
Received: 29 June 2021 - Revised: 28 July 2021 - Accepted: 2 August 2021

DOI: 10.1002/rmv.2284

R EV I EW

A systematic review on global RSV genetic data:
Identification of knowledge gaps

Annefleur C. Langedijk1 | Eline R. Harding1 | Burak Konya1 | Bram Vrancken2 |

Robert Jan Lebbink3 | Anouk Evers3 | Joukje Willemsen1 | Philippe Lemey2 |

Louis J. Bont1,4

1Department of Paediatrics, Division of

Paediatric Infectious Diseases, Wilhelmina

Children's Hospital, University Medical Centre

Utrecht, Utrecht University, Utrecht, The

Netherlands

2Department of Microbiology, Immunology

and Transplantation, Laboratory of Clinical and

Epidemiological Virology, Leuven, Belgium

3Department of Medical Microbiology,

University Medical Center Utrecht, Utrecht,

The Netherlands

4ReSViNET Foundation, Zeist, The

Netherlands

Correspondence

Louis J. Bont, Department of Paediatrics,

Division of Paediatric Infectious Diseases,

Wilhelmina Children's Hospital, University

Medical Centre Utrecht, Utrecht University,

3584 EA Utrecht, The Netherlands.

Email: l.bont@umcutrecht.nl

Abstract

Respiratory syncytial virus (RSV) is a major health problem. A better understanding

of the geographical and temporal dynamics of RSV circulation will assist in tracking

resistance against therapeutics currently under development. Since 2015, the field

of RSV molecular epidemiology has evolved rapidly with around 20–30 published

articles per year. The objective of this systematic review is to identify knowledge

gaps in recent RSV genetic literature to guide global molecular epidemiology

research. We included 78 studies published between 2015 and 2020 describing

12,998 RSV sequences of which 8,233 (63%) have been uploaded to GenBank.

Seventeen (22%) studies were performed in low‐ and middle‐income countries

(LMICs), and seven (9%) studies sequenced whole‐genomes. Although most re-

ported polymorphisms for monoclonal antibodies in clinical development (nirsevi-

mab, MK‐1654) have not been tested for resistance in neutralisation essays, known

resistance was detected at low levels for the nirsevimab and palivizumab binding

site. High resistance was found for the suptavumab binding site. We present the

first literature review of an enormous amount of RSV genetic data. The need for

global monitoring of RSV molecular epidemiology becomes increasingly important in

evaluating the effectiveness of monoclonal antibody candidates as they reach their

final stages of clinical development. We have identified the following three knowl-

edge gaps: whole‐genome data to study global RSV evolution, data from LMICs and

data from global surveillance programs.
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LIST OF ABBREVIATIONS

F protein fusion protein

LMICS low‐ and middle‐income countries

RSV respiratory syncytial virus

mAb monoclonal antibody

WG whole genome

1 | INTRODUCTION

Respiratory syncytial virus (RSV) is a global cause of morbidity and

mortality in children under the age of five, predominantly in low‐ and
middle‐income countries (LMICs).1,2 Although RSV has been recog-

nised as a major health problem, there are no licensed vaccines

available.3 Prevention of severe RSV illness is limited to an approved

monoclonal antibody (mAb) administration of palivizumab.4 Although

effective in high‐risk populations, there is a critical need for afford-

able mAbs for healthy infants to reduce severe disease. More than 20

vaccine candidates and mAbs are currently in clinical development.5

The main target for vaccine and mAb development, the fusion (F)

protein, is characterised by a high genetic and antigenic stability.6

The F protein has a pre‐ and post‐fusion conformation and contains

six antigenic sites (Ø ‐V) that are key epitopes for prophylactic

neutralising of mAbs. With promising F targeting mAbs on the hori-

zon, it is likely that they will replace palivizumab in the near future.

