MEDI-7510, F-protein vaccine (NCT02298179),51 GSK3003891A56 are subunit vaccines that display 
the RSV F protein.52 (B) Antivirals are shown with arrows showing the RSV protein targets. RI-001 targets various 
surface epitopes, as it is a polyclonal antibody.57 ALS-008176 targets the P, N, L polymerase complex in its entirety58 
whereas ALN-RSV01 is an siRNA targeting the N protein.59 F protein is the target for most antivirals (MDT-637, 
GS-5806, JNJ-53718678, AK0529)60 and antibodies (REGN-222, MEDI-8897, ALX-0171)61–63 in clinical 
development. RSV=respiratory syncytial virus. SH=small hydrophobic protein. F=fusion protein. G=surface protein 
important for attachment. N=nucleoprotein. P=phosphoprotein. L=large polymerase. M=matrix protein.
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Figure 3: Overview of RSV treatment in development
(A) Vaccines. (B) immunoglobulins. (C) antivirals. Company and product name, if available, are classifi ed by development stage (discovery, preclinical, phase 1–3, 
marketed). The image is up to date through April, 2015. Courtesy of GlobalData. RSV=respiratory syncytial virus. STAT=signal transducer and activator of transcription. 
See appendix for a more detailed description of methods. 
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to RSV in high-risk children. With patent expiration for 
palivizumab expected as early as mid-2015, the opportunity 
arises for lower pricing, which will contribute to greater 
access for groups and populations with the greatest burden 
of disease, ie, low-income countries.

Vaccines 
Vaccine development has been slower than expected, 
after use of a formalin-inactivated whole virus vaccine 
in the 1960s resulted in RSV-enhanced disease with 
80% hospitalisation and two deaths.65 Four target 
populations that might benefi t from an RSV vaccine 
have been identifi ed: infants under 6 months, children 
older than 6 months, pregnant women, and elderly 
people (65 years or older).66 Older siblings have emerged 
as a potentially eff ective target for vaccination. 
Transmission dynamics studied at the community level 
in Kenya show that transmission mainly occurs through 
introduction of RSV into the family unit via school-
aged siblings, supporting the viability of indirect 
immunity in the household.67 Identifying the most 
appropriate target population to vaccinate will be an 
important step in future immunisation strategies 
against RSV. Four vaccine approaches (live-attenuated, 
subunit, particle based and vector based) are in 
development, all of which have advantages for particular 
target populations (fi gure 2A).

Live-attenuated vaccines aim to achieve a tenuous 
double goal: safe attenuation of the virus while inducing 
maximum immunogenicity. In other words, a safe 
attenuated vaccine should avoid the immunological 
pitfalls of enhanced T-helper-2 responses and the 
development of non-neutralising antibodies, as induced 
by formalin-inactivated RSV, and mimic exposure to 
wild-type virus. Live-vaccine candidates are attenuated 
through reverse genetics using mutations to limit the 
chances of reversion to wild-type while containing 
mutations that have been shown to increase 
immunogenicity by augmenting host responses.68 
Mutations in the RNA sequences encoding M2–2, SH, 
NS2, and L are used in vaccine candidates.

Subunit vaccines provide a safe alternative to live-
attenuated vaccine candidates with no chance of reversion 
to wild-type, but off er little immunogenicity in young 
children.66 The F surface protein on the viral envelope and 
the N protein represent important vaccine antigens for 
subunit vaccines intended for maternal immunisation. 
Insight into pre-fusion and post-fusion conformational 
changes of the F protein presents the question of which 
epitope to target to provide greater immunogenicity and 
long-term protection in the development of subunit 
vaccine candidates.69 Antibodies against metastable pre-
fusion F are highly neutralising, whereas the post-fusion F 
protein is more stable and contains important neutralising 
epitopes, including the binding site for palivizumab.70 
Subunit vaccines would probably be more useful in adults 
or pregnant women for the protection of infants, as they do 

not carry the potential risks associated with mother to 
fetus transmission of live-attenuated vaccines.

Finally, two vector vaccine candidates aim to deliver 
RSV viral proteins using a more stable vector, although 
anti-vector immunity could pose a problem. Viral 
vectors, specifi cally adenovirus and human parainfl uenza 
virus 3, and one particle-based vaccine through 
baculovirus nanoparticles (small stabilised structures 
consisting of viral antigens that are produced through 
Sf9–baculovirus recombinant technology), have been 
used to deliver RSV F, N, and M2–1 and elicit protective 
immunity.71 Figure 3A gives an overview of RSV vaccines 
in preclinical and clinical trials and table 3 summarises 
the ten vaccines in clinical trials only.

With the approval of vaccines on the horizon it is 
important to make the most of emerging clinical 
interventions. Both maternal and paediatric immunisation 
could be powerful interventions to prevent severe RSV 
infection in early childhood. Maternal RSV vaccination 
studies are in progress to establish placental transfer of 
neutralising antibodies and postnatal half-life of these 
antibodies. These studies will be instrumental to optimise 
timing of vaccination. Limitations of active immunisation 
include the risk of enhanced disease, restricted 
immunogenicity of subunit vaccines, and possible 
attenuation of eff ectiveness because of interference by 
natural maternal derived antibodies. Maternal vaccination, 
although promising, might be limited by placental 
transfer, antibody decay rates, and safety in pregnant 
women. In view of the role of RSV LRTI in the 
pathogenesis of recurrent wheeze, the importance of 
vaccine development could extend beyond the prevention 
of hospital admission of infants to long-term respiratory 
health.

Antivirals 
Because of the low immune responsiveness of young 
children who are at the highest risk of severe disease 
following RSV infection, and the need to induce a level 
of protection higher than natural immunity, vaccine 
development has been complemented by the development 
of therapeutic antiviral drugs.

11 antivirals for RSV are being investigated in clinical 
trials. These new compounds belong to four main 
therapeutic classes: immunoglobulins, siRNA-interference 
(post-transcriptional gene silencing), fusion inhibitors, 
and small molecules. These modalities target fi ve of the 
11 proteins encoded by the RSV genome including 
F (fusion), G (viral attachment), and N, P, and L (RNA 
polymerase) (fi gure 2B).

Both monoclonal and polyclonal antibodies neutralise 
RSV. Monoclonal antibodies show higher neutralising 
activity and fewer adverse eff ects than plasma-derived 
polyclonal antibodies, although this can be minimised 
with substantial purifi cation. However, polyclonal 
antibodies targeting many epitopes are less susceptible 
to viral escape mechanisms. MEDI-8897 is a monoclonal 
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Company Trial number Target Mechanism of action Route of 
administration

Development 
status

Results summary Target 
population

Vaccines: live-attenuated

MEDI-559 MedImmune NCT00767416 N/A Attenuated with point and 
deletion mutations A2 
cp248/404/1030/ΔSH

Intranasal Phase 2c Biologically active and 
immunogenic in seronegative 
children, increase in MA-LRIs 
require further safety studies, no 
enhanced disease

Paediatric52

MEDI-ΔM2–2/
MEDI-LID ΔM2–2

NIAID NCT01459198 N/A Deletion of RNA 
regulatory factor, M2–2

Intranasal Phase 1 Restricted in replication, 
immunogenic after single dose in 
RSV-seronegative children

Paediatric53

RSV ΔNS2 Δ1313 
1314L

NIAID NCT01893554 N/A Attenuating NS2 gene 
deletion, 1313 deletion, 
1314L substitution and 
phenotypic stabilisation

Intranasal Phase 1 Phase 1 ongoing Paediatric54

RSV cps2 NIAID NCT01852266 N/A Codon-stabilised version 
MEDI-559 (at positions 
248 and 1030 of the L 
gene)

Intranasal Phase 1 Phase 1 ongoing Paediatric55

Vaccines: vector

MEDI-534 MedImmune EudraCT2008-002651-24 N/A Humanised bovine 
parainfl uenza type 3 
chimeric (B/HPIV3) vector 
displaying the RSV F 
protein

Intranasal Phase 2c Highest dose associated with 
increased MA-LRI but no increase 
in disease severity; suppression 
of viral shedding; no enhanced 
disease in seronegative infants

Paediatric48

RSV001 ReTheira Srl 
(formerly 
Okairos, 
acquired by 
GSK)

NCT01805921 N/A F, N, M2–1 expressed in 
simian adenovirus 
(PanAd3-RSV) and 
modifi ed vaccinia virus 
ankara (MVA-RSV)

PanAd3-RSV: 
Intranasal
MVA-RSV: 
intramuscular

Phase 1 Safety demonstrated in adults, 
PanAd3-RSV and MVA-RSV are 
safe and immunogenic 
candidates

Paediatric49

Vaccines: particle-based

RSV-F Novavax NCT02247726 N/A Post-fusion F expressed 
in baculovirus, 
forms nanoparticles

Intramuscular Phase 2 Starting phase 2 in pregnant 
women
Well tolerated, no serious 
adverse event, high RSV 
antibody levels within 14 days, 
persist for 91 days in women of 
childbearing age

Maternal50,72,73

Vaccines: subunit

MEDI-7510 MedImmune 
(together with 
Immune Design 
GLAAS)

NCT02289820 N/A RSV F protein with GLA as 
adjuvant, selective binding 
to TLR-4

Intramuscular Phase 1 Phase 1 ongoing Paediatric51,74

F-protein Vaccine Novartis NCT02298179 N/A Post-fusion F protein with 
aluminium hydroxide 
adjuvant

Intramuscular Phase 1 Phase 1 ongoing Maternal

NCT02360475 
(Formulations 
1–6)

GSK NCT3003891A, 
NCT01905215

N/A Passive immunisation via 
maternal transfer using 
purifi ed recombinant F 
protein engineered to 
maintain pre-fusion F 
conformation as vaccine 
antigen

Intramuscular Phase 2 Starting Phase 2 in healthy 
women
First in human trial in healthy men 
ongoing, interim results: a rapid 
anamnestic anti-RSV neutralising 
antibody, acceptable adverse 
event profi le in healthy men

Maternal56

Antivirals: antibodies

RI-001 ADMA Biologics NCT00632463, 
NCT01814800

Various 
viral 
epitopes

Polyclonal RSV 
neutralising antibody

Intravenously Phase 2c Signifi cant improvement in RSV 
titre from baseline to D18; 
9·24x in high dose group (n=21)57

compassionate use (n=13): 
4-fold rise in antibody titres
RI-002 Ph3c for indication PIDD

..

Motavizumab 
(MEDI-524)

MedImmune NCT00421304,
NCT00435227

F RSV neutralising 
monoclonal antibody

Intravenously Interrupted No eff ect on viral load, diff erence 
in hospital stay duration or 
severity score, more intensive care 
admissions in motavizumab arm75

..

(Table 3 continues on next page)
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antibody targeting the antigenic “site zero”, an epitope 
unique to the pre-fusion RSV F protein. It is a promising 
drug candidate that has moved onto phase 2 trials as a 

passive immunisation strategy.80 Using YTE technology 
(antibody half-life extension technology using three 
mutations to the fragment crystallisable domain of an 

Company Trial number Target Mechanism of action Route of 
administration

Development 
status

Results summary Target 
population

(Continued from previous page)

MEDI-8897
(derived from 
AIMM D25)

MedImmune NCT02114268,
NCT02290340

Prefusion F RSV neutralising 
monoclonal antibody with 
extended half-life

Intramuscular or 
intravenously

Phase 2 Target population healthy 
infants. Ongoing RCT in healthy 
preterm infants

..

ALX-0171 Ablynx NCT02309320 F Antibody nanobody Inhalation Phase 2 In healthy male volunteers: no 
dose-limiting toxicity, no 
signifi cant change lung function, 
opportunity for once daily 
dose61,63

Phase 1 and phase 2a ongoing in 
toddlers and infants with RSV 
LRTI

..

REGN-2222 Regeneron NCT02325791 F Monoclonal antibody 
anti-RSV F

Intramuscular Phase 1 Recruitment to start June, 2015 ..

Antivirals: antisense

ALN-RSV01 Alynam 
Pharmaceuticals

NCT00496821, 
NCT00658086, 
NCT01065935

N Small-interfacing RNA’s 
(siRNA)

Intranasal Phase 2c Safe and well tolerated in healthy 
adults59

Phase 2a experimental infection: 
40% relative reduction in 
infection rate (p<0·01)76 
Phase 2a lung transplant: 85% 
reduction in bronchiolitis 
obliterans syndrome (p<0·02)76

Phase 2b: Treatment eff ect D90 
and D180 Bronchiolitis 
Obliterans Syndrome 52–65%76

..

Antivirals: fusion inhibitors

MDT-637 
(VP014637)

Teva 
Pharmaceuticals
(MicroDose 
Therapeutx)

NCT01355016 F Prohibits cell entry Inhalation Phase 2 No signifi cant adverse events in 
all three phase 1 trials (single and 
multiple dose in healthy adults or 
single dose in asthmatics), 
desirable pharmacokinetic 
profi le77

..

GS-5806 Gilead NCT01756482 F Prohibits cell entry Oral Phase 2 Achieved lower viral load, lower 
mucus weight, lower symptom 
scores; adverse events include 
low neutrophil counts and 
increased alanine 
aminotransferase60

..

JNJ-53718678 Janssen NCT02398591, 
NCT02387606

F Prohibits cell entry Oral Phase 1 No study results available ..

AK0529 Ark Biosciences 
Inc

NCT02297594 F Prohibits cell entry Oral Phase 1 Phase 1 ongoing ..

Antivirals: nucleoside analogue

ALS-008176 Alios Biopharma NCT01906164 RSV 
polymerase

Nucleoside analogue Oral Phase 2 Good safety profi le, rapid decline 
of viral load and clearance of RSV 
RNA, decreased mucus weight 
and symptom score in healthy 
adults58

Phase 1 ongoing in RSV 
hospitalised children

..

Antivirals: other

Danirixin 
(GSK1325756)

GSK NCT02201303 CXCR2 Selective, reversible CXCR2 
antagonist

In vitro Phase 1 Trial evaluating concentration 
necessary to inhibit neutrophil 
activation after in-vitro whole 
blood incubation78,79

..

MA-LRI=medically attended lower respiratory illness. RSV=respiratory syncytial virus. N/A=not available. RCT=randomised controlled trial. LRTI=lower respiratory tract infection. PIDD=primary 
immunodefi ciency diseases.  

Table 3: Overview of RSV antivirals, therapeutics, and vaccines in clinical trials
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antibody [M252Y, S254T, T256E]), this potent antibody 
has an extended half-life of 70–100 days, making a single 
injection a possibility.71,81 Development has been 
discontinued for motavizumab, a higher affi  nity variant 
of palivizumab with greater neutralising activity. A 
phase 3 clinical trial82 showed similar effi  cacy between 
both monoclonal antibodies but a 2% greater incidence 
of cutaneous adverse events in motavizumab recipients 
compared with palivizumab recipients. Moreover, a 
phase 2 randomised clinical trial75 in which motavizumab 
was used as treatment in children with RSV LRTI 
showed no eff ect on viral load or clinical severity.

One therapeutic agent, ALN-RSV01, uses antisense 
technology (siRNA) to interfere with protein synthesis 
by targeting mRNA encoding the N protein. Of the four 
fusion inhibitors, GS-5806 was studied in a phase 2 
randomised clinical trial60 and showed an ability to 
reduce viral loads and disease severity in healthy adults. 
Finally, there are two small molecules inhibitors; 
ALS-008176 targets the RNA polymerase to interfere 
with protein synthesis, and danirixin is a CXCR2 
antagonist. Figures 3B and 3C give an overview of all 
antivirals and other drugs in development and table 3 
outlines the 11 antivirals and other therapeutics in 
clinical trials, including motavizumab, for which 
development has ended.

Nucleolin has emerged as a novel potential therapeutic 
target after being identifi ed as a functional human 
receptor for the RSV F protein in vivo.83 AS1411, a 
guanosine-rich oligonucleotide, is in phase 2 clinical 
trials for cancer patients and might be a potential 
therapeutic agent because it binds to the cell-surface 
nucleolin. It is patented for antiviral use for RSV but 
clinical trials for this indication have not started.84

Remaining challenges
Although the investment in RSV therapeutics has 
injected new hope in emerging RSV pharmaceuticals, 

challenges remain for their clinical development and 
implementation—namely absence of consensus on the 
most clinically relevant outcomes, the defi nitions of clear 
target populations, and barriers to drug access.

Consensus among academics, developers, and 
regulators is needed on clinical trial design, including 
identifying relevant endpoints and criteria of vaccine 
and therapy effi  cacy. In the absence of a universal 
severity score for RSV bronchiolitis and clinical, 
virological, and immunological endpoints to objectively 
assess RSV immune responses and disease severity, 
assessment of RSV interventions remains a challenge. 
Surrogate markers of disease severity and protection 
need to be better defi ned and clear endpoints established 
for successful clinical trials. Legal and regulatory 
guidance on clinical testing in RSV-naive infants, young 
children, and pregnant women are needed because of 
the risk of vaccine-enhanced disease or adverse eff ects 
in these vulnerable populations. Greater transparency 
and agreement is needed in the development chain to 
assess therapeutic effi  cacy, preferably in the form of an 
international protocol or guideline.

Diff erent subpopulations with RSV LRTI should be 
defi ned and considered when testing therapeutic effi  cacy. 
For children with asthma, a hyper-reactive infl ammatory 
immune response to viral infection might result in 
enhanced disease. Higher rates of bacterial co-infection, 
HIV exposure, and HIV infection should be taken into 
consideration in populations in low-income countries.66 
Patient subpopulations for therapeutic testing should be 
established for clinical trials to accurately measure 
therapeutic effi  cacy. Further advances in personalised 
medicine will help to identify the subset of children that 
could benefi t from these interventions.

A more accurate characterisation of disease burden 
that includes active surveillance data and an 
understanding of the long-term consequences of RSV 
will be essential in establishing target populations for 
RSV prevention and therapeutics, and a comprehensive 
cost-eff ectiveness estimate. As the burden of disease 
disproportionately aff ects low-income countries, trials 
that establish a safe and eff ective profi le within this 
population are essential to combat RSV.

Once approved, practical barriers remain to ensuring 
that new therapeutics address the worldwide burden of 
disease. Economic and logistic barriers are greatest in 
regions where the RSV disease burden is highest, and 
mechanisms such as diff erential pricing agreements and 
collaboration with local stakeholders can help with 
distribution in low-income countries.

Conclusion
RSV bronchiolitis represents a worldwide health 
problem, with a substantial disease burden in children 
less than 5 years of age and 66 000–199 000 estimated 
deaths worldwide per year. Beyond the acute disease, 
RSV is implicated in the pathogenesis of recurrent 

Search strategy and selection criteria

References for this Review were identifi ed through a search of 
PubMed and the Cochrane Library for original research and 
reviews, with no date or language restrictions, on Aug 1, 2015. 
We did not intend to do a systematic review of the literature 
with evidence grading. No inclusion or exclusion criteria were 
used. Instead, we selected articles that were most relevant to 
the subheadings used in this Review. We searched for original 
research and reviews using the terms “respiratory syncytial 
virus” or “viral” and “management”, “therapeutics”, “vaccines”, 
“antivirals”, and “treatment.” Earlier landmark publications 
that are cited in these articles were added if judged to be 
relevant. ClinicalTrials.gov, the World Health Organization 
International Clinical Trials Registry Platform, and the 
European Union clinical trials register were searched for any 
drug with the indication “Respiratory Syncytial Virus” or “RSV”.
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wheeze and possibly in the development of asthma. 
Evidence-based guidelines off er no obviously eff ective 
therapeutic interventions, leaving the standard 
management of RSV bronchiolitis dependent on 
adequate hydration and respiratory support. Active 
paediatric and passive immunisation via maternal 
vaccination are emerging preventive strategies. 
Antivirals and other novel molecules in clinical trials 
will hopefully off er clinicians new therapeutic options in 
a doctrine of non-intervention. The defi nition of 
optimum clinical and laboratory endpoints to assess the 
effi  cacy of these preventive and treatment interventions 
against RSV is needed. Furthermore, there is a pressing 
need to characterise the morbidity and mortality of RSV 
worldwide, to defi ne target populations for prevention 
and treatment, to have the mechanisms in place to 
ensure acceptable pricing, and to undertake trials that 
show safety and eff ectiveness in this young and 
vulnerable population.
Contributors
NIM, LB, and FM-T contributed to the concept and plan for this Review. 
Literature review was done by NIM in collaboration with LB. All authors 
contributed to the fi nal manuscript. The Respiratory Syncytial Virus 
Network (ReSViNET) contributed fi gures 3A–C.

Declaration of interests
MS receives funding from Pfi zer and GSK to conduct investigator led 
research on vaccine schedules in children; FM-T reports grants from 
Instituto Carlos III (Intensifi cación de la actividad investigadora) and 
Fondo de Investigación Sanitaria (PI10/00540 and PI13/02382) del plan 
nacional de I+D+I and fondos Feder, and grants and personal fees from 
Novartis; TH reports grants from Novavax and personal fees from Alios 
BioPharma; LB reports grants from Abbvie and MedImmune, and 
consultancy fees from Janssen, Gilead, Okairos, Mabxience, Alios, and 
AIT; PM reports personal fees from Abbvie, personal fees from Teva, and 
personal fees from Pfi zer. AG reports grants from MedImmune and 
Abbott and speakers fees from Abbott and Abbvie; FPP reports personal 
fees from Abbvie, Janssen, and Mabxience; AM reports personal fees from 
Abbvie, grants from Janssen, and grants and personal fees from Gilead 
and Alios; NGP reports grants from GSK, Nestle, and Merck, personal 
fees from Abbvie, Sanofi , Menarini, MEDA, GSK, Novartis ALK-Abello, 
Allergopharma, Uriach, Stallergens, and MSD; OR reports personal fees 
from Abbvie, Regeneron, and MedImmune, and grants from Janssen, 
Alios, and Gilead; RS reports personal fees from Abbvie; SAM reports 
grants and personal fees from MedImmune and GSK, personal fees from 
Pfi zer, and grants from Bill and Melinda Gates Foundation; HN reports 
grants from Bill and Melinda Gates Foundation, and personal fees from 
MedImmune; BF and NM declare no confl ict of interests; and EB reports 
personal feels for lectures from Abbvie, personal fees from Chiesi 
Farmaceutici, and personal fees from Novartis, outside the 
submitted work.

Acknowledgments
We acknowledge Luciënne Vlaskamp for her technical support in 
preparing fi gures 3A–C of the manuscript.

References
1 GBD 2013 Mortality and Causes of Death Collaborators. Global, 

regional, and national age-sex specifi c all-cause and cause-specifi c 
mortality for 240 causes of death, 1990–2013: a systematic analysis 
for the Global Burden of Disease Study 2013. Lancet 2015; 
385: 117–71.

2 Blanken MO, Rovers MM, Molenaar JM, et al, and the Dutch RSV 
Neonatal Network. Respiratory syncytial virus and recurrent wheeze 
in healthy preterm infants. N Engl J Med 2013; 368: 1791–99.

3 Glezen WP, Taber LH, Frank AL, Kasel JA. Risk of primary 
infection and reinfection with respiratory syncytial virus. 
Am J Dis Child 1986; 140: 543.

4 Ralston SL, Lieberthal AS, Meissner HC, et al, and the American 
Academy of Pediatrics. Clinical practice guideline: the diagnosis, 
management, and prevention of bronchiolitis. Pediatrics 2014; 
134: e1474–502.

5 Shay DK, Holman RC, Newman RD, Liu LL, Stout JW, Anderson LJ. 
Bronchiolitis-associated hospitalizations among US children, 
1980–1996. JAMA 1999; 282: 1440–46.

6 Pelletier AJ, Mansbach JM, Camargo CA Jr. Direct medical costs of 
bronchiolitis hospitalizations in the United States. Pediatrics 2006; 
118: 2418–23.

7 Hall CB, Weinberg GA, Iwane MK, et al. The burden of respiratory 
syncytial virus infection in young children. N Engl J Med 2009; 
360: 588–98.

8 Beigelman A, Bacharier LB. The role of early life viral bronchiolitis 
in the inception of asthma. Curr Opin Allergy Clin Immunol 2013; 
13: 211–16.

9 Bacharier LB, Cohen R, Schweiger T, et al. Determinants of asthma 
after severe respiratory syncytial virus bronchiolitis. 
J Allergy Clin Immunol 2012; 130: 91, e3.

10 Sigurs N, Aljassim F, Kjellman B, et al. Asthma and allergy patterns 
over 18 years after severe RSV bronchiolitis in the fi rst year of life. 
Thorax 2010; 65: 1045–52.

11 Régnier SA, Huels J. Association between respiratory syncytial virus 
hospitalizations in infants and respiratory sequelae: systematic 
review and meta-analysis. Pediatr Infect Dis J 2013; 32: 820–26.

12 Stein RT, Sherrill D, Morgan WJ, et al. Respiratory syncytial virus in 
early life and risk of wheeze and allergy by age 13 years. Lancet 1999; 
354: 541–45.

13 Zomer-Kooijker K, Uiterwaal CS, van der Gugten AC, Wilbrink B, 
Bont LJ, van der Ent CK. Decreased lung function precedes severe 
respiratory syncytial virus infection and post-respiratory syncytial 
virus wheeze in term infants. Eur Respir J 2014; 44: 666–74.

14 Janssen R, Bont L, Siezen CL, et al. Genetic susceptibility to 
respiratory syncytial virus bronchiolitis is predominantly associated 
with innate immune genes. J Infect Dis 2007; 196: 826–34.

15 Feldman AS, He Y, Moore ML, Hershenson MB, Hartert TV. Toward 
primary prevention of asthma. Reviewing the evidence for early-life 
respiratory viral infections as modifi able risk factors to prevent 
childhood asthma. Am J Respir Crit Care Med 2015; 191: 34–44.

16 Escobar GJ, Masaquel AS, Li SX, Walsh EM, Kipnis P. Persistent 
recurring wheezing in the fi fth year of life after laboratory-
confi rmed, medically attended respiratory syncytial virus infection 
in infancy. BMC Pediatr 2013; 13: 97.

17 Ducharme FM, Tse SM, Chauhan B. Diagnosis, management, and 
prognosis of preschool wheeze. Lancet 2014; 383: 1593–604.

18 Nair H, Nokes DJ, Gessner BD, et al. Global burden of acute lower 
respiratory infections due to respiratory syncytial virus in young 
children: a systematic review and meta-analysis. Lancet 2010; 
375: 1545–55.

19 Moyes J, Cohen C, Pretorius M, et al. Epidemiology of 
respiratory syncytial virus-associated acute lower respiratory 
tract infection hospitalizations among HIV-infected and HIV-
uninfected South African children, 2010–2011. J Infect Dis 2013; 
208 (suppl 3): S217–26.

20 Resch B, Manzoni P, Lanari M. Severe respiratory syncytial virus 
(RSV) infection in infants with neuromuscular diseases and 
immune defi ciency syndromes. Paediatr Respir Rev 2009; 10: 148–53.

21 Holman RC, Shay DK, Curns AT, Lingappa JR, Anderson LJ. Risk 
factors for bronchiolitis-associated deaths among infants in the 
United States. Pediatr Infect Dis J 2003; 22: 483–90.

22 Hall CB, Weinberg GA, Blumkin AK, et al. Respiratory syncytial 
virus-associated hospitalizations among children less than 
24 months of age. Pediatrics 2013; 132: e341–48.

23 Thompson M, Vodicka TA, Blair PS, Buckley DI, Heneghan C, 
Hay AD, and the TARGET Programme Team. Duration of 
symptoms of respiratory tract infections in children: systematic 
review. BMJ 2013; 347: f7027.

24 Munywoki PK, Koech DC, Agoti CN, et al. Frequent asymptomatic 
infections during a respiratory syncytial virus epidemic in a rural 
Kenyan household cohort. J Infect Dis 2015; published online 
May 4, 2015. DOI:10.1093/infdis/jiv263.

25 Gadomski AM, Scribani MB. Bronchodilators for bronchiolitis. 
Cochrane Database Syst Rev 2014; 6: CD001266.

123



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 124PDF page: 124PDF page: 124PDF page: 124

Review

26 Fernandes RM, Bialy LM, Vandermeer B, et al. Glucocorticoids for 
acute viral bronchiolitis in infants and young children. 
Cochrane Database Syst Rev 2013; 6: CD004878.

27 Hartling L, Bialy LM, Vandermeer B, et al. Epinephrine for 
bronchiolitis. Cochrane Database Syst Rev 2011; 6: CD003123.

28 Turner T, Wilkinson F, Harris C, Mazza D, and the Health for Kids 
Guideline Development Group. Evidence based guideline for the 
management of bronchiolitis. Aust Fam Physician 2008; 37: 6–13.

29 Scottish Intercollegiate Guidelines Network. Guideline 91: 
Bronchiolitis in children, a national clinical guideline. 2006. 
http://www.sign.ac.uk/pdf/sign91.pdf (accessed Sept 8, 2014). 

30 National Institute for Health and Care Excellence. Bronchiolitis in 
children: NICE guideline, draft for consultation. May, 2015. http://
www.nice.org.uk/guidance/ng9 (accessed Aug 15, 2015). 

31 Florin TA, Shaw KN, Kittick M, Yakscoe S, Zorc JJ. Nebulized 
hypertonic saline for bronchiolitis in the emergency department: 
a randomized clinical trial. JAMA Pediatr 2014; 168: 664–70.

32 Wu S, Baker C, Lang ME, et al. Nebulized hypertonic saline for 
bronchiolitis: a randomized clinical trial. JAMA Pediatr 2014; 
168: 657–63.

33 Sharma BS, Gupta MK, Rafi k SP. Hypertonic (3%) saline vs 0.93% 
saline nebulization for acute viral bronchiolitis: a randomized 
controlled trial. Indian Pediatr 2013; 50: 743–47.

34 Everard ML, Hind D, Ugonna K, et al, and the SABRE Study Team. 
SABRE: a multicentre randomised control trial of nebulised 
hypertonic saline in infants hospitalised with acute bronchiolitis. 
Thorax 2014; 69: 1105–12.

35 American Academy of Pediatrics Subcommittee on Diagnosis and 
Management of Bronchiolitis. Diagnosis and management of 
bronchiolitis. Pediatrics 2006; 118: 1774–93.

36 Bressan S, Balzani M, Krauss B, Pettenazzo A, Zanconato S, 
Baraldi E. High-fl ow nasal cannula oxygen for bronchiolitis in a 
pediatric ward: a pilot study. Eur J Pediatr 2013; 172: 1649–56.

37 Mayfi eld S, Bogossian F, O’Malley L, Schibler A. High-fl ow nasal 
cannula oxygen therapy for infants with bronchiolitis: pilot study. 
J Paediatr Child Health 2014; 50: 373–78.

