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Respiratory syncytial virus (RSV) is a significant causative agent of bronchitis and

pneumonia in infants and children. The identification and structural analysis of

the surface fusion glycoprotein of RSV represents a pivotal advancement in the

development of RSV prevention. This review provides a comprehensive summary

of RSV monoclonal antibody (mAb) and vaccine clinical trials registered on

ClinicalTrials.gov, emphasizing on the classification, name, target, phase,

clinical outcomes, and safety data of RSV vaccination in newborns, infants and

children. We also discuss the characteristics of the types of RSV vaccines for

maternal immunity and summarize the current clinical research progress of RSV

vaccination in pregnant women and their protective efficacy in infants. This

review will provide new ideas for the development of RSV prevention for children

in the future.
KEYWORDS
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Introduction

Respiratory syncytial virus (RSV) is the primary causative agent of bronchitis and

pneumonia in infants (1), and is also the most common cause of severe lower respiratory

tract infections (LRTIs) in infants under 6 months of age, with almost all children being

infected by the age of 2 years and reinfection being commonplace (2). According to a report

from 2005, the number of fatalities resulting from RSV infection or related complications was

estimated to range between 66,000 and 160,000 among children under the age of 5 years (3).

Despite the high incidence of RSV, there is currently no definitive treatment for the virus.

The RSV genome, which spans 15.2 kb (as depicted in Figure 1), comprises 10 genes

that encode 11 proteins. Notably, the M2 gene contains two overlapping ORFs, resulting in
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the generation of both M2-1 and M2-2 proteins (4). While M2-1 is

essential for virus transcription (5), andM2-2 governs the transition

from transcription to genome replication (6). The initial

transcription of the RSV genome yields the nonstructural proteins

NS1 and NS2, which act in concert to inhibit apoptosis and

interferon responses (7, 8). Additionally, the RSV virion is

characterized by a single-stranded, negative-sense RNA genome

that is enveloped by a lipid bilayer displaying fusion (F), attachment

(G), and small hydrophobic (SH) proteins (Figure 1). The virion

surface is predominantly composed of G and F glycoproteins, which

play crucial roles in the entry process (9). The prefusion

conformation of F protein is the primary target of RSV-

neutralizing activity in human sera, with numerous potent

antibodies exhibiting specificity toward this conformation (10).

Consequently, structure-based engineering strategies have been

prioritized in the development of F protein-containing vaccine

candidates to stabilize the F protein in their prefusion

conformation (11, 12).

Recent years have witnessed notable advancements in

comprehending the configuration and operation of RSV

glycoproteins, as well as their interplay with host cytokines that

facilitate host cell entry, thereby presenting a new avenue for

impeding RSV (13). To date, strategies for RSV preventive

interventions encompassed mAbs and six types of vaccines, including

particle-based vaccines, vector-based vaccines, live-attenuated or

chimeric vaccines, subunit vaccines, mRNA vaccines (14).

This article presents a comprehensive overview of the current

clinical research advancements in RSV vaccines and mAbs for

newborns, infants, and children. Considering the importance of

maternal-fetal immunity, we also include clinical research on RSV

vaccines for pregnant women. The discussion encompasses the

mechanisms of action of various vaccines, their scope of

application, effectiveness, and possible adverse reactions, drawing

on data from Clinical Trials.gov and PubMed. The review aims to

provide noteworthy insights and innovative perspectives to

government policy-makers, academic establishments, and

pharmaceutical enterprises.
Materials and methods

The ClinicalTrials.gov website was searched using the keywords

“respiratory syncytial virus” AND “Early Phase 1, Phase 1, Phase 2,

Phase 3, and Phase 4” in the “Additional Criteria” field, with the
Abbreviations: (RSV), Respiratory syncytial virus; (LRTI), Lower respiratory

tract infection; (mAb), Monoclonal antibody; (LAVs), Live-attenuated vaccines;

(ADA), Antidrug antibody; (AE), Adverse events; (SAE), Serious adverse events;

(SNA), Serum neutralizing antibody; (NMPA), National Medical Products

Administration; (IND), Investigational New Drug; (CHD), Congenital heart

disease; (CLD), Chronic lung disease; (PFU), Plaque-forming units; (NIAID),

National Institute of Allergy and Infectious Diseases; (nAb), Neutralizing

antibody; (RSV-A), RSV A neutralizing antibodies; (RSV-B), RSV B

neutralizing antibodies.
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study start time limited to prior to 20 May 2025. The trial exclusion

criteria were as follows: (1) the status was suspended, terminated,

withdrawn, or unknown, and (2) the studied condition was not

RSV, and (3) the primary purpose was treatment, basic science, or

other. A total of 254 clinical trials were screened, with 28 trials

excluded based on their status, 19 trials excluded based on their

studied condition, and 86 trials excluded based on their primary

purpose. Ultimately, 121 clinical trials were included in the analysis.

The data-retrieval process is depicted in Figure 2.

The following information was collected for analysis: NCT

number, intervention, drug, classification, administration, status,

sponsor/collaborator, sex, age, phase, funding, date first posted, and

location. Descriptive analyses employed numerical and percentage

representations for categorical variables, while data processing and

analysis were conducted using Microsoft Office Excel 365. As the

study solely utilized publicly available data without personal

information, it was exempt from ethics committee review.
Results

Basic characteristics

A total of 121 trials were included, whose basic characteristics

are described in Table 1. Most of the RSV vaccine trials were

completed, accounting for 67.77%, while 14.05% of trials were in the

recruiting, and 17.36% were active but not in the recruiting. The

details of these trials are shown in Table 2.

The types of RSV vaccines examined included 47 subunit

vaccines (38.84%), 26 live-attenuated vaccines (21.49%), 23

vector-based vaccines (19.01%), 19 mAbs vaccines (15.70%), 5

mRNA vaccines (4.13%) and 1 particle-based vaccine (0.83%).