Two next‐generation candidate mAbs with prolonged half‐life are

nirsevimab (targeting site Ø) and MK‐1654 (targeting site IV), which

are in phase 3 and phase 2b development, respectively.7,8 With both

mAbs in the final stages of clinical development, global monitoring of

RSV resistance development grows more important.9 Although the

binding epitopes are known to be conserved, mutations may emerge

and spread.10 The emergence of escape variants may result in pro-

phylaxis resistance, as seen in the suptavumab trial. This phase 3 trial

was discontinued due to a lack of efficacy caused by two amino acid

substitutions (L172Q and S173L) in the binding epitope of all circu-

lating RSV B strains. These escape mutants had emerged globally

over three RSV seasons and were identified during F sequences

analyses.11

Previously, only Zhu et al. had reviewed viral neutralisation

susceptibility for nirsevimab‐related amino acid substitutions in

strains collected from 1956 to 2014.12,13 In addition, Mas et al.

evaluated the variability of F sequences until 2017, but this review

lacks an analysis of mAb binding epitopes.14 Despite these efforts,

potential escape mutants have not been reviewed systematically

and gaps in the recent knowledge remain with respect to recent

polymorphisms. In addition to detecting resistance against thera-

peutics, understanding the molecular epidemiology of RSV is

fundamental for elucidating temporal and spatial dynamics, which

can help inform surveillance efforts and guide interventions in

future epidemics.

As the molecular epidemiology of RSV is a rapidly evolving

research field, we provide a comprehensive overview of literature to

date. This systematic review aimed to identify knowledge gaps in

recent RSV genomic literature required to study global RSV evolution

and transmission patterns and, at the same time provide guidance for

monitoring next generation mAbs before and after licensure.

2 | METHODS

2.1 | Search strategy and selection criteria

This review was registered at PROSPERO (International Prospective

Register of Systematic Reviews) under registration number

CRD42021237337. We have followed the PRISMA (Preferred

Reporting Items for Systematic Reviews and Meta‐Analyses)
reporting guidelines and the Cochrane Handbook.15,16

We searched for studies of any design and in any setting that

included sequencing of human RSV samples. We searched MEDLINE

and Embase for studies published from 1 January 2015 until 1

December 2020. The search included the terms ‘RSV’ and ‘sequences’

(see Table S1 for full search). The search strategy was not limited by

language. Case reports were excluded. Reference lists of included

studies were assessed for additional relevant studies. We classified

LMICs based on the World Bank list of economies from 2020.17

We selected studies describing the RSV genotype distribution

and/or the amino acid polymorphisms in the F protein as we felt that

articles with these criteria describe complete and high‐quality data.

Genotype distribution was defined as the number of individually re-

ported genotypes for RSV A and/or RSV B. Amino acid poly-

morphisms in the F protein were reported as the amino acid change,

neutralising capacity, number and percentage, country and year.

Studies without genotype data or amino acid polymorphisms in the F

protein were excluded. Antibody binding sites of RSV F were defined

using the mAb binding epitopes Ø, II, IV and V described in the

original publications: aa 62‐69, 196‐212 for nirsevimab,12,13 254‐277
for palivizumab,11 426‐447 for MK‐16547 and 161‐182 for

suptavumab.11

2.2 | Data collection

Titles and abstracts were screened and full texts were reviewed by

three authors (ACL, ERH and BK) independently, using the web app

Rayyan.18 Endnote X9 (Thomson Reuters) was used to upload full

text articles.19 Disagreements between reviewers were resolved by

consensus. Data were extracted by two authors (ACL, ERH) and

checked by the third author (BK). We extracted data for: first author,

year of publication, study period, country, study design, study pop-

ulation, age, main finding, sequenced gene(s), sequencing platform,

reference strains, availability of data in public domain and quantita-

tive outcomes on subtyping, genotyping and clinic. The overall quality

of the studies included was independently assessed by two authors

(ACL, ERH) using the Critical Appraisal Skills Program (CASP)

checklist for cohort studies.
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2.3 | Data analysis

We performed a descriptive analysis to describe the number of RSV

positives, generated sequences, genes, genotypes, and availability of

data in the public domain. Maps and Gantt charts were made in R20

3D structures of the prefusion and postfusion RSV F protein were

generated with BioRender.com using 4MMT6 and 3RRR.21

3 | RESULTS

We identified 78 studies from 43 countries across six continents in

89 articles for our systematic review (Figures 1 and 2, Tables S2 and

S3). Seventy‐seven (99%) studies were observational in nature; one

(1%) interventional trial was identified.11,22 No studies were excluded

based on lack of quality.

