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Background. The aim of this study was to investigate safety and immunogenicity of vaccine formulations against respiratory 
syncytial virus (RSV) containing the stabilized prefusion conformation of RSV fusion protein (RSVPreF3).

Methods. This phase 1/2, randomized controlled, observer-blind study enrolled 48 young adults (YAs; aged 18–40 years) and 
1005 older adults (OAs; aged 60–80 years) between January and August 2019. Participants were randomized into equally sized 
groups to receive 2 doses of unadjuvanted (YAs and OAs) or AS01-adjuvanted (OAs) vaccine or placebo 2 months apart. 
Vaccine safety and immunogenicity were assessed until 1 month (YAs) or 12 months (OAs) after second vaccination.

Results. The RSVPreF3 vaccines boosted humoral (RSVPreF3-specific immunoglobulin G [IgG] and RSV-A neutralizing 
antibody) responses, which increased in an antigen concentration-dependent manner and were highest after dose 1. Compared 
to prevaccination, the geometric mean frequencies of polyfunctional CD4+ T cells increased after each dose and were 
significantly higher in adjuvanted than unadjuvanted vaccinees. Postvaccination immune responses persisted until end of 
follow-up. Solicited adverse events were mostly mild to moderate and transient. Despite a higher observed reactogenicity of 
AS01-containing vaccines, no safety concerns were identified for any assessed formulation.

Conclusions. Based on safety and immunogenicity profiles, the AS01E-adjuvanted vaccine containing 120 μg of RSVPreF3 was 
selected for further clinical development.
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Respiratory syncytial virus (RSV) is a common pathogen caus
ing typical respiratory tract infections (RTIs) with seasonal 
winter peaks in temperate climates [1]. Based on the clinical 
presentation alone, disease caused by RSV is usually indistin
guishable from other respiratory viral diseases. Despite relative 
antigenic stability of RSV and its fusion (F) protein [2–4], 

natural infection induces incomplete short-lasting immunity 
and does not prevent subsequent infections [1], as shown by re
current infections in children and adults [5].

Severe RSV-associated lower respiratory tract disease 
(RSV-LRTD) occurs in older adults (OAs; usually ≥60 years 
old), especially those with underlying medical conditions 
[6, 7]. In 2015, an estimated 1.5 million OAs suffered from 
RSV-related acute RTI in industrialized countries, of whom ap
proximately 14.5% were hospitalized [8]. RSV-related morbid
ity and mortality are high in OAs and are anticipated to increase 
as the world population ages.

Although immunological correlates associated with suscept
ibility to severe RSV illness in OAs are not well understood, 
age-related decline in innate and adaptive immune response 
to RSV is well documented [9]. Diverse humoral and cell- 
mediated immune (CMI) responses are engaged to combat 
RSV at local and systemic levels [5]. Lower serum and mucosal 
RSV-specific antibody levels, shortages of naive lymphocytes, 
and shifts in adaptive CMI response increase the risk for RSV 
infection and severe illness in OAs [10].
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Currently, no prophylactic treatment or vaccine against 
RSV-LRTD in OAs exists [11]. An effective RSV vaccine in 
OAs will likely need to boost/induce potent and durable RSV 
neutralizing antibody (nAb) responses, as well as restore/elicit 
RSV-specific T-cell responses [12]. This study is part of efforts 
to develop a vaccine against RSV-LRTD caused by the 2 RSV 
subtypes (RSV-A and/or RSV-B) in OAs. The present RSV in
vestigational vaccine contains the highly conserved RSV F pro
tein [3,4], stabilized in its trimeric prefusion conformation 
(RSVPreF3), with or without AS01-based adjuvant (AS01E 

and AS01B). The RSVPreF3 was chosen because it displays im
portant antigenic sites [3,4], while the AS01 adjuvant system 
was selected for its ability to induce robust specific helper 
CD4+ T-cell responses, and rapid and durable humoral and cel
lular responses when combined with protein antigens [13–15], 
also in OAs [16–18].