Most of the trials (85.12%) were conducted among both sexes,

and 13.22% were conducted only among females. There were 42

trials conducted only among children (34.71%), 74 trials conducted

among adults (61.16%), and 5 trials conducted among both children

and adults (4.13%). An overview of RSV clinical research is shown

in Figure 3.

From the aspect of the subject population, 47 trials focused on

children and 13 focused on pregnant women. It was found that the

RSV vaccines used in pregnant women were subunit vaccines and

particle-based vaccines, while those used in children included

subunit vaccines, live-attenuated vaccines, vector-based vaccines

and mRNA vaccines and mAbs. Figures 4A, B shows the drug

details for each kind of vaccine and mAbs.
RSV monoclonal antibody for children

mAbs
mAbs present a compelling alternative for addressing viral

infections, given their remarkable specificity toward pathogens

and ability to provide passive immune responses (36). The

primary objective is to target a highly neutralizing, sensitive

epitope situated on the RSV pre-F protein (37–39). Furthermore,

the latest generation of RSV antibodies undergoes Fc mutation
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modification, which can prolong their half-life. There are 5 mAbs

with activity against RSV, including palivizumab, motavizumab,

nirsevimab, clesrovimab, and TM001.

(1) Palivizumab. Palivizumab (Synagis) is the first humanized

mAb approved by the FDA for the prophylaxis of high-risk of

hospital admission infants during bronchiolitis season (40, 41).

Palivizumab is administered intramuscularly at 15 mg/kg every

month during five months of the first RSV season to prevent serious

RSV LRTI in children (42). Palivizumab binds antigenic site A, a

highly conserved region on the RSV fusion (F) protein, and can
Frontiers in Immunology 03
block the membrane fusion process by binding to RSV fusion

proteins on the surface of the virus, and can also prevent the

fusion process between cells infected with RSV (43). The

intervention is restricted to a narrow subset of the pediatric

population, infants with a gestational age below 35 weeks and

infants up to 6 months of age at the time of RSV season onset.

This leaves millions of infants at risk of severe or potentially fatal

disease every year, without protection from RSV. Two clinical trials

are currently underway to investigate the preventive efficacy of

palivizumab against RSV in children under two years of age
FIGURE 2

The process of data retrieval.
A

B

FIGURE 1

RSV genome organization and protein structure. (A) RSV genome orgnizaiton. (B) RSV protein structure.
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(NCT01006629/phase 2/3; NCT01466062/phase 3). In light of the

advent of novel long-acting mAbs, it is pertinent to deliberate upon

the necessity of conducting additional experiments to verify the

protective effect on children over 6 month old in this regard.

Motavizumab
Motavizumab, which is alternatively referred to as MEDI-524 or

Numax, is a second-generation mAb that is developed from

palivizumab through affinity maturation techniques (44). It has

been found to effectively reduce the disease burden of RSV in high-

risk infants (35). This mAb has been the subject offive clinical trials. A

randomized, double-blind, placebo-controlled trial (NCT00121108/

phase 3) (15) indicated that motavizumab led to a relative reduction of

87% in the proportion of infants hospitalized due to RSV when

compared to the placebo group. Moreover, the incidence of adverse

events (AEs) was lower among subjects administered motavizumab

than among those who received placebo, and no fatalities associated

withmotavizumab were reported. There was no statistically significant

difference observed in the occurrence of severe adverse events (SAEs)

or hypersensitivity events between the two groups. When comparing

the administration of motavizumab alone to a combined regimen of

motavizumab and palivizumab, it was observed that the rates of AEs

and the antidrug antibodies (ADAs) associated with the sequential

administration of the combined regimen to high-risk children were

similar between the two groups (16).
TABLE 1 Basic characteristics of trials (n=121).

Characteristics No. (%)

Vaccine type

Subunit Vaccine 47 (38.84)

Live-Attenuated Vaccine 26 (21.49)

Vector-based Vaccine 23 (19.01)

MAbs Vaccine 19 (15.70)

mRNA Vaccine 5 (4.13)

Particle-based Vaccine 1 (0.83)

Recruitment status

Completed 82 (67.77)

Active, not recruiting 21 (17.36)

Recruiting 17 (14.05)

Not yet recruiting 1 (0.83)

Gender of subjects

All 103 (85.12)

Female 16 (13.22)

Male 2 (1.65)

Age of subjects

Adult 74 (61.16)

Child 42 (34.71)

Child and Adult 5 (4.13)

Enrollment of subjects

≤50 29 (23.97)

51-100 22 (18.18)

101-500 24 (19.83)

501-1000 15 (12.40)

1001-10000 22 (18.18)

>10000 9 (7.44)

Funding source

Industry 99 (81.82)

NIH 16 (13.22)

Other 6 (4.96)

No. of site

1 32 (26.45)

≥2 88 (72.73)

Not reported 1 (0.83)

Phase

Phase 1 49 (40.50)

Phase 1|Phase 2 11 (9.09)

(Continued)
TABLE 1 Continued

Characteristics No. (%)

Phase 2 25 (20.66)

Phase 2|Phase 3 4 (3.31)

Phase 3 32 (26.45)

Intervention model

Parallel Assignment 105 (86.78)

Sequential Assignment 11 (9.09)

Single Group Assignment 4 (3.31)

Crossover Assignment 1 (0.83)

Allocation

Randomized 115 (95.04)

Non-randomized 4 (3.31)

Not reported 2 (1.65)

Masking

Open label 17 (14.05)

Single Blind 3 (2.48)

Double 15 (12.40)

Triple 29 (23.97)

Quadruple 56 (46.28)

Not reported 1 (0.83)
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TABLE 2 The overview of RSV vaccine in children and pregnancy women.