A total of 223,857 samples were identified of which 59,721

(32%) were RSV positive (Table S4). 12,994 sequences were

successfully generated of which 8,233 (63%) were uploaded into

GenBank. Overall, seven studies (9%) sequenced full genomes ac-

counting for 593 whole genome (WG) sequences and 71 studies

(91%) sequenced individual genes. Of these individual genes, 65

studies (92%) sequenced the attachment (G) gene, 22 (31%) the F

gene, and 2 (3%) the SH gene. 75 (96%) studies involved children,

mainly under the age of five years. Only a few studies (n = 3, 4%)

focused on adults. The time from sample collection to publication

ranged from 1 to 9 years with an average of 3 years.

3.1 | International studies

From 78 studies included, 75 (96%) were performed in a single

country. One study had analysed sequences from two countries (the

F I GUR E 1 Study selection

Africa

Asia

Europe

North America

South America

Oceania

F I GUR E 2 Continental distribution of sequences (n = 6

continents)
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UK, Spain).23 Only two studies with patients from ≥5 continents were

included in this systematic review.11,24 Country of origin from the

sequences (n = 47) from the suptavumab trial could not be analysed

as this information was not provided in the manuscript.11 Tabor et al.

have published data (n = 476 RSV positives; n = 410 successful se-

quences) from 2017 to 2018 from Spain, the UK, the Netherlands,

Finland, Japan, South Africa, Brazil and Australia.24

3.2 | LMICs

LMICs have contributed to global data with 17 studies (21.8%),

including 7,084 RSV positive subjects (15%) (Table S4). In total,

266 WG sequences (4%) derived from LMICs: Philippines (n = 13),

Kenya (n = 184) and Vietnam (n = 69). A large proportion of LMIC

sequence data (43%) were published by Kenyan researchers who

conducted a longitudinal surveillance study and a community

outpatient study.25–30

3.3 | Natural polymorphisms in the F protein

Out of 22 studies sequencing the F gene, WG sequences included, 12

studies (55%) described the amino acid diversity in the binding

epitopes of RSV A F (n = 2,474) and RSV B F (n = 3,238) for mAbs in

clinical development (Figure 3). F sequences originated from Africa

(Kenya, South Africa), Asia (China, Japan, Philippines, Iran, Lebanon),

Europe (The Netherlands, The UK, Spain, Finland), South America

(Brazil), North America (the USA), and Oceania (Australia), and were

collected from 2005 to 2018.

All amino acid changes found in literature were reported per

country and study period (Figure 3, Table S4). Most of the

changes identified in the antibody binding sites have not been

reported in literature before. Known detected resistance‐
associated mutations include L172Q (967/1,401; South Africa

2015–2017, the USA, 2015–2017, global 2015–2018, Korea

2009–2015, Kenya 2015–2016) and S173L (948/1,409; South

Africa 2015–2017, global 2015–2018, the USA 2015–2017,

Philippines 2015–2016, Korea 2009–2015, Kenya 2015–2016) for

suptavumab. The number of suptavumab escape mutants (L172Q

and S173L) increased to almost 100% in 2017–2018 (Table S4).