38 Kang BJ, Koh Y, Lim C-M, et al. Failure of high-fl ow nasal cannula 
therapy may delay intubation and increase mortality. 
Intensive Care Med 2015; 41: 623–32.

39 Esquinas AM, Parke R, Giff ord AH. Failure of high-fl ow nasal 
cannula and delayed intubation: a new harmful sequence? 
Intensive Care Med 2015; 41: 1170.

40 Schuh S, Freedman S, Coates A, et al. Eff ect of oximetry on 
hospitalization in bronchiolitis: a randomized clinical trial. 
JAMA 2014; 312: 712–18.

41 GRADE working group. Grading quality of evidence and strength of 
recommendations. BMJ 2004; 328: 1490.

42 Lenney W, Boner AL, Bont L, et al. Medicines used in respiratory 
diseases only seen in children. Eur Respir J 2009; 34: 531–51.

43 Zhang L, Mendoza-Sassi RA, Wainwright C, Klassen TP. Nebulised 
hypertonic saline solution for acute bronchiolitis in infants. 
Cochrane Database Syst Rev 2013; 7: CD006458.

44 Parikh K, Hall M, Teach SJ. Bronchiolitis management before and 
after the AAP guidelines. Pediatrics 2014; 133: e1–7.

45 National Library of Medicine. Nucleoproteins: National Library of 
Medicine- Medical Subject Headings MeSH Descriptor Data 2011. 
http://www.nlm.nih.gov/cgi/mesh/2011/MB_
cgi?mode=&term=Nucleoproteins (accessed May 24, 2015).

46 BLAST Uniprot Consortium Phosphoprotein. 2015. http://www.
uniprot.org/keywords/KW-0597 (accessed May 25, 2015).

47 Graham BS, Anderson LJ. Challenges and opportunities for 
respiratory syncytial virus vaccines. Curr Top Microbiol Immunol 
2013; 372: 391–404.

48 Dubovsky F, Martinon-Torres F, Malkin E, et al. Randomized, 
double-blind placebo controlled study of the safety and 
immunogenicity of MEDI-534. 9th International Respiratory 
Syncytial Virus Symposium; Stellenbosch, South Africa; 
Nov 9–13, 2014; Poster 41.

49 Green C, Thomspon A, Sande C, et al. A novel RSV genetic vaccine 
based on simian Adenovirus and Modifi ed Vaccinia virus Ankara 
encoding the RSV viral proteins F, N and M2-1 is safe and 
immunogenic in healthy adults. 9th International Respiratory 
Syncytial Virus Symposium; Stellenbosch, South Africa; 
Nov 9–13, 2014; Oral Presentation 41.

50 Glenn GM, Smith G, Fries L, et al. Safety and immunogenicity of a 
Sf9 insect cell-derived respiratory syncytial virus fusion protein 
nanoparticle vaccine. Vaccine 2013; 31: 524–32.

51 Design I. Immune Design’s GLAAS discovery platform used in 
MEDI7510 phase 1 trial for respiratory syncytial virus. 2014. http://
www.immunedesign.com/wp-content/uploads/2014/05/Medi7510-
GLAAS-FPI-2014_05_27.pdf (accessed March 10, 2015).

52 Malkin E, Yogev R, Abughali N, et al. Safety and immunogenicity of a 
live attenuated RSV vaccine in healthy RSV-seronegative children 5 to 
24 months of age. PLoS One 2013; 8: e77104.

53 Karron R, Luongo C, Thumar B, Loehr K, Collins PBU. Clinical 
evaluation of a live intranasal pediatric respiratory syncytial virus 
(RSV) vaccine based on deletion of the M2-2 ORF. 9th International 
Respiratory Syncytial Virus Symposium; Stellenbosch, South Africa; 
Nov 9–13, 2014; oral presentation 11.

54 Luongo C, Winter CC, Collins PL, Buchholz UJ. Respiratory syncytial 
virus modifi ed by deletions of the NS2 gene and amino acid S1313 of 
the L polymerase protein is a temperature-sensitive, live-attenuated 
vaccine candidate that is phenotypically stable at physiological 
temperature. J Virol 2013; 87: 1985–96.

55 Luongo C, Winter CC, Collins PL, Buchholz UJ. Increased genetic 
and phenotypic stability of a promising live-attenuated respiratory 
syncytial virus vaccine candidate by reverse genetics. J Virol 2012; 
86: 10792–804.

56 Langley J, Aggarwal N, Halperin S, et al. A randomized, controlled, 
observer-blind phase I study of the safety, reactogenicity and 
immunogenicity of a single intramuscular dose of a respiratory 
syncytial virus vaccine adjuvanted with alum or non-adjuvanted, in 
healthy men 18-44 NCT01905215. 9th International Respiratory 
Syncytial Virus Symposium; Stellenbosch, South Africa; 
Nov 9–13, 2014. Oral presentation 114.

57 Falsey AR, Walsh EE, Mond JJ. Polyclonal human intravenous 
immune globulin (IGIV) with high-levels of RSV neutralizing 
antibodies: a summary of animal and human studies. Annual 
Conference of the Canadian Blood and Marrow Transplant 
Group; Halifax NS, Canada; June 11–14, 2014. http://content.
stockpr.com/admabiologics/db/Posters+and+Publications/924/
fi le/CBMTG+Halifax+Poster+2014+Final+%282%29.pdf (accessed 
Aug 18, 2015).

58 Devincenzo JP, Fathi H. MccLure M, et al. Treatment with oral 
ALS-8176, a nucleoside analog, rapidly reduces RSV viral load and 
clinical disease severity in a healthy volunteer challenge study. 
IDWeek 2014; Philadelphia, PA, USA; Oct 8–12, 2014; Late Breaker 
Oral Abstracts 1.

59 DeVincenzo J, Cehelsky JE, Alvarez R, et al. Evaluation of the safety, 
tolerability and pharmacokinetics of ALN-RSV01, a novel RNAi 
antiviral therapeutic directed against respiratory syncytial virus 
(RSV). Antiviral Res 2008; 77: 225–31.

60 DeVincenzo JP, Whitley RJ, Mackman RL, et al. Oral GS-5806 
activity in a respiratory syncytial virus challenge study. N Engl J Med 
2014; 371: 711–22.

61 Depla E. Ablynx: Development of ALX-0170, an inhaled nanobody for 
the treatment of respiratory syncytial virus infection in infants. RSV 
Vaccines for the World; Porto, Portugal; Oct 14–16, 2013.  

62 Robbie GJ, Criste R, Dall’acqua WF, et al. A novel investigational 
Fc-modifi ed humanized monoclonal antibody, motavizumab-YTE, 
has an extended half-life in healthy adults. 
Antimicrob Agents Chemother 2013; 57: 6147–53.

63 Ablynx. Understanding Nanobodies. 2015. http://www.ablynx.com/
technology-innovation/understanding-nanobodies/ (accessed 
May 26, 2015).

64 Impact-RSV Study Group. Palivizumab, a humanized respiratory 
syncytial virus monoclonal antibody, reduces hospitalization from 
respiratory syncytial virus infection in high-risk infants. Pediatrics 
1998; 102: 531–37.

65 Kim HW, Canchola JG, Brandt CD, et al. Respiratory syncytial virus 
disease in infants despite prior administration of antigenic 
inactivated vaccine. Am J Epidemiol 1969; 89: 422–34.

66 Anderson LJ, Dormitzer PR, Nokes DJ, Rappuoli R, Roca A, 
Graham BS. Strategic priorities for respiratory syncytial virus (RSV) 
vaccine development. Vaccine 2013; 31 (suppl 2): B209–15.

67 Munywoki PK, Koech DC, Agoti CN, et al. The source of respiratory 
syncytial virus infection in infants: a household cohort study in 
rural Kenya. J Infect Dis 2014; 209: 1685–92.

124



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 125PDF page: 125PDF page: 125PDF page: 125

Review

68 Empey KM, Peebles RS Jr, Kolls JK. Pharmacologic advances in the 
treatment and prevention of respiratory syncytial virus. 
Clin Infect Dis 2010; 50: 1258–67.

69 Schmidt MR, McGinnes-Cullen LW, Kenward SA, Willems KN, 
Woodland RT, Morrison TG. Modifi cation of the respiratory 
syncytial virus f protein in virus-like particles impacts generation of 
B cell memory. J Virol 2014; 88: 10165–76.

70 Swanson KA, Settembre EC, Shaw CA, et al. Structural basis for 
immunization with postfusion respiratory syncytial virus fusion 
F glycoprotein (RSV F) to elicit high neutralizing antibody titers. 
Proc Natl Acad Sci USA 2011; 108: 9619–24.

71 de Haan L. Modulation of Fc function: principles, preclinical 
challenges and translation to the clinic. 2011. https://www.liv.ac.uk/
media/livacuk/centrefordrugsafety/20110212HAAN.pdf (accessed 
May 24, 2015).

72 Novavax. Novavax announces positive top-line data from dose-
confi rmatory phase II clinical trial of its RSV caccine candidate in 
women of childbearing age. 2014. http://www.novavax.com/
download/releases/NVAX M202 Data Announcement PR 2014-04-
28 FINAL for Global Newswire.pdf (accessed March 10, 2015).

73 Novavax. Novavax Vaccine Technology. 2015. http://www.novavax.
com/go.cfm?do=Page.View&pid=3 (accessed May 26, 2015).

74 Coler RN, Bertholet S, Moutaftsi M, et al. Development and 
characterization of synthetic glucopyranosyl lipid adjuvant system 
as a vaccine adjuvant. PLoS One 2011; 6: e16333.

75 Ramilo O, Lagos R, Sáez-Llorens X, et al. Motavizumab treatment 
of infants hospitalized with respiratory syncytial virus infection 
does not decrease viral load or severity of illness. Pediatr Infect Dis J 
2014; 33: 703–09.

76 Simon A, Karsten V, Cehelsky J, et al. Results of a phase 2b 
multi-center trial of ALN-RSV01 in respiratory syncytial virus 
(RSV)-infected lung transplant patients. http://www.alnylam.com/
web/wp-content/uploads/2012/08/ERS-RSV01-109-Poster-Final.pdf 
(accessed Aug 15, 2015).

77 Teva Pharmaceuticals. Teva In-Focus respiratory webinar for the 
investment community focusing on Teva’s R&D activities. 
Oct 8, 2013.

78 Miller BE, Smart K, Mistry S, et al. The pharmacokinetics of 
conventional and bioenhanced tablet formulations of danirixin 
(GSK1325756) following oral administration in healthy, elderly, 
human volunteers. Eur J Drug Metab Pharmacokinet 2014; 
39: 173–81.

79 Gene IDN. CXCR2 chemokine (C-X-C motif) receptor 2 [Homo 
sapiens (human)]. http://www.ncbi.nlm.nih.gov/gene/3579 (2015) 
(accessed May 24, 2015).

80 McLellan JS, Chen M, Leung S, et al. Structure of RSV fusion 
glycoprotein trimer bound to a prefusion-specifi c neutralizing 
antibody. Science 2013; 340: 1113–17.

81 Robbie GJ, Criste R, Dall’acqua WF, et al. A novel investigational 
Fc-modifi ed humanized monoclonal antibody, motavizumab-YTE, 
has an extended half-life in healthy adults. 
Antimicrob Agents Chemother 2013; 57: 6147–53.

82 Carbonell-Estrany X, Simões EAF, Dagan R, et al, and the 
Motavizumab Study Group. Motavizumab for prophylaxis of 
respiratory syncytial virus in high-risk children: a noninferiority 
trial. Pediatrics 2010; 125: e35–51.

83 Tayyari F, Marchant D, Moraes TJ, Duan W, Mastrangelo P, 
Hegele RG. Identifi cation of nucleolin as a cellular receptor for 
human respiratory syncytial virus. Nat Med 2011; 17: 1132–35.

84 Hegele RG, Mastrangelo P, Moraes T. Guanosine-rich 
oligonucleotide (gro) compostions, methods and uses for treating 
respiratory syncytial virus infection: WO 2013131182 A1. http://
www.google.com/patents/WO2013131182A1?cl=en (accessed 
Dec 8, 2014).

125



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 126PDF page: 126PDF page: 126PDF page: 126

126



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 127PDF page: 127PDF page: 127PDF page: 127

9 
THE RESPIRATORY SYNCYTIAL VIRUS VACCINE LANDSCAPE: 
LESSONS FROM THE GRAVEYARD AND PROMISING CANDIDATES 
___________________________________________________________________________ 

The Lancet Infectious Diseases, 2018 

Breng de dingen terug tot hun essentie, 
maar laat de poëzie bestaan. 
Leonard Cohen (1934-2016) 

127



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 128PDF page: 128PDF page: 128PDF page: 128

128



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 129PDF page: 129PDF page: 129PDF page: 129

Review

Lancet Infect Dis 2018

Published Online 
June 15, 2018 
http://dx.doi.org/10.1016/ 
S1473-3099(18)30292-5

Dr Melero died in March, 2018

Laboratory of Translational 
Immunology (N I Mazur MD, 
Prof L J Bont MD) and 
Department of Paediatrics, 
Wilhelmina Children’s Hospital 
(N I Mazur, A C Langedijk MSc, 
Prof L J Bont), University 
Medical Centre Utrecht, 
Utrecht, Netherlands; Center 
for Vaccine Innovation and 
Access, PATH, Seattle, WA, USA 
(D Higgins BA); Medical 
Research Council: Respiratory 
and Meningeal Pathogens 
Research Unit and Department 
of Science and Technology/
National Research Foundation: 
Vaccine Preventable Diseases, 
University of the 
Witwatersrand, Johannesburg, 
South Africa (M C Nunes PhD); 
Respiratory Syncytial Virus 
Network (ReSViNET) 
Foundation, Zeist, Netherlands 
(M C Nunes, A Mejias MD, 
Prof O Ramilo MD, 
Prof A R Falsey MD, 
Prof H Nair PhD, 
L Kragten-Tabatabaie PhD, 
Prof A Greenough MD, 
Prof E Baraldi MD, 
Prof N G Papadopoulos PhD, 
Prof F P Polack MD, 
Prof R T Stein MD, Prof L J Bont); 
Centro Nacional de 
Microbiología and CIBER de 
Enfermedades Respiratorias, 
Instituto de Salud Carlos III 
Majadahonda, Madrid, Spain 
(Prof J A Melero MD); 
Department of Molecular 
Virology and Microbiology 
(Prof P A Piedra MD), and 
Department of Pediatrics 
(Prof P A Piedra), Baylor College 
of Medicine, Houston, TX, USA; 
Department of Pediatrics 
(Prof J A Englund MD), and 
Department of Biology 
(N Horsley), University of 
Washington, Seattle, WA, USA;

The respiratory syncytial virus vaccine landscape: 
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The global burden of disease caused by respiratory syncytial virus (RSV) is increasingly recognised, not only in 
infants, but also in older adults (aged ≥65 years). Advances in knowledge of the structural biology of the RSV surface 
fusion glycoprotein have revolutionised RSV vaccine development by providing a new target for preventive 
interventions. The RSV vaccine landscape has rapidly expanded to include 19 vaccine candidates and monoclonal 
antibodies (mAbs) in clinical trials, reflecting the urgency of reducing this global health problem and hence the 
prioritisation of RSV vaccine development. The candidates include mAbs and vaccines using four approaches: 
(1) particle-based, (2) live-attenuated or chimeric, (3) subunit, (4) vector-based. Late-phase RSV vaccine trial failures
highlight gaps in knowledge regarding immunological protection and provide lessons for future development. In this 
Review, we highlight promising new approaches for RSV vaccine design and provide a comprehensive overview of
RSV vaccine candidates and mAbs in clinical development to prevent one of the most common and severe infectious
diseases in young children and older adults worldwide.

Introduction
Acute lower respiratory infection (ALRI) caused by 
respiratory syncytial virus (RSV) has gained recognition 
as a global health problem with a high burden of disease, 
and no vaccine licensed for prevention. In children under 
5 years, it is estimated that 33∙1 million episodes of 
ALRI, 3∙2 million hospital admissions, and as many as 
118 200 deaths were attributable to RSV worldwide 
in 2015 (figure 1).1 Although often characterised as a 
paediatric disease, RSV infection in adults represents a 
substantial health burden. Mortality attributable to RSV 
in adults aged 65 years or older is estimated to be 7∙2 per 
100 000 person-years,7 and 8% of RSV ARLI among older 
adults admitted to hospital was reported to result in 
death8 in the USA. RSV vaccine candidates aim to protect 
at least three target populations that are at risk for severe 
RSV disease: (1) young infants (0–6 months), (2) older 
infants and young children (2 months or older) through 
active immunisation, and (3) older adults (65 years 
or older).

Development of effective RSV vaccines and monoclonal 
antibodies (mAbs) presents both opportunities and 
challenges. First, concerns of enhanced respiratory 
disease (ERD) following vaccination with the formalin-
inactivated RSV (FI-RSV) vaccine in the 1960s have 
complicated the design and testing of RSV vaccines.9 
Second, an absolute correlate of protection against a 
clinically relevant RSV infection remains elusive, 
although cell-mediated immunity,10 mucosal IgA,11 and 
potent neutralising antibodies12 have been associated 
with decreased disease severity.

Between 2016, and 2017, three phase 2b or phase 3 
trials (two vaccine trials in older adults13,14 and one mAb 
trial in infants15) did not meet clinical endpoints. In 
addition to possible inadequacies in trial design and 

implementation, the failure of these candidates 
shows the continued gaps in knowledge regarding 
immunological mechanisms of protection in the 
different target populations. Another challenge to RSV 
vaccine design is the lack of consensus regarding 
clinical endpoints, which might differ according to the 
target population. Finally, a consideration in RSV 
vaccine development is the limited protection conferred 
by immune responses elicited by natural RSV infection. 
Natural immunity provides only transient protection 
against subsequent infection, and re-infection occurs 
frequently,16 although the most severe RSV disease is 
usually observed during the primary infection. mAbs 
circumvent the problem of transient immunity to RSV 
and an immature immune response to vaccination in 
young infants at risk of severe disease. An ideal RSV 
vaccine candidate should prevent severe disease in at-
risk populations and might also lessen person-to-person 
transmission.17

Despite these obstacles, there are several opportunities 
for RSV vaccine and mAb development. First, RSV 
disease burden has received increasing attention from 
international stakeholders such as WHO18 and the Bill & 
Melinda Gates Foundation, based on better estimates 
of RSV-associated mortality worldwide.19 Second, the 
discovery and stabilisation of the prefusion (pre-F) 
conformation of the RSV surface fusion (F) glycoprotein 
provided a new target for vaccines and mAbs20,21 as 
pre-F specific antibodies might be more potent than 
postfusion (post-F) antibodies in protecting against RSV 
ALRI. Third, pharmaceutical companies have recognised 
the urgent unmet need of RSV prevention and prioritised 
the development of RSV vaccines and mAbs.

In 2015, RSV prevention and therapeutic strategies 
were reviewed, identifying ten vaccines in clinical 
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development.22 An update of the 2015 review is necessary 
in light of the recent failures and new candidates in the 
years since 2015. In this Review, we show that only 40% 
(four of ten) of the vaccine candidates from 2015 are 
continuing in clinical trials and 14 additional new 
vaccine candidates have entered clinical trials (figure 2). 
A single vaccine candidate can be in clinical development 
both in different populations and in different clinical 
phases; in these instances, they are considered to be 
additional candidates. Therefore, the RSV F nanoparticle 
is considered to be three candidates and Ad26.RSV.preF 
to be two. Throughout the manuscript we have adhered 
to the 19 vaccine candidates and mAbs in clinical 
development according to the PATH Vaccine Snapshot.23

RSV vaccine history
RSV vaccine development started shortly after the first 
identification of the virus in humans in 1957.24 However, 
ERD upon natural RSV infection after vaccination with a 
FI-RSV candidate in a series of trials in the 1960s severely 
hindered inactivated virus and subunit vaccine develop-
ment for many years. Nevertheless, work continued on the 
development and human testing of live-attenuated RSV 
vaccine candidates. In the following 60 years, only two 
products were licensed for prevention of RSV: (1) RSV 
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Global incidence RSV LRTI

28% LRTI due to RSV1

33·1 million RSV LRTI  worldwide1 

Mortality

118 200–149 400 deaths
children <5 years1 13–22% of all
ALRI mortality <5 years due to 

RSV 

Mortality
burden

48–50%
out of

hospital1,2 

Risk
factors 

 70%
children who died
had comorbidity
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OR 119·4
of death for
infants with

sepsis3*
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median age at

RSV-related death4 

15·9/1000 
neonates per year

Hospitalisation

 3·2 million
RSV LRTI requiring
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is 3 times greater 
for preterm than

term infants5

45%
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of age1  
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children previously
healthy6

OR 65·5
of death for
infants with
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Figure 1: Global burden of RSV in children under 5 years of age1–6

Incidence is shown worldwide for children less than 5 years of age unless otherwise stated. The hospital admission rate of 15·9 hospital admissions per 1000 neonates 
per year is in developing countries. The RSV ALRI hospital admission rate of 15·9 among neonates is reported per 1000 individuals per year in developing countries. 
OR=odds ratio. LRTI=lower respiratory tract infection. RSV=respiratory syncytial virus. HIC=high-income country. *Compared with children who survived RSV 
hospitalisation and were mechanically ventilated.
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Figure 2: Overview of vaccine candidates and monoclonal antibodies in clinical trials per preventive approach 
including candidates for which development was halted
RSV=respiratory syncytial virus. *Development has been halted since the last RSV therapeutics review performed in 
2015.22 Candidates for which development is halted but are not indicated with an asterisk are still listed in clinical 
development according to the PATH snapshot.23 †Three candidates. ‡Two candidates.
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intravenous immunoglobulin (RSV-IVIG) and (2) pali-
vizumab. Over the past 10 years, development of preventive 
interventions for RSV has rapidly expanded. Currently, 
19 vaccine candidates and mAbs for different target 
populations are in clinical trials, and many more are in 
preclinical development.23 The history of RSV vaccine 
development is discussed in more detail in the appendix.

Lessons from the vaccine and mAb graveyard
There have been three late-phase vaccine and mAb trial 
failures between 2016, and 2017 (table 1). It is important 
to distil lessons learned from these results to inform 
future vaccine development. First, a phase 3 trial in 
1149 healthy preterm infants was done to evaluate 
REGN2222 (suptavumab), a mAb against antigenic site V 
on the RSV pre-F protein.25 The trial did not meet its 
primary efficacy endpoint to prevent medically attended 
RSV infections up until day 150 of life.26 REGN2222 was 
accelerated from phase 1 to phase 3 because of promising 
results and the US Food and Drug Administration 
(FDA) granted fast-track designation in October, 2015. 
Ultimately, the basis for failing to meet the primary 
clinical endpoint is not known, as analyses of this 
late-stage failure have not yet been made public.

Second, an RSV F nanoparticle vaccine candidate based 
on aggregates of full-length post-F did not meet the 
predefined study endpoint in older adults. The results of 
the preceding phase 2 trial showed modest efficacy27 and 
promising immunogenicity measures, as identified by a 
rise in geometric mean titre for IgG antibodies against the 
F protein and palivizumab competing antibodies (PCA).28 
The trial was granted fast-track designation by the FDA in 
2016.29 In the phase 3 trial, 11 850 participants were 
enrolled over a single season. However, the vaccine 
candidate did not show efficacy against RSV moderate–
severe lower respiratory tract disease (ms-LRTD) in phase 
3 results.14 Compared with the previous season, RSV acute 
respiratory disease (RSV-ARD) and ms-LRTD attack rates 
were lower than expected in the 2015–16 season (RSV-ARD 
2∙0% vs 4∙9% and RSV-msLRTD 0∙4% vs 1∙8% during the 
vaccine and previous season, respectively). The vaccine 
manufacturer speculates that the difference in vaccine 
efficacy observed might in part be due to this lower attack 
rate and high pre-existing immunity in the study 
population.27 Another proposed explanation for failure of 
this vaccine candidate is that the quantity of the immune 
response to vaccination might not represent effective 
immunity. PCA titres might not correspond to effective 
immunity as non-neutralising antibodies can also bind 
the palivizumab binding site and can interfere with the 
binding of neutralising antibodies.30 In a post-hoc 
subgroup analysis, the vaccine candidate showed efficacy 
against hospital admissions for all-cause chronic 
obstructive pulmonary disease (COPD) exacerbations.27 
There was a non-statistically significant trend towards 
higher RSV microneutralisation titres in adults without 
RSV-ARD when compared with adults with RSV-ARD. 
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 USA (Prof R A Karron MD); 
Department of Pediatrics, 

University of Colorado School 
of Medicine, Aurora, CO, USA 

(Prof E A F Simões PhD); 
Department of Epidemiology 

Center for Global Health, 
Colorado School of Public 

Health, Aurora, CO, USA 
(Prof E A F Simões); Norms and 

Standards for Biologicals, 
Department of Essential 

Medicines and Health Products 
(I Knezevic PhD) and Initiative 

for Vaccine Research, 
(J Vekemans MD), World Health 

Organization, Geneva, 
Switzerland; Department of 

Molecular Virology and 
Microbiology, and Pediatrics, 

Baylor College of Medicine, 
Houston, TX, USA 

(Prof P A Piedra); Department of 
Medicine, University of 

Rochester and Rochester 
General Hospital, Rochester, 
NY, USA (Prof E E Walsh MD, 

Prof A R Falsey); Centre for 
Global Health Research, Usher 
Institute of Population Health 
Sciences and Informatics, The 

University of Edinburgh, 
Edinburgh, UK (Prof H Nair); 

Julius Clinical, Zeist, 
Netherlands 

(L Kragten-Tabatabaie); 
MRC-Asthma UK Centre in 

Allergic Mechanisms of 
Asthma, School of Life Course 

Sciences, King’s College 
London, London, UK 

(Prof A Greenough); Women’s 
and Children’s Health 

Department, University of 
Padova, Padova, Italy 

(Prof E Baraldi); Allergy 
Department, 2nd Paediatric 

Clinic, National Kapodistrian 
University of Athens, Athens, 

Greece (Prof N G Papadopoulos); 
Division of Infection, Immunity 

& Respiratory Medicine, 
University of Manchester, 

Manchester, UK 
(Prof N G Papadopoulos); 

Fundacion INFANT, Buenos 
Aires, Argentina 

(Prof F P Polack); Licensing 
Division, Medicines and 

Healthcare Products 
Regulatory Agency (MHRA), 

London, UK (M Powell MD); 
Mahatma Gandhi Tribal 

Hospital, Karmagram, Utavali, 
Tahsil, Dharni, India 

(Prof A Satav MD); and 
Pontificia Universidade 

Católica RGS (PUCRS), Porto 
Alegre, Brazil (Prof R T Stein)

One conclusion that can be drawn from this trial is that 
late-phase clinical research for RSV vaccine candidates 
should include evaluation across more than one RSV 
season.

Third, development of the MEDI-7510, a subunit 
vaccine candidate using soluble (unaggregated) post-F 

conformation of the F protein with a TLR4 agonist 
adjuvant, was discontinued after a phase 2b trial in 
1900 adults aged 60 years or older. Safety and increased 
B and T cell responses in the vaccine compared with the 
placebo group were shown in a phase 1 clinical trial31 
after safety and improved immunogenicity with an 

Target Population Pre-F Immunity35 Immune response Mucosal/systemic

Particle-based

RSV F nanoparticle (Novavax) M Pre-F<post-F Broadly neutralising antibodies Systemic

RSV F nanoparticle (Novavax) O Pre-F<post-F Broadly neutralising antibodies Systemic

RSV F nanoparticle (Novavax) P Pre-F<post-F Broadly neutralising antibodies Systemic

SynGEM (Mucosis) O and P Unclear F conformation Activation of B and T cells; local 
secretion of neutralising IgA in the 
nose; production of IgG neutralising 
IgG in the blood

Mucosal and systemic

Vector-based

MVA-BN RSV (Bavarian Nordic) O Pre-F<post-F B and T cell response; antibodies 
against 5 RSV antigens

Systemic

ChAd155-RSV (GSK) O Pre-F>post-F B and T cell response; neutralising 
antibodies against F antigen; CD8 T 
cells against F, N and M2-1 antigens

Systemic

VXA-RSVf oral (Vaxart) O Pre-F<post-F B and T cell immunity, protection at 
mucosal surface

Mucosal>systemic

Ad26.RSV.preF (Janssen) P Pre-F B and T cells Systemic

Ad26.RSV.preF (Janssen) O Pre-F B and T cells Systemic

Subunit

GSK RSV F (GSK) M Pre-F B and T cell response Systemic

DPX-RSV (Dalhousie University, 
Immunovaccine, and VIB)

O None B cell response specific to SHe antigen Systemic

RSV F DS-Cav1 (NIH/NIAID/VRC) O and M Pre-F Pre-F-specific serum neutralising 
antibodies, and CD4 T cells

Systemic

Live-attenuated

rBCG-N-hRSV (Pontificia Universidad 
Catolica de Chile)

P Pre-F and post-F B and T cell response; Th1 polarised 
response; antibodies against N, F, G

Systemic

RSV D46 cp ΔM2-2 (Sanofi Pasteur/LID/
NIAID/NIH)

P Pre-F and post-F B and T cell response; enhanced 
antibody production due to increased 
antigen production from M2-2 deletion

Mucosal and systemic

RSV LID ΔM2-2 1030s (Sanofi Pasteur/LID/
NIAID/NIH)

P Pre-F and post-F B and T cell response; enhanced 
antibody production due to increased 
antigen production from M2-2 deletion

Mucosal and systemic

RSV ΔNS2 Δ1313/I1314L (Sanofi Pasteur/
LID/NIAID/NIH)

P Pre-F and post-F B and T cell response Mucosal and systemic

RSV D46 ΔNS2 N ΔM2-2-HindIII (Sanofi 
Pasteur/LID/NIAID/NIH)

P Pre-F and post-F B and T cell response; enhanced 
antibody production due to increased 
antigen production from M2-2 deletion

Mucosal and systemic

RSV LID cp ΔM2-2 (Sanofi Pasteur/LID/
NIAID/NIH)

P Pre-F and post-F B and T cell response; enhanced 
antibody production due to increased 
antigen production from M2-2 deletion

Mucosal and systemic

Monoclonal antibody

MEDI8897 (MedImmune) P NA NA NA

Pre-F=prefusion conformation of the RSV F protein. Post-F=postfusion conformation of the RSV F protein. N=RSV nucleocapsid protein. F=RSV fusion protein. G=RSV 
attachment protein. O=older adults. M=maternal. P=paediatric. VIB=Flemish Institute of Biotechnology. NIH=National Institutes of Health. NIAID=National Institutes of 
Allergy and Infectious Diseases. VRC=Vaccine Research Center. LID=Laboratory of Infectious Diseases. RSV=respiratory syncytial virus. NA=not applicable or not available. 
BLP=bacterium-like-particle. MVA=modified vaccinia Ankara. 