NCT
Number

Drugs Administration Dose Age Phases
First

Posted
Reference

NCT01006629 Palivizumab Intramuscular 15 mg/kg up to 2 Years Phase 2/3 3-Nov-09 NA

NCT01466062 Palivizumab Intramuscular 15 mg/kg
up to

24 Months
Phase 3 6-Nov-11 NA

NCT00192465 Motavizumab
Intravenous;
intramuscular

3 mg/kg;
15 mg/kg;
30 mg/kg

18 Years to
49 Years

Phase 1 19-Sep-05 NA

NCT00113490 Motavizumab Intramuscular 15 mg/kg
up to

24 Months
Phase 1/2 9-Jun-05 NA

NCT00121108 Motavizumab Intramuscular 15 mg/kg
0 Months to
6 Months

Phase 3 21-Jul-05 (15)

NCT00129766 Motavizumab Intramuscular 15 mg/kg
up to

24 Months
Phase 3

12-
Aug-05

(15)

NCT00316264 Motavizumab Intramuscular 15 mg/kg
up to

24 Months
Phase 2

20-
Apr-06

(16)

NCT02114268 Nirsevimab
Intravenous/

Intramuscularly
Intravenously (300, 1,000, or 3,000 mg)

Intramuscularly (100 or 300 mg)
18 Years to
49 Years

Phase 1
15-

Apr-14
(17)

NCT04484935 Nirsevimab Intramuscular 50 mg/100 mg
0 Years to
2 Years

Phase 2 24-Jul-20 NA

NCT02878330 Nirsevimab Intramuscular 50 mg
up to

365 Days
Phase 2

25-
Aug-16

(18)

NCT03959488 Nirsevimab Intramuscular 50 mg or 100 mg
0 Years to
1 Year

Phase 2/3
22-

May-19
(19)

NCT05110261 Nirsevimab Intramuscular 50 mg or 100 mg
0 Years to
1 Year

Phase 3 5-Nov-21 NA

NCT05437510 Nirsevimab Intramuscular 50 mg or 100 mg
0 Days to
12 Months

Phase 3 29-Jun-22 NA

NCT03979313 Nirsevimab Intramuscular 50 mg or 100 mg
0 Years to
1 Year

Phase 3 7-Jun-19 (20)

NCT03524118 Clesrovimab Intramuscular 20 mg; 50 mg; 75 mg
2 Weeks to
8 Months

Phase 1/2
14-

May-18
NA

NCT04086472 Clesrovimab Intravenous 100 mg; 200 mg; 300 mg; 900 mg
18 Years to
55 Years

Phase 2 11-Sep-19 (8)

NCT04767373 Clesrovimab Intramuscular 100 mg up to 1 Year Phase 2/3 23-Feb-21 NA

NCT04938830 Clesrovimab Intramuscular 100 mg up to 1 Year Phase 3 24-Jun-21 NA

NCT05630573 TNM001 Intramuscular 100 mg up to 1 Year Phase 1/2
29-

Nov-22
NA

NCT01893554
RSV DNS2 D1313
I1314L Vaccine

Intranasal
0.25 mL per nostril for a total of

0.5 mL
4 Months to
59 Months

Phase 1 9-Jul-13 (21)

NCT03227029
RSV DNS2 D1313
I1314L Vaccine

Intranasal 10^6 PFU
6 Months to
24 Months

Phase 1 24-Jul-17 (22)

NCT03916185
RSV DNS2 D1313
I1314L Vaccine

Intranasal 10^6 PFU
6 Months to
24 Months

Phase 1/2
16-

Apr-19
NA

NCT04227210 MV-012-968 Intranasal –
18 Years to
40 Years

Phase 1 13-Jan-20 NA

NCT046903351 MV-012-968 Intranasal 1 x10^6 PFU
18 Years to
45 Years

Phase 2
30-

Dec-20
NA

NCT04444284 MV-012-968 Intranasal –
15 Months to
59 Months

Phase 1 23-Jun-20 NA

(Continued)
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TABLE 2 Continued

NCT
Number

Drugs Administration Dose Age Phases
First

Posted
Reference

NCT04909021 MV-012-968 Intranasal –
6 Months to
36 Months

Phase 1 1-Jun-21 NA

NCT02237209 RSV LID DM2-2 Intranasal 0.5 mL
6 Months to
24 Months

Phase 1 11-Sep-14 (23)

NCT02040831 RSV LID DM2-2 Intranasal 0.5 mL
6 Months to
24 Months

Phase 1 20-Jan-14 (11)

NCT01459198
RSV MEDI DM2-

2 vaccine
Intranasal 0.5 mL

6 Months to
49 Years

Phase 1
25-

Oct-11
(12)

NCT04520659
RSV LID DM2-

2 1030s
Intranasal 0.5 mL

6 Months to
24 Months

Phase 1
20-

Aug-20
NA

NCT02794870
RSV LID DM2-

2 1030s
Intranasal 0.5 mL

6 Months to
24 Months

Phase 1 9-Jun-16 NA

NCT02952339
RSV LID DM2-

2 1030s
Intranasal 0.5 mL

6 Months to
24 Months

Phase 1 2-Nov-16 NA

NCT02601612 D46cpDM2-2 Intranasal 0.5 mL
6 Months to
60 Months

Phase 1
26-

Nov-15
NA

NCT03102034
D46/NS2/N/DM2-

2-HindIII
Intranasal 0.5mL

6 Months to
24 Months

Phase 1 5-Apr-17 (24)

NCT03099291
D46/NS2/N/DM2-

2-HindIII
Intranasal 0.5mL

6 Months to
24 Months

Phase 1 4-Apr-17 (24)