Changes associated with partial resistance for nirsevimab were

E66K (27/27; Iran 2015–2016), K68N (210/787; Kenya, the USA

2016–2017), N201S (8/376; South Africa 2015/2017, The

Netherlands 2017–2018, Korea 2009–2015), Q209K (183/1,007;

China 2014–2016, South Africa 2015, The Netherlands 2017–

2018, Korea 2009–2015, Philippines 2014–2016, the USA

2015–2017) and Q209L (88/856; Brazil 2017–2018, the USA

2015–2017). For palivizumab, S276N (377/535; South Africa

2017–2018, Korea 2009–2015, China 2014–2016, Iran 2015–

2016, Lebanon 2016–2017) was found in RSV A strains. S276N

for RSV B samples in the palivizumab binding site was not

associated with resistance. No changes associated with resistance

were detected for MK‐1654.

F I GUR E 3 Amino acid polymorphisms detected at ≥10% frequency (Table S4) are highlighted with arrows. Previously defined mAb
binding sites are delineated in colour (green = nirsevimab, orange = palivuzumab, blue = suptavumab, yellow = MK‐1654). A and B
superscripts denote subtype A and B, respectively

4 of 8 - LANGEDIJK ET AL.

 10991654, 2022, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/rm

v.2284 by E
V

ID
E

N
C

E
 A

ID
 - B

E
L

G
IU

M
, W

iley O
nline L

ibrary on [21/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3.4 | Geographical and temporal distribution

While sequences were obtained in all continents, most sequences

were derived from China (n = 1,514; 11.6%) followed by Kenya

(n = 1,360; 10.5%) and the USA (n = 1,153; 8.9%) (Figure 4).

Temporal distribution is shown in Figure 5. Although the INFORM

study24 has contributed to samples in the 2017‐2018 season,

data from 2015 to 2019 were lacking for multiple countries.

Especially in Africa and South America recent data were rare.

3.5 | Genotype distribution

Individually reported genotypes per study were summarised to give

an overall impression of the genotype distribution in literature per

continent from 2015–2020 (Figure 6). Ontario (ON) 1 and Buenos

Aires (BA) 9 were the most reported genotypes for RSV A and B,

respectively.

4 | DISCUSSION

This systematic review aimed at identifying knowledge gaps about

RSV molecular epidemiology in order to guide future research. While

most of the reported amino acid changes have not been tested in

neutralization assays, changes associated with partial resistance

were only reported in a limited amount for nirsevimab and pal-

ivizumab. The suptavumab binding site was associated with high

levels of complete resistance for RSV B strains. We have identified a

time lag between data collection and publication, as it took the

authors of the articles included on average 3 years to publish their

sequencing data. This indicates a delay of recent sequences.

This review of available data has identified three knowledge gaps

in the field of molecular epidemiology of RSV. First, only a few studies

performed WG sequencing. The availability of whole‐genome se-

quences is important for both mAb as well as vaccine development as

sequencing data increase the opportunity of the identification of

novel vaccine candidates.31 In more detail, full genomes are needed

for two reasons. The first reason is the higher chance of detecting

variation in WG compared to individual genes which makes WG se-

quences essential for reconstructing relatedness. The second reason

for the added value of WG sequences is the possibility of amino acid

changes outside G, and even outside F, that could have an impact on

replication rate and capacity. Currently, data are lacking for genome

regions other than the G gene.32 While the F gene is the most

important target for mAb development, only a few studies have

sequenced it. The G gene is considered to have the highest genetic

diversity. As this confers higher resolution for phylogeny‐based
reconstructions compared to other genes, the G gene has been the

preferred target for sequencing. This is reflected in the fact that

nearly all of the included studies (65/78) focused on the G gene.