Table 2: Expected immune response for vaccine candidates and monoclonal antibodies
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adjuvant was demonstrated in a first-in-human trial.32 
The study did not meet its primary efficacy objective; the 
incidence of RSV-associated respiratory illness as 
diagnosed by PCR was 1∙7% and 1∙6% in the vaccine and 
placebo groups respectively, for a vaccine efficacy of 
–7∙1.31 On day 29, 93% of vaccinees had an anti-F IgG
antibody seroresponse and there was a 4∙6 geometric
mean times rise in anti-F IgG titre at the end of the RSV
season in vaccine recipients compared with the placebo
group.31 One proposed explanation for the negative
results could be that the selected post-F antigen induced
antibodies without appropriate epitope specificity.33

Other proposed explanations include a low incidence of
laboratory-confirmed RSV in the study population, or
selection of the study population, which included high-
risk and low-risk older adults. Considerations for the
future include selection of an older study population at
higher risk of severe RSV infection.

Vaccine antigens
Vaccine antigens included in RSV vaccine candidates are 
diverse. The majority of vaccines in clinical trials (11 of 
18) use the F protein, a class I viral fusion protein, as an
antigenic target. The RSV F protein is highly conserved
and facilitates viral fusion with host cells. Understanding
the structural differences between pre-F and post-F
conformations, and stabilisation of the pre-F soluble
forms, has resulted in advances in vaccine antigen
design.21,34 Current vaccine candidates use pre-F and
post-F as vaccine antigens (table 2). The predominant
conformation displayed on the FI-RSV vaccine candidate
was the post-F conformation.36 It remains unclear as to
whether there is a trigger for the pre-F to post-F
conformational change, but it does occur spontaneously,
making it difficult to ensure that a wildtype F vaccine
antigen maintains a pre-F conformation. However,
stabilising mutations have been identified that can
preserve the pre-F-specific epitopes.34,37 The antigenicity
of some stabilised pre-F constructs has not been
rigorously investigated, and remains an open question as
to whether particular stabilising mutations affect the
conformation of antibody binding sites. Assays to assess
antigen conformation are needed. There is no consensus
on cellular receptors that determine viral tropism.38

Other less frequent vaccine antigens, used alone or in 
combination with other antigens, include the RSV 
envelope associated glycoproteins G (one of 18) and small 
hydrophobic (SH) protein (one of 18), as well as internal 
proteins: nucleocapsid (N) (three of 18), M (one of 18), and 
M2-1 (one of 18). Besides the F protein, the G protein is 
the only other target for neutralising antibodies on the 
viral surface. The G protein is most important for viral 
attachment and is less frequently used as a vaccine antigen 
due to high variability across RSV strains,39 and little 
knowledge of its surface structure.40 The G protein exists 
as an oligomer on the surface of RSV particles and as a 
monomer when secreted from infected cells in soluble 

form.41 There is evidence that the soluble form of the G 
protein can act as a decoy that helps the virus to evade the 
antibody response.42 Another possible vaccine target, the 
SH protein, is not well understood, but data suggest that it 
has a role in viral replication in vivo38 and inflammasome 
activation.43 The SH protein contains transmembrane and 
extracellular domains;44 the latter has been used as a 
vaccine antigen.45 Internal proteins are particularly 
relevant to induce T cell-mediated immunity.40 As such, 
three non-membrane RSV proteins have been included in 
RSV vaccine design. The N protein is the major 
nucleocapsid protein that encapsidates the RNA genome 
of the virus.46 The M2-1 and M2-2 proteins are specific to 
RSV and other pneumoviridae. M2-1 is essential for viral 
transcription,47 and M2-2 deletion is used in live vaccine 
candidates for viral attenuation. Finally, the M protein is a 
membrane-associated protein that gives virions their 
filamentous shape.48,49 In summary, different viral proteins 
are being used as antigens in RSV vaccine design. Viral 
surface glycoproteins such as F and G are known to 
induce antibodies with differing neutralisation capacity. 
The SH protein might be important for induction of 

Correspondence to: 
Prof Louis J Bont, Department of 
Pediatric Infectious Disease & 
Immunology, Wilhelmina 
Children’s Hospital, University 
Medical Center Utrecht, Lundlaan 
6, 3584EA Utrecht, Netherlands 
l.bont@umcutrecht.nl

For more on ReSViNET 
Foundation see www.resvinet.
org

See Online for appendix

Vaccine type

Pregnant mothers 

RSV F nanoparticle (Novavax) Particle-based

GSK RSV F (GSK) Subunit

RSV F DS-Cav1 (NIH/NIAID/VRC) Subunit

Paediatric

RSV F nanoparticle (Novavax) Particle-based

ChAd155-RSV (GSK) Vector-based

SynGEM (Mucosis) Particle-based

Ad26.RSV.preF (Janssen) Vector-based

rBCG-N-hRSV (Pontificia Unversidad Catolica de Chile) Chimeric

RSV D46 cp ΔM2-2 (Sanofi Pasteur/LID/NIAID/NIH) Live-attenuated

RSV LID ΔM2-2 1030s (Sanofi Pasteur/LID/NIAID/NIH) Live-attenuated

RSV ΔNS2 Δ1313 I1314L(Sanofi Pasteur/LID/NIAID/NIH) Live-attenuated

RSV D46/NS2/ N/ΔM2-2-HindIII (Sanofi Pasteur/LID/NIAID/NIH) Live-attenuated

RSV LID cp ΔM2-2 (Sanofi Pasteur/LID/NIAID/NIH) Live-attenuated

MEDI8897 (MedImmune) Monoclonal antibody

Older adults

RSV F nanoparticle (Novavax) Particle-based

SynGEM (Mucosis) Particle-based

MVA-BN RSV (Bavarian Nordic) Vector-based

VXA-RSVf oral (Vaxart) Vector-based

Ad26.RSV.preF (Janssen) Vector-based

DPX-RSV-Protein (Immunovaccine, VIB and Dalhousie University) Subunit

RSV F DS-Cav1 (NIH/NIAID/VRC) Subunit

NIH=National Institutes of Health. NIAID=National Institutes of Allergy and Infectious Diseases. LID=Laboratory of 
Infectious Diseases. VIB=Flemish Institute of Biotechnology. VRC=Vaccine Research Center. RSV=respiratory syncytial 
virus.

Table 3: Overview of vaccines and monoclonal antibodies by target population
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antibody dependent cell-mediated cytotoxicity (ADCC), 
whereas non-membrane proteins are especially important 
to induce a robust T-cell response.40

Target populations
RSV prophylactic interventions are designed to protect 
at least two populations most susceptible to severe 
RSV disease: RSV-naive young infants and children, and 
older adults, although other high-risk populations are 
important to consider. It is estimated that 45% of hospital 
admissions and in-hospital deaths due to RSV-ALRI occur 
in infants younger than 6 months of age,1 an age at which 
vaccines are generally less immunogenic. Older adults 
and adults with chronic cardiopulmonary conditions have 
emerged as an important target for RSV prevention 
owing to an increased understanding of RSV burden in 
this population. An overview of all RSV vaccine candidates 
per target population is shown in table 3 and strategies to 
prevent RSV in different target populations are discussed 
in more detail in the appendix.

Immunological endpoints
Antibodies are thought to be the key players in limiting 
RSV ALRI as evidenced by proven protection in 
immunoprophylaxis trials in children.50–52 Evidence from 
experimental human infection in adults suggests a 
protective role for nasal RSV-specific IgA against RSV 
infection,11 underscoring the importance of mucosal 
immunity. A limited ability to generate memory IgA 
responses after RSV infection could be in-part responsible 
for incomplete immunity and subsequent RSV re-
infection. Antibodies directed against different antigenic 
sites of the F protein display different neutralisation 
capacities with the most neutralisation-sensitive epitopes 
exclusive to the pre-F conformation. Antibodies with 
specificity for antigenic sites ∅ and V show high 
neutralising activity and are exclusive to the pre-F 
conformation.25,53 Antigenic site ∅ is located at the apex of 
the pre-F conformation, the most variable region of the 
highly conserved F protein.21 Antibodies against antigenic 
site III prefer the pre-F conformation and have high 
neutralising activity.54 Antibodies directed against site II 
and IV, present on both pre-F and post-F, have medium to 
high neutralisation potency.53,55 Finally, antibodies against 
antigenic site I, present primarily on post-F, show weak or 
no neutralisation. Escape mutants of these antigenic sites 
have been identified, but global RSV genetic data are 
needed to assess the molecular heterogeneity of RSV and 
the subsequent susceptibility or resistance to mAbs 
targeting RSV among circulating viruses.

The mechanisms of protection could differ according to 
vaccine type, and, therefore, many different immuno-
logical assays are used in clinical trials. Neutralising 
activity of serum is a frequent immuno logical endpoint of 
vaccine trials. A measure of functional antibody response 
can be elucidated by the ratio of times-increase in RSV-
binding antibodies to times-increase in RSV-neutralising 

antibodies (ELISA-to-neutralisation response ratio). A 
ratio of less than 1 might be an important correlate of 
protection.56 Furthermore, rather than a definitive 
protective threshold for antibodies, times-rise in antibody 
titre could be a relevant correlate of protection for live-
attenuated vaccines, since that might be the best indicator 
of B-cell priming. In 2017, efforts by PATH, WHO, and 
the National Institute for Biological Standards and Control 
(NIBSC) examined the variability of RSV neutralisation 
assays across laboratories and recommended steps for 
improved standardisation globally,57 resulting in the 
development of a new WHO International Standard for 
Antiserum to RSV with 1000 IU of RSV subtype A 
neutralising activity per vial now available through the 
NIBSC.58 Standardisation of other frequently used 
immunological assays such as PCA, ELISA, and T-cell 
assays has not yet taken place.

Once infection of the lower airways is established, CD8 
T cells play an important part in viral clearance.35 

Th2-biased responses have been associated with animal 
models of RSV ERD and measurement of Th1 and Th2 
responses are considered important to predict safety of 
vaccine candidates other than live-attenuated vaccines in 
clinical trials in young children.

Animal models are important for preclinical develop-
ment of vaccine candidates and assessing the possibility 
of enhanced disease. Alveolitis in the cotton rat and 
priming of a Th2 response in mice are considered 
markers to assess possible ERD. However, there is no 
consensus on the ability to reproduce ERD in calves.59

Although we discuss several potential immunological 
correlates of protection for vaccine trials, we considered 
cell-mediated immunity beyond the scope of the manu-
script. The different aspects of the expected immune 
response for all 19 vaccine candidates and mAbs in 
clinical development are highlighted in table 2. 
A definitive threshold for protection against RSV disease 
remains elusive. So far, no vaccine candidates have been 
tested in the experimental human infection model, but 
the model provides a unique opportunity to test vaccine 
candidates in the natural host despite practical and ethical 
challenges.60 Ultimately, the outcome of large-scale 
vaccine trials will inform which immunological measures 
correspond to protection from clinical RSV disease.

Vaccine strategies
We have divided vaccines in clinical development into 
four categories in accordance with the PATH RSV 
vaccine and mAb snapshot: particle-based, vector-based, 
subunit, and live-attenuated or chimeric vaccines.24 We 
have also included mAbs in clinical development for the 
prevention of RSV ALRI. In the snapshot there are 
43 vaccines and four mAbs in development, of which 
19 are in clinical stage development. In table 4 we provide 
a comprehensive overview and more detailed comparison 
of all characteristics of the 19 vaccine candidates and 
mAbs in clinical development. Other approaches, which 
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are still in preclinical development, including nucleic 
acid-based vaccines, whole-inactivated vaccines, and 
biosimilars, are discussed in the appendix.

Particle-based vaccines
The RSV F nanoparticle-based vaccine platform is being 
evaluated for protection of three target populations: 
(1) infants through maternal vaccination, (2) children
between 6 months and 5 years, and (3) older adults aged
60 years or older. These vaccine candidates use aggregates 
of a modified stabilised F protein which has the post-F
morphology.86 The maternal RSV F nanoparticle vaccine
candidate is farthest along in clinical development and
the PREPARE trial has entered the third year of a phase 3
trial to enrol up to 8618 pregnant women at 80 sites in
11 countries.27 In January, 2018, an informational analysis
of the phase 3 trial was announced in which the vaccine
candidate successfully targeted an efficacy threshold
against the primary endpoint in infants at day 90 of
more than 40%.87 Second in clinical development is the
RSV F nanoparticle vaccine for older adults. Despite the
absence of efficacy in a phase 3 trial (RESOLVE) with a
non-adjuvanted vaccine candidate, development was
continued in a phase 2 study initiated in January, 2017, in
Australia in 300 adults. The aim of this trial is to establish 
whether two dose regimens with an adjuvant (Matrix-M,
a saponin-based adjuvant, or aluminium phosphate)
could increase the magnitude and quality of the immune
response in this population. The results from the
RESOLVE trial in older adults suggested vaccine efficacy
in adults with COPD, leading to considerations to initiate 
a future trial in this older adult population at high risk
for severe RSV infection.27 Finally, the phase 1 trial was
completed in young children 24–72 months of age in
2016, but no data have been published yet.88

SynGEM is a particle-based needle-free vaccine 
candidate containing the RSV F protein attached to 
empty bacterial particles made from Lactococcus lactis. In 
this vaccine platform, an antigen is presented by a 
bacterial particle. An influenza vaccine candidate in 
clinical trials that uses the same vaccine platform has 
shown both local and systemic antibody responses89 but 
further optimisation is needed for RSV vaccination. The 
preliminary results of immuno genicity testing of 
SynGEM have been reported. The immunogenicity of 
this vaccine was evaluated after delivery as a nasal spray 
to healthy adult volunteers. Two intranasal doses of 
SynGEM were administered 28 days apart at a low or 
high dose in 24 individuals per group (six participants in 
each group receiving placebo, double-blinded). Assays of 
serum RSV F-specific antibodies, PCA, and F-specific 
IgA indicated some immunogenicity, but the results did 
not reach the threshold set for continuation to viral 
challenge and the studies were suspended in 
2017 (P J Openshaw, Imperial College London; and 
C Chiu, Department of Laboratory Medicine, University 
of California San Francisco, personal communication). 
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Vector-based vaccines
Five vector-based vaccines are in clinical development. 
The first uses a modified vaccinia Ankara (MVA) virus, a 
replication-defective smallpox viral vector, and the 
remaining four vaccine candidates use an adenovirus 
vector to display viral antigens. The MVA vector has been 
safely used in vaccines for other infectious diseases.90 

This vaccine candidate, MVA-BN-RSV, induces both 
humoral and cell-mediated responses by displaying four 
vaccine antigens: F, G, N and M2-1. Phase 2 results in 
healthy older adults from this candidate will soon be 
announced.

The second vector-based vaccine candidate, VXA-
RSV-f, uses an innovative platform with an adenovirus 5 
based oral tablet that is stable at room temperature. 
Using the same oral adenovirus vaccine delivery 
platform, a phase 1 trial for influenza has been 
conducted, which showed neutralising antibody 
responses against influenza and no interference of pre-
existing vector immunity.91 Preclinical studies for the 
RSV vaccine candidate in the cotton rat model showed 
an increase in anti-F antibodies and protection against 
RSV challenge.71 In the older adult population, 
immunosenescence can be characterised by impaired 
T-cell responses to RSV.92,93 This vaccine can didate,
which induces a strong humoral response, could be a
promising intervention in this population.

Third and fourth, Ad26.RSV.preF, is a vaccine candidate 
being developed for older adults and the paediatric 
population. In this candidate, pre-F antigen is expressed 
in the human adenovirus strain 26, a vector with a 
favourable safety profile when used for other infectious 
diseases.94,95 Previously, the vaccine candidate vector 
expressed post-F as antigen (FA2) but has now been 
changed to stabilised pre-F conformation. The stabilised 
pre-F protein has five aminoacid changes from wildtype, 
and is stable at 4°C and heat-stable.34 With the expectation 
that this vaccine candidate will induce highly neutralising 
antibodies against pre-F, phase 2 trials will be conducted 
in RSV-seropositive children. In December, 2017, a 
phase 2 trial began comparing concomitant admixtion of 
RSV vaccine and seasonal influenza vaccine versus 
seasonal influenza vaccine alone in healthy older adults.96

Fifth, ChAd155-RSV, the replication-incompetent 
chimpanzee adenovirus 155 has been used as a vector 
for the F, N, and M2-1 proteins. The anticipated use for 
this paediatric vaccine is to start immunisation at 
2 months of age, and to use two doses alongside the 
normal paediatric vaccination schedule, instead of 
seasonally.74 This vaccine candidate is being evaluated in 
12–23-month-old RSV seropositive children. In the 
future, there are plans to conduct clinical trials in 
seronegative children sequen tially from older to younger 
ages (12–24 months, followed by 6–12 months, and sub-
sequently 2–6 months of age) to ensure safety in RSV-naive 
populations. Results of phase 2 trials are expected to be 
announced in 2020.

In summary, vector-based vaccines are used to display 
various RSV viral proteins and three of these vaccine 
candidates are already in phase 2 trials.

Subunit vaccines
Owing to concerns of ERD associated with protein-based 
vaccines, subunit vaccines are only in development for 
pregnant women and older adult populations.

One subunit vaccine in development is the GSK RSV F 
vaccine candidate, which uses a version of soluble 
secreted F protein empirically engineered to maintain 
the pre-F conformation. Results from a phase 1 trial 
showed safety and immunogenicity as evidenced by RSV 
neutralising antibody response in healthy men.76 

However, a phase 2 trial scheduled for 2017 was halted 
because of instability of the pre-F antigen during manu-
facturing.

DPX-RSV is a vaccine candidate with a unique choice of 
vaccine antigen: the extracellular domain of the SH protein 
of RSV.45 The DepoVax technology allows for a prolonged 
exposure of antigen and adjuvant, and aims to induce 
ADCC using a liposome and oil-based depot.97 The antigen 
and adjuvant are encapsulated in a liposome, lyophilised 
and suspended in oil, and the process is expected to 
produce vaccines with long shelf-life stability.97 Phase 1 
results on safety and immunogenicity in the older adult 
population have been released and are expected to be 
published from this investigator-initiated study.

Structure-guided stabilisation of the pre-F confor-
mation has yielded a subunit vaccine candidate, RSV F 
DS-Cav1. The stabilisation includes a foldon trimerisation 
domain, the introduction of cysteine residues to form a 
disulphide bond, and cavity-filling hydrophobic residues.37 
The vaccine is able to preserve neutralisation-sensitive 
epitopes on a functional pre-F form of the viral surface 
protein. In preclinical studies, the subunit vaccine 
induced high amounts of RSV-neutralising antibodies in 
mice and non-human primates.37 Preliminary results 
from the phase 1 trial, VRC 317, are promising and are 
expected to be published soon.

Finally, another stabilised pre-F subunit vaccine 
candidate, which has been optimised for antigen design 
after screening 360 candidates with cryo-electron micro-
scopy, is expected to enter phase 1 clinical trials soon.99

Live-attenuated and chimeric vaccines
In the context of historical concerns for enhanced RSV 
disease, live-attenuated vaccines can be considered safe 
for RSV-naive infants, based on consistent clinical 
study results showing that these candidates do not 
prime for ERD following subsequent exposure to 
wildtype RSV after vaccination.100 Another benefit of 
live-attenuated vaccines against RSV in young infants 
is their ability to replicate in the respiratory tract despite 
the presence of maternally acquired antibodies, and to 
elicit a broad humoral and cellular response.101 
Live-attenuated vaccines are probably limited to the 

139



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 140PDF page: 140PDF page: 140PDF page: 140

Review

paediatric population under 2 years of age, as 
pre-existing immunity in older populations might not 
permit sufficient replication to generate protective 
immune responses. Safety could be a concern for 
intra nasal live-attenuated vaccines, in particular if 
attenuation is insufficient. However, evaluation of 
current vaccines has not shown evidence of increased 
rates of vaccine-associated ALRI or fever, though there 
might be increased rates of rhinorrhoea, similar to 
what has been observed with the live-attenuated 
influenza vaccines.

Five live-attenuated vaccine candidates in phase 1 clinical 
trials are being developed in partnership with the National 
Institutes of Health. Live-attenuated vaccines face the 
challenge of achieving sufficient attenuation to be safe, 
and remaining immunogenic enough to induce a 
protective immune response. An improved understanding 
of the RSV viral genome has informed the development of 
new vaccine candidates that could overcome this challenge. 
Two main modifications to the RSV genome have been 
engineered through reverse genetics: the ∆M2-2 deletion 
which attenuates viral replication and upregulates antigen 
expression,102 and the ΔNS2 deletion, which reduces viral 
suppression of host interferon thereby boosting the innate 
immune response. RSV MEDI ΔM2-2 reduced viral 
replication while inducing a strong primary serum 
neutralising antibody and potent anamnestic response in 
RSV-seronegative infants and children.102 Further results 
from phase 1 clinical trials with the other live-attenuated 
vaccine candidates are expected.

The only chimeric vaccine candidate in clinical de- 
velopment, rBCG-N-hRSV, is delivered via a BCG strain. 
BCG has a safe profile in newborn babies and infants, 
induces a Th1 response,81,82 and allows for combined 
vaccination against two major respiratory pathogens: 
Mycobacterium tuberculosis and RSV. Not only is the Th1 
cellular response important in protecting against lung 
pathology, inflammation, and viral repli cation83 but the 
candidate also induces a humoral response. The antigen 
presented by this vaccine candidate is the RSV N 
protein.103 So far, this candidate is the only vaccine 
candidate intended for administration to newborn 
babies.103

Monoclonal antibodies
A promising highly potent monoclonal antibody has 
emerged as a passive administration strategy to prevent 
severe RSV infection. MEDI8897, also known as 
nirsevimab, was optimised from the human antibody D25 
that targets antigenic site ∅ on the pre-F con formation, 
which is more neutralisation sensitive than the 
palivizumab epitope, antigenic site II. Using the 
YTE (aminoacid substitutions Met252Tyr/Ser254Thr/
Thr256Glu) technology, which extends antibody half-life 
and modulates ADCC,104 the three-times increase in half-
life of MEDI8897,105 compared with palivizumab offers the 
possibility of passive protection for all infants for an entire 

season through a single intramuscular injection. The 
intended use is for term and preterm infants entering their 
first RSV season. Passive vaccination with an extended 
half-life antibody offers an approach to protecting infants 
that is safe and can be reasonably priced. Representatives 
of the pharmaceutical company have indicated that they 
expect vaccine-like pricing for MEDI8897. Given the 
increased potency, the extended half-life, and the required 
dose, it is expected that the cost to protect an infant during 
the RSV season can be kept relatively low.84

Considerations by regulatory agencies and WHO
Considerations in population selection for vaccine trials 
mentioned by the European Medicines Agency (EMA) 
include: first testing a vaccine candidate in a seropositive 
before testing in a seronegative population, testing a 
maternal vaccine in non-pregnant women of child-
bearing age before testing in pregnant women, and 
including older adults with comorbidities in vaccine 
trials. No particular considerations were mentioned for 
population selection in studies for mAbs. In October, 2017, 
the EMA released draft guidelines for the clinical 
evaluation of RSV prophylactic interventions that 
included guidance regarding trial design, assessment of 
efficacy, and safety.106 The draft guidelines will be revised 
after a period of public consultation based on comments 
and new publications.

WHO has recognised the importance of RSV as a global 
health problem and has identified the development of 
RSV vaccines as a priority for the WHO Initiative for 
Vaccine Research and for Biological Standardization. 
WHO has developed RSV vaccines preferred product 
characteristics and research and development technical 
roadmap documents.107,108 Further guidance for develop-
ment will contribute to adequate policy making. WHO 
standardisation activities led to the development and 
establishment of the first international standard for 
antiserum to RSV. Development of guidelines for 
evaluation of quality, safety, and efficacy of RSV vaccines 
has been initiated and will be part of the consultation with 
regulators, manufacturers, and academia in 2018, with the 
aim of finalisation in 2019. Further discussion on guiding 
principles for mAbs is needed before proceeding with the 
development of the WHO guidelines. These and other 
WHO standards serve as a basis for setting national 
regulatory requirements and WHO prequalification.

Finally, the WHO is now doing a surveillance pilot 
study in 14 countries to test the feasibility of using the 
Global Influenza Surveillance and Response System 
platform for RSV surveillance and it is expected that this 
pilot will contribute to our understanding of the RSV 
disease burden and seasonality in different geographical 
regions.109

Discussion
Challenges in RSV vaccine design include concerns of ERD 
post-vaccination, lack of definitive immunological correlates 
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of protection, lack of consensus regarding clinical endpoints, 
and little natural immunity following RSV infection. 
Despite these challenges, developments such as an 
understanding of the structural biology of the RSV fusion 
protein, as well as lessons learned from late-phase vaccine 
trial failures have informed the field as it moves forward.

We attempted to collect data regarding expected plans 
for access to a preventive intervention in low-income and 
lower middle-income countries (LMICs) and expected 
pricing for all vaccine candidates; however, this 
information is not publicly available. Given that the most 
severe RSV infection occurs in low-income and LMICs,19 
information regarding LMIC target countries and 
potential pricing for vaccine candidates will be essential 
to facilitate access to vaccines worldwide, especially in 
areas where the mortality burden is highest. A 
mechanism should be introduced to ensure that 
information regarding expected pricing and access to 
interventions is transparent and available in the public 
domain. RSV vaccines and mAbs will be considered in 
the development of the Vaccine Investment Strategy by 
Gavi, the Vaccine Alliance in 2018.110

A vaccine trial can be considered a probe study to 
establish whether a causal relationship exists between 
RSV infection and asthma, a long-standing question in 
the field. If long-term follow up had been undertaken 
during the pivotal RSV prevention trials using 
palivizumab, these trials would now have provided 
20 years of follow up on respiratory morbidity after RSV 
prevention in high-risk infants. Lack of long-term 
surveillance for airway morbidity in vaccine trials is a 
missed opportunity to provide novel scientific insights, 
important not only to understand the pathogenesis, but 
also the long-term vaccine efficacy against airway 
morbidity following RSV infection. In addition to 
wheeze, objective outcomes such as lung function 
measurements, including demonstration of bronchial 
hyperreactivity and IgE measurements, will ideally be 
incorporated in vaccine trials to fully understand the 
effect of RSV prevention on asthma development.

Viral interference, in which RSV inhibits infection by 
other viruses, is becoming an increasingly important 
concept to understand in the context of an approved RSV 
vaccine. RSV vaccination could conceivably result in an 
increased prevalence of other respiratory viruses. There 
is evidence supporting viral interference for influenza 
vaccination,111,112 for RSV prevention,113,114 and during the 
RSV season in the absence of RSV.115 It is important for 
vaccine trials to examine this effect by evaluating the 
prevalence of all-cause ALRI, as well as RSV-specific 
ALRI, to better understand the implications of viral 
interference for an RSV vaccine.

This Review provides an extensive overview of the 
19 vaccine candidates and mAbs in clinical trials to 
prevent RSV infection. RSV vaccine development is 
moving rapidly and shows promise to address an unmet 
global health problem. Vaccines for various target 

populations are in clinical development. One vaccine 
candidate and one mAb are in late-phase trials (2b or 3) 
and aim to prevent the disease burden in infants. Despite 
some failures, RSV vaccine candidates and mAbs in 
clinical development hold promise that a preventive 
intervention for RSV is on the horizon.
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The Lancet Infectious Diseases, 2022 

If a plant cannot live according to its nature, it dies; and so a man. 
Henry David Thoreau (1817-1862) 
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Respiratory syncytial virus prevention within reach: 
the vaccine and monoclonal antibody landscape 
Natalie I Mazur, Jonne Terstappen, Ranju Baral, Azucena Bardají, Philippe Beutels, Ursula J Buchholz, Cheryl Cohen, James E Crowe Jr, 
Clare L Cutland, Linda Eckert, Daniel Feikin, Tiffany Fitzpatrick, Youyi Fong, Barney S Graham, Terho Heikkinen, Deborah Higgins, 
Siddhivinayak Hirve, Keith P Klugman, Leyla Kragten-Tabatabaie, Philippe Lemey, Romina Libster, Yvette Löwensteyn, Asuncion Mejias, 
Flor M Munoz, Patrick K Munywoki, Lawrence Mwananyanda, Harish Nair, Marta C Nunes, Octavio Ramilo, Peter Richmond, Tracy J Ruckwardt, 
Charles Sande, Padmini Srikantiah, Naveen Thacker, Kody A Waldstein, Dan Weinberger, Joanne Wildenbeest, Dexter Wiseman, Heather J Zar, 
Maria Zambon, Louis Bont

Respiratory syncytial virus is the second most common cause of infant mortality and a major cause of morbidity and 
mortality in older adults (aged >60 years). Efforts to develop a respiratory syncytial virus vaccine or immunoprophylaxis 
remain highly active. 33 respiratory syncytial virus prevention candidates are in clinical development using six 
different approaches: recombinant vector, subunit, particle-based, live attenuated, chimeric, and nucleic acid vaccines; 
and monoclonal antibodies. Nine candidates are in phase 3 clinical trials. Understanding the epitopes targeted by 
highly neutralising antibodies has resulted in a shift from empirical to rational and structure-based vaccine and 
monoclonal antibody design. An extended half-life monoclonal antibody for all infants is likely to be within 1 year of 
regulatory approval (from August, 2022) for high-income countries. Live-attenuated vaccines are in development for 
older infants (aged >6 months). Subunit vaccines are in late-stage trials for pregnant women to protect infants, 
whereas vector, subunit, and nucleic acid approaches are being developed for older adults. Urgent next steps include 
ensuring access and affordability of a respiratory syncytial virus vaccine globally. This review gives an overview of 
respiratory syncytial virus vaccines and monoclonal antibodies in clinical development highlighting different target 
populations, antigens, and trial results.