NCT01852266 RSV cps2 Vaccine Intranasal 0.5 mL
6 Months to
24 Months

Phase 1
13-

May-13
(25)

NCT01968083 RSV cps2 Vaccine Intranasal 0.5 mL
6 Months to
24 Months

Phase 1
23-

Oct-13
(25)

NCT04295070 CodaVax-RSV Intranasal 10^4 PFU; 10^5 10^6 PFU
50 Years to
75 Years

Phase 1 4-Mar-20 NA

NCT04919109 CodaVax-RSV Intranasal 10^4 PFU; 10^5 10^6 PFU
6 Months to

5 Years
Phase 1 9-Jun-21 NA

NCT00493285 MEDI-534 Intranasal –
6 Months to
23 Months

Phase 1 28-Jun-07 NA

NCT05687279 RSVt Vaccine Intranasal –
6 Months to
23 Months

Phase 1/2 18-Jan-23 NA

NCT04491877 VAD00001 Intranasal –
6 Months to
18 Months

Phase 2 29-Jul-20 NA

NCT03596801 6120/DNS1 Intranasal 0.5mL
6 Months to
59 Months

Phase 1 24-Jul-18 NA

NCT03387137
RSV 6120/
DNS2/1030s

Intranasal 0.5mL
6 Months to
60 Months

Phase 1
29-

Dec-17
NA

NCT04138056
RSVPreF3 (RSV

MAT 009)
Intramuscular 300 mg; 500 mg; 120mg

18 Years to
45 Years

Phase 2
24-

Oct-19
NA

NCT04605159
RSVPreF3 (RSV

MAT 009)
Intramuscular –

18 Years to
49 Years

Phase 3
27-

Oct-20
NA

NCT04126213 RSVPreF3 Intramuscular 60 mg; 120 mg
18 Years to
40 Years

Phase 2
15-

Oct-19
(26)

NCT04980391
RSVPreF3 (RSV

MAT 009)
Intramuscular –

15 Years to
49 Years

Phase 3 28-Jul-21 NA

NCT05169905
RSVPreF3 (RSV

MAT 009)
Intramuscular –

9 Years to
49 Years

Phase 3
27-

Dec-21
NA

(Continued)
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Nirsevimab
Nirsevimab, a human mAb designed to target site Ø of the F

protein and that features a YTE mutation in the Fc portion to

prolong its serum half-life, when administered as a singular

dosage, offers comprehensive protection throughout a RSV

season (45). In November 2022, the EMA and the EU granted

approval for the use of Beyfortus (nirsevimab) in newborns and

infants to aid in the prevention of RSV LRTIs during their initial

RSV pandemic season.

The mean half-life of MEDI8897 ranged from 85 to 117 days

among different dosage cohorts, accompanied by a bioavailability of

77% following subsequent to the administration of a 300-mg i.m.

dose (NCT02114268/phase1) (17). The incidences of ADA and AEs
Frontiers in Immunology 07
in the intervention group were comparable to those observed in the

placebo group. Subsequent phase 2 (NCT02878330) (18) and phase

3 trials (NCT03979313) (20) demonstrated that nirsevimab

exhibited efficacies of 70.1% (95% CI, 52.3 to 81.2) and 74.5%

(95% CI, 49.6 to 87.1) in treating LRTIs in drug-treated patients,

respectively. Additionally, the efficacy of nirsevimab in preventing

hospitalization due to RSV in premature infants was found to be

78.4% (95% CI, 51.9 to 90.3) and 62.1% (95% CI, -8.6 to 86.8),

respectively. SAEs were similar between the two groups. In addition,

the safety profiles of nirsevimab in infants diagnosed with

congenital heart disease (CHD) or chronic lung disease (CLD)

were comparable to those observed in preterm infants receiving

palivizumab(NCT03959488/phase 2/3) (19).
TABLE 2 Continued

NCT
Number

Drugs Administration Dose Age Phases
First

Posted
Reference

NCT05045144 GSK3888550A Intramuscular 120mg
18 Years to
49 Years

Phase 3 16-Sep-21 NA

NCT03674177 GSK3888550A Intramuscular 30 mg; 60 mg; 120 mg
18 Years to
45 Years

Phase 1 17-Sep-18 (27)

NCT04032093 RSVPreF Intramuscular 0.5 mL
18 Years to
49 Years

Phase 2 25-Jul-19 (28)

NCT04071158 RSVPreF Intramuscular 0.5 mL
18 Years to
49 Years

Phase 2
28-

Aug-19
(29)

NCT04424316 RSVPreF Intramuscular 120 mg
0 Years to
49 Years

Phase 3 9-Jun-20 (30)

NCT02956837 GSK3003891A Intramuscular 30 mg; 60 mg; 120 mg
18 Years to
45 Years

Phase 2 6-Nov-16 (31)

NCT02753413 GSK3003891A Intramuscular 30 µg; 60 µg
18 Years to
45 Years

Phase 2
27-

Apr-16
(32)

NCT02360475 GSK3003895A Intramuscular 30 µg; 60 µg
18 Years to
45 Years

Phase 2 10-Feb-15 (32)

NCT02624947 RSV F Vaccine Intramuscular 0.5mL
18 Years to
40 Years

Phase 3 9-Dec-15 (33)

NCT02247726 RSV F Vaccine Intramuscular 0.5mL
18 Years to
40 Years

Phase 2 25-Sep-14 (34)

NCT02296463 RSV F Vaccine Intramuscular 0.5mL
24 Months to
72 Months

Phase 1
20-

Nov-14
NA

NCT02491463
GSK3389245A/
ChAd155-RSV

Intramuscular –
18 Years to
45 Years

Phase 1 8-Jul-15 (35)