Although F gene sequences were derived from five continents,

non‐wild type amino acid polymorphisms in F were found in only 14

countries indicating that many countries remain without data. Mas

et al. analysed amino acid variability within the F protein from

sequences uploaded in GenBank. F sequences originated from 19

countries. Although a high number of changes were identified, the

authors showed that a certain level of variation is natural within

evolution. They suggest prospective sample collection to identify

potential evolutionary changes driven by passive immunisation

programs.14

Second, most patients came from China, Kenya and the USA

(n = 21,589; 45%). Interestingly, only 7,084 patients (14.8%) were

recruited in LMICs, while the burden of RSV disease is dispropor-

tionally high in these countries. More than 90% of ALRIs and 99% of

RSV related childhood mortality occur in these settings. Furthermore,

58% of deaths in LMICs occur in children aged younger than six

months.1,33 Global numbers on RSV positive children in LMICs are

underestimated due to limited access to care. The number of RSV

positive children in LMICs reported in this systematic review is not

representative for all LMICs as most of the samples derived from a

large study in Kenya. LMICs should be considered for RSV research,

and included in global studies. Ideally, sampling efforts should focus

on places with high burden.1 Because we lack the data on the global

F I GUR E 4 Geographic distribution of all sequences (n = 43 countries)
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F I GUR E 5 Temporal distribution of recent sequences. The bars show the time period of sample collection. Countries included in this
review are shown on the y‐axis. The time line from 2010–2020 is shown on the x‐axis. The continents are coloured according to the legend

F I GUR E 6 Reported RSV A and RSV B genotype distribution (2015–2020). RSV, respiratory syncytial virus
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burden of RSV, we used a high population number (>50,000,000) as a
proxy for a high burden. LMICs without sequencing data fulfilling this

criterion include Indonesia, Nigeria, Bangladesh, Ethiopia, Congo, and

Thailand should be prioritised for RSV studies. Sampling was not only

uneven in space, but also in time. The temporal distribution showed a

lack of recent sampling efforts. In addition to the lack of LMIC data,

our review identified specific geographical gaps of sampling. While

sequencing data from countries with large populations (China, India,

the USA) were available, data from other large populations, for

example, Russia with a current population over 145,000,000, would

be valuable in a global context.

Third, ongoing molecular surveillance is crucial with regard to the

introduction of next generation mAbs. We should learn from past

failures like the suptavumab trial.11 Current programs include the

WHOGlobal RSV Surveillance program34 (Mozambique, Sierra Leone,

South Africa, Argentina, Brazil, Canada, Chile, Egypt, Russia, the UK,

India, Thailand, Australia,Mongolia) and theOUTSMARTprogram (the

USA).35Wedemonstrated that almost all globalRSVBstrains collected

between 2015 and 2018 reported amino acid mutations in the supta-

vumab target epitope sequence. In order to learn from past failures

continued monitoring should take place on a global scale.

To the best of our knowledge, this is the first systematic review

evaluating the molecular epidemiology of RSV worldwide. There are

limitations to this systematic review. Although we attempted to

correct for overlapping data in articles that described the same study

population, some overlap may remain. Another limitation was that

clinical data including age, sex, comorbidity, and disease severity,

were lacking in a considerable number of papers. In addition, we only

included articles when authors described polymorphisms in the F

protein or when genotype data were shown. A further limitation is

that the genotype classification as reported by individual papers is

error‐prone. Ramaekers et al. described the challenges in identifying

RSV genotypes from sequencing data. Neither the hypervariable re-

gion (HVR) 2 fragment nor the G gene contain sufficient phylogenetic

signal to define genotypes. Therefore, a new classification procedure

has been proposed based on full genomes.36 We recommend that

future studies perform WG sequencing and apply the new genotype

criteria to determine genotypes. Next to the limitation of the geno-

type classification, we did not correct for studies that focused on a

specific RSV subtype or genotype. We only showed an overall

coverage of genotypes as reported in literature. Because reporting

bias may have occurred, the genotype distribution could be different

on population level. An additional limitation was that this review

focused on genetic data in published articles and not on the total

number of RSV sequences uploaded in GenBank. A final limitation is

that confirmation bias could have impacted our review, as the amino

acid changes that have been reported could be an overestimation.

More papers could have investigated these changes, but did not find

any and therefore did not report on them.

In conclusion, with this systematic review we would like to

provide guidance to the scientific community for future RSV

research. Sampling effort is crucial in LMICs and other countries with

high burden and/or high population to timely detect the development

of resistance to RSV therapeutics. Global WG surveillance studies are

required to ultimately understand the mechanisms underlying RSV

global circulation patterns.
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