Introduction
In the past decade, the substantial burden of respiratory 
syncytial virus (RSV) has received increasing recognition 
globally. RSV is the second leading cause of infant 
mortality after the neonatal period1 with more than 
99% of childhood deaths occurring in low-income and 
middle-income countries (LMICs).2 Nevertheless, the 
RSV burden in children is likely underestimated, and 
major gaps in knowledge regarding RSV disease burden 
have been addressed only recently. More than 50% of 
pediatric RSV mortality occurs out of hospital (as 
opposed to in hospital) in LMICs3 with poverty as a 
substantial risk factor (figure 1). Infants at highest risk 
of RSV disease in high-income countries (HICs) include 
the very young infants born prematurely and those with 
underlying congenital heart or chronic lung disease,8 
Down’s Syndrome,9 and neuromuscular disorders.10 
Maternal vaccination is insufficient to protect infants 
with extreme prematurity as transplacental antibody 
transfer only reaches mature levels towards the end of 
the third trimester.11

In older adults (aged >60 years), the burden of morbidity 
and mortality due to RSV was also underestimated until 
recently. Modelling studies now estimate that the RSV 
burden is similar to the burden of seasonal influenza in 
adults older than 65 years.12–14 Preliminary economic 
evaluations have highlighted the potential value of a 
vaccine for older adults, especially in HICs. Key economic 
drivers of cost-effectiveness include RSV incidence, risk of 
death, and level and duration of protection.15,16

Natural immunity to RSV is incomplete and rein-
fection occurs throughout life.17 A concern in the 

development of RSV vaccines is the potential for 
enhanced respiratory disease in which more severe 
illness occurs upon natural infection after vaccination of 
RSV-naive infants as was observed with formalin-
inactivated RSV in the 1960s.18 Enhanced respiratory 
disease was associated with induction of poorly 
neutralising antibodies in vaccine recipients19 and 
animal models of enhanced respiratory disease show a 
T helper type 2 (Th2) biased T-cell response.20 For this 
reason, an RSV vaccine for RSV-naive recipients ideally 
elicits potent neutralising antibodies without a Th2 bias. 
Although a definitive correlate of protection against RSV 
infection remains elusive, cell-mediated immunity,21 
mucosal IgA,22 and neutralising anti bodies23–26 have been 
associated with protection from RSV infection.

Key messages

• Knowledge of neutralisation-sensitive viral epitopes 
informed a shift from empirical to structure-based vaccine 
and monoclonal antibody design

• Market access for an extended half-life respiratory 
syncytial virus monoclonal antibody for prophylaxis in all 
infants is within reach in 2023 and will likely be followed 
by approval of a maternal vaccine to protect all infants

• No vaccine or monoclonal antibody is within reach for 
resource poor areas with the highest paediatric 
mortality burden

• Subunit, vector-based, and nucleic acid vaccine 
approaches are in late-phase trials for older adults (older 
than 60 years)
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Stabilisation of the pre-Fusion (pre-F) conformation of 
the RSV fusion (F) protein has led to the determination 
of viral epitopes that elicit highly neutralising antibodies. 
Antibodies that recognise pre-F provide most of the 
neutralising activity in human RSV-immune sera27 
supporting development of vaccine candidates and 
monoclonal antibodies (mAbs) based on stabilised pre-F 
antigens (figure 2).

There are three different target populations for 
RSV prevention: paediatric, maternal, and older adult 
(figure 3).32 Leading strategies for the paediatric 

population include passive immuno prophylaxis with 
mAbs for young infants (aged <6 months) and live-
attenuated vaccines (LAVs) for active immunisation of 
older infants (aged >6 months). Young infants might also 
be protected by passively transferred antibodies in 
immunised pregnant women. Stabilised pre-F subunit 
vaccines are in late-phase development for maternal 
vaccination. Finally, for older adults three vaccination 
approaches (nucleic acid, subunit, and vector-based 
vaccines) that employ pre-F antigen are in late phase 
trials.

In 2018, we did a comprehensive review of the RSV 
vaccine landscape in which we distilled lessons learned 
from late-phase vaccine failures and identified 19 vaccine 
candidates and monoclonal antibodies in clinical trials.33 
The review might have provided vaccine developers with 
guidance for future vaccine development by endorsing 
pre-F as a new target for RSV preventive interventions. 
The pre-F antigen is now the basis of six vaccine candidates 
and two mAbs in phase 3 trials.34–37 Furthermore, we 
endorsed controlled human infection models as a unique 
tool to generate rapid proof of concept of protection and 
extensive immunological characterisation. This approach 
has been adopted into clinical development for six current 
RSV vaccine candidates (MV-012–968, RSVPre-F, 
MVA-BN-RSV, palivizumab biosimilar, clesrovimab, and 
Ad26.RSV.Pre-F). This updated review shows that 11 (58%) 
of 19 candidates from 2018 (and three [30%] of 
ten candidates from our 2015 review)38 have continued 
development, with simultaneous expansion of the field 
with 19 additional candidates having entered clinical trials 
(figure 2, figure 4). Finally, after the success of mRNA 
SAR-CoV-2 vaccine development, vaccines delivered as 
mRNA are a novel preventative approach that has been 
rapidly accelerated to late-phase trials.

Methods 
Vaccine and monoclonal antibodies (mAb) candidates in 
clinical phases of development were identified using the 
PATH (centre for vaccine innovation and access) RSV 
Vaccine and mAb snapshot (last updated Sept 28, 2021).32 
The data collection template from previous reviews33 was 
updated (appendix p 1) and filled out by searching 
PubMed, clinical trial registries, WHO, European 
Medicines Agency, and pharmaceutical websites for each 
vaccine candidate, with no date or language restrictions. 
We did not intend to conduct a systematic review of the 
peer-reviewed literature but instead provide an update on 
the current development by capturing all recent publicly 
available information. No inclusion or exclusion criteria 
were used. Instead, for each vaccine candidate or mAb in 
clinical development, information was selected by date 
(with preference for more recent literature) and by 
relevance (with preference for trial data). When available, 
peer-reviewed publications were preferred to information 
from trial registries or pharmaceutical websites. To 
supplement the data collected and the identified gaps in 

31% caused by RSV
33 million acute respiratory infections
3·1 million hospitalisations
118 200 deaths

More than 99% deaths occur in LMICs

24% access to intensive care

Location of RSV-related 
peadiatric deaths

20–50% in-hospital

US$3.13 billion direct medical costs (95% CI 2·27–5·13)
+8·7% direct non-medical costs
+36·7% indirect costs

Deaths averted 
(x1000)
3 (95% CI 1–11)
5 (95% CI 1–16)

Maternal vaccine
mAbs

2·4 months 1·5 months

50–80% out-of-hospital

Age at death

H

DALYs (x1000)

98 (95% CI 16–308)
137 (95% CI 23–423)

A Global pneumonia

B Respiratory syncytial virus deaths

C Total costs

D Expected vaccine impact

Figure 1: Paediatric RSV disease burden key facts and figures
(A) Contribution of RSV to worldwide pneumonia: approximately one-third of 
worldwide pneumonia is caused by RSV. (B) Deaths related to RSV: more than 
99% of the global burden of paediatric mortality due to RSV occurs in low-income 
and middle-income countries.1 Access to care is likely a key factor of the inequitable 
distribution of the mortality burden as less than one fourth of these children have 
access to an intensive care.4 At least half of this burden was previously hidden, 
these deaths occur out out-of-hospital.3 Recently the out-of-hospital burden has 
been characterised and is distinct from the in-hospital mortality burden which has 
implications for global vaccine development: children who die out of hospital die at
a younger age and risk factors are linked to poverty instead of underlying 
conditions.5 (C) Total costs: estimated direct associated with RSV exceed 
US$3 billion in low-income and middle-income countries, with additional direct 
non-medical and indirect costs.6 (D) Expected vaccine impact: the cost-
effectiveness and potential impact of maternal immunisation versus monoclonal 
antibodies has been estimated in deaths averted and discounted disability adjusted 
life-years.7 RSV=respiratory syncytial virus.
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knowledge, data for this review were systematically 
collected using the data collection template (appendix p 1) 
at the virtual RSV Vaccines for the World Conference 
organised by the Respiratory Syncytial Virus Network 
from Nov 10–12, 2021. The goal of this meeting was to 
share scientific data and expertise on RSV vaccine 
development, and to connect stakeholders involved in 
RSV research. During the meeting, information was 
collected from scientific presentations, posters, and 
discussions. Any publicly available data from this 
meeting has been included in this manuscript. Vaccines 
were divided into six major groups: recombinant vector, 
subunit, particle based, live attenuated, chimeric, and 
nucleic acid. Immuno prophylaxis with mAbs was 
included as a seventh category. Vaccine characteristics 
such as mechanism of action, adjuvants, route of 
administration, and summary of trial results have been 
compiled in the table.

Lessons learned 
We examine lessons learned from three late phase 
clinical trial failures since our last review. The PREPARE 
trial39 was a milestone: the first phase 3 trial of an RSV 

maternal vaccine. More than 4000 pregnant women 
received an RSV F nanoparticle vaccine or placebo 
(2:1 ratio) during the third trimester. RSV maternal 
vaccination was determined to be safe. Although the 
vaccine did not meet the primary endpoint, the candidate 
is the first proof-of-concept demonstration for efficacy of 
RSV maternal immunisation against severe RSV 
infection in infants. Efficacy was shown through day 90 
in South Africa, where more than 50% of participants 
were enrolled: 56% (95% CI 33–71) against medically 
significant RSV lower respiratory tract infection (LRTI) 
and 74% (50–86) against RSV LRTI with severe 
hypoxemia. Moreover, there was 49% efficacy against all-
cause infant pneumonia through 1 year after vaccination.39 
The difference in efficacy might be explained by 
hospitalisation for less severe disease and lower 
background rates of severe RSV infection in HICs.
compared with LMICs. Lessons learned include 
geographical heterogeneity of RSV disease burden and 
potential efficacy between different countries, and the 
importance of timing of vaccination in relation to RSV 
season and gestational age.39 Furthermore, it was shown 
that RSV neutralising antibodies and F surface 

Subunit Immunoprophylaxis Recombinant vectors

Chimeric

SeV/RSV
Phase 1

rBCG-N-hRSV
Phase 1Live attenuated

RSV-MinL4.0 Phase 1

IT-RSV-ΔG Phase 1

VAD0001 Phase 1/2

LID/ΔM2-2/1030s Phase 1

MV-012-968 Phase 2

6120/ΔNS1 ΔNS2/1313/Δl1314L Phase 2
6120/F1/G2/ΔNS1
6120/ΔNS2/1030s Ph

as
e 1

VXA-RSVf
ChAd155.RSV

MVA-BN-RSV
Phase 3

Ad26.RSV.preF
Phase 2/3 (P/O)

Nirsevimab 
(Site Ø)
Phase 3

RSM01
(Site Ø)

Narsyn
Phase 2

Clesrovimab
(Site IV)
Phase 3

PreF

Nucleic acid

Particle based

Fusion protein (F) Glycoprotein (G) Small hydrophobic 
protein (SH)

M2-1 M2 Deletion

AlterationM2-2Nonstructural protein 
(NS)

Large polymerase 
protein (L)

Nucleoprotein (N)

RSV F 
nanoparticle

V306 VLP 
Phase 1

IVX-121
Phase 1

mRNA-1345 (PreF)
Phase 1 (P)

Phase 2–3 (O)

PostF

Phase 1

Suptavumab
(Site V)

RSVPreF3
Phase 3 (O)
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BARS13
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VN-0200
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DS-Cav1
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Figure 2: Overview of vaccine candidates by preventive approach
Pre-F protein was created with Protein Data Bank RCSB PDB 4MMU28,29 and post-F protein was created with 3RRT.30,31 Light grey indicates vaccine development halted or discontinued. RSV=respiratory 
syncytial virus. PreF=prefusion protein. PostF=postfusion protein. Ad=adenovirus. MVA=modified vaccinia Ankara virus. BCG=mycobacterium bovis. SeV=sendai virus.
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glycoprotein binding antibodies were correlated with 
protection against RSV LRTI with severe hypoxemia (eg, 
a vaccine-induced maternal antiF IgG 16 times increase 
from maternal enrollment to day 14 was associated with a 
baseline covariate-adjusted vaccine efficacy of 75%).40 
Proven efficacy poses an ethical dilemma that a 
potentially life-saving vaccine might not become available 
in these countries as drug development was discontinued 
because prespecified criteria for efficacy were not met.41 A 
rollover trial might be considered to confirm efficacy and 
develop this vaccine for LMICs.

At the time of our last review in 2018,42 analysis of 
the late-stage clinical trial failure of suptavumab 
(REGN2222), an antigenic site 5 mAb, which did not 
meet its primary endpoint, had not yet been made public. 
In a phase 3 study42 in 18 countries, it was shown that 
suptavumab did not reduce RSV hospitalisation or 

outpatient RSV LRTI due to a natural mutation in the 
predominant circulation strain of RSV subgroup B that 
resulted in loss of antibody binding and neutralisation. 
There were no changes in circulating RSV A strains and 
negligible anti-suptavumab antibody responses. Post-hoc 
analyses suggested the antibody was relatively effective 
against the subgroup A strains but not the new circulating 
B strain; the relative risk for RSV subgroup A 
hospitalisation or outpatient LRTI versus placebo 
was 0·38 (95% CI 0·17–0·86). These findings highlight 
the importance of characterisation of the viral fitness of 
monoclonal antibody resistant viral mutants in clinical 
development and the risk associated with targeting a 
single viral epitope as well as more potential variability of 
certain targeted antigenic sites.

Finally, ChAd155.RSV, a recombinant chimpanzee 
adenovirus vector vaccine expressing RSV f, N, and 
M2–1 proteins, was in development for the paediatric 
population. Development was halted after preliminary 
analyses of a phase 2 trial in infants aged 3–7 months 
showed that the target efficacy profile was unlikely to be 
met.43 The published first-in-human trial in healthy 
adults showed adequate safety as well as increased 
specific humoral and cellular immune responses.44 The 
results of the phase 2 study have not yet been published 
so further lessons learned and analysis of the results are 
pending. Potentially the choice of vaccine antigens was 
not optimal for an effective immune response.

LAVs 
LAVs are designed to generate a potent immune 
response, including a local mucosal antibody and cellular 
response, by mimicking natural infection while being 
attenuated for reduced virulence. Genetic stability is 
important to limit the chance of reversion to wildtype 
virus. A better understanding of the RSV genome and 
reverse genetics has allowed the rational design of LAV 
candidates by deleting or modifying proteins known to 
be important in RNA synthesis regulation or interference 
with host-immune responses (eg, M2-2, NS2, SH, L, and 
G proteins) leading to restricted viral replication.45

An analysis of the compiled results of seven phase 1 
trials using intranasal LAV (n=239; children aged 
6–24 months) provides information on vaccine safety, 
efficacy, and duration of protection of RSV LAV 
candidates.45 LAVs are considered safe after first exposure, 
because vaccine-enhanced disease has not been detected 
after LAV immunisation, although LAV have the potential 
to induce upper respiratory illness if attenuation is 
insufficient.45 Estimated efficacy from compiled data of 
five vaccine candidates was 67% (95% CI 24 to 85) against 
medically-attended RSV acute-respiratory illness and 
88% (–9 to 99) against medically-attended RSV LRTI. On 
an immuno logical level, a four times rise in RSV-plaque 
reduction neutralising antibody titre was predictive of 
vaccine efficacy and responses were durable through 
1 year after vaccination.45

Phase 3
Nirsevimab
Clesrovimab

RSVPreF
RSVPreF3

RSVPreF
RSVPreF3

Ad26.RSV.PreF
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Figure 3: RSV vaccine and monoclonal antibody agents by target population
Vaccine candidates and monoclonal antibidies are categorised into three different target populations: paediatric, 
maternal, and older adults (aged >60 years) and clinical phase of development (ie, phase 1, 2, or 3). Different 
immunisation approaches are indicated by the key. Light grey text indicates development halted. 
IM=intramuscular. IN=intranasal. ID=intradermal. RSV=respiratory syncytial virus. PreF=prefusion protein. 
PostF=postfusion protein.
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There are six phase 1 trials and four candidates that 
have progressed to phase 2 trials. The National Insitute 
of Health and National Insitute of Allergy and Infectious 
Disease and others are developing LAV candidates with 
an NS2 deletion and tem perature sensitivity mutation: 
RSV ΔNS2/Δ1313/I1314L (phase 2);46 and RSV 6120/
ΔNS2/1030s (phase 1).47,48 MV-012–968 (altered NS1 and 
NS2 and G proteins, SH deletion, and ablation of 
secreted G protein)49 has been shown to be safe and to 
generate a mucosal IgA response in seropositive adults 
and children.50 A safety trial in seronegative children and 
a human challenge trial in healthy adults to show efficacy 
are being conducted for this vaccine candidate.51–53 
IT-RSV-∆G (absent G protein) was safe in seropositive 
healthy adults. However, the serum neutralising antibody 
response was low, and nasal IgA antibodies were below 
the level of detection; immunogenicity needs to be 
further studied in children and eventually in seronegative 
infants.54 Other candidates include LIDΔ M2–2/1030s,55 
6120/ΔNS1 and 6120/F1/G2/ΔNS1 (NCT03596801) in 

phase 1 trials, and VAD00001 (NCT04491877) in phase 2 
trial. RSV-MinL4·0 (altered polymerase gene) showed a 
humoral and cellular immune response similar to 
wildtype infection in non-human primates and is in 
phase 1 trials.56,57

Overall, LAVs provide an important needle-free tool for 
active intranasal immunisation of older infants who will 
not be sufficiently protected by a mAb or maternal 
vaccine. Moreover, a relatively small sample size (n=540) 
is needed for a phase 3 trial in this population.45 Further 
clinical development using this vaccination approach 
might affect paediatric health directly by reducing 
paediatric infections and infections in older adults 
indirectly through herd immunity.

Chimeric 
Chimeric live virus vaccine candidates express RSV 
proteins in related attenuated viruses with favourable 
safety profiles. In contrast to vectored vaccine candidates, 
chimeric vaccines show favourable antigen presentation 
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Figure 4: Historical perspective of RSV vaccine and immunoprophylaxis development over the last 10 years and expected market access
Candidates that are in ongoing development (blue) or no longer in development (red) are presented at the timing of the clinical trials rounded off to full years. 
The darkness of the colour represents the furthest development (phase 1, 2, or 3) of the candidate. Candidates with multiple clinical trials are connected with full or 
dotted lines to show the speed of development. Live attenuated viruses by the same manufacturer are summarised in one box as development of these candidates 
largely overlaps. The timing of current and previous RSV vaccine landscape reviews is shown at the bottom. RSV=respiratory syncytial virus. PreF=prefusion protein. 
The development of RSVPreF (M) was not discontinued but instead halted (dotted box). Expected registration was estimated by adding 1 year after published interim 
results, or if not available by adding 1 year to the estimated completion year published on ClinicalTrials.gov. In case of a phase 1/2 or 2/3 trial, the trial has only been 
placed in the furthest developed stage.

153



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 154PDF page: 154PDF page: 154PDF page: 154

Review

M
an

uf
ac

tu
rin

g 
pr

oc
es

s
An

tig
en

Ad
ju

va
nt

M
ec

ha
ni

sm
 

of
 a

ct
io

n
Ta

rg
et

 
po

pu
la

tio
n

Ro
ut

e o
f 

ad
m

in
i–

st
ra

tio
n

Cl
in

ic
al

 
ph

as
e

An
im

al
 

m
od

el
s

Ph
as

e 1
 tr

ia
l

Ph
as

e 2
 tr

ia
l

Ph
as

e 3
 tr

ia
l

Re
su

lts

Su
bu

ni
t v

ac
ci

ne

VN
-0

20
0,

 D
ai

ich
i 

Sa
nk

yo
··

VA
GA

-
90

01
a

M
AB

H-
90

02
b

··
O

IM
1

··
Ju

ne
, 2

02
1,

 to
 

Ja
nu

ar
y, 

20
22

; 
N

CT
04

91
45

20
; 

48
 p

ar
tic

ip
an

ts

··
..

..

DS
-C

av
1,

 N
at

io
na

l 
In

sit
ut

e o
f H

ea
lth

 
an

d 
N

at
io

na
l 

In
sit

ut
e o

f A
lle

rg
y 

an
d 

In
fe

ct
io

us
 

Di
se

as
e

St
ru

ct
ur

e-
ba

se
d 

va
cc

in
e d

es
ig

n
St

ab
ili

se
d 

pr
eF

 D
S-

Ca
v1

N
on

e o
r a

lu
m

RS
V 

pr
eF

O
IM

1
Co

tt
on

 ra
ts

, 
ca

lv
es

, m
ice

, 
m

ac
aq

ue
s

Fe
br

ua
ry

, 2
01

7, 
to

 
Oc

to
be

r, 
20

19
; 

N
CT

03
04

94
88

; 
95

 p
ar

tic
ip

an
ts

··
..

Ph
as

e 1
: s

af
e a

nd
 

w
el

l-t
ol

er
at

ed
; 

va
cc

in
at

io
n 

el
ici

te
d 

ro
bu

st
 

ne
ut

ra
lis

in
g 

Ab
 

re
sp

on
se

 
su

st
ai

ne
d 

at
 

44
 w

ee
ks

DP
X-

RS
V,

 
Im

m
un

ov
ac

cin
e

De
po

va
xT

M
, a

 
lip

id
-in

-o
il 

de
liv

er
y s

ys
te

m

SH
e

De
po

Va
x (

DP
X-

RS
V[

A]
), 

DP
X,

 o
r 

al
um

in
um

 
hy

dr
ox

id
e

SH
e g

en
er

at
e 

a n
on

-
ne

ut
ra

lis
in

g 
Ab

 an
d 

CD
4+

 
T-

ce
ll r

es
po

ns
e

O
IM

1
Co

tt
on

 ra
ts

, 
m

ice
M

ay
, 2

01
5,

 to
 

Ju
ne

, 2
01

7;
 

N
CT

02
47

25
48

; 
40

 p
ar

tic
ip

an
ts

··
..

Ph
as

e 1
: s

af
e a

nd
 

w
el

l-t
ol

er
at

ed
, n

o 
se

rio
us

 ad
ve

rs
e 

ev
en

ts
, a

nt
ig

en
-

sp
ec

ifi
c A

b 
re

sp
on

se
 d

ur
ab

le
 

>6
 m

on
th

s

BA
RS

13
, A

dv
ac

cin
e

··
G

N
on

e o
r 

cy
clo

sp
or

in
e A

RS
V 

G;
 

im
m

un
o–

su
pp

re
ss

an
t

P 
an

d 
O

IM
2

··
Oc

to
be

r, 
20

18
, t

o 
Au

gu
st

, 2
01

9;
 

N
CT

04
85

19
77

 an
d 

AC
TR

N
12

61
8–

 
00

09
48

29
1;

 
60

 p
ar

tic
ip

an
ts

M
ay

, 2
02

1,
 to

 
Ju

ne
, 2

02
3;

 
N

CT
04

68
18

33
; 

12
0 

pa
rti

cip
an

ts

··
Ph

as
e 1

: s
af

e a
nd

 
w

el
l t

ol
er

at
ed

, 
su

bs
ta

nt
ia

l A
b 

re
sp

on
se

 (9
0%

 in
 

lo
w

 d
os

e g
ro

up
s 

vs
 1

00
%

 in
 h

ig
h-

do
se

 g
ro

up
s)

RS
VP

re
-F

3/
 

GS
K3

84
47

66
A,

 
Gl

ax
oS

m
ith

Kl
in

e

··
Pr

eF
3

N
on

e
In

du
ce

 
im

m
un

e 
re

sp
on

se
 w

ith
 

st
ab

ili
se

d 
pr

eF

P 
an

d 
O

IM
3

··
Ja

nu
ar

y, 
20

19
, t

o 
N

ov
em

be
r, 

20
20

; 
N

CT
04

09
06

58
, 

N
CT

03
81

45
90

, 
an

d 
N

CT
04

65
71

98
; 

10
55

 p
ar

tic
ip

an
ts

Ja
nu

ar
y, 

20
19

, t
o 

N
ov

em
be

r, 
20

20
; 

N
CT

04
09

06
58

 an
d 

N
CT

04
65

71
98

; 
10

55
 p

ar
tic

ip
an

ts

Fe
br

ua
ry

, 2
02

1,
 to

 
M

ay
, 2

02
4;

 
N

CT
04

88
65

96
; 

25
00

0 
pa

rti
cip

an
ts

Fe
br

ua
ry

, 2
02

1,
 to

 
M

ay
, 2

02
4;

 
N

CT
04

73
28

71
; 

17
20

 p
ar

tic
ip

an
ts

Fe
br

ua
ry

, 2
02

1,
 to

 
M

ay
, 2

02
4;

 
N

CT
05

05
93

01
; 

75
0 

pa
rti

cip
an

ts

Ph
as

e 1
 an

d 
2:

 
hu

m
or

al
 an

d 
ce

llu
la

r i
m

m
un

e 
re

sp
on

se
s i

n 
al

l 
va

cc
in

es
; o

ld
er

 
ad

ul
ts

 h
ad

 h
ig

he
r 

hu
m

or
al

 re
sp

on
se

 
(m

os
tly

 
ne

ut
ra

lis
in

g)
 w

ith
 

hi
gh

er
 d

os
ag

e a
nd

 
hi

gh
er

 ce
llu

la
r 

re
sp

on
se

 w
ith

 
ad

ju
va

nt
Ph

as
e 3

: in
te

rim
 

an
al

ys
is 

sh
ow

ed
 

effi
ca

cy
 an

d 
th

e 
eff

ec
t w

as
 

co
ns

ist
en

t a
m

on
g 

RS
V 

A 
an

d 
B 

st
ra

in
s

(T
ab

le
 co

nt
in

ue
s o

n 
ne

xt
 p

ag
e)

154



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 155PDF page: 155PDF page: 155PDF page: 155

Review

M
an

uf
ac

tu
rin

g 
pr

oc
es

s
An

tig
en

Ad
ju

va
nt

M
ec

ha
ni

sm
 

of
 a

ct
io

n
Ta

rg
et

 
po

pu
la

tio
n

Ro
ut

e o
f 

ad
m

in
i–

st
ra

tio
n

Cl
in

ic
al

 
ph

as
e

An
im

al
 

m
od

el
s

Ph
as

e 1
 tr

ia
l

Ph
as

e 2
 tr

ia
l

Ph
as

e 3
 tr

ia
l

Re
su

lts

(C
on

tin
ue

d 
fro

m
 p

re
vi

ou
s p

ag
e)

RS
VP

re
F3

/ 
GS

K3
88

85
50

A,
 

Gl
ax

oS
m

ith
Kl

in
e

··
Pr

eF
3

N
on

e 
In

du
ce

 
im

m
un

e 
re

sp
on

se
 w

ith
 

st
ab

ili
se

d 
pr

eF

M
IM

3,
 

ha
lte

d
··

Oc
to

be
r, 

20
18

, t
o 

Se
pt

em
be

r, 
20

19
; 

N
CT

03
67

41
77

; 
50

2 
pa

rti
cip

an
ts

Ju
ly,

 2
02

0,
 to

 
M

ay
, 2

02
1;

 
N

CT
04

12
62

13
; 

53
4 

pa
rti

cip
an

ts

N
ov

em
be

r, 
20

20
, t

o 
Fe

br
ua

ry
, 2

02
4;

 
N

CT
04

60
51

59
; 

20
 0

00
 p

ar
tic

ip
an

ts
Se

pt
em

be
r, 

20
21

, t
o 

M
ay

, 2
02

2;
 

N
CT

05
04

51
44

; 
15

41
 p

ar
tic

ip
an

ts

Ph
as

e 1
 an

d 
2:

 
ro

bu
st

 in
cr

ea
se

 in
 

m
at

er
na

l R
SV

-
sp

ec
ifi

c A
b 

re
sp

on
se

s a
nd

 
RS

V-
A 

an
d 

RS
V-

B 
ne

ut
ra

lis
in

g 
Ab

 
tit

re
s; 

su
cc

es
sf

ul
 

Ab
 tr

an
sf

er
 to

 
fo

et
us

 u
nt

il 
6 

m
on

th
s a

fte
r 

bi
rth

RS
VP

re
F, 

Pfi
ze

r
Bi

va
le

nt
 

st
ab

ili
se

d 
pr

eF
, 

se
qu

en
ce

 b
as

ed
 

on
 

co
nt

em
po

ra
ry

 
RS

V 
A 

an
d 

B 
st

ra
in

s

pr
e-

F
N

on
e o

r A
l(O

H)
3 

or
 al

um
 

ad
ju

va
nt

ed

In
du

ce
 

im
m

un
e 

re
sp

on
se

 w
ith

 
st

ab
ili

se
d 

pr
eF

M
IM

3
An

im
al

 
st

ud
ie

s, 
sp

ec
ifi

cs
 

un
kn

ow
n

Ap
ril

, 2
01

8,
 to

 
De

ce
m

be
r, 

20
20

; 
N

CT
03

52
97

73
; 

12
35

 p
ar

tic
ip

an
ts

N
ov

em
be

r, 
20

20
, t

o 
Au

gu
st

, 2
02

1;
 

N
CT

04
78

56
12

 
(c

on
tro

lle
d 

hu
m

an
 

in
fe

ct
io

n 
m

od
el

); 
62

 p
ar

tic
ip

an
ts

Oc
to

be
r, 

20
19

, t
o 

De
ce

m
be

r, 
20

19
; 

N
CT

04
07

11
58

; 
71

3 
pa

rti
cip

an
ts

;
Au

gu
st

, 2
01

9,
 to

 
Se

pt
em

be
r, 

20
21

; 
N

CT
04

03
20

93
; 

11
53

 p
ar

tic
ip

an
ts

Ju
ne

, 2
02

0,
 to

 
N

ov
em

be
r, 

20
23

; 
N

CT
04

42
43

16
; 

10
00

0 
pa

rti
cip

an
ts

Ph
as

e 1
 an

d 
2:

 
pa

tie
nt

s w
er

e 
ag

ed
 1

8–
49

 ye
ar

s; 
sa

fe
 an

d 
w

el
l 

to
le

ra
te

d;
 

im
m

un
isa

tio
n 

el
ici

te
d 

te
n 

to
 

20
 ti

m
es

 in
cr

ea
se

s 
in

 n
eu

tra
lis

in
g 

Ab
 

tit
re

s

RS
VP

re
F, 

Pfi
ze

r
Bi

va
le

nt
 

st
ab

ili
se

d 
pr

eF
, 

se
qu

en
ce

 b
as

ed
 

on
 

co
nt

em
po

ra
ry

 
RS

V 
A 

an
d 

B 
st

ra
in

s

pr
eF

N
on

e
In

du
ce

 
im

m
un

e 
re

sp
on

se
 w

ith
 

st
ab

ili
se

d 
pr

eF

O
IM

3
An

im
al

 
st

ud
ie

s, 
sp

ec
ifi

cs
 

un
kn

ow
n

Ap
ril

, 2
01

8,
 to

 
De

ce
m

be
r, 

20
20

; 
N

CT
03

52
97

73
; 

12
35

 p
ar

tic
ip

an
ts

N
ov

em
be

r, 
20

20
, t

o 
Au

gu
st

, 2
02

1;
 

N
CT

04
78

56
12

; 
62

 p
ar

tic
ip

an
ts

Oc
to

be
r, 

20
19

, t
o 

De
ce

m
be

r, 
20

19
; 

N
CT

04
07

11
58

; 
71

3 
pa

rti
cip

an
ts

Au
gu

st
, 2

01
9,

 to
 

Se
pt

em
be

r, 
20

21
; 

N
CT

04
03

20
93

; 
11

53
 p

ar
tic

ip
an

ts

Au
gu

st
, 2

02
1,

 to
 

Ju
ne

, 2
02

4;
 