NCT03636906 GSK3389245A Intramuscular –
6 Months to
7 Months

Phase 1|
Phase 2

17-
Aug-18

NA

NCT02927873 GSK3389245A Intramuscular 0.5ml; 0.15mL
12 Months to
23 Months

Phase 1/2 7-Oct-16 NA

NCT03606512 Ad26.RSV.preF Intramuscular 2.5*10^10 vp
12 Months to
24 Months

Phase 1/2 31-Jul-18 NA

NCT05655182 BLB-201 Intranasal 10^6 PFU; 10^7 PFU
6 Months to

5 Years
Phase 1|
Phase 2

19-
Dec-22

NA

NCT04528719 mRNA-1345 Intramuscular –
12 Months to

79 Years
Phase 1

27-
Aug-20

NA

NCT04519073
V-306

candidate vaccine
Intramuscular 15 µg; 50 µg; 150 µg

18 Years to
45 Years

Phase 1
19-

Aug-20
NA
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Clesrovimab (MK-1654)
Clesrovimab is a mAb with an extended half-life and the same

YTE mutation as that in nirsevimab and is designed to target site IV

of the RSV F protein, although it partially targets site V and

preferentially binds to pre-F. MK-1654 was tested in two phase 1

clinical trials conducted among Japanese adults. A single

intramuscular injection of MK-1654 produced a dose-dependent

increase in RSV serum-neutralizing antibody (SNA) titers (46). The

antibody exhibited a half-life ranging from 73 to 88 days, with an

estimated bioavailability of 69% at the 300-mg intramuscular dose.

There was no significant difference in safety events between the

MK1654 and placebo groups. Orito et al. (47) proved that the

bioavailability of MK-1654 in healthy adults was 86% and 77% for

the 100 mg i.m. and 300 mg i.m. doses, respectively. The registration
Frontiers in Immunology 08
numbers were not found in clinicaltrials.gov. Currently, this mAb is

being tested in 7 trials in infants.
RSV vaccines for children

LAVs
LAVs are promising options for young children due to their

intranasal administration, ability to induce both local mucosal and

systemic responses, and immunogenicity when maternal antibodies

are present, thereby enabling the immunization of vulnerable

infants at high risk of severe il lness (48). Enhanced

comprehension of the RSV genome and reverse genetics has

facilitated the logical development of LAV candidates through the
A B

FIGURE 3

Overview of RSV vaccine trials. (A) The number of trials in each phase per year from 2005 to 2023; (B) The number of trials in each phase in various
vaccine types.
A B

FIGURE 4

RSV vaccine types and drugs in trials among children and pregnant women. (A) Children; (B) Pregnant women.
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elimination or alteration of proteins that are recognized to exert a

noteworthy influence on the control of RNA biosynthesis or hinder

the host immune reactions, such as NS2, M2-2, SH, L, and G

proteins, which resulting in limited viral replication (49, 50). LAVs

offer a valuable needle-free option for the active intranasal

immunization of older infants who may not receive adequate

protection from maternal vaccines or monoclonal antibodies.

RSV DNS2/D1313/I1314L
RSV DNS2/D1313/I1314L was developed by deleting the NS2

gene and the amino acid S1313 from the L polymerase protein.

Consequently, a phenotypically stable variant was obtained, which

displays temperature sensitivity under physiological conditions (51).

In children who were seronegative for RSV, administration of a 106

plaque forming unit (PFU) dose of RSV/DNS2/D1313/I1314L was

found to be both well tolerated and capable of inducing an immune

response. Following the RSV season, it was observed that vaccinated

individuals experienced a significant increase in RSV titers (1:955)

compared to placebo recipients (1:69), indicating the effectiveness of

the vaccine (NCT01893554) (21). Both RSV/DNS2/D1313/I1314L
and RSV/276 vaccine recipients (NCT03227029) (22) experienced

upper respiratory illness and/or fever post vaccination, with generally

mild symptoms. It is noteworthy that the incidence of cough was

significantly higher in subjects that received RSV/276 than in those

that received RSV/DNS2/D1313/I1314L (48% vs. 12%). Lower

respiratory illnesses and SAEs were not observed. The two groups

demonstrated a ≥4-fold elevation in serum RSV neutralizing titers

and anti-RSV F IgG titers by 60% and 92%, respectively.

MV-012–968
MV-012-968 is a live attenuated vaccine that is free of

adjuvants. This vaccine, modifications were made to it’s NS1 and

NS2 proteins, as well as the G proteins, with the SH deletion and

ablation of secreted G protein. Currently, the safety and

immunogenicity of MV-012-968 is being assessed in phase 1 and

phase 2 clinical trials, but the results were not published.

RSV LID DM2-2
RSV LID DM2-2 is a candidate vaccine for RSV that involves the

deletion of RSV M2-2. The attenuation of LIDDM2-2 leads to an

increase in viral gene transcription and antigen expression, and a

decrease in RNA replication. The vaccine virus was found to be shed

by 95% of individuals who received the LIDDM2-2 (105 PFU) vaccine

(median peak titers, 3.8 log10 PFU/mL; 6.3 log10 copies/mL)

(NCT02237209) (23). Additionally, 90% of vaccine recipients

demonstrated a serum-neutralizing antibody (SNA) increase of at

least fourfold. It is noteworthy that both the vaccine and placebo

groups experienced a high prevalence of respiratory symptoms and

fever. Notably, one vaccine recipient exhibited grade 2 rhonchi in

conjunction with vaccine shedding, rhinovirus, and enterovirus.

Following the RSV season, vaccine recipients (8/19) demonstrated

a marked increase in RSV antibody titers compared to placebo

recipients (2/9), without experiencing medically attended

RSV disease.
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LID/DM2-2/1030s
LID/DM2-2/1030s is produced by eliminating of the RSV M2-2

protein and introducing of a genetically stabilized temperature-

sensitive mutation, known as 1030s, in the RSV polymerase protein.

LID/DM2-2/1030s vaccine (105 PFU) (52) exhibited 85% shedding

of the vaccine and a ≥4-fold increase in serum-neutralizing

antibodies. Respiratory symptoms and fever were commonly

reported by vaccine recipients (60%) and placebo recipients

(27%). Notably, a vaccinated individual experienced grade 2

wheezing caused by Rhinovirus but did not concurrently shed

LID D M2-2/1030s.

D46/NS2/N/DM2-2-HindIII
D46/NS2/N/DM2-2-HindIII, a recombinant LAVs with an M2-

2 deletion, was derived from the earlier candidate LID/DM2-2. All

21 individuals who received D46/NS2/N/DM2-2-HindIII (105

PFUs) (NCT03102034, NCT03099291) (24) were found to be

infected with the vaccine, with 20 of them (95%) exhibiting

vaccine shedding. Notably, 95% and 100% of the vaccine

recipients experienced a ≥4-fold increase in serum RSV-

neutralizing antibodies and anti-RSV fusion immunoglobulin G,

respectively. Additionally, both vaccinees (76%) and placebo

recipients (18%) reported mild upper respiratory tract symptoms

and/or fever.

rA2cp248/404/1030 D SH mutation and
rA2cp248/104/1030 Delta SH mutation

These two vaccines serve as the initial attenuated candidates for

RSV immunization in young children (53). Both vaccines exhibited

high attenuation in adults and RSV-seropositive children while also

exhibiting favorable tolerability and immunogenicity in RSV-

seronegative children. Notably, the replication of rA2cp248/404/

1030 Delta SH was found to be restricted in RSV-seronegative

children, with a mean peak titer of 10 (2.5) PFUs/mL, compared to

10 (4.3) PFUs/mL for rA2cp248/404 Delta SH. Although rA2cp248/

404/1030 Delta SH was well tolerated in infants, only 44% of the

recipients who were administered two 10 (5.3) PFU doses of the

vaccine exhibited discernible antibody responses.
MEDI-559 and RSV cold-passage/stabilized 2
MEDI-559 (54) was mutated from RSV rA2cp248/404/1030 D

SH and is currently being assessed in phase 1/2 clinical trials

(NCT00767416). RSVcps2 is a newly developed vaccine that was

modified from MEDI-559 through the incorporation of five

nucleotide changes and one amino acid alteration. This

modification resulted in the stabilization of two significant decay

mutations, thereby preventing their degradation. Administration of

RSVcps2 via the intranasal resulted in a significant proportion of

vaccinees (85%) acquiring RSVcps2 infection, with 77% shedding

the vaccine virus and 59% developing a≥4-fold increase in RSV-

SNA titers (NCT01852266, NCT01968083) (25). The incidence of

respiratory tract and/or febrile illness was similar between the

vaccine and placebo groups.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1329426
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gong et al. 10.3389/fimmu.2023.1329426
Vector-based vaccines

In recombinant vector vaccines, a genetically altered

replication-deficient virus is employed to elicit both humoral and

cellular immunity through the transmission of genes encoding RSV

antigens. Currently, there are 3 vaccine candidates undergoing

clinical trials for the pediatric population, namely, ChAd155-RSV

derived from chimpanzee adenovectors (GSK3389245A),

Ad26.RSV.preF, and PIV5-vectored RSV vaccine (BLB-201).

ChAd155-RSV
The ChAd155-RSV vaccine, which is currently under

investigation, is a chimpanzee adenovirus-based vaccine that

expresses three distinct proteins, namely, fusion proteins,

nucleoproteins, and M2-1 proteins (55). Following the

administration of the first dose of GSK3389245A (NCT02927873;

phase1/2 trial) (56), all groups (0.5 × 1010, 1.5 × 1010, and 5 × 1010

viral particles) exhibited a dose-dependent escalation in RSV-A Nab

titers, with no discernible booster effect observed after the second dose.

At the one-year mark, RSV-A Nab titers remained elevated above

prevaccination levels. The incidence of AEs was comparable across all

groups, with the exception of fever, which was more prevalent in the

high dose group. The majority of fevers were mild. There were no

SAEs and hospitalizations related to vaccine were reported.

Ad26.RSV.preF
An adenovirus serotype 26 RSV vector encoding a prefusion F

(preF) protein (Ad26.RSV.preF) in combination with an RSV preF

protein. Previous studies have demonstrated the effectiveness of

Ad26.RSV.preF in mitigating lower respiratory tract disease caused

by RSV among the elderly population (57, 58). The geometric mean

titers for RSV A2 neutralization in children aged 12-24 months who

were administered Ad26.RSV.preF (NCT03606512; phase1/2 trial)

(59) exhibited a significant increase from 121 (Day 0) to 1608 (Day

29) and further increased to 2235 (Day 57), persisting at elevated

levels for a duration of over 7 months. The administration of

Ad26.RSV.preF resulted in a lower incidence of RSV infection in

children (1, 4.2%) in comparison to the administration of placebo

(5, 41.7%). No SAEs related to vaccination were reported.

PIV5-vectored RSV vaccine (BLB-201)
Parainfluenza virus 5 (PIV5) is a paramyxovirus that has been

utilized as a vector-based platform for vaccine development. Two

distinct recombinant PIV5 viruses have been developed, one

expressing the fusion (F) protein and the other expressing the

attachment glycoprotein (G). A phase 1 clinical trial is currently

underway to evaluate the safety, tolerability, and immunogenicity of

the BLB-201 vaccine in children (NCT05655182).
Others

At present, the safety of mRNA vaccines (mRNA-1345,

NCT04528719) and subunit vaccine (NCT02296463) are

currently being evaluated in phase 1 clinical trials.
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RSV vaccines in pregnant women

Maternal immunization is regarded as a viable approach to

safeguard infants against a diverse range of perilous infections

during the initial stages of life through the transfer of maternal

immunity (60–62). These vaccine types include subunit-and

particle-based vaccines. RSV preF3, RSV preF, and RSV F

vaccines are notable examples that have advanced to phase 3

clinical trials and have demonstrated favorable safety,

immunogenicity, and maternal-fetal transmission rates, as

evidenced by published data. A comprehensive account of these

findings is presented in the following sections.