N
CT

05
03

52
12

; 
30

00
0 

pa
rti

cip
an

ts

Ph
as

e 1
 an

d 
2:

 
pa

tie
nt

s w
er

e 
ag

ed
 1

8–
49

 ye
ar

s; 
sa

fe
 an

d 
w

el
l 

to
le

ra
te

d;
 

im
m

un
isa

tio
n 

el
ici

te
d 

te
n 

to
 

20
 ti

m
es

 in
cr

ea
se

s 
in

 n
eu

tra
lis

in
g 

Ab
 

tit
re

s

(T
ab

le
 co

nt
in

ue
s o

n 
ne

xt
 p

ag
e)

155



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 156PDF page: 156PDF page: 156PDF page: 156

Review

M
an

uf
ac

tu
rin

g 
pr

oc
es

s
An

tig
en

Ad
ju

va
nt

M
ec

ha
ni

sm
 

of
 a

ct
io

n
Ta

rg
et

 
po

pu
la

tio
n

Ro
ut

e o
f 

ad
m

in
i–

st
ra

tio
n

Cl
in

ic
al

 
ph

as
e

An
im

al
 

m
od

el
s

Ph
as

e 1
 tr

ia
l

Ph
as

e 2
 tr

ia
l

Ph
as

e 3
 tr

ia
l

Re
su

lts

(C
on

tin
ue

d 
fro

m
 p

re
vi

ou
s p

ag
e)

Pa
rt

ic
le

-b
as

ed
 v

ac
ci

ne

V3
06

-S
VL

P, 
Vi

ro
m

et
ix

Sy
nt

he
tic

 
pe

pt
id

es
 

co
nj

ug
at

ed
 to

 a 
sy

nt
he

tic
 

na
no

pa
rti

cle
 

m
ad

e f
ro

m
 se

lf-
as

se
m

bl
in

g 
lip

op
ep

tid
es

V-
30

6
Pa

m
2C

ys
Sy

nt
he

tic
 

vi
ru

s-
lik

e 
pa

rti
cle

 
di

sp
la

ys
 a 

un
iv

er
sa

l 
T-

he
lp

er
 

ep
ito

pe
, li

pi
d 

co
m

po
ne

nt
 

(P
am

2C
) a

nd
 

m
im

et
ic 

of
 th

e 
Pa

liv
izu

m
ab

 
ep

ito
pe

 
(F

SI
Im

)

M
IM

 w
ith

 
sk

in
 

pa
tc

h 
bo

os
te

rs

1
M

ice
 an

d 
ra

bb
its

Se
pt

em
be

r, 
20

20
, 

to
 M

ar
ch

, 2
02

2;
 

N
CT

04
51

90
73

; 
60

 p
ar

tic
ip

an
ts

··
··

··

IV
X-

12
1,

 Ic
os

av
ax

Se
lf-

as
se

m
bl

in
g 

vi
ru

s-
lik

e p
ar

tic
le

 
pl

at
fo

rm
 

te
ch

no
lo

gy
 to

 
de

liv
er

 st
ab

ili
ze

d 
tri

m
er

ic 
pr

eF
 

pr
ot

ei
ns

St
ab

ili
se

d 
Pr

e-
F D

S-
Ca

v1

N
on

e o
r a

lu
m

Pr
es

en
ta

tio
n 

of
 D

S-
Ca

v1
 o

n 
co

m
pu

–
ta

tio
na

lly
 

de
sig

ne
d 

vi
ru

s-
lik

e 
pa

rti
cle

 
ge

ne
ra

te
s a

 
ne

ut
ra

lis
in

g 
Ab

 re
sp

on
se

 
ag

ai
ns

t p
re

F

O
IM

1
M

ice
20

21
; 

90
 p

ar
tic

ip
an

ts
··

··
··

N
uc

le
ic

 a
ci

d 
va

cc
in

e

m
RN

A-
13

45
, 

M
od

er
na

Li
pi

d 
na

no
pa

rti
cle

 
co

nt
ai

ni
ng

 
op

tim
ise

d 
pr

ot
ei

n 
an

d 
co

do
n 

se
qu

en
ce

s

pr
eF

N
on

e
m

RN
A 

en
co

de
s f

or
 a 

st
ab

ili
se

d 
pr

eF
 

gl
yc

op
ro

te
in

 
el

ici
tin

g 
ne

ut
ra

lis
in

g 
an

tib
od

ie
s

O
IM

2 
an

d 
3

··
Se

pt
em

be
r, 

20
20

, 
to

 S
ep

te
m

be
r, 

20
23

; 
N

CT
04

52
87

19
; 

10
0 

he
al

th
y a

du
lts

, 
30

0 
ol

de
r a

du
lts

, 
18

0 
w

om
en

, a
nd

 
40

 ch
ild

re
n

Ph
as

e 2
 an

d 
3;

 
N

ov
em

be
r, 

20
21

, t
o 

N
ov

em
be

r, 
20

24
; 

N
CT

05
12

74
34

; 
34

00
0 

pa
rti

cip
an

ts

Ph
as

e 2
 an

d 
3;

 
N

ov
em

be
r, 

20
21

, t
o 

N
ov

em
be

r, 
20

24
; 

N
CT

05
12

74
34

; 
34

00
0 

pa
rti

cip
an

ts
 

Ap
ril

, 2
02

2,
 to

 
Ja

nu
ar

y, 
20

23
; 

N
CT

05
33

09
75

; 
13

50
 p

eo
pl

e

Ph
as

e 1
: w

el
l 

to
le

ra
te

d 
at

 d
os

es
 

up
 to

 2
00

 µ
g;

 
ge

om
et

ric
 m

ea
n 

co
nc

en
tra

tio
n 

≥9
·8

 ti
m

es
 ri

se
 in

 
ne

ut
ra

lis
in

g 
Ab

s 
at

 1
 m

on
th

 fo
r 

RS
V 

A 
an

d 
≥5

·3
 ti

m
es

 ri
se

  in
 

ne
ut

ra
lis

in
g 

Ab
s 

at
 1

 m
on

th
 fo

r 
RS

V 
B;

th
re

e d
os

es
 

he
lp

ed
 m

ai
nt

ai
n 

pe
ak

 ti
te

rs
 

th
ro

ug
h 

m
on

th
 5

 
in

 yo
un

ge
r a

du
lts

m
RN

A-
13

45
, 

M
od

er
na

Li
pi

d 
na

no
pa

rti
cle

 
co

nt
ai

ni
ng

 
op

tim
ise

d 
pr

ot
ei

n 
an

d 
co

do
n 

se
qu

en
ce

s

pr
eF

N
on

e
m

RN
A 

en
co

de
s f

or
 a 

st
ab

ili
se

d 
pr

eF
 

gl
yc

op
ro

te
in

 
el

ici
tin

g 
ne

ut
ra

lis
in

g 
an

tib
od

ie
s

P
IM

1
··

Se
pt

em
be

r, 
20

20
, 

to
 S

ep
te

m
be

r, 
20

23
;

N
CT

04
52

87
19

;
40

 ch
ild

re
n 

ag
ed

 
12

–5
9 

m
on

th
s

··
··

··

(T
ab

le
 co

nt
in

ue
s o

n 
ne

xt
 p

ag
e)

156



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 157PDF page: 157PDF page: 157PDF page: 157

Review

M
an

uf
ac

tu
rin

g 
pr

oc
es

s
An

tig
en

Ad
ju

va
nt

M
ec

ha
ni

sm
 

of
 a

ct
io

n
Ta

rg
et

 
po

pu
la

tio
n

Ro
ut

e o
f 

ad
m

in
i–

st
ra

tio
n

Cl
in

ic
al

 
ph

as
e

An
im

al
 

m
od

el
s

Ph
as

e 1
 tr

ia
l

Ph
as

e 2
 tr

ia
l

Ph
as

e 3
 tr

ia
l

Re
su

lts

(C
on

tin
ue

d 
fro

m
 p

re
vi

ou
s p

ag
e)

Re
co

m
bi

na
nt

 v
ec

to
rs

 v
ac

ci
ne

M
VA

-B
N

 R
SV

, 
Ba

va
ria

n 
N

or
di

c
M

VA
-B

N
 

pl
at

fo
rm

 
te

ch
no

lo
gy

F, 
G 

(A
 &

 B
 

su
bt

yp
e)

, 
an

d 
N

 an
d 

M
2

N
on

e
Si

m
ul

at
e 

ro
bu

st
 T-

ce
ll 

re
sp

on
se

 
ag

ai
ns

t 5
 R

SV
 

an
tig

en
s a

nd
 

m
od

er
at

e 
hu

m
or

al
 

re
sp

on
se

 
ag

ai
ns

t b
ot

h 
RS

V 
su

bt
yp

es

O
IM

3
BA

LB
, c

 m
ice

, 
an

d 
co

tt
on

 
ra

ts

Au
gu

st
, 2

01
5,

 to
 

M
ay

, 2
01

6;
 

N
CT

02
41

93
91

; 
63

 p
ar

tic
ip

an
ts

Se
pt

em
be

r, 
20

16
, t

o 
De

ce
m

be
r, 

20
18

; 
N

CT
02

87
32

86
; 

42
0 

pa
rti

cip
an

ts
Fe

br
ua

ry
, 2

02
1,

 to
 

Ju
ne

 2
02

1;
 

N
CT

04
75

26
44

; 
73

 p
ar

tic
ip

an
ts

To
 b

e a
nn

ou
nc

ed
 

en
d 

20
21

Ph
as

e 2
: b

ro
ad

 an
d 

du
ra

bl
e A

b 
an

d 
T-

ce
ll r

es
po

ns
e,

 
su

bs
ta

nt
ial

 
bo

os
te

r r
es

po
ns

e 
af

te
r 1

 ye
ar

; 
ph

as
e 2

: c
on

tro
lle

d
hu

m
an

 in
fe

ct
io

n 
m

od
el;

 su
bs

ta
nt

ial
 

re
du

ct
io

n 
in

 vi
ra

l 
lo

ad
 an

d 
no

 
va

cc
in

e-
re

lat
ed

 
se

rio
us

 ad
ve

rse
 

ev
en

ts

AD
26

.R
SV

.P
re

F, 
Jo

hn
so

n 
& 

Jo
hn

so
n

Hu
m

an
 ce

ll l
in

e,
 

PE
RC

6 
(A

d2
6)

 
en

co
di

ng
 R

SV
 F 

fro
m

 R
SV

-A
2 

st
ra

in

pr
eF

N
on

e
Re

pl
ica

tio
n-

in
co

m
pe

te
nt

 
Ad

en
ov

iru
s 2

6 
co

nt
ai

ni
ng

 
DN

A 
fo

r 
RS

V-
A2

 F 
pr

ot
ei

n 
st

ab
ili

se
d 

in
 

pr
eF

 
co

nf
or

m
at

io
n

O
IM

3
N

eo
na

ta
l a

nd
 

ad
ul

t m
ice

N
ov

em
be

r, 
20

16
, 

to
 Ja

nu
ar

y, 
20

21
; 

N
CT

02
92

64
30

; 
73

 p
ar

tic
ip

an
ts

N
ov

em
be

r, 
20

16
, 

to
 Ja

nu
ar

y;
 

N
CT

03
79

54
41

; 
24

 p
ar

tic
ip

an
ts

N
ov

em
be

r, 
20

16
, 

to
 Ja

nu
ar

y;
 

N
CT

04
35

44
80

; 
36

 p
ar

tic
ip

an
ts

Oc
to

be
r, 

20
17

, t
o 

Ju
ne

, 2
02

2;
 

N
CT

04
45

32
02

, 
45

9 
pa

rti
cip

an
ts

Oc
to

be
r, 

20
17

, t
o 

Ju
ne

, 2
02

2;
 

N
CT

03
50

27
07

; 
66

9 
pa

rti
cip

an
ts

Oc
to

be
r, 

20
17

, t
o 

Ju
ne

, 2
02

2N
CT

03
–

30
36

25
; 

48
 p

ar
tic

ip
an

ts
Oc

to
be

r, 
20

17
, t

o 
Ju

ne
, 2

02
2;

 
N

CT
03

33
46

95
; 

64
 p

ar
tic

ip
an

ts
Oc

to
be

r, 
20

17
, t

o 
Ju

ne
, 2

02
2;

 
N

CT
03

33
97

13
; 

18
0 

pa
rti

cip
an

ts
Oc

to
be

r, 
20

17
, t

o 
Ju

ne
, 2

02
2;

 
N

CT
03

98
21

99
; 

58
15

 p
ar

tic
ip

an
ts

Ju
ly,

 2
02

1,
 to

 
Ja

nu
ar

y, 
20

24
; 

N
CT

04
90

86
83

; 
23

00
0 

pa
rti

cip
an

ts

Ph
as

e 1
: s

af
e i

n 
ol

de
r a

du
lts

 an
d 

su
st

ai
ne

d 
im

m
un

e 
re

sp
on

se
s a

fte
r 

2 y
ea

rs
Ph

as
e 2

: 8
0%

 
va

cc
in

e e
ffi

ca
cy

 
an

d 
ro

bu
st

 ce
llu

la
r 

an
d 

hu
m

or
al

 
im

m
un

e 
re

sp
on

se
; p

ha
se

 2
 

co
nt

ro
lle

d 
hu

m
an

 
in

fe
ct

io
n 

m
od

el
: 

lo
w

er
 vi

ra
l lo

ad
 

an
d 

lo
w

er
 

in
fe

ct
io

n 
ra

te
 an

d 
di

se
as

e s
ev

er
ity

 in
 

in
te

rv
en

tio
n 

gr
ou

p

AD
26

.R
SV

.P
re

F, 
Jo

hn
so

n 
& 

Jo
hn

so
n

Hu
m

an
 ce

ll l
in

e,
 

PE
RC

6 
(A

d2
6)

 
en

co
di

ng
 R

SV
 F 

fro
m

 R
SV

-A
2 

st
ra

in

Pr
eF

N
on

e
Re

pl
ica

tio
n-

in
co

m
pe

te
nt

 
ad

en
ov

iru
s 2

6 
co

nt
ai

ni
ng

 
DN

A 
fo

r 
RS

V-
A2

 F 
pr

ot
ei

n 
st

ab
ili

se
d 

in
 

pr
eF

 
co

nf
or

m
at

io
n

P
IM

1 
an

d 
2

N
eo

na
ta

l a
nd

 
ad

ul
t m

ice
N

ov
em

be
r, 

20
17

, 
to

 A
pr

il,
 2

02
0;

 
N

CT
03

30
36

25
; 

48
 p

ar
tic

ip
an

ts
Ja

nu
ar

y, 
20

19
, t

o 
N

ov
em

be
r, 

20
21

; 
N

CT
03

60
65

12
; 

38
 p

ar
tic

ip
an

ts

N
ov

em
be

r, 
20

17
, t

o 
Ap

ril
, 2

02
0;

 
N

CT
03

30
36

25
; 

48
 p

ar
tic

ip
an

ts
Ja

nu
ar

y, 
20

19
, t

o 
N

ov
em

be
r, 

20
21

; 
N

CT
03

60
65

12
; 

48
, a

nd
 

38
 p

ar
tic

ip
an

ts

 ..
Ph

as
e 1

 an
d 

2:
 

w
el

l-t
ol

er
at

ed
 an

d 
el

ici
te

d 
bo

th
 

hu
m

or
al

 an
d 

ce
llu

la
r i

m
m

un
e 

re
sp

on
se

s

(T
ab

le
 co

nt
in

ue
s o

n 
ne

xt
 p

ag
e)

157



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 158PDF page: 158PDF page: 158PDF page: 158

Review
M

an
uf

ac
tu

rin
g 

pr
oc

es
s

An
tig

en
Ad

ju
va

nt
M

ec
ha

ni
sm

 
of

 a
ct

io
n

Ta
rg

et
 

po
pu

la
tio

n
Ro

ut
e o

f 
ad

m
in

i–
st

ra
tio

n

Cl
in

ic
al

 
ph

as
e

An
im

al
 

m
od

el
s

Ph
as

e 1
 tr

ia
l

Ph
as

e 2
 tr

ia
l

Ph
as

e 3
 tr

ia
l

Re
su

lts

(C
on

tin
ue

d 
fro

m
 p

re
vi

ou
s p

ag
e)

Im
m

un
op

ro
ph

yl
ax

is 
va

cc
in

es

N
ar

sy
n,

 U
M

C 
Ut

re
ch

t
In

tra
na

sa
l 

fo
rm

ul
at

io
n 

of
 

hu
m

an
ise

d 
m

ou
se

 m
Ab

··
N

on
e

m
Ab

 ta
rg

et
in

g 
sit

e 2
 o

f t
he

 
RS

V 
F p

ro
te

in
; 

ne
ut

ra
lis

at
io

n

P
IN

2
Ba

lb
/c

 m
ice

Oc
to

be
r, 

20
18

, t
o 

N
ov

em
be

r, 
20

18
; 

N
TR

73
78

; 2
0 

pa
rti

cip
an

ts

N
ov

em
be

r, 
20

18
, t

o 
Ap

ril
, 2

02
0;

 
N

TR
74

03
; 

40
8 

pa
rti

cip
an

ts

··
Ph

as
e 1

: s
af

e i
n 

he
al

th
y a

du
lts

Cl
es

ro
vi

m
ab

 (M
K 

16
54

), 
M

er
ck

In
-v

itr
o 

op
tim

ise
d 

hu
m

an
 m

Ab
 

w
ith

 th
re

e Y
TE

 
m

ut
at

io
ns

 in
 Fc

-
do

m
ai

n

··
N

on
e

m
Ab

 ta
rg

et
in

g 
sit

e 4
 o

f t
he

 
RS

V 
F p

ro
te

in
 

w
ith

 ex
te

nd
ed

 
ha

lf-
lif

e;
 

ne
ut

ra
lis

at
io

n

P
IM

 o
r I

V
1,

 2
, a

nd
 

3
Co

tt
on

 ra
ts

Ju
ne

, 2
01

7, 
to

 
Fe

br
ua

ry
, 2

01
9;

 
15

2 
ad

ul
ts

Se
pt

em
be

r, 
20

18
, 

to
 S

ep
te

m
be

r, 
20

22
; 

N
CT

03
52

41
18

; 
18

0 
in

fa
nt

s

Se
pt

em
be

r, 
20

18
, t

o 
Se

pt
em

be
r, 

20
22

; 
N

CT
03

52
41

18
; 

18
0 

in
fa

nt
s

M
ar

ch
, 2

02
0,

 to
 

Au
gu

st
, 2

02
0;

 
N

CT
04

08
64

72
 

(c
on

tro
lle

d 
hu

m
an

 
in

fe
ct

io
n 

m
od

el
); 

80
 p

ar
tic

ip
an

ts

N
ov

em
be

r, 
20

21
, t

o 
Au

gu
st

, 2
02

5;
 

N
CT

04
93

88
30

; 
10

00
 h

ig
h-

ris
k 

in
fa

nt
s

Ap
ril

 2
02

1,
 to

 
Se

pt
em

be
r, 

20
24

; 
N

CT
04

76
73

73
; 

33
00

 h
ea

lth
y 

in
fa

nt
s

Ph
as

e 1
: s

af
e i

n 
ad

ul
ts

; c
on

tro
lle

d 
hu

m
an

 in
fe

ct
io

n 
m

od
el

 effi
ca

cy
 

0·
62

 (9
5%

 C
I 

–0
·0

5 
to

 0
·8

6)
 fo

r 
pr

ev
en

tio
n 

of
 R

SV
 

lo
w

er
 tr

ac
t 

re
sp

ira
to

ry
 

in
fe

ct
io

n

N
irs

ev
im

ab
, 

(M
ED

I8
89

7)
, A

st
ra

 
Ze

ne
ca

, 
M

ed
Im

m
un

e L
LC

In
-v

itr
o 

op
tim

ise
d 

hu
m

an
 m

Ab
 

w
ith

 Y
TE

 
m

ut
at

io
n 

in
 Fc

··
N

on
e

m
Ab

 ta
rg

et
in

g 
sit

e Ø
 o

f t
he

 
RS

V 
F p

ro
te

in
 

w
ith

 an
 

ex
te

nd
ed

 h
al

f-
lif

e;
 n

eu
tra

–
lis

at
io

n

P
IM

3
Co

tt
on

 ra
ts

, 
cy

no
m

ol
gu

s, 
an

d 
m

on
ke

ys

Ap
ril

, 2
01

5 
to

 
Ju

ne
, 2

01
5;

 
N

CT
02

11
42

6;
 

34
2 

pa
rti

cip
an

ts
Ja

nu
ar

y, 
20

15
 to

 
Se

pt
em

be
r, 

20
16

; 
N

CT
02

29
03

4;
 

15
1 

pa
rti

cip
an

ts

N
ov

em
be

r, 
20

16
, t

o 
Ju

ly,
 2

01
8;

 
N

CT
02

87
83

30
; 

14
53

 p
ar

tic
ip

an
ts

Au
gu

st
, 2

02
0,

 to
 

Ja
nu

ar
y, 

20
23

; 
N

TC
04

48
49

35
; 

10
0 

im
m

un
o–

co
m

pr
om

ise
d 

ch
ild

re
n

Ju
ly,

 2
01

9,
 to

 
M

ay
, 2

02
2;

 
N

CT
03

95
94

88
 

(M
ED

LE
Y)

; 
92

5 
hi

gh
-ri

sk
 

ch
ild

re
n

Ju
ly,

 2
01

9,
 to

 
M

ar
ch

, 2
02

3;
 

N
CT

03
97

93
13

 
(M

EL
OD

Y)
; 3

00
0 

he
al

th
y c

hi
ld

re
n

Ph
as

e 2
b:

 sa
fe

ty
 

an
d 

to
le

ra
bi

lit
y 

sim
ila

r t
o 

pa
liv

izu
m

ab
 in

 
25

 co
un

tri
es

 
w

or
ld

w
id

e;
Ph

as
e 3

 in
te

rim
: 

75
%

 effi
ca

cy
 

ag
ai

ns
t m

ed
ica

lly
 

at
te

nd
ed

 R
SV

 
LR

TI

RS
M

01
, G

at
es

 
M

ed
ica

l R
es

ea
rc

h 
In

st
itu

te

In
-v

itr
o 

op
tim

ise
d 

hu
m

an
 m

Ab
 

w
ith

 Y
TE

 
m

ut
at

io
n 

in
 Fc

··
N

on
e

m
Ab

 ta
rg

et
in

g 
sit

e x
 o

f t
he

 
RS

V 
F p

ro
te

in
 

w
ith

 an
 

ex
te

nd
ed

 h
al

f-
lif

e;
 n

eu
tra

–
lis

at
io

n

P
IM

 o
r I

V
1

··
N

ov
em

be
r, 

20
21

, 
to

 Fe
br

ua
ry

, 2
02

2;
 

N
CT

05
11

83
86

; 
56

 p
ar

tic
ip

an
ts

··
··

··

Ch
im

er
ic

 v
ac

ci
ne

Se
V/

RS
V,

 N
at

io
na

l 
In

sit
ut

e o
f A

lle
rg

y 
an

d 
In

fe
ct

io
us

 
Di

se
as

e

M
od

ifi
ed

 m
ou

se
 

pa
ra

in
flu

en
za

 
vi

ru
s t

yp
e 1

F
N

on
e

Se
V 

ex
pr

es
sin

g 
RS

V 
F p

ro
te

in

P
IN

I
Af

ric
an

 g
re

en
 

m
on

ke
y

M
ay

, 2
01

8,
 to

 
Fe

br
ua

ry
, 2

01
9;

 
N

CT
03

47
30

02
; 

21
 p

ar
tic

ip
an

ts

··
··

··

rB
CG

-N
-h

RS
V,

 
Po

nt
ifi

cia
 

Un
iv

er
sid

ad
 

Ca
tó

lic
a d

e C
hi

le

Li
ve

-a
tt

en
ua

te
d 

re
co

m
bi

na
nt

 
M

yc
ob

ac
te

riu
m

 
bo

vis
 (r

BC
G)

 
ba

se
d 

on
 D

an
ish

 
st

ra
in

 1
33

1 t
ha

t 
ex

pr
es

se
s N

N
N

on
e

Re
co

m
bi

na
nt

 
BC

G 
us

ed
 as

 a 
ve

ct
or

 to
 

de
liv

er
 R

SV
 N

P
IN

1
M

ice
 an

d 
ho

lst
ei

n 
ca

lv
es

Ju
ne

, 2
01

6,
 to

 
Ju

ne
, 2

01
8;

 
N

CT
03

21
34

05
; 

24
 p

ar
tic

ip
an

ts

··
··

Ph
as

e 2
: s

af
e a

nd
 

w
el

l t
ol

er
at

ed
; n

o 
se

rio
us

 ad
ve

rs
e 

ev
en

ts
; h

um
or

al
 

an
d 

ce
llu

la
r 

re
sp

on
se

 ag
ai

ns
t 

N
 an

d 
pu

rifi
ed

 
pr

ot
ei

n 
de

riv
at

iv
e

(T
ab

le
 co

nt
in

ue
s o

n 
ne

xt
 p

ag
e)

158



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 159PDF page: 159PDF page: 159PDF page: 159

Review

M
an

uf
ac

tu
rin

g 
pr

oc
es

s
An

tig
en

Ad
ju

va
nt

M
ec

ha
ni

sm
 

of
 a

ct
io

n
Ta

rg
et

 
po

pu
la

tio
n

Ro
ut

e o
f 

ad
m

in
i–

st
ra

tio
n

Cl
in

ic
al

 
ph

as
e

An
im

al
 

m
od

el
s

Ph
as

e 1
 tr

ia
l

Ph
as

e 2
 tr

ia
l

Ph
as

e 3
 tr

ia
l

Re
su

lts

(C
on

tin
ue

d 
fro

m
 p

re
vi

ou
s p

ag
e)

Li
ve

-a
tt

en
ua

te
d 

va
cc

in
e

RS
V-

M
in

L4
·0

, 
Co

da
ge

ni
x

Re
ve

rs
e 

en
gi

ne
er

in
g 

of
 

4 
m

ut
at

io
ns

 in
 

th
e L

 p
ro

te
in

Al
l v

ira
l 

pr
ot

ei
ns

N
on

e
L a

lte
ra

te
d 

fo
r 

at
te

nu
at

io
n

O
IN

1
N

on
-h

um
an

 
pr

im
at

es
Ju

ly,
 2

02
0,

 to
 

M
ay

, 2
02

1;
 

N
CT

04
29

50
70

; 
36

 p
ar

tic
ip

an
ts

··
··

··

RS
V-

M
in

L4
·0

, 
Co

da
ge

ni
x

Re
ve

rs
e 

en
gi

ne
er

in
g 

of
 

4 
m

ut
at

io
ns

 in
 

th
e L

 p
ro

te
in

Al
l v

ira
l 

pr
ot

ei
ns

N
on

e
L a

lte
ra

te
d 

fo
r 

at
te

nu
at

io
n

P
IN

1
N

on
-h

um
an

 
pr

im
at

es
M

ar
ch

, 2
02

2,
 to

 
Fe

br
ua

ry
, 2

02
3;

 
N

CT
04

91
91

09
; 

36
 p

ar
tic

ip
an

ts

··
··

··

IT
-R

SV
ΔG

, 
In

tra
va

cc
Re

ve
rs

e g
en

et
ics

 
to

 d
el

et
e G

 
pr

ot
ei

n 
fro

m
 th

e 
RS

V 
ge

no
m

e

Al
l v

ira
l 

pr
ot

ei
ns

N
on

e
Se

ve
re

ly
 

im
pa

ire
d 

bi
nd

in
g 

to
 

ho
st

 ce
lls

 d
ue

 
to

 ab
se

nt
 

G-
pr

ot
ei

n 
re

du
cin

g 
in

fe
ct

iv
ity

P
IN

1
Co

tt
on

 ra
ts

M
ay

, 2
01

8,
 to

 
M

ar
ch

, 2
01

9;
 

N
TR

71
73

; 
48

 p
ar

tic
ip

an
ts

··
··

Ph
as

e 1
: s

af
e a

nd
 

w
el

l t
ol

er
at

ed
; 

ne
ut

ra
lis

in
g 

an
tib

od
y r

es
po

ns
e 

ab
se

nt
 in

 
se

ro
po

sit
iv

e  
ad

ul
ts

M
V-

01
2–

96
8,

 
M

ei
ss

a
Co

do
n 

de
op

tim
isa

tio
n 

of
 N

S1
/N

S2
/G

, 
SH

 d
el

et
io

n 
an

d 
ab

la
tio

n 
of

 
se

cr
et

ed
 G

 
th

ro
ug

h 
At

te
nu

Bl
oc

k 
sy

nt
he

tic
 

bi
ol

og
y p

la
tfo

rm

Al
l v

ira
l 

pr
ot

ei
ns

N
on

e
Re

du
ce

d 
N

S1
 

an
d 

N
S2

 
ex

pr
es

sio
n 

fo
r 

en
ha

nc
ed

 
im

m
un

o–
ge

ni
cit

y, 
SH

 
de

le
tio

n 
an

d 
G 

de
-

op
tim

isa
tio

n 
fo

r 
at

te
nu

at
io

n

P
IN

1 
an

d 
2

BA
LB

/c
 m

ice
; 

co
tt

on
 ra

ts
Ja

nu
ar

y, 
20

20
, t

o 
Au

gu
st

, 2
02

0;
 

N
CT

04
22

72
10

; 
20

 p
ar

tic
ip

an
ts

Ju
ne

, 2
02

0,
 to

 
M

ay
, 2

02
1;

 
N

CT
04

44
42

84
; 

20
 p

ar
tic

ip
an

ts
Ju

ne
, 2

02
1,

 to
 

Oc
to

be
r, 

20
22

; 
N

CT
04

90
90

21
; 

45
 p

ar
tic

ip
an

ts

De
ce

m
be

r, 
20

2 
to

 
M

ay
, 2

02
1;

 
N

CT
04

69
03

35
; 

60
 p

ar
tic

ip
an

ts

··
Ph

as
e 1

: w
el

l 
to

le
ra

te
d,

 h
ea

vi
ly

 
at

te
nu

at
ed

, a
nd

 
in

du
ce

s a
n 

RS
V-

sp
ec

ifi
c m

uc
os

al
 

Ig
A 

re
sp

on
se

 in
 

he
al

th
y 

se
ro

po
sit

iv
e 0

 an
d 

P 
pa

rti
cip

an
ts

RS
V 
ΔN

S2
/ Δ

13
13

 /
I1

31
4L

, N
at

io
na

l 
In

sit
ut

e o
f A

lle
rg

y 
an

d 
In

fe
ct

io
us

 
Di

se
as

e (
Sa

no
fi)

Re
ve

rs
e g

en
et

ics
: 