RSVPreF3
RSVPreF3 is an adjuvant-free vaccine. There are seven clinical

studies on RSVPreF3. In a cohort of healthy nonpregnant females,

RSVPreF3(GSK3888550A)(30/60/120 µg) group exhibited a higher

incidence of induced local adverse events (AEs) (4%~53.2%) than

the placebo group (0% ~ 15.9%). Nonetheless, the majority of the

aforementioned events were categorized as mild to moderate.

Furthermore, the frequency of unsolicited AE reports was similar

between the RSVPreF3 and placebo, and no SAEs associated with

the medication were documented (NCT03674177, phase1) (27).

Bebia et al. (26) suggest that RSVPreF3 (RSVMAT 009) (60/120 µg)

was well tolerated, as no AEs related to the vaccine were observed

both in the pregnant women and in their offspring. Furthermore,

the level of the maternal nAbs against RSV increased by more

than 10 times, even 43 days after labor, with a range of 8.9-10.0

times. The level of nAbs in neonates is at its peak during

birth and gradually declines until the 181st day postpartum

(NCT04126213/phase2).

RSV stabilized prefusion F subunit vaccine
In a cohort of pregnant women were randomly assigned to

receive the bivalent RSVpreF vaccines (120/240 mg), with or without
aluminum hydroxide, or placebo (NCT04032093/phase2b) (28).

The study revealed a significant increase in the titer of 50% nAb in

the vaccinated group compared to the placebo group. Furthermore,

the transfer ratios of neutralizing antibodies through the placenta

varied between 1.41 and 2.10. Furthermore, the incidence of AEs

observed in both women and infants in the vaccine group was

similar to that in the placebo groups. RSVpreF was well tolerated

and safe when administered alone or in conjunction with acellular

pertussis vaccine adsorbed (Tdap) in the healthy, nonpregnant

woman (NCT04071158/phase2b) (29).

A single intramuscular injection of RSVpreF vaccine or placebo

was administered to pregnant women at 24 to 36 weeks gestation

(NCT04424316/phase3) (30). Within the first 90 days following birth,

the vaccine demonstrated an effective rate of 81.8% (99.5% CI, 40.6 to

96.3) in preventing severe lower respiratory tract diseases caused by

medication treatment and a 57.1% (99.5% CI, 14.7 to 79.8) effective

rate in preventing lower respiratory tract diseases related to respiratory

syncytial virus in the vaccine group. Additionally, within the first 180

days following birth, the effective rate of prophylactic treatment for

severe lower respiratory tract diseases was 69.4% (97.58% CI, 44.3 to

84.1). No noticeable safety signals were detected in maternal
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1329426
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Gong et al. 10.3389/fimmu.2023.1329426
participants or infants and toddlers up to 24 months of age. The

frequency of AEs reported within 1 month following injection or birth

was similar between the two groups.

The immunogenicity and safety of GSK3003891A (30/60/120 mg)
was assessed in healthy nonpregnant women (NCT02956837/phase2)

by a single intramuscular injection (31). The results showed that the

geometric mean titer (GMT) and PCA concentration increased in a

dose-dependent manner. Another comparative analysis was

conducted to evaluate the safety and immunogenicity of the RSV

F-020/GSK3003895A (NCT02360475/phase2) and RSV F-024/

GSK3003891A vaccines (NCT02753413/phase2) (32). In the

clinical trial identified as RSV F-020, participants were randomized

and subsequently received a single dose of RSV PreF vaccine (30/60

mg without adjuvant or 60 mg with aluminum adjuvant) or Tdap. In

the RSV F-024 trial (NCT02753413/phase2), participants were

randomly assigned to receive a single dose of RSV PreF (60 mg
without adjuvant) or Tdap. The two studies demonstrated

comparable reactogenicity profiles between the RSV-PreF and Tdap

vaccines. There have been no SAEs associated with vaccine injection.

RSV F vaccine (RSV fusion (F)
protein nanoparticle)

The pregnant women who received the RSV F vaccine

exhibited a significant elevation in RSV-specific antibody levels,
Frontiers in Immunology 11
exhibiting responses that were comparable to mAbs known for

their specificity towards various RSV-neutralizing epitopes.

(NCT02247726/phase2) (34). The transference rate of antibodies

through the placenta was discovered to range from 90% to 120%

across diverse assays for neonates born to immunized females.

Offspring born to mothers who received vaccination exhibited

RSV-specific antibodies with half-lives of approximately 40 days,

and no instances of severe RSV disease were detected in

these neonates.

The pregnant woman was administrated an intramuscular

injection of the RSV F vaccine, to assess the efficacy and its

potential to provide protection to live-born infants (NCT02624947/

phase3) (33). Within the initial 90 days of life, the vaccine effectiveness

against RSV-associated, clinically significant LRTIs was 39.4%, and the

vaccine efficacy for RSV-associated LRTIs with severe hypoxemia was

48.3%. Moreover, the vaccine’s effectiveness in preventing

hospitalization due to RSV-associated LRTIs was determined to be

44.4%. The occurrence of local injection site reactions was observed to

be greater in female recipients of the vaccine (40.7% vs 9.9%). Among

these mAbs and vaccines, the efficacy and safety data can be retrieved

in PubMed are listed in Table 3. Based on the attributes associated

with the staging of clinical trials, it is reasonable to accord precedence

to the dissemination of clinical research findings derived from

extensive sample sizes. For instance, Nirsevimab has successfully
TABLE 3 The latest results of efficacy and safety details of RSV mAbs and vaccines in children and pregnancy women.

Interventions Administration Dose Phases Conclusion AE/SAE Reference

Motavizumab Intramuscular
15

mg/kg
phase3

Led to a relative reduction of 87% in the
proportion of infants hospitalized due to RSV

when compared to the placebo group.

No death deemed to be
related to the product;
Hypersensitivity events
were similar between

motavizumab and placebo
group; No effect on rates of

medically attended
wheezing in children aged

1-3 years.

(15)

Nirsevimab* Intramuscular 300 mg Phase 3

The incidence of medically attended RSV-
associated lower respiratory tract infection was
74.5% lower with nirsevimab prophylaxis than

with placebo and the incidence of
hospitalization for RSV-associated lower
respiratory tract infection was 62.1% lower

with nirsevimab than with placebo.

SAE were reported 6.8% in
who received nirsevimab

and 7.3% in who
received placebo.

(17)

RSV DNS2 D1313
I1314L Vaccine

Intranasal
106
PFUs

Phase 1

Infectious (RSV/DNS2/D1313/I1314L
replication detected in 90% of vaccinees), and
immunogenic (geometric mean serum RSV
plaque-reduction neutralizing antibody

titer, 1:64)

In RSV-seropositive
participants, URI was

observed in 2 and cough
was observed in 1 of 10

vaccinees during the 28-day
postimmunization

reporting period in each
case, rhinovirus was

detected in NW samples at
the time of illness. None of
the vaccinees shed vaccine

virus, indicative
of attenuation.

(21, 22)

RSV LID DM2-
2 Vaccine

Intranasal
105
PFUs

Phase 1
Vaccine virus was shed by 95% of vaccinees Respiratory symptoms and

fever were common in
(23)

(Continued)
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concluded Phase III clinical trials, thereby furnishing solely Phase III

efficacy and safety data.
Perspectives

This article presents a comprehensive review of the current

research progress on RSV vaccination in children and pregnant

women. The findings of this review offer valuable insights and

novel ideas for the future development of RSV vaccines. Despite

recent advancements in RSV vaccines, four noteworthy concerns

remain: first, the duration of the protective effect of RSV vaccines,

which has been reported to last up to one year with vaccines such as

MK1654, but requires further investigation to determine their long-

term efficacy; second, while successful outcomes have been observed

with RSV vaccines for elderly individuals, maternal immunization,

and infant monoclonal antibody therapy, children aged 6 months to 5
Frontiers in Immunology 12
years still require protection; third, the cooccurrence of RSV and

multiple influenza virus epidemic seasons results in infants frequently

experiencing multiple viral infections. The efficacy and safety of

administering RSV and influenza vaccines concurrently necessitates

further substantiation through additional data. Fourth, although

maternal-fetal immunity serves as an effective approach for

safeguarding newborns, the potential influence of prenatal

vaccination on fetal development warrants further scrutiny.
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TABLE 3 Continued

Interventions Administration Dose Phases Conclusion AE/SAE Reference

vaccine (95%) and
placebo (78%)

D46/NS2/N/DM2-
2-HindIII

Intranasal
105
PFUs

Phase 1

All 21 vaccinees were infected with vaccine;
RSV-MAARI occurred in 2 vaccinees and 4

placebo recipients.

Mild upper respiratory tract
symptoms and/or fever
occurred in vaccinees
(76%) and placebo
recipients (18%)

(24)

RSV cps2 Vaccine All
105.3
PFU

Phase 1

A total of 85% of vaccinees were infected
with RSVcps2

The AEs rate of fever and
cough occurred similar in
vaccine 5 (15) and placebo

1(6)recipients.

(25)

RSVPreF3 vaccine Intramuscular
60/

120 µg
Phase 2

(1) neutralizing antibody (nAb) titers in
mothers increased 12.7- and 14.9-fold against
RSV-A and 10.6- and 13.2-fold against RSV-B,
respectively, 1 month postvaccination and

remained 8.9-10.0-fold over prevaccination at
day 43 postdelivery; (2) nAb titers were
consistently higher compared to placebo

recipients; (3) placental transfer ratios for anti-
RSVPreF3 antibodies at birth were 1.62 and

1.90, respectively, and (4) nAb levels in infants
were highest at birth and declined through day

181 postbirth.

No pregnancy-related or
neonatal adverse events of

special interest were
considered vaccine/
placebo related.

(26)

RSVpreF vaccine Intramuscular 120 mg Phase 3
Vaccine efficacy: 81.8% within 90 days; 69.4%

within 180 days.

The incidences of adverse
events reported were

similar in the vaccine group
and the placebo group.

(30)

RSV F vaccine
with adjuvant

Intramuscular 120 mg
Phase

3/phase2

Vaccine efficacy: lower respiratory tract
infection, 39.4%; RSV-associated lower
respiratory tract infection with severe

hypoxemia, 48.3%; hospitalization for RSV-
associated lower respiratory tract

infection 44.4%.

Local injection-site
reactions among the
women were more

common with vaccine than
with placebo (40.7% vs.

9.9%), but the percentages
of participants who had
other adverse events were
similar in the two groups.

(33)
National Institute of Allergy and Infectious Diseases (NIAID); GSK3389245A (ChAd155-Vectored RSV Vaccine); PIV5-vectored RSV Vaccine (BLB-201). Plaque-forming units (PFU); RSV
fusion (F) protein stabilized in the prefusion conformation (RSVPreF3); RSV prefusion F protein-based (RSVpreF); *was approved by government agency.
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