N
S2

 d
el

et
io

n,
 

L s
ta

bi
lis

at
io

n;
 

I1
31

4L
 

st
ab

ili
sin

g 
m

ut
at

io
n 

vi
a 

re
ve

rs
e g

en
et

ics

Al
l v

ira
l 

pr
ot

ei
ns

N
on

e
N

S2
 d

el
et

io
n 

bo
lst

er
s 

in
na

te
 

re
sp

on
se

, 
de

le
tio

n 
at

 
po

sit
io

n 
13

13
 

of
 L 

pr
ot

ei
n,

 
an

d 
I1

31
4L

 
st

ab
ili

sa
tio

n 
co

nf
er

s 
m

od
er

at
e 

te
m

pe
ra

tu
re

 
se

ns
iti

vi
ty

P
IN

1 
an

d 
2

M
ice

 an
d 

ch
im

pa
nz

ee
s

Ju
ne

, 2
01

3,
 to

 
Ap

ril
, 2

02
3;

 
N

CT
03

22
70

29
; 

65
 p

ar
tic

ip
an

ts
Ju

ne
, 2

01
3,

 to
 

Ap
ril

, 2
02

3;
 

N
CT

03
42

22
37

; 
80

 p
ar

tic
ip

an
ts

Ju
ne

, 2
01

3,
 to

 
Ap

ril
, 2

02
3;

 
N

CT
03

91
61

85
; 

16
0 

pa
rti

cip
an

ts
Ju

ne
, 2

01
3,

 to
 

Ap
ril

, 2
02

3;
 

N
CT

01
89

35
54

; 
10

5 
pa

rti
cip

an
ts

M
ay

, 2
01

9,
 to

 
Ap

ril
, 2

02
3;

 
N

CT
03

91
61

85
; 

16
0 

pa
rti

cip
an

ts

··
Ge

ne
tic

al
ly

 st
ab

le
; 

at
te

nu
at

ed
 ye

t 
im

m
un

og
en

ic 
in

 
RS

V 
se

ro
ne

ga
tiv

e 
P

(T
ab

le
 co

nt
in

ue
s o

n 
ne

xt
 p

ag
e)

159



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 160PDF page: 160PDF page: 160PDF page: 160

Review

M
an

uf
ac

tu
rin

g 
pr

oc
es

s
An

tig
en

Ad
ju

va
nt

M
ec

ha
ni

sm
 

of
 a

ct
io

n
Ta

rg
et

 
po

pu
la

tio
n

Ro
ut

e o
f 

ad
m

in
i–

st
ra

tio
n

Cl
in

ic
al

 
ph

as
e

An
im

al
 

m
od

el
s

Ph
as

e 1
 tr

ia
l

Ph
as

e 2
 tr

ia
l

Ph
as

e 3
 tr

ia
l

Re
su

lts

(C
on

tin
ue

d 
fro

m
 p

re
vi

ou
s p

ag
e)

RS
V 

LI
D/
ΔM

2–
2/

10
30

s, 
N

at
io

na
l 

In
sit

ut
e o

f A
lle

rg
y 

an
d 

In
fe

ct
io

us
 

Di
se

as
e (

Sa
no

fi)

Re
ve

rs
e g

en
et

ics
: 

M
2-

2 
de

le
tio

n 
an

d 
L m

ut
at

io
n 

at
 p

os
iti

on
 

10
30

s

Al
l v

ira
l 

pr
ot

ei
ns

N
on

-a
dj

uv
an

te
d

In
effi

cie
nt

 
re

pl
ica

tio
n 

ye
t 

hi
gh

 im
m

un
o-

ge
ni

cit
y d

ue
 

to
 M

L2
-2

 
de

le
tio

n 
; 

m
od

er
at

e 
te

m
pe

ra
tu

re
 

se
ns

iti
vi

ty
 d

ue
 

to
 L 

m
ut

at
io

n

P
IN

1
M

ice
, A

fri
ca

n 
gr

ee
n 

m
on

ke
ys

Se
pt

em
be

r, 
20

20
, 

to
 A

pr
il 2

02
2;

 
N

CT
04

52
06

59
; 

81
 p

at
ie

nt
s

··
··

85
%

 o
f v

ac
cin

ee
s 

sh
ed

 LI
D/
ΔM

2–
2/

10
30

s v
ac

cin
e 

an
d 
≥4

 ri
se

 in
 

se
ru

m
-

ne
ut

ra
lis

in
g 

Ab
s

RS
V 

61
20

/∆
N

S2
/1

03
0s

, 
N

at
io

na
l In

sit
ut

e o
f 

Al
le

rg
y a

nd
 

In
fe

ct
io

us
 D

ise
as

e 
(S

an
ofi

)

N
S2

 g
en

e 
de

le
tio

n 
an

d 
te

m
pe

ra
tu

re
 

se
ns

iti
vi

ty
 

m
ut

at
io

n 
(1

03
0s

) o
f L

Al
l v

ira
l 

pr
ot

ei
ns

N
on

-a
dj

uv
an

te
d

N
S2

 d
el

et
io

n 
bo

lst
er

s 
in

na
te

 
re

sp
on

se
, 

se
ns

iti
vi

ty
 

m
ut

at
io

n 
(1

03
0s

) o
f L

P
IN

1
··

M
ay

, 2
01

9,
 to

 
Ap

ril
, 2

02
3;

 
N

CT
03

91
61

85
; 

16
0 

pa
tie

nt
s

Oc
to

be
r, 

20
17

, t
o 

M
ay

, 2
02

1,
 

N
CT

03
38

71
37

; 
45

 p
at

ie
nt

s

··
··

RS
V 

61
20

/F
1/

G2
/

ΔN
S1

, N
at

io
na

l 
In

sit
ut

e o
f A

lle
rg

y 
an

d 
In

fe
ct

io
us

 
Di

se
as

e (
Sa

no
fi)

Op
tim

ise
d 

N
S1

 
de

le
tio

n
Al

l v
ira

l 
pr

ot
ei

ns
N

on
-a

dj
uv

an
te

d
N

S1
 g

en
e-

de
le

tio
n;

 
in

cr
ea

se
d 

F 
an

d 
G 

ex
pr

es
sio

n 
by

 
m

ov
in

g 
to

 
fir

st
 an

d 
se

co
nd

 
ge

no
m

e 
po

sit
io

ns

P
IN

1
··

Ju
ne

, 2
01

8,
 to

 
De

ce
m

be
r, 

20
23

; 
N

CT
03

59
68

01
; 

75
 p

at
ie

nt
s

··
··

··

RS
V 

61
20

//∆
N

S1
, 

N
at

io
na

l In
sit

ut
e o

f 
Al

le
rg

y a
nd

 
In

fe
ct

io
us

 D
ise

as
e 

(S
an

ofi
)

Op
tim

ise
d 

N
S1

 
de

le
tio

n
Al

l v
ira

l 
pr

ot
ei

ns
N

on
-a

dj
uv

an
te

d
N

S1
 g

en
e-

de
le

tio
n

P
IN

1
··

Ju
ne

, 2
01

8,
 to

 
De

ce
m

be
r, 

20
23

; 
N

CT
03

59
68

01
; 

75
 p

at
ie

nt
s

··
··

··

VA
D0

00
01

(S
P0

12
5)

, N
at

io
na

l 
In

sit
ut

e o
f A

lle
rg

y 
an

d 
In

fe
ct

io
us

 
Di

se
as

e (
Sa

no
fi)

..
··

N
on

-a
dj

uv
an

te
d

··
P

IN
1 

an
d 

2
M

ice
Se

pt
em

be
r, 

20
20

, 
to

 A
pr

il,
 2

02
3;

 
N

CT
04

49
18

77
; 

30
0 

pa
tie

nt
s

Se
pt

em
be

r, 
20

20
, t

o 
Ap

ril
, 2

02
3;

 
N

CT
04

49
18

77
; 

30
0 

pa
tie

nt
s

··
··

Ab
=a

nt
ib

od
y. 

m
Ab

=m
on

oc
lo

na
l a

nt
ib

od
y. 

pr
eF

=p
re

fu
sio

n 
pr

ot
ei

n.
 R

SV
=r

es
pi

ra
to

ry
 sy

nc
yt

ia
l v

iru
s. 

··=
no

t a
pp

lic
ab

le
 o

r n
ot

 av
ai

la
bl

e.
 ID

=I
nt

ra
de

rm
al

. IM
=I

nt
ra

m
us

cu
la

r. 
IN

=I
nt

ra
na

sa
l. M

=M
at

er
na

l. O
=A

du
lts

 an
d 

ol
de

r a
du

lts
 (a

ge
d 
≥6

5 y
ea

rs
). 

P=
Pe

di
at

ric
.

Ta
bl

e:
 O

ve
rv

ie
w

 o
f R

SV
 v

ac
ci

ne
s a

nd
 m

Ab
s i

n 
cli

ni
ca

l d
ev

el
op

m
en

t

160



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 161PDF page: 161PDF page: 161PDF page: 161

Review

which activates an adaptive immune response.58,59 There 
are two chimeric RSV vaccine candidates in phase 1 
trials. One of these candidates uses a replication-deficient 
Sendai virus modified to express RSV F protein 
(SeV/RSV)58 and the other uses a live-attenuated 
recombinant BCG vector expressing RSV N protein 
(rBCG-N-hRSV)60 administered via the intradermal 
route. The latter vaccine candidate was found to be safe 
in phase 1 trial.60

Subunit 
Subunit vaccines are protein based; this approach has 
been avoided in RSV-naive children due to the formalin-
inactivated-RSV experience with enhanced respiratory 
disease in which it became clear enhanced respiratory 
disease is a concern for people not primed with live virus 
infection.61 In parallel to the phase 3 trail39 failure of a 
post-F subunit vaccine candidate, five vaccine candidates 
have adopted pre-F as vaccine antigen. Eight subunit 
candidates are in development for two different target 
populations: pregnant women and older adults. We 
discuss vaccine candidates using fusion antigens first, 
followed by candidates employing nonfusion antigens.

The phase 1 results of DS-Cav1, a subunit vaccine 
using stabilised pre-F developed by the National Insitute 
of Health and National Insitute of Allergy and Infectious 
Disease, provide proof-of-concept of structure-based 
vaccine design. Vaccination resulted in more than ten 
times increase in serum neutralising activity62 and is 
sustainable for an entire RSV season.63 Two other 
candidates use a stabilised pre-F protein as vaccine 
antigen. RSVpre-F (PF-06928316) is a bivalent (subtype 
A and B) stabilised pre-F without adjuvants. A phase 2 
trial64  was done in non-pregnant women with RSVpreF. 
co-administered with diphtheria toxoid and acellular 
pertussis vaccine, which showed safety and 
noninferiority relative to RSV pre-F alone.64 The anti-
pertussis response was inferior (geometric mean 
concentration between 0·59 and 0·8 for pertussis 
antigens compared with diphtheria toxoid and acellular 
pertussis alone) yet the clinical significance of these 
findings is still unclear and did not differ when adjusted 
for age.65 The phase 3 MATISSE trial66 in women who 
were pregnant was started in 2020 and is expected to be 
unblinded in the fourth quarter of the trial in 2023.67 A 
human challenge trial66 showed 75% efficacy of RSV 
pre-F against RSV infection and informed dose and 
formulation selection for the maternal vaccine 
candidate.68 The phase 3 RENOIR trial60 using the same 
vaccine candidate has started in the fall of 2021, in 
30 000 older healthy and high-risk adults.69 Another 
pre-F subunit vaccine, RSVpreF3, is in phase 3 clinical 
trials without adjuvant (GSK3888550A) for RSV 
maternal immu nisation to protect infants (GRACE 
trial)70 and with AS01 adjuvant (GSK3844766A)72 to 
protect the older adult population. Development was 
halted for the maternal vaccine candidate in Feb 18, 2022, 

due to a safety signal. The older adult candidate was safe 
and induced approximately a ten times increase in pre-F 
IgG and IgA antibodies (48 adults aged 18–40 years; 
1005 adults aged 60–80 years) in phase 1 to 2 clinical 
trials.72–74 Interim analysis of the phase 3 trial for the 
older adult candidate showed efficacy against RSV lower 
respiratory tract infection (NCT04886596). For the 
maternal candidate, phase 1 and 2 studies showed a 
14 times increase in RSV A and B neutralising antibody 
titers 1 week after vaccination and maintained a six times 
increase or more after 91 days in healthy women who 
were not pregnant (n=502).74 In the phase 3 study75 of the 
maternal vaccine candidate, the immune response was 
durable as antibody levels for vaccinees remained 
elevated against RSV A and RSV B for 6 months after 
birth. Registration of RSVpreF maternal vaccine is 
expected in 2024, and RSVpreF older adult and both RSV 
pre-F3 vaccine candidates in 2025, assuming registration 
is obtained within 1 year after phase 3 completion date 
according to the clinical trial registry.

There are three protein-based vaccines in clinical 
development that use non-F viral antigens. First, BARS13 
uses RSV G protein as an antigen and cyclosporine A 
(CSA) immunosuppressant to induce regulatory T cells. 
BARS13 was safe and immunogenic in phase 176 and is 
now in phase 277 trials. Second, DPX-RSV, uses the 
ectodomain of RSV-A-SHe protein as a vaccine antigen 
formulated in depot-based lipid-in-oil delivery platform 
to allow for prolonged antigen and adjuvant exposure. 
The proposed mechanism of action against this antigen 
is generation of SHe-specific antibodies, which promote 
clearance of RSV-infected cells by alveolar macrophage 
phagocytosis. DPX-RSV showed safety and immuno-
genicity in a phase 1 first-in-human trial in adults aged 
50–64 years.78,79 Finally, VN-0200, uses VAGA-9001a as 
antigen and an MABH-9002b adjuvant (phase 1).80 We 
were not able to define the biological background of 
VAGA-9001a.

Particle-based 
Particle-based vaccines harness the immunogenical 
potential of displaying multiple antigens via particle 
assembly. IVX-121 uses a self-assembling synthetic virus-
like particle platform technology to deliver 20 copies of 
stabilised trimeric pre-F proteins (DsCav-1). The 
computationally designed nanoparticle allows for 
stabilisation of the pre-F protein and in-vitro adjustment 
of antigen density. IVX-121 showed 10 times higher 
neutralising antibody responses than did DSCav1 alone 
in preclinical studies.81 A phase 1 trial82 started in 2021, 
with first results expected in 2022. After completion of 
the monovalent RSV candidate trial, the company plans 
to shift to development of a bivalent virus-like particle 
vaccine with both RSV and human metapneumovirus 
antigens.

A second particle-based vaccine candidate, V306-VLP, 
uses a synthetic virus-like particle to display a site 2 F 
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protein epitope. The vaccine platform uses con-
formationally constrained synthetic peptides con-
jugated to a synthetic nanoparticle made from 
self-assembling lipopeptides containing a T-helper 
epitope and toll-like receptor ligand.83 The vaccine 
candidate aims to boost pre-existing immunity in 
pregnant women or older adults.84 A phase 1 trial is 
being done in healthy women.85 The needle-free 
intradermal delivery route via an epicutaneous patch is 
being explored for boosters and has shown similar 
antibody titers for pertussis as a commercial vaccine in 
a phase 1 trial84 but might require a delivery 
enhancement procedure to optimise vaccine delivery. 
Overall, particle-based vaccines are still in early 
development but have the potential to elicit a powerful 
immune response for pregnant women and the elderly.

Nucleic acid 
mRNA vaccines have shown safety and high efficacy 
against SARS-CoV-2 infection and were developed based 
on previous work for RSV.86 Both mRNA COVID-19 
vaccines express stabilised versions of SARS-CoV-2 pre-F 
spike protein patterned after the success of RSV pre-F as a 
vaccine antigen. The extensive work on RSV vaccine-
associated enhanced respiratory disease was also important 
for the rapid development of COVID-19 vaccines and 
provided regulatory guidelines for vaccine safety. Because 
of the successful scale-up and establishment of a robust 
supply chain, mRNA will be a new vaccine modality 
available for other purposes including RSV vaccines. An 
mRNA vaccine (mRNA-1345) encodes stabilised RSV pre-F 
and uses the same lipid nanoparticle formulation as for 
the SARS-CoV-2 vaccine SpikeVax (Moderna) that is 
known to induce and boost antibody and T-cell responses, 
including CD8+ T cells, Th1 cells, and T follicular helper 
cells. The interim results of the phase 1 trial in younger 
and older adults showed favourable safety and potent 
boosting of neutralising activity.87 A phase 2/3 trial 
(ConquerRSV) started on Nov 17, 2021, with 34 000 adults 
older than 60 years.88 The company intends to combine 
mRNA-1345 with mRNA-1653 (an mRNA vaccine against 
two other pediatric viruses, hMPV and parainfluenza virus 
type 3 intended for use in the pediatric population). A 
phase 1 trial is ongoing (NCT04144348) in women of 
childbearing age and seropositive children.

Recombinant vectors
Recombinant vector vaccines use a modified replication-
defective virus to induce humoral and cellular immunity 
by delivering genes for RSV antigens. Three such 
candidates are in clinical development for the pediatric 
and older adult population.

Firstly, MVA-BN-RSV uses a poxvirus vector, modified 
vaccinia Ankara virus, to express RSV surface antigens (F 
and G) and intracellcular proteins (M2 and N).89 In a 
phase 1 trial cellular and humoral immune responses 
were similar in younger and older adults.89 Results of a 

phase 2a human challenge study (n=61) showed 
79% reduction in symptomatic RSV infection and a  
reduction in viral load.90 The phase 2 trial91 in older adults 
showed elevated antibody responses for 6 months which 
can be safely boosted at 12 months. After dose selection 
from the phase 2 trial, preparations for a phase 3 trial are 
ongoing.92

Ad26.RSV.pre-F is being developed for two different 
target populations: paediatric (phase 2 trial; NCT03303625 
and NCT03606512) and elderly (phase 3 trial; 
NCT04908683). Ad26.RSV.pre-F vaccine candidate uses 
an adenoviral vector to express the RSV F protein in the 
pre-F conformation.93 The vaccine candidate showed 
improved immunogenicity in comparison to the 
previous vaccine candidate with post-F RSV protein 
(Ad26.RSV.FA2). In neonatal mice, the vaccine candidate 
showed a biased reponse to a Th1-biased response cells.94 
A durable humoral and cellular immune response was 
shown for at least 2 years after immunisation in the first-
in-human study in adults aged 60–81 years.95 Proof-of-
concept was obtained in the first RSV vaccine human 
challenge study.96 In the primary efficacy results from the 
proof-of-concept CYPRESS study,97 Ad26.RSV.pre-F 
showed 80% (95% CI 52 to 93) efficacy against RSV LRTI 
through the first RSV season in the older adult 
population. Ad26.RSV.pre-F was found to be safe and 
well-tolerated98 and showed efficacy in adults aged 
65 years or older with or without risk factors (68% 
[–27 to 95] vs 85% [50 to 97]).99 Furthermore, there was no 
interference when an RSV vaccine was co-administered 
with seasonal influenza vaccine in older adults in a 
phase 2 trial,100 and the vaccine candidate was shown to 
have an acceptable safety profile although showing 
increased reactogenicity compared to influenza 
vaccination. In 2019, this candidate was granted US Food 
and Drug Administration breakthrough therapy desig-
nation. Subsequently, the phase 3 EVERGREEN trial101 
was started on July 21, 2021 and will examine efficacy 
across two RSV seasons in 23 000 adults aged 60 years 
and above. For the paediatric vaccine candidate a 
phase 1/2b trial in seropositive infants aged 12–24 months 
showed Ad26.RSV.Pre-F was well-tolerated and elicited 
both humoral and cellular immune responses.102 Of note, 
a SARS-CoV-2 adenovirus vector vaccine candidate 
uncovered new safety concerns with adenoviral vector 
vaccines, including vaccine-induced immune thrombotic 
thrombocytopenia which was observed for at least two of 
the COVID-19 adenoviral vector vaccines.103

MAbs 
MAbs have been labelled as the magic bullet against 
infection because of their high pathogen specificity.104 
For RSV, increased knowledge of the structure and 
immunogenicity of the RSV fusion protein has resulted in 
next generation antibodies targeting highly neutralisation-
sensitive epitopes located on the RSV pre-F protein. 
Furthermore, next generation RSV antibodies have been 
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engineered with Fc mutations to extended half-life and 
enable protection of all infants against lower respiratory 
tract disease for an entire RSV season.

The leading candidate is nirsevimab (formerly 
MEDI-8897), a human mAb targeting site Ø of the 
F protein with a YTE mutation in the Fc portion to allow 
for an extended half-life. In phase 2 trial105 results 
(n=1453) nirsevimab showed 70% (95% CI 52 to 81) 
efficacy against medically-attended RSV LRTI and 78% 
(52 to 90) against RSV hospitalisation in preterm 
infants,105 which is similar to the phase 3 trial interim 
results: 75% (50 to 87) against RSV lower tract respiratory 
infection and 62% (–9 to 87) against RSV hospitalisation 
among healthy late preterm and full-term infants 
(n=1490).106 The safety profile of nirsevimab is similar to 
that of the current standard of care, monthly palivizumab, 
administered to infants with congenital heart or lung 
disease (n=310) and preterm infants between 29 and 
35 weeks gestational age (n=615).106 RSV monoclonal 
antibody resistant mutants were generated and were 
shown not to have an effect on viral replication and had a 
low natural frequency amongst circulating strains.107 The 
most prominent advantages of nirsevimab in contrast to 
the approved palivizumab are that a single intramuscular 
injection protects infants for an entire season compared 
with monthly doses, and reduced costs (vaccine-like 
pricing expected) allowing for administration to all 
infants compared with only high-risk children.

Clesrovimab (MK-1654), an extended half-life mAb with 
the same YTE mutation as nirsevimab, targets site IV 
(although preferentially binding pre-F due to partial 
targeting of site V of the RSV F protein). This mAb is in 
phase 2b/3 trials (NCT04767373) and phase 3 trials 
(NCT04938830) in infants. This mAb has shown high 
potency against RSV clinical isolates in vitro and is 
equipotent against RSV subgroup A and B strains.108 A 
human challenge trial109 (n=80) showed reduced viral load 
after viral challenge and reduced RSV symptomatic 
infection rates. A meta-analysis110 was done to assess the 
relationship between serum neutralising antibodies and 
clinical endpoints; the study estimated a single 75 mg 
dose would have more than 75% efficacy lasting 5 months 
in term infants. The company developing this agent has 
committed to helping navigate uncertainty and improving 
issues of access through ongoing research and innovation 
to help address the burden of potentially preventable 
childhood diseases (Andrew W Lee, Merck, personal 
communication).

Affordability remains a key consideration for mAb 
development as it is a potential barrier to global access. 
There are three different clinical development efforts 
underway to circumvent this problem: (1) an affordable 
extended half-life site Ø mAb, (2) local administration, 
and (3) a biosimilar. First, a phase 1 trial of RSM01,111 a site 
Ø mAb, intended for LMICs has a target price of less than
US$5 per dose.112 Second, local needle-free administration
of palivizumab, a market-approved site II mAb, via nose

drops might significantly reduce costs by reducing the 
drug dose needed.113 Results of a phase 1 and 2b trial will 
soon be published for intranasal palivizumab admini-
stration to prevent RSV infection. Finally, a biosimilar for 
palivizumab is being developed in a public-private 
partnership with the Utrecht Center for Affordable 
Biotherapeutics, Utrecht, the Netherlands, for which a 
human challenge trial was done in 2020 (n=56), but the 
results of this trial have not yet been made publicly 
available.114

Important considerations for the development of next-
generation mAbs are affordability, which can be achieved 
by investing in higher efficiency production or developing 
biosimilars or potentially through local administration. 
Likewise, viral resistance needs to be monitored and 
might be prevented through administration of a cocktail 
of mAbs targeting multiple epitopes. Monthly 
administration of intranasal mAbs or a palivizumab 
biosimilar might have a programmatic limitation in 
most LMICs. Potentially, a combination of mAbs targeted 
to different epitopes might provide a solution to loss of 
efficacy due to viral resistance. However, practical 
barriers exist to this solution as the combination would 
have to consist of separately registered antibodies. Thus 
far, the epitopes for mAbs being developed are highly 
conserved with minimal naturally occurring antibody-
resistant strains, which have shown similar or lower viral 
fitness when compared with non-resistant viral strains in 
vitro.

Discussion 
In the last decade, the RSV vaccine landscape has had a 
major transition from empirical to rational vaccine 
design. In two previous reviews33,38 we characterised the 
dynamics of the RSV vaccine landscape, which included 
multiple late-phase failures. These failures have laid the 
foundation for future success by guiding development of 
vaccines: supporting pre-F as a vaccine antigen, 
highlighting the importance of conducting vaccine trials 
over more than one RSV season, providing knowledge of 
a protective immune response, emphasising the 
importance of monitoring viral resistance to mAbs, and 
highlighting the value of controlled human infection 
model to decrease the risk of RSV vaccine development. 
The number of candidates in late-phase development is 
expanding: only one mAb and one maternal vaccine 
candidate were in phase 3 development as of 2015 
and 2018, respectively. Development was halted for both 
after failure to meet the primary endpoints of the trials, 
but important lessons learned have been incorporated 
into current trials. A better understanding of RSV 
neutralising epitopes has resulted in rapid expansion to 
the nine vaccine candidates in phase 3 trials (figure 4). 

RSV prevention appears to be on the horizon with 
market access expected for nirsevimab within the 
next 12 to 24 months as of July, 2022. This approval might 
be followed shortly by approval of a maternal vaccine and 
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a vaccine for older adults (subunit, vector-based, and 
nucleic vaccines in late phase trials). In this case a 
situation will emerge in which multiple RSV vaccine 
candidates are approved. If all the ongoing phase 3 trials 
generate positive results, relative efficacy and safety trial 
data, delivery strategies, and costs might determine 
vaccine uptake for different maternal and older adult 
candidates. Despite the approval of next-generation 
antibodies, palivizumab might remain on the market 
until there is global market access of extended half-life 
mAbs and because mAb supply might not meet global 
demand. RSV has shown negligible viral resistance 
against palivizumab after 20 years on the market.115 For 
this reason, despite multidose schedule and costs, 
palivizumab might act as a back-up prophylaxis strategy 
while waiting for global real-time viral resistance data 
upon mAb implementation in HICs.

With both infant immunoprophylaxis and maternal 
vaccines on the market, it is important to consider how 
these two prevention strategies aiming to protect young 
infants will coexist. Maternal vaccines and infant 
immunoprophylaxis might have a complementary role 
in the prevention of severe RSV infection during infancy. 
There is a clear use-case for mAbs even if a maternal 
vaccine is approved: mAbs are expected to protect 
premature and full term infants, might be able to provide 
a longer duration of protection than maternal 
vaccines,116,117 can be applied flexibly where RSV 
seasonality is variable, and can be implemented in cases 
where maternal immunisation did not occur. There is 
also a use case for a maternal vaccine in coexistence with 
an approved mAb. Active maternal vaccination provides 
broad protection; however, it is still unclear if maternal 
vaccination persists until a subsequent pregnancy and 
whether booster vaccination provides even stronger 
protection. Maternal vaccination might also provide an 
alternative for parents preferring not to vaccinate their 
babies. Finally, maternal vaccines serve as a backup in 
the case of viral resistance to mAbs or prohibitively high 
costs related to the production of biologicals that limit 
administration only to select populations.

In LMICs, there is a use case for mAbs to protect young 
infants: if there is a substantial time gap until a vaccine 
becomes available, if their mothers are not immunised, 
and if there is insufficient time for an immune response 
after vaccination (ie, premature infants).112 LMICs might 
even prefer mAbs over maternal immunisation due to 
potential higher coverage and ease of implementation 
into the Expanded Programme on Immunisation. 
However, there are several challenges to LMIC imple-
mentation, including (1) year-round RSV circulation 
(mAb administration at birth might be more cost-
effective than seasonal), (2) scalability dependent upon 
use of multi-dose vials and stability at ambient 
temperature, (3) scarcity of data on both RSV burden and 
health-care use in LMICs to have a case for 
implementation, (4) trial design in the case nirsevimab 

reaches the market (requiring a large sample size), and 
(5) potential limitations of surveillance of viral resistance
in LMICs (though potentially enhanced since COVID-19). 
Thus, mAbs could have a high impact in LMICs, but
implementation challenges remain.

Passively acquired antibodies from maternal immu-
nisation or mAb immunoprophylaxis will wane overtime, 
at which point paediatric vaccines for active immunisation 
might serve an important role. Live-attenuated or 
replicating vector vaccines do not prime for enhanced 
respiratory disease; delivered via the intranasal route, 
they are immunogenic in presence of maternal 
antibodies. Thus, these active immunisation approaches 
might be safe and effective for the older paediatric age 
group and will be complementary to infant immuno-
prophylaxis and maternal vaccines.

Although the approval of multiple RSV vaccines is 
within reach, several obstacles to worldwide access 
remain. Globally representative trials are needed and 
vaccine trials need to be done in countries with the 
highest disease burden as efficacy can differ between 
LMICs and HICs as observed for vaccines against RSV39 
and other pathogens.118 Access in LMICs might be 
delayed due to a scarcity of trial data in populations with 
a high incidence of HIV and malaria and regulatory drug 
lag between time of regulatory submission and approval 
in sub-Saharan Africa.119 GAVI’s (the Vaccine Alliance’s) 
vaccine invest ment strategy includes RSV and will be 
important in making RSV prevention available in 
countries eligible for GAVI support. Differential pricing 
might be an important consideration for countries not 
eligible for GAVI support. Other challenges to global 
access include measuring protection in the case maternal 
vaccine boosters are indicated. A correlate of protection 
for RSV is absent as well as a simple tool to measure 
protection after RSV vaccination. It will be important to 
assess the sustainability of RSV prevention via ongoing 
genetic surveillance. The development of viral resistance 
is most relevant for infant immunoprophylaxis with 
mAbs. A cocktail of mAbs targeting different epitopes 
might help prevent the emergence of viral resistance. 
However, there are currently no ongoing clinical trials 
with multiple mAbs which might hamper approval of a 
drug cocktail by regulatory bodies such as the approved 
mAb cocktail to prevent SARS-CoV-2. Finally, awareness 

Panel: Future RSV vaccine and monoclonal antibodies 
landscape research priorities

• Generating knowledge of RSV awareness
• Understanding cost-effectiveness of RSV prevention in 

different parts of the world
• Defining a correlate of protection for RSV
• Defining efficacy of RSV prevention in low-income to 

middle-income countries
• RSV genetic surveillance
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of RSV is low amongst patients, policy makers and 
health-care providers and further cost-effectiveness 
studies of products are needed.7 These knowledge gaps 
related to global vaccine implementation are important 
future research priorities (panel).

Overall, we are at an exciting phase of vaccine and mAb 
development in which RSV prevention is within reach. It 
is likely that multiple immunisation strategies with 
complementary value, unique advantages and use-case 
scenarios will shape the RSV prevention landscape. To 
guarantee worldwide access, urgent steps are required 
to surmount challenges of measuring protection, 
moni toring viral resistance, and prioritising LMIC access 
and affordability.
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11 
PROMOTING GLOBAL AWARENESS OF RSV MORTALITY: 
3 MILLION VIEWS WITHIN 24 HOURS 
___________________________________________________________________________ 

www.rsvgold.com/awareness, 2019 

Many an object is not seen, though it falls within the range of our visual ray, because it does 
not come within the range of our intellectual ray, i.e. we are not looking for it. 

So, in the largest sense, we find only the world we look for. 
Henry David Thoreau (1817-1862) 
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Promoting Global Awareness of RSV Mortality: 3 million views within 24 hours 
European Society for Pediatric Infectious Diseases (ESPID) 2020 Abstract 1803 
 
Mazur, N1; Löwensteyn Y1; Laqqa S1; Oliemans2, I; Prinssen, J3; Uit de Weerd-Bakker, C4; Derksen, N2;  
Bont, L1 

 
1. Wilhemina Children’s Hospital, Pediatric Infectious Diseases and Immunology, Utrecht, The 

Netherlands 
2. Independent RSV Patient Advisory Board, Utrecht, The Netherlands 
3. University Medical Center, Senior Communications Advisor, Utrecht, The Netherlands 
4. Wilhelmina Children’s Hospital, Child Health Communications Advisor, Utrecht, The Netherlands 

 
 

 
Title of Case 
 
RSV is the second cause 
of death in young 
children after malaria 
and 700 children die 
every day from RSV. 
More than 99% of these 
deaths occur in lower-
income countries. 
However, in contrast to 
malaria these numbers 
are not enough for 
general RSV awareness (Figure 1). Several vaccines are in clinical development for RSV, but 
lack of awareness may hamper future vaccine uptake. 
 
Case Presentation Summary 
 
The aim of the mortality awareness campaign was to increase awareness on the global burden 
of RSV by having a short film viewed more than 100.000 times within 24 hours.Together with 
the independent RSV patient advisory board, we produced a video to put a face to the global 
health threat of RSV by sharing the story of a mother who lost her child to fatal RSV infection. 
Ethical approval was obtained, the consent process was reviewed by the legal department and 
a participant was recruited via the Child Health and Mortality Prevention Surveillance study 
(CHAMPS). The film was produced by a communication agency, Beyond Borders Media, with 
experience in health development aid. A communication plan was developed to identify the 
target population and create an action plan with content planning for the video launch. 
 
Learning Points/ Discussion 
 
Social media analysis software registered 3,229,637 views and 353 messages within 24 hours. 
The video was shared by public health organizations such as the Bill & Melinda Gates 
Foundation as well as national radio, newspapers and television. A local viewing in Soweto 
was organized to reach approximately 450 people of the local population.  

The RSV mortality awareness campaign exceeded its goal with more than 3 million 
views within 24 hours. Sharing a personal story can be used to increase vaccine impact for 
diseases where awareness is lacking.  

 
 
Figure 1. Worldwide search interested in malaria and RSV 
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12 
AN ETHICS FRAMEWORK AND PRACTICAL GUIDANCE FOR POST-
TRIAL ACCESS TO AN RSV MATERNAL VACCINE 
___________________________________________________________________________ 

The Lancet Respiratory Medicine, 2019 

And those who were seen dancing were thought to be 
insane by those who could not hear the music. 

Friedrich Nietzsche (1844-1900) 
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An ethics framework and practical guidance for post-trial 
access to an RSV maternal vaccine

Respiratory syncytial virus (RSV) is the second most 
frequent cause of death after malaria in the post-
neonatal period,1 yet there is no vaccine or treatment 
besides supportive care.2 Prevention of RSV will be an 
important step in achieving Sustainable Development 
Goal target 3.2: to end preventable deaths of newborns 
and children younger than 5 years of age. Maternal 
vaccination is a powerful tool to prevent infection in the 
first months of life; neonatal tetanus mortality has been 
successfully reduced by 92% through maternal tetanus 
toxoid vaccination.3 Of 21 RSV vaccine candidates, two 
are maternal vaccine candidates that were in late-phase 
clinical trials at time of writing.4 A historic milestone was 
reached this year when Novavax released the results from 
its phase 3 nanoparticle-based maternal vaccination trial. 
At the time of writing of this Comment, the Novavax trial 
results were not yet known, but they have since been 
published. The trial was done in 4636 pregnant women 

in 11 countries around the world. The primary endpoint 
was just missed with 39% (97·5% CI −1 to 64) vaccine 
efficacy against RSV lower respiratory tract infection with 
hypoxia or tachypnoea in the first 90 days of life. Despite 
the trial not meeting its prespecified efficacy endpoint, 
39% vaccine efficacy is not trivial. Moreover, the trial 
showed a higher efficacy against more severe infection, 
with 60% efficacy against severe hypoxaemia due to RSV 
lower respiratory tract infection. The fate of this vaccine is 
uncertain at the time of publication.

If any RSV maternal vaccine shows efficacy, it will also 
create a need to ensure post-trial access. We therefore 
aim to define the populations entitled to post-trial access 
to such a vaccine, identify the stakeholders responsible 
for ensuring this access, and issue practical guidance on 
the mechanisms needed to establish access  (table).

Since 2000, major international ethics guidelines, 
including the guidelines of the Council for International 
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Organizations of Medical Sciences and the Declarations 
of Helsinki, have added clauses requiring the provision 
of post-trial access to be included as part of the trial 
design to ensure continued access to a proven beneficial 
intervention. The first WHO meeting about RSV vaccine 
development concluded that post-trial availability of 
the vaccine in low-income or lower-middle-income 
countries (LMICs) should be a requirement before doing 
RSV vaccine trials.

Beneficence and justice are the key drivers of a 
commitment to post-trial access for an RSV maternal 
vaccine. Beneficence—balancing benefits against risks—
can be used as justification for providing continued access 
to an intervention after a study population bears the risks 
of research. The risks are greater for maternal vaccination 
than in trials of RSV treatment because two lives are 
concerned (mother and infant) and both are previously 
healthy. Justice concerns the equitable distribution 
of benefits and burdens in society. In the context of 
maternal vaccination, considerations for justice include 
distribution of an intervention proportional to the RSV 
disease burden and a just distribution of the responsibility 
to provide post-trial access among stakeholders.

A global commitment to post-trial access for an 
RSV maternal vaccine has been expressed in multiple 
WHO expert meetings with a focus on LMICs, as well 
as investment from international stakeholders. The 
development pathway of the lead maternal vaccine 
candidate, RSV F, was facilitated by investment from 
PATH and the Bill & Melinda Gates Foundation;5 PATH 
invested a total of US$6·9 million for the phase 2 trial and 
phase 3 trial preparations, whereas the Bill & Melinda Gates 
Foundation invested $89 million for the phase 3 trial, 
regulatory licensing efforts, and WHO prequalification. 
Subsequently, Novavax has publicly agreed to make its 
vaccine affordable and accessible in developing countries.5

Post-trial access hinges upon the efficacy of an 
intervention. The pivotal Prepare trial6 was done in 
11 countries of which three were lower-middle income 
(Bangladesh, the Philippines, and India) and none 
were low income. Sufficient efficacy data are needed 
from LMICs because they can differ from higher-
income countries. In post-licensure trials of rotavirus 
vaccines, efficacy was more than 90% in high-income 
and upper-middle-income settings, and 50–64% in 
high-mortality settings in LMICs.7 Due to impaired 
RSV maternal antibody transfer or reduced maternal 

immune response due to hypergammaglobulinaemia,8 
malaria,9 and HIV,10 there could be reason to expect 
differential efficacy in LMICs. If the generalisability of 
maternal vaccine efficacy to LMICs remains uncertain, 
there will be a dilemma between pursuing further 
scientific evaluation of the vaccine and ensuring quick 
access to a potentially life-saving intervention. Phase 4 
trials will be an urgent next step to evaluate efficacy in 
low-resource, high-mortality settings.

Regarding post-trial access, there are three populations 
to consider (table). First, the trial participants who have 
carried the risks of trial participation for whom such 
access might mean a booster vaccination or revaccination 
for subsequent pregnancies. The second population is 
the larger community from which the trial participants 
are selected. If a trial for an RSV maternal vaccine has 
positive results, vaccine introduction in the communities 
and countries from which the participants were selected 
should be prioritised for vaccine introduction. Finally, 
the third population is the larger global community. 
Because more than 99% of RSV-related mortality occurs 
in LMICs, they are the most important population for 
post-trial access in terms of distributive justice. In LMIC 
populations, there is high potential impact of a vaccine, 
as well as expected difficulties in gaining access to it.

Post-trial access is the shared responsibility of 
different stakeholders and the justification for such 
access can help to define the responsible parties for 

Stakeholders responsible Practical guidance

Trial participants Researchers and sponsors Crossover extension studies; open-label 
extension studies (protocol addendum or new 
protocol); booster vaccination or revaccination 
for subsequent pregnancies

Community 
participants are 
selected from

Governments, national 
regulatory agencies, 
community representatives

Discussions between vaccine manufacturers, 
UN procurement agencies, national 
governments, and regulatory agencies

Community 
participants are 
selected from

Researchers and sponsors Open-label extension studies (protocol 
addendum or new protocol)

Global community Public health stakeholders 
(WHO, Gavi)

Inclusion of vaccine in Gavi VIS; WHO 
prequalification

Global community Governments, national 
regulatory agencies, and 
community representatives

Increase RSV awareness and diagnostic capacity in 
LMICs to increase acceptability and uptake

Global community Researchers and sponsors Tiered pricing scheme to ensure affordability 
in LMICs

RSV=respiratory syncytial virus. VIS=vaccine investment strategy. LMICs=low-income or lower-middle-income countries.

Table: Practical guidance for post-trial access for trial participants, the communities they are selected 
from, and the global community for an RSV maternal vaccine, by stakeholders responsible
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different populations.11 Based on reciprocity, a fair share 
of the benefits from research should be provided to 
trial participants and ensured by those who facilitated 
the research—namely, the researchers and sponsors. 
Based on the principle of justice, the responsibility for 
post-trial access includes stakeholders responsible for 
national vaccine introduction (such as governments 
and national regulatory agencies). Finally, based on the 
principle of distributive justice, the benefits of research 
must also be aligned with the global burden of disease 
and responsible stakeholders here include international 
public health organisations such as WHO and Gavi, the 
Vaccine Alliance.

Practical solutions are needed to guarantee post-trial 
access in a timely manner. HIV prevention trials provide 
a useful example of post-trial access mechanisms for 
a proven beneficial life-saving intervention for an 
infectious disease with the largest burden in LMICs. In 
28 phase 2b/3 HIV prevention trials, five interventions 
were shown to be effective.The mechanisms of post-trial 
access included immediate crossover from placebo to 
intervention arm,12 a plan to transition trial participants 
from trial-supplied antiretroviral therapy to local 
antiretroviral therapy,12 transition to a rollover study for 
trial participants,13 extension studies through a protocol 
amendment allowing randomisation of participants in 
the placebo group to the intervention arm,13 and open-
label extension studies (with no delay as trial addendum 
or substantial delay as a new protocol). For an RSV 
maternal vaccine, open-label extension trials could 
provide a temporary solution until national access can 
be guaranteed in countries that participated in the trial 
but are not guaranteed immediate access.

In conclusion, we advocate for a framework to 
ensure post-trial access for an RSV maternal vaccine 
in which low-resource settings are prioritised and 
the responsibility is shared among international 
stakeholders through a sustained global commitment 

and, finally, through active engagement of local stake-
holders in low-resource settings.
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Maternal vaccination is an intervention to protect newborns
from life-threatening infectious disease in the first month of
life. Maternal immunization can protect newborns via an
immunoglobulin G (IgG) antibody response to an (in)acti-

vated micro-organism. IgG antibodies are transported
actively across the placenta to the fetus and thereby provide
passive immunity in the newborn which lasts for the first
6 months of life. After this period, the immune system of the

Keywords
► post-trial access
► maternal vaccination
► vaccine trials
► research
► ethical

Abstract Provisions for post-trial access (PTA) of the experimental intervention are required
before the start of a clinical trial. Although there has been ample attention for PTA in
the context of preventive vaccine research, discussions on PTA barely include maternal
vaccine trials in which mother–infant pairs are exposed to the intervention. In maternal
vaccination trials, specific PTA arrangements are required because pregnancy is
transient and PTA may apply to the next pregnancy or the child. In this article, we
examine the application and adherence to PTA in the context of maternal vaccine trials.
We focused on differences between publications before and after 2000 when inter-
national ethical guidance documents formalized PTA requirements. Randomized
maternal vaccine trials were included after a systematic search for clinical trials in
phases II and III with a maternal vaccine as intervention. We used PTA as defined at the
time of publication in the World Medical Association’s Declaration of Helsinki (DoH) or
in the ethical guidelines of the Council for International Organizations of Medical
Sciences (CIOMS). In addition, we investigated whether PTA was included in the trial
design. Therefore, we contacted principal investigators (PI’s) of the publications found
in the review to fill out a questionnaire regarding provisions for PTA. Before and after
2000, no trial articles examined in the systematic review described PTA in their trial
publication (0/7, 0% and 0/17, 0%, respectively). In addition, more than half of the PI’s
of the trials found were not familiar with PTA recommendations in international ethical
guidelines. Most cases of PTA included making knowledge available by publishing the
results of the trial. The revision of the DoH in 2002 and the CIOMS ethical guidelines in
2002 has not resulted in increased PTA provisions for maternal vaccination trials. PTA is
a shared responsibility of various stakeholders including sponsors, Institutional Review
Boards, regulators, political entities, and researchers. Inclusion of PTA provisions in trial
protocols and publications on maternal vaccination trials is essential to increase
transparency on the form and content of these provisions.
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child can generate active antibody responses via infant
vaccination.1 Maternal vaccines for several pathogens are
already approved and recommended for pregnant women in
various countries: influenza, tetanus, and pertussis, while
meningo-/pneumococcus, group B Streptococcus, and Hae-
mophilus influenzae type B are still in clinical development
and not yet recommended.More vaccines are in the pipeline:
cytomegalovirus, herpes simplex virus, and respiratory syn-
cytial virus (RSV).2,3 Despite maternal vaccination as a
rapidly growing field, there is still hesitancy to vaccinate
pregnant women.4 However, various RSV trials are now
moving forward from early to late phase clinical trials.5

This development requires reflection on post-trial access
(PTA) provisions.

International ethical guidelines for research involving
human subjects support the value of PTA requirement for
clinical trials. In 2000, PTA was added to the Declaration of
Helsinki (DoH) paragraph 20. The DoH stated that “At the
conclusion of the study, every patient entered into the study
should be assured of access to the best proven prophylactic,
diagnostic and therapeutic methods identified by the study.”
Various other international ethical frameworks, including
the National Bioethics Advisory Commission, the Nuffield
Council on Bioethics, and the Council for International
Organizations of Medical Sciences (CIOMS) have adopted
PTA requirements in their guidance documents (►Fig. 1).6–9

Despite agreement about the importance of the requirement,
there is extensive discussion about the underlying rationales
for PTA, about its content, the length, and towhom it applies.
In general, according to small interpretations fulfilling the
PTA requirement implies making provisions for continued
access to interventions identified as beneficial, but broader
interpretations also include provisions for transitioning par-
ticipants who continue to need care or preventive measures
to appropriatehealth serviceswhen the study has ended. The
responsibility to fulfill PTA requirements is typically shared
among several stakeholders including sponsors, regulators,
political entities, and researchers. The shared responsibility
makes providing PTA a complex issue. Investigators of a

study cannot provide PTA alone and are dependent on the
government, pharmaceuticals, and sponsors.10

Although there is ample literature on PTA in the context
of human immunodeficiency virus (HIV) prevention
research, scholars have barely reported on PTA for mater-
nal vaccination studies. Poor attention is remarkable since
it is reasonable to assume that in the case of maternal
vaccination, PTA could be conceived as access to the
vaccine in future pregnancies not only for women receiving
placebo.

To understand why PTA requirements receive limited
attention in discussions about maternal vaccination studies,
we performed an in-depth study whether and how PTA
requirements as formulated in the CIOMS guidelines and
the DoH are included in publications on late phase maternal
vaccine trials and contacted principle investigators of these
publications about provisions made. We compared PTA
provisions made before and after 2000, when the guidelines
were not in place yet. Furthermore, this study identifies best
practices for implementation of PTA provisions.

Materials and Methods

Systematic Review
Randomized maternal vaccine trials were included after a
systematic search (►Supplementary Appendix A, available
in the online version) in PubMed for clinical trials in phases
II and III with a maternal vaccine or prophylaxis as inter-
vention. All articles were screened for eligibility by two
people independently, using Rayyan.11 The World Health
Organization (WHO) clinical trial registry and ClinicalTrials.
gov were searched for phase II/III maternal vaccine trials,
using the same in- and exclusion criteria as for PubMed.
Relevant completed or ongoing trials were included, and
withdrawn trials were excluded. Trials with no article
available were also excluded for the systematic review
(►Table 1). Trials before 2000 and after 2000 were com-
pared since PTA was first included in the ethical guidelines
in 2000.

Fig. 1 Overview posttrial access in various ethical guidelines.8–11
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Definitions
A vaccine was defined according to the WHO’s definition:
an intervention that augments immunity to a particular
disease, which contains an agent that resembles a disease-
causing microorganism.12 Human intravenous immunoglo-
bulin (HIVIG) and intravenous immunoglobulin (IVIG) trials
were included as relevant interventions. HIV prevention of
mother-to-child transmission trials, HBV tenofovir trials,
and antibiotic prophylaxis were not included since they do
not enhance immunity or contain a part of a microbe, but
only prevent mother-to-child transmission by reducing the
viral load. Full-text articles were screened for description of
PTA as defined at the time of publication in the DoH or
CIOMS (►Fig. 1).

Data Collection
The principal investigator (PI) of each trial was contacted and
asked to fill out a short questionnaire regarding provisions
for PTA in the trial design. Contact with the PI was still
attempted for trials that were excluded from the systematic
review if there was no article available. All ongoing and
completed trials from the WHO clinical trial registry and
ClinicalTrials.gov were included. PI’s were contacted first by
telephone, then e-mail for a maximum of three times of
follow-up. Theywere also asked to inform us if theywere not
willing to participate. The questionnaire was shared using
Qualtrics software, version 2017. Where questionnaire data
are factual, facts were verified against other sources such as

trial protocols. The methods were modeled after the meth-
odology of Haire and Jordens, Developing World Bioethics,
2015 in which PI’s of phase IIB/III HIV efficacy trials were
contacted in an empirical study of PTA.12

Results

Systematic Review
Twenty-four maternal vaccine trials were identified for this
systematic review (►Fig. 2,►Table 2). Before and after 2000,
no trial articles examined in this systematic reviewdescribed
PTA in their trial report (0/7, 0% and 0/17, 0%, respectively);
6/17 (35.3%) trials mentioned that they were conducted in
accordance with the DoH in their trial report but did not
specify PTA provisions.

Questionnaires
Thirty trials were identified as the PI was contacted to collect
data on PTA (►Tables 2 and 3). Thirty trials were eligible for
the qualitative analyses. Out of 30 PI’s, 17 responded to the
questionnaire. One PI was not willing to participate, and 12
investigators did not respond after follow-up. Eighty-twoper
cent (14/17) of PI’s from trials conducted after 2000
described provisions regarding PTA.

Awareness
The majority (59%, 10/17) of the PI’s for maternal vaccine
trials were not aware of post-trial recommendations in
international ethical guidelines. In several cases, the PI was
not aware of PTA, but the PI indicated that he or shehadmade
provisions for PTA. Half of the PI’s who were aware of
posttrial provisions still did not describe them for their trial.

Best Practice
From the PTA provisions that have been made by investi-
gators in phase II/III maternal vaccine trials, most of them
included making knowledge available for the population
and transition to care when the research is concluded (79%
[11/14] and 64% [9/14]). Researchers who described PTA
provisions shared their protocol. Some only described mak-
ing knowledge available through publication of the article
as PTA provision in their protocol. Researchers indicated
that the best way to incorporate obligation of PTA in the
future would be to state intentions to local Institutional
Review Board and Research Ethics Committee. Several PI’s
indicated incorporating obligations in trial protocols and
informed consent to be a best practice to conform to PTA
obligations.

Challenges
Researchers reported different reasons to not address PTA.
One reason was that PTA was felt to be the responsibility of
the local government rather than that of the researcher.
Other challenges included the lack of proven benefit, await-
ing WHO recommendation or national approval, a delay
caused by lack of funding, consulting with other relevant
stakeholders, and determining the responsibilities of differ-
ent stakeholders. Finally, the PI’s indicated that there was no

Table 1 In- and exclusion criteria systematic review

Inclusion Exclusion

Pregnant women Women of childbearing age/
nonpregnant women

Animals

Passive or active immunization No vaccination

Maternal vaccine trials HPV 16/18 trials
(because goal of vaccination
is not child protection)

HIV PMTCT trials

Phases I/II, II, and III trials Phases I and IV trials

Positive and negative
outcomes

Prospective randomized
controlled trials

Editorial

Secondary analysis (NB: if
duplicate, only primary
article was included)

Review

No PDF available

No author information
provided

Language barrier

Duplicates or secondary
analysis while primary article
was already included

Abbreviations: HIV, human immunodeficiency virus; HPV, human
papillomavirus; PMTCT, prevention of mother-to-child transmission.
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practical guidance available, or at least none that the inves-
tigators were aware of.

Discussion

No trial article, before and after 2000, examined in this
systematic review described specifically PTA in their pub-
lication. However, 82% of the trials after 2000 described
provisions regarding PTA elsewhere, for example, in trial
protocols. Most of them included making knowledge avail-
able for the population. The percentage of 82% may be
relatively high but should be critically examined. Several
researchers published the article and did not address other
aspects of PTA that are important for the community, such as
providing continued access for study participants and mak-
ing the vaccine available for the population.

The majority of the PI’s was not aware of the concept of
PTA. Remarkably, there were several cases in which the PI
was not aware of PTA, but still indicated that he or she had
made provisions for PTA. Lack of awareness of the concept
PTA despite inclusion of provisions may indicate that provi-
sions were included in the research without knowledge of
the underlying concept of PTA such as publication of results

without awareness of PTA obligations. Half of the PI’s who
were aware of posttrial provisions still did not describe them
for their trial. This finding demonstrates a gap in implemen-
tation of PTA guidelines and not only awareness.

Best practices and obstacles in the process of PTA were
identified. According to researchers, the best way to incor-
porate PTA obligations for trial planning in the future would
be including PTA provisions in the protocol submitted to the
ethical committees. Obstacles to including PTA in the trial
planning were shared responsibilities, lack of funding, and
awaiting proven benefit and recommendation. Lack of prac-
tical guidance available for PTA provisions in prevention
trials remains an important obstacle and the creation of
such guidance may also enhance awareness.

This study provides the first data on whether researchers
implement provisions in the planning of published maternal
vaccine trials. Thorough methodology was used including a
systematic search with an extensive search term and careful
examination of trials by two independent researchers.
Furthermore, PI’s of the trial were contacted to verify
whether PTA provisions were included in the trial planning
process. Where possible, facts have been verified against
other sources, such as trial protocols. A limitation of this

Records identified through PubMed 
(n = 1,126)

Records identified through WHO 
clinical trial registry 

(n = 93)

Records 
(n = 1,219)

Records screened 
(n = 1,219)

Records excluded 
(n = 1,172)

Studies included in 
qualitative synthesis 

(n = 24)

Additional records identified
through other sources

(n = 1)

Full-text articles assessed 
for eligibility 

(n = 48)

Full-text articles excluded, 
with reasons 

(n = 24)
No full-text (n = 3)

Language barrier (n = 1)
Review (n = 1)

No vaccination (n = 1)
Duplicates/secondary analysis 

(n = 8)
Phase I trial (n = 1)

Nonpregnant women (n = 1)
No manuscript associated 

with NCT (n = 8)

Studies included in 
quantitative synthesis 

(meta-analysis)
(n = 24)

Fig. 2 Flow chart systematic review maternal vaccine trials.13
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Table 2 Maternal vaccine trials overview systematic review

Pathogen Article Year Country Study size

Before 2000 Pneumococcal Quiambao et al14 1994–1995 Philippines 160

Munoz et al15 1995–1996 United States 60

Meningococcal Shahid et al16 1995–1998 Bangladesh 157

Hib Mulholland et al17 1993–1995 The Gambia 451

Tetanus Newell et al18 1961–1966 Colombia 1,618

Varicella zoster Koren et al19 1999–2000 United States 60

RSV Munoz et al20 1999–2002 United States 35

After 2000b Influenza Jackson et al21 2009 United States 120

Tielsch et al22 2010–2018 Nepal 3,000a

Omer et al23 2011–2013 Nepal 3,700

2011–2013 Mali 4,193

2012 South Africa 2,108

Tsatsaris et al24 2009 France 107

Abzug et al25 2009 United States 127

Madhi et al26 2011–2012 South Africa 2,310

Zaman et al27 2004–2005 Bangladesh 340

Tetanus Salama et al28 2002–2003 Egypt 131

GBS Donders et al29 2011–2013 Belgium
Canada

86

Madhi et al30 2010–2011 South Africa 417

Heyderman et al31 2011–2012 Malawi
South Africa

270

Pneumococcal Binks et al32 2006–2011 Australia 227

Daly et al33 2000–2003 United States 153

Lopes et al
34

2005–2006 Brazil 139

Tdap Hoang et al35 2012–2014 Vietnam 103

Villarreal Perez et al36 2011–2014 Mexico 204

Munoz et al37 2009–2012 United States 80

Abbreviations: GBS, group B Streptococcus; Hib, Haemophilus influenzae type b; RSV, respiratory syncytial virus; Tdap, tetanus, diphtheria, pertussis.
aOngoing trial.
bAll trials after 2000 were included for contact with PI’s.

Table 3 Additional trials contact PI’s

Pathogen NCT Year Country Study size Phase

Influenza NCT0099271938 2009–2011 United States 84 II

NCT0117321139 2010–2011 United States 183 II

NCT0090512540 2009–2010 United States 102 II

NCT0157731641 2012–2013 Mexico 240 II/III

NCT0152782542 2012–2014 South Africa 800 III

GBS NCT0204614843 2014–2016 United States 75 II

Pneumococcal NCT0262888644 2016–2019a Gambia 600 III

NCT0271749445 2016–2019a Brazil 345 II

RSV NCT0262494746 2015–2020a United States 8,618 III

NCT0224772647 2014–2016 United States 50 II

Pertussis NCT0055322848 2007–2016 Canada 440 II/III

Tdap NCT0230170249 2016–2018a Guatemala 376 II

HIV NCT0000075150 2001–2007 United States 1,600 III

Abbreviations: GBS, group B Streptococcus; HIV, human immunodeficiency virus; PI, principal investigator; RSV, respiratory syncytial virus; Tdap,
tetanus, diphtheria, pertussis.
aOngoing trial.
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study is the small group of maternal vaccine trials. Unfortu-
nately, 12/30 investigators did not respond to our question-
naire. There may be selection bias. PI’s who were aware of
PTA and made provisions for PTA may have been more likely
to respond to our questionnaire than PI’s who did not make
them. PI’s with PTA provisions in place could be more likely
to respond to our questionnaire, and therefore, the propor-
tion of PTA provisionsmay be an overestimation of the actual
provisions implemented.

In conclusion, the publication of international ethical
guidelines in 2000 has not resulted in increased publica-
tion of ethical provisions in maternal vaccine trial literature.
PTA provisions were described in trial protocols, but often
the only PTA provision described was publication of the
article to make knowledge available instead of providing
continued access to interventions that have been proven
significant benefit. Future studies should include PTA in
their trial protocols, which will increase transparency
on the form and content of these provisions. In theory, it
can be stated that trials adhere to ethical guidelines and
have PTA provisions in place, but in reality, studies do not
incorporate all important aspects of PTA provisions into
trial planning.
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14 
RESPIRATORY SYNCYTIAL VIRUS TRIALS AND BEYOND 
___________________________________________________________________________ 

The Lancet Infectious Diseases, 2015 

The least I can do is speak out for those who cannot speak for themselves. 
Jane Goodall (1934) 
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www.thelancet.com/infection   Vol 15  December 2015 

Katherine O’Brien and colleagues1 lucidly present the 
results of a phase 3 anti-respiratory syncytial virus (RSV) 
monoclonal antibody trial in healthy term infants for 
the prevention of medically-attended RSV acute lower 
respiratory tract infection. The study is unique because 
effi  cacy and safety of RSV immunoprophylaxis were 
tested in healthy term infants, who constitute 79% of 
all children experiencing severe RSV disease.2 The study 
was meticulously done in 2127 Native American infants, 
known to have an exceptionally high risk of severe RSV 
infection.3

Motavizumab reduced the incidence of hospital 
admission for RSV infection from 11·3% in the control 

group to 1·5% in the treatment group. Additionally, a 
similar decrease in absolute incidence was recorded in 
outpatient RSV infection. No signifi cant diff erences in 
adverse events occurred between motavizumab and 
placebo. The researchers were equally thorough in their 
follow-up, which included the measurement of medically 
attended wheezing until children reached 3 years of 
age. Motavizumab did not decrease the development of 
medically attended wheezing in children aged between 
1 and 3 years. This fi nding is in apparent contrast with 
the results from previous palivizumab trials,4–6 which 
might be explained by diff erences in patient populations, 
medication use, or defi nitions of wheezing. 

Published Online
October 26, 2015
http://dx.doi.org/10.1016/
S1473-3099(15)00304-7

See Articles page 1398

Respiratory syncytial virus trials and beyond
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The study by O’Brien and colleagues has shown a 
signifi cant benefi cial eff ect of motavizumab to prevent 
severe RSV infection in a high-risk population for whom 
there is no alternative intervention at present.7 This 
raises the question of why it has not been registered for 
this patient population and why further development 
was interrupted. 

After US Food and Drug Administration (FDA) approval 
of palivizumab in 1998, a second-generation antibody, 
motavizumab, has been developed with 70-fold higher 
binding affi  nity to the RSV F protein than palivizumab. 
Motavizumab showed higher neutralising capacity in vitro 
than palivizumab,8 as well as greater reduction of viral load 
in the cotton rat model.9 Further clinical development 
fi nally led to three phase 3 immunoprophylaxis trials. 
In addition to the placebo-controlled trial by O’Brien, 
two trials10,11 compared effi  cacy and safety between 
palivizumab and motavizumab, one in preterm infants 
and one in infants with congenital heart disease. In these 
two head-to-head comparative trials, motavizumab was 
not better than palivizumab and was associated with a 
2% increased risk of mild adverse skin reactions compared 
with palivizumab.

In June 2010, the FDA held a meeting to decide on the 
licensure for motavizumab. Based on data of the three 
trials, the FDA did not grant licensure with a 14–3 vote. 
The FDA concluded that motavizumab was not proven 
to be more effi  cacious than palivizumab in preterm 
infants and infants with congenital heart disease and 
had safety concerns about a higher rate of non-fatal 
hypersensitivity reactions. In December 2010, the 
manufacturer decided to discontinue development for 
motavizumab: this resulted in a loss of US$445 million12 
and the potential to distribute a new and more potent 
preventive intervention.7

The decision to discontinue development of 
motavizumab for RSV prevention raises the ethical 
question of whether post-trial obligations were 
suffi  ciently met. Native American parents participated 
in this trial under the reasonable assumption that if 
the drug were eff ective it would become available to 
Native American babies. Despite the 9·8% reduction 
in RSV admissions to hospital using motavizumab, 
Native American babies were left without RSV immuno-
prophylaxis because palivizumab is not an option 
for term children, resulting in ongoing severe RSV 
infections in this susceptible population.

What can we learn from the story of this drug candidate 
for the 21 RSV therapeutics that are currently in clinical 
development?7 For future studies of RSV therapeutics it is 
clear that post-trial obligations should be considered and 
agreed upon during early phases of trial design. According 
to the 2013 declaration of Helsinki13 and the new version 
of WHO guidelines of the Council of International 
Organisations of Medical Sciences (CIOMS),14 post-
trial obligations include providing access to successful 
drugs to the participating populations after the end of a 
study. Sponsors, researchers, and relevant public health 
authorities should make every eff ort to ensure that 
populations participating in trials stand to benefi t from 
the knowledge, practices, or interventions that result 
from the research. 

O’Brien and colleagues off er compelling evidence that 
severe RSV disease in healthy term infants is preventable 
using immunoprophylaxis. The fate of motavizumab 
has also confronted us with the ethical dilemma of our 
post-trial obligations in the development of upcoming 
RSV therapeutics, which promise better health for many 
infants worldwide.
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15 
SUSTAINABLE DRUG DEVELOPMENT 
___________________________________________________________________________ 

Live in each season as it passes; breathe the air, drink the drink, 
taste the fruit, and resign yourself to the influence of the earth. 

Henry David Thoreau (1817-1862) 
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Chapter 15 — Sustainable Drug Development 
 
 
Evidence before this thesis 
 
Over the past ten years, respiratory syncytial virus (RSV) is increasingly recognized as a global 
health problem by organizations such as the World Health Organization (WHO) and Bill & 
Melinda Gates Foundation (BMGF). RSV is the second most frequent cause of death after 
malaria in the post-neonatal infant period. The burden of life-threatening RSV is not equitably 
distributed globally: 99% of mortality occurs in the developing world1. The burden is likely 
underestimated as burden estimates are largely based on passive, in-hospital surveillance and 
more than 50% of RSV deaths occur out of hospital2.  

Despite the RSV disease burden, there is still no vaccine and no treatment for RSV. 
RSV prevention is important in achieving sustainable development goal 3.2 that focuses on 
ending preventable deaths of newborns and children under 5 by 20303. In 2015 a WHO 
convention on RSV was held for the first time in more than a decade to provide guidance on 
RSV vaccine development for lower and lower-middle income countries (LMICs) urging 
pivotal trials to include populations and endpoints relevant to LMICs4. The WHO convention 
resulted in guidance documents including the creation of RSV preferred product 
characteristics5,6 and a vaccine roadmap7. The WHO articulated a strategic goal “to develop 
and license high-quality, safe, effective RSV vaccines that prevent severe disease and death… 
and to ensure that they are available and affordable for global use including in LMICs”7. 
Challenges of novel vaccines with global health importance include conducting research in 
settings with limited clinical trial and laboratory infrastructure, setting up simple regional 
manufacturing, and implementation in areas with limited burden or economic data and limited 
disease awareness. 

RSV drug development is unique as unlike vaccines for HIV, TB and malaria; the target 
population for an RSV vaccine is not limited to LMICs. Due to the high disease burden in the 
high-income countries, an RSV vaccine is perceived by industry as the next potential 
“blockbuster drug” even when the LMIC market is excluded. There is one approved 
immunoprophylaxis, palivizumab, which has been approved for 20 years with a yearly revenue 
of 1,5 billion United States dollars (USD). However, due to high costs this drug is still not 
available in developing settings and has not been registered in a single low-income setting. 
Despite an active RSV vaccine development pipeline with more than 20 vaccine candidates in 
clinical development, there is a persistent mismatch between the RSV vaccine development 
pipeline and global disease burden. Overall, more than 80% of post-neonatal deaths under 5 
years of age due to pneumonia occur in South Asia and Sub-Saharan Africa8. Except for 
RSM01 (an RSV monoclonal antibody (mAb) in early clinical development), nearly all 
candidates in clinical development have a rich-world first approach (96%, 24/25). Despite 
WHO efforts, affordability, and access in LMICs are seldom a hallmark of the clinical 
development program [Figure 1, next page].  
 
Added Value of this thesis 
 
In 2000, international ethical guidance documents formalized the concept of post-trial access 
to ensure continued access to a proven beneficial intervention after a clinical trial is over. Post-
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trial access (PTA) became a requirement for medical research in humans, highly relevant in 
vulnerable populations or trials conducted in a low-resource settings. The Japanese concept of 
Ikigai (purpose) can be used to frame the importance of post-trial access for RSV [Figure 2]. 
These ethical principles can be found at the intersection of (1) passion (2) global need (3) skills 
and (4) financial considerations of drug development. As such, post-trial obligations may be  
the core driving force for RSV drug development.  Although supported by international ethical 
regulations, post-trial access principles are not sufficient to guarantee access to drugs after 
development [this thesis]. In the case of 
maternal vaccine trials, formalization of PTA 
in international ethical guidelines (CIOMS9 
and Declaration of Helsinki10) did not result 
in increased PTA provisions [this thesis]. To 
increase transparency and evaluate 
adherence, trial protocols and publications 
should include PTA in peer-reviewed 
publications [this thesis]. The RSV vaccine 
landscape provides two recent case studies 
where the PTA principles failed to ensure that 
the population exposed to the risks of clinical 
research gained access to RSV drug 
candidates which showed efficacy in 
vulnerable populations.  

The first case study concerns the 
clinical development of motavizumab, a 
highly potent second-generation anti-RSV 
mAb. A phase 3 trial was conducted in more 
than 2000 Native American infants, a 
vulnerable population at high risk for severe 
RSV disease. Although motavizumab 

 
Figure 2. Finding purpose in post-trial access 
reflected via the Japanese concept of Ikigai (translated 
as purpose). SDG: Sustainable development goal. 
RSV: Respiratory Syncytial Virus. LMICs: Lower 
and lower-middle income countries. 
 

 
Figure 1. Mismatch in global RSV pipeline and geographical focus in 2020. Reproduced with permission of 
Daan Sanders. 
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showed a significant reduction in RSV hospital admissions (11.3 vs. 1.5), drug development 
was discontinued after an investment of 445 million USD due to a higher rate of mild 
hypersensitivity reactions and non-superiority to palivizumab11. Thus, Native American 
parents participated in this trial under the reasonable assumption that if the drug were effective, 
it would become available to Native American babies. However, these children were left 
without prophylaxis resulting in ongoing severe RSV infections. Lessons learned from this trial 
include considering and agreeing upon post-trial obligations during early phases of trial design 
for future RSV therapeutics in development [this thesis]. 

The second case study concerns the phase 3 milestone PREPARE trial of an RSV F 
nanoparticle vaccine in more than 4000 pregnant women. The candidate showed the first proof-
of-concept for efficacy of RSV maternal immunization against severe RSV infection in infants. 
Although the drug candidate failed to meet its primary endpoint in the overall study population, 
there was superior efficacy in the South African population: 54% (95% CI 30-70%) efficacy 
against medically significant RSV lower respiratory tract infection (LRTI) and 74% (50-86%) 
efficacy against RSV LRTI with severe hypoxemia. Moreover, there was 49% efficacy against 
all-cause infant pneumonia through one year after vaccination. Approximately 60% of pregnant 
women were from LMICs and consented under the assumption that if the vaccine were 
effective it would be made available12. The BMGF invested $89 million to ensure affordability 
and accessibility to this intervention in LMICs. Unfortunately, the vaccine program has been 
terminated. What would be the fate of this vaccine if it were efficacious in HICs but not 
LMICs? Despite the reduction in severe RSV lower respiratory tract infection (LRTI), South 
African babies were left without RSV prevention, resulting in ongoing severe infections in this 
population. 

To plan for and ensure post-trial access for an RSV vaccine there are practical solutions 
which vary per target population (trial participants, the community trial participants are 
selected from and the global community) [this thesis]. Practical solutions for trial participants 
include open label extension trials as a trial addendum and temporary solution. For the larger 
community from which trial participants are selected, prioritization of local government and 
national regulatory authority engagement may be effective. Finally, for the global community 
important mechanisms include increasing the awareness of disease burden, tiered pricing 
schemes and inclusion of public health stakeholders.  To prioritize low-resource settings, an 
ethics framework for PTA to an RSV vaccine shows shared responsibility amongst 
international stakeholders and local stakeholders.  

Lack of access to RSV drugs has also been recognized on a local level in low-resource 
settings. In Soweto, one of the largest townships in the world, the dilemma of the inequity of 
drug development was clearly expressed during the RSV Mortality Awareness Campaign. 
Local healthcare workers expressed a clear need for drug access despite low awareness among 
the general population: 
 
We know there are antibodies to prevent RSV, but children need to meet specific criteria to 
receive them. They are only available in the private sector and at very high cost. If there was 
a way to fund that and expand to the public sectors, then we would have a cure or treatment. 
 
All children should get monoclonal antibodies. This is very important in our setting. There is 
an antibody, but we can’t give it to the high-risk population because it is too costly. But if we 
can work out a cost/benefit ratio surely, we can make it available. 
 
Although best practices may help to implement PTA, a new perspective that aligns drug 
development with impact may be more important to guarantee access to an RSV vaccine in 
LMICs. Global health equity requires a novel drug development paradigm. 
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Implications of all the available evidence 
 
Context: the 10/90 Gap. Vaccines are a simple but highly effective solution for global health 
problems: (1) the context to deliver them is limited, (2) prices can be kept relatively low, and 
(3) the health benefits are large of a young child protected against life-threatening disease. 
Clinical development of life-saving vaccines for LMICs is of key importance to address global 
health threats yet is limited by inequity in global health research. The 10/90 gap is a well-
known concept used to describe the misalignment between global health research and global 
health burden. Namely, less than 10% of the global health research occurs for health problems 
in developing countries which represent more than 90% of the world’s preventable mortality 
burden [Figure 3]. Equitable 
drug development includes 
addressing both diseases with 
a clearly unmet need geo-
graphically limited to low-
resource settings (i.e., 
malaria, TB) as well as 
diseases for which health 
research is ongoing and drugs 
exists but remain unafford-
able in most of the world (i.e., 
RSV). The Narsyn trial [this 
thesis] was an effort to 
address the 10/90 gap for an 
existing but unaffordable 
drug. 
 
Lessons Learned from a poorest-first approach. The Narsyn drug development program 
piggybacks on an existing approved drug with the goal of making RSV prevention affordable, 
acceptable, and more effective through local mucosal administration. There are several lessons 
learned from this drug development program which may bring a novel perspective to RSV 
vaccine development to ensure a poorest-first approach.  
 

(1) Simple concepts may help improve drug efficiency such as the bouncer hypothesis, 
blocking RSV at the port of entry. Biologics such as mAbs remain expensive drugs and 
high costs limit potential global access. Local drug administration to the site of infection 
may be more efficient and limit side effects for drug administration. 

(2) The notorious valley of death occurs after the preclinical phase of drug development 
and translational step from proof-of-principle to proof-of-concept in human clinical 
trials. A shift in which the first translational steps are taken in the academic setting 
allows for a fail-fast approach, limiting the long-term chance of failure and increasing 
drug affordability. We have shown that the translational step to clinical trials can be 
taken in an academic setting without external funding with involvement of an 
interdisciplinary team including expertise from pharmacology, immunology, clinical 
trial design, statistics and relevant medical specialties who helped with investigational 
new drug (IND) application, trial design and ethics approval. Controlled human 
challenge trials (CHIM) may be used for first-in-human trials and affordable and rapid 
proof-of-concept. CHIM may be key for fast failure in clinical development. 

 
 

 
 
Figure 3. Contrast between global distribution of death and health 
research funding. 93% of preventable mortality occurs in the developing 
world; only 5% of global investment in health research is used for 
developing countries [Commission on Health Research for 
Development, Oxford University Press 1990]. 
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(3) A business model that is driven by impact-maximalization instead of profit-
maximalization is key to a poorest-first approach. As advocated by the Bill & Melinda 
Gates Research Institute “lives-saved” may be a fresh metric for market access.  

(4) Understanding the age distribution and characteristics of children with life-threatening 
RSV disease will be essential to drive vaccine policy and make a case for vaccine 
uptake. Global data sharing to study severe life-threatening disease in low-resource 
settings is key to obtaining more information on RSV disease burden in low-resource 
settings. 

(5) Local capacity building to raise awareness and diagnostic capacity is key in creating 
vaccine acceptance in areas where relatively little is known about disease burden. 

 
Recommendations for 
sustainable drug development. 
Drug development is in a global 
crisis. Money invested into 
developing new drugs has 
diverged from successful drugs 
developed: expenditures for 
research and development have 
doubled while the average 
number of new drugs approved 
has declined13. Approximately 
one in ten drug candidates 
succeeds from phase I trials to 
registration13 and the cost of 
development is estimated at $2.6 
billion14. The notoriously high-
risk pharmaceutical industry is 
compensated by high profits. 
Namely, the pharmaceutical 
industry is the highest profit 
industry with nearly double the 
average return on invested 
capital across all industries15. 
Overall, the combination of high 
upfront investment, minimal 
innovation, high profit, and high 
costs for the end-user underline 
the clear need for drug 
development reform. 

Looking toward the 
future, it may be desirable to replace traditional drug develop-ment with sustainable drug 
development, an approach aligned with the global agenda of the sustainable development goals. 
Below, we make three key recommendations for a transition to sustainable drug development 
[Figure 4].  
 
(1) Do more with less: efficiency-based clinical development: 

 
Question-based clinical development (QBCD) has been suggested as a rational and efficient 
replacement of the traditional stage-oriented clinical development16. This approach has been 

 

 
Figure 4. Key recommendations to move from traditional to 
sustainable drug development. 
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developed to better integrate scientific considerations with financial considerations in the 
research and development process. The suggested approach allows biomedical researchers to 
identify the most critical scientific questions to be answered during development and identify 
the ideal order to address these questions. A development program often includes 5-6 key 
questions such as:  

 
• Does the drug reach the site of action? 
• Does the drug act on the intended target? 
• Does the drug have the intended clinical effect? 
• Does the effective dose have an acceptable safety profile? 
• Does variability of the target population affect response to drug? 

 
In this thesis, drug efficiency is added as an additional consideration for the research and 
development process. In this new drug development paradigm, the optimal path for drug 
development includes one that minimizes drug waste and incorporates efficiency. Key 
considerations for drug efficiency include: 

 
• Can the drug be administered directly to the site of action? 
• What is the minimal effective dose needed? 
• Does the target population selected have the highest need for the drug? 

 
(2) Fail fast: 

 
In an industry where investments costs are high and the trajectory to drug approval is long 
(about 10 years) failing fast is key to limiting development costs. Controlled human infection 
studies (CHIM) are a useful tool to accelerate drug development while minimizing costs17. 
Although CHIM is not a novel tool (in use since the 17th century), the utility is being 
increasingly recognized with more than 120 publications in the past decade.18  CHIM has been 
pivotal in Food & Drug Administration (FDA) licensure of live oral cholera vaccine, European 
Medicine Agency’s (EMA) approval of the world’s first malaria vaccine as well as phase 3 
evaluation of dengue vaccine candidates. For sustainable drug development rapid safety, 
dosing and proof-of-concept trials can be done in the academic setting using CHIM. Adequate 
transmission control and home quarantine measures may allow RSV CHIM in the outpatient 
setting and reduce costs of proof-of-concept trials even further. 

 
(3) Impact-maximalization: 

 
Traditionally drug development choices are driven by profit-maximalization, to ensure 
maximum return on investment for investing partners. Investors that are able to provide 
adequate sums of money for drug development (venture capital, private funds) most often have 
minimum requirement for return on investment and profit margins. In the sustainable drug 
development model, we advocate for drug development choices that maximize drug impact as 
opposed to maximum profit. A business model that does not maximize profit can still be self-
sustaining and generate profit, however development decisions will ultimately be guided by 
decisions that lead to maximal drug impact. Alternative investments which allow for more 
freedom regarding profit margins may need to be sought out such as public funding (Eurostars 
Eureka grant, Wellcome Trust) or private funding (impact investing, venture philanthropy). 
Furthermore, university technology transfer offices should also transparently describe their 
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policies on profit-maximalization. Maximal impact has a different metric than “return on 
investment,” namely, “lives saved.” This metric is already being employed to measure 
performance by the Gates Medical Research Institute (MRI). Impact maximalization as a 
successful drug development approach already exits: the Ravidasvir (a Hepatitis C drug) 
development pathway was based on impact over profit and showed that it is possible to place 
affordability and public health priorities at the core of development19. Thus, proof-of-concept 
for LMIC-based drug development already exits as a tool to promote global equity. 
 
(4) Other considerations: 

 
Our key recommendations mainly focus on choices made during clinical development from an 
academic perspective and are therefore not exhaustive. We focus on the early phases of drug 
development in which academia play a role. Other important considerations include the 
average drug lag of 4–7 years between regulatory submission and approval in Sub-Saharan 
Africa leading to delayed access to essential vaccines. Potential solutions to minimize delay 
include focusing on value-added activities (WHO-PQ), harmonizing regulatory standards 
across countries, and improving manufacturer inputs. Local engagement is key to increasing 
disease awareness, including the end-user perspective in drug design and understanding local 
health-economic considerations. Drug pricing schemes can be implemented to further reduce 
drug costs in LMICs in the long run by introducing tiered-pricing or using income from the 
HIC market to subsidize the LMIC market. Additionally, patent extensions allow long-term 
protection and high pricing from drugs and make the biosimilar market less attractive. 
Furthermore, high costs of patent application and maintenance drive up costs of drug 
development. The goal of intellectual property law is to protect knowledge in order to be able 
to commercialize it. Exceptions to patent pricing and patent law are needed for business models 
with a mission for impact-maximalization instead of profit-maximalization. 
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English Summary 
 
Aims of this thesis 
 
The principle aim of this thesis was to use a multidisciplinary approach to establish the 
foundations for an RSV vaccine in lower and lower-middle income countries (LMICs). 
Four different approaches were used: 
 
(1) Global epidemiology: to understand the age distribution for life-threatening RSV  
(2) Translational medicine: to understand protection through mucosal antibody transfer  
(3) Clinical development: to provide an overview of the RSV vaccine pipeline 
(4) Ethics: to analyze the ethical framework of post-trial access for RSV vaccine trials 
 
Outline of this thesis 
 
Part 1. General Introduction: In Chapter 1 we discuss background information on 
the virology, epidemiology, pathogenesis and host response, clinical presentation, 
current management, transmission and prevention, and ethics of RSV and RSV vaccine 
development. 
 
Part 2. Global Life-Threatening Lower Respiratory Tract Infections: RSV is an 
important cause of infant death, yet the full burden of life-threatening RSV is poorly 
understood, especially in LMICs. More than half of RSV-related deaths occur outside 
of the hospital and this group of children remains poorly characterized. Thanks to global 
research efforts and data sharing, we compare the age distribution and clinical 
characteristics of infant deaths occurring in the community to those occurring in-
hospital in 38 developing countries using the RSV GOLD Database (RSV Global 
Online Mortality Database) in Chapter 2.  

Real-time data collection of RSV mortality is important to promote awareness 
of RSV and show the impact of a vaccine once implemented. We set up GOLD-III, a 
study with a network of Intensive Care Units worldwide acting as sentinel sites for real-
time RSV mortality surveillance in 10 GAVI-eligible countries. We describe the study 
design in Chapter 3.  

Although multiple pathogens can easily be detected in the pediatric respiratory 
tract, it is unclear whether viral coinfections are associated with life-threatening disease. 
In a large cohort of South African children, we describe whether RSV coinfection is 
associated with more severe disease in a low-resource setting in Chapter 4. 

Finally, maternal vaccination against influenza has been prioritized by the 
World Health Organization (WHO). In Chapter 5 we set up a global database of 
pediatric influenza deaths to estimate the impact of maternal vaccination on pediatric 
mortality and compare this to RSV-related mortality.  
 
Part 3. Mucosal Antibody Transfer and Local Protection: Mucosal antibody 
transfer is a key mechanism of protection of maternal vaccination. For RSV little is 
known about the protective effect of RSV-specific antibodies in breast milk. In 
Chapter 6 we describe prefusion (preF) IgA and IgG antibodies collected from mother-
infant pairs in Nepal in infants who did or did not develop RSV ARI.  

Finally, we investigate the safety and efficacy of daily intranasal monoclonal 
prophylaxis with palivizumab on RSV infection in a phase 1 (healthy adults) and phase 
2b (healthy preterm infants) randomized controlled trial in Chapter 7. 
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Part 4. Global RSV Vaccine Pipeline: Due to vaccine-enhanced disease in a 1960’s 
trial, vaccine development for RSV has been slower than expected. However, the RSV 
vaccine development landscape has rapidly expanded in the past decades. In Chapter 8 
we analyze global management guidelines and summarize evidence-based 
interventions for bronchiolitis and different vaccine approaches in clinical development 
in 2015. 

Subsequently, we summarize lessons learned from landmark late-phase vaccine 
trial failures and update the global RSV vaccine landscape which was revolutionized 
by advances in knowledge of the structural biology of the RSV surface fusion (F) 
protein in Chapter 9.  

Finally, in Chapter 10 we show that market access for an extended half-life 
RSV monoclonal antibody (mAb) is within reach to prevent RSV in all infants by 2023 
and may be followed by other approaches. However, no vaccine or mAb is within reach 
for LMICs with the highest pediatric mortality burden. 
 
Part 5. Awareness and Ethics of Post-Trial Access: Clinical trials are increasingly 
being conducted in low-resource settings which has led to ethical dilemmas about lack 
of access to a drug after the conclusion of a trial. Since 2000, major international ethics 
guidelines require provisions of post-trial access during trial design to ensure access to 
a proven beneficial intervention. In Chapter 11 we share the personal story of a mother 
who has lost her child to RSV in a low-resource setting to advocate for disease 
awareness for future vaccine implementation.  

In Chapter 12 we propose an ethics framework with practical guidance to 
implement post-trial access for a maternal RSV vaccine.  

In Chapter 13 we review adherence to post-trial access in the context of global 
maternal vaccine trials before and after 2000.  

Finally, in Chapter 14 we review the ethical dilemma of lack of post-trial 
access in the motavizumab phase 3 trial failure and urge future RSV therapeutics to 
consider post-trial obligations early in clinical trial design. 
 
Part 6. General Discussion: In Chapter 15 we review lessons learned from the work 
in this thesis. There is a mismatch between RSV vaccine development and burden and 
post-trial access insufficiently addresses this ethical dilemma. We propose three key 
recommendations for sustainable drug development. 
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Nederlandse Samenvatting (Dutch Summary) 
 
Doelstellingen van dit proefschrift 
 
Het voornaamste doel van deze dissertatie was een multidisciplinaire benadering te 
gebruiken om de grondslag voor een RSV-vaccin in lagere en lager-middenklasse 
inkomenslanden te leggen. Vier verschillende benaderingen zijn gebruikt: 
 

1) Wereldwijde epidemiologie: om de leeftijdsverdeling van kinderen met 
levensbedreigende RSV infecties te onderzoeken 

2) Translationele geneeskunde: om bescherming door mucosale antistof 
overdracht te begrijpen 

3) Klinische vaccinontwikkeling: om een overzicht van de RSV-vaccin pijplijn te 
geven 

4) Ethiek: om het ethische kader te analyseren bij post-trial toegang voor RSV-
vaccin trials 

 
Indeling van dit proefschrift 
 
Deel 1. Algemene inleiding: In Hoofdstuk 1 beschrijven we achtergrondinformatie 
over virologie, epidemiologie, pathogenese en host response, klinische presentatie, 
behandeling, transmissie en preventie en ethiek van RSV en RSV-vaccin ontwikkeling.  
 
Deel 2. Wereldwijde levensbedreigende lagere luchtweginfecties: RSV is een 
belangrijke oorzaak van kindersterfte, maar de volledige omvang van 
levensbedreigende RSV-infecties is onvoldoende bekend, met name in laag-middel 
inkomens landen (LMICs). Meer dan de helft van sterfgevallen door RSV vindt plaats 
buiten het ziekenhuis en deze groep kinderen is nog nauwelijks beschreven. Dankzij 
wereldwijde onderzoeksinspanningen en het delen van gegevens hebben wij de 
leeftijdsverdeling en de klinische kenmerken van kinderen die buiten het ziekenhuis 
met RSV-infectie zijn overleden kunnen vergelijken met die van kinderen die in het 
ziekenhuis met RSV infectie zijn overleden in 38 LMICs, door gebruik te maken van 
de RSV Gold Database (RSV Global Online Mortality Database) in Hoofdstuk 2. 

Real-time dataverzameling van RSV-sterfte is belangrijk om het bewustzijn 
over RSV te bevorderen en het toont de impact van vaccinimplementatie. In 
Hoofdstuk 3 bespreken wij de GOLD-III studie, bestaande uit een wereldwijd netwerk 
van Intensive Care Units welke fungeren als surveillance locaties voor het monitoren 
van real-time RSV-sterfte in 10 LMICs.  

Hoewel meerdere pathogenen makkelijk gedetecteerd kunnen worden in de 
luchtwegen van kinderen, is het niet duidelijk of virale co-infecties samenhangen met 
levensbedreigende ziekte. Bij een groot cohort van Zuid-Afrikaanse 
kinderen beschreven we of RSV co-infectie samenhangt met ziekte ernst in een low-
resource setting in Hoofdstuk 4. 

Tenslotte heeft de Wereld Gezondheids Organisatie (WHO) prioriteit gegeven 
aan het vaccineren van zwangere vrouwen. In Hoofdstuk 5 hebben we een wereldwijde 
database opgezet met informatie over kindersterfgevallen door influenza om de 
mogelijk impact van maternale vaccinatie op kindersterfte te kunnen analyseren en te 
vergelijken met de impact van RSV maternale vaccinatie.  
 

219



581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur581627-L-bw-Mazur
Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022Processed on: 29-8-2022 PDF page: 220PDF page: 220PDF page: 220PDF page: 220

 

Deel 3. Mucosale antistof overdracht en lokale bescherming: Mucosale antistof 
overdracht is een belangrijk mechanisme van bescherming van maternale vaccinatie. 
Er is weinig bekend over het beschermende effect van RSV-specifieke antistoffen in 
moedermelk. In Hoofdstuk 6 beschrijven we prefusie (preF) IgA en IgG antistoffen 
van moeder-kind koppels in Nepal, waarbij het kind wel of geen RSV-luchtweginfectie 
heeft ontwikkeld.  

Tenslotte onderzochten we de veiligheid en effectiviteit van dagelijkse 
intranasale monoclonale immunoprofylaxe met palivizumab tegen RSV-infectie in een 
fase I en fase IIb gerandomiseerde klinische trial in Hoofdstuk 7. 

 
Deel 4. Wereldwijde RSV-vaccin pijplijn: De vaccinontwikkeling voor RSV verliep 
langzamer dan verwacht vanwege vaccine-enhanced disease tijdens een klinische trial 
in de jaren ’60.  Het landschap van RSV-vaccinontwikkeling is echter snel uitgebreid 
in de laatste decennia. In Hoofdstuk 8 analyseren we de wereldwijde 
behandelrichtlijnen en vatten we de evidence-based interventies voor RSV infecties 
samen en bespreken we verschillende vaccins in klinische ontwikkeling in 2015.  

We vatten de lessen van de gefaalde mijlpaal RSV-vaccin trials samen en geven 
een update over het wereldwijde RSV vaccin landschap, dat drastisch is veranderd door 
de toename in kennis over de structurele biologie van het RSV oppervlakte fusie (F) 
eiwit in Hoofdstuk 9. 

Tenslotte laten we in Hoofdstuk 10 zien dat markttoegang voor een 
monoklonale RSV antistof (mAb) met verlengde halfwaardetijd binnen bereik is om 
RSV infecties te voorkomen bij alle kinderen in 2023. Dit kan worden opgevolgd door 
andere vaccin benaderingen. Er is echter geen vaccin of mAb binnen bereik voor 
LMICs waar kindersterfte het hoogst is.  
 
Deel 5. Awareness en ethiek van post-trial beschikbaarheid: Klinische onderzoeken 
worden steeds meer uitgevoerd in low-resource settings, iets wat heeft geleid tot 
ethische dilemma’s door een gebrek aan toegang tot onderzochte medicijnen nadat een 
onderzoek is afgerond. Sinds 2000 vereisen grote internationale ethiekrichtlijnen 
voorzieningen voor post-trial toegang om toegang te garanderen voor een bewezen 
gunstige interventie nadat een klinische trial is afgerond.  In Hoofdstuk 11 delen we 
het persoonlijke verhaal van een moeder die haar kind heeft verloren aan RSV in een 
low-resource setting om te pleiten voor het belang van awareness over dit ziektebeeld 
voor toekomstige vaccinimplementatie.  

In Hoofdstuk 12 stellen we een ethisch kader voor met praktische richtlijnen 
om post-trial toegang voor een maternaal RSV-vaccin te kunnen implementeren.  

In Hoofdstuk 13 herzien we de naleving van post-trial toegang in de context 
van wereldwijde maternale vaccinatie trials voor en na het jaar 2000.  

Tenslotte bekijken we in Hoofdstuk 14 het ethische dilemma van het gebrek 
aan post-trial toegang in de fase 3 gefaalde motavizumab trial, en verzoeken we 
toekomstige RSV-therapieën dringend om post-trial verplichtingen al vroeg in het 
klinische onderzoeksontwerp te overwegen.    
 
Deel 6. Algemene discussie: In Hoofdstuk 15 bekijken we de lessen geleerd uit dit 
proefschrift. Er is een discrepantie tussen RSV-vaccin ontwikkeling en ziektelast welke 
onvoldoende geadresseerd kan worden met post-trial toegang. We bespreken drie 
voorstellen voor duurzame medicijn ontwikkeling. 
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