The overall objectives of this phase 1/2 study were to evaluate 
safety, reactogenicity, and immunogenicity of RSVPreF3 vac
cine formulations in young adults (YAs; 18–40 years of age) 
and OAs (60–80 years of age). The YAs received only the unad
juvanted formulation, whereas OAs received both unadju
vanted and AS01-adjuvanted formulations. The results of this 
study were used to support selection of a formulation for fur
ther vaccine development to prevent RSV-LRTD in OAs.

METHODS

Ethical Approvals

This phase 1/2, randomized, placebo-controlled, observer-blind 
study (NCT03814590) was conducted at multiple centers in the 
United States (18 centers) and Belgium (3 centers), according to 
the Declaration of Helsinki and Good Clinical Practice guidelines. 
Study documents were independently reviewed and approved by 
national, regional, or institutional review boards or independent 
ethics committees. Participants provided written informed consent.

Investigational Vaccine Formulations

The investigational vaccine formulations are based on the 
RSVPreF3 antigen derived from the F protein of the RSV-A2 
strain [19]. RSV F protein is the main surface virus antigen, 
well-conserved across RSV-A and -B subtypes [3,4], and induc
es potent nAb responses [20].

Nine different RSVPreF3-based investigational vaccine for
mulations and placebo were assessed. RSVPreF3 formulations 
included 3 different RSVPreF3 antigen concentrations (30, 60, 
or 120 µg), and were unadjuvanted, or adjuvanted using AS01E 

or AS01B (see details in Supplementary Information). Placebo 
consisted of 150 mM sodium chloride solution.

Study Participants

The study was conducted in 2 parts: Part A enrolled healthy YAs 
aged 18–40 years, and part B enrolled OAs aged 60–80 years.

Eligible participants were individuals of appropriate age at 
the time of first vaccination, who were able to comply with 
the protocol (according to investigators’ opinion). OAs needed 
to reside in an environment allowing free mixing with the ge
neral population, and/or to bear primary responsibility for self- 
care and daily living activities. Exclusion criteria are listed in 
the Supplementary Information.

Factorial Study Design and Conduct

In parts A and B, 2 doses of investigational vaccine or placebo were 
administered intramuscularly into the deltoid region of the non
dominant arm, 2 months apart (day 1 and day 61) (Figure 1 and 
details in Supplementary Information). Intercurrent independent 
data monitoring committee (IDMC) evaluations of unblinded 
safety data occurred after each vaccination at designated time
points in parts A and B and were required for study continuation 
(details in Supplementary Information).

Young adults were followed up until day 91 (see details in 
Supplementary Information). Part B was split over 2 sequentially 
conducted steps, part B1 (100 participants) and part B2 (905 par
ticipants), in which OAs were randomized into 10 equally sized 
groups (1:1:1:1:1:1:1:1:1:1). One group received placebo, while 
the remaining 9 groups received unadjuvanted (30-Plain, 
60-Plain, 120-Plain), AS01E-adjuvanted (30-AS01E, 60-AS01E, 
120-AS01E), or AS01B-adjuvanted (30-AS01B, 60-AS01B, 
120-AS01B) vaccine formulations. OAs were followed up until 
12 months after the second vaccination (Figure 1).

Randomization and Blinding

Study participants were randomized using a centralized random
ization system on the internet. To minimize selection bias, the ran
domization algorithm used a minimization procedure for center 
and sex in both parts, and additionally age in part B.

The study was observer-blinded in parts A and B until day 
91, and single-blinded in part B between day 91 and study 
end. Investigators, site staff, and study staff were partially un
blinded at a group level for the long-term evaluation subset 
(all participants from part B1 and those receiving a selected lev
el of antigen or placebo in B2), from whom blood samples were 
drawn at last study visit.

Study Objectives and Endpoints

The primary objective was to evaluate the safety and reactoge
nicity of 2 doses of investigational vaccine administered at day 
1 and day 61, until day 91. The secondary safety objective was to 
evaluate safety and reactogenicity of 2 doses of the investiga
tional vaccine until month 14.

Main secondary immunogenicity objectives were to charac
terize the humoral and CMI responses, including dose depen
dence, related to the investigational RSV vaccine formulations 
administered at day 1 and day 61, until day 91. See 
Supplementary Table 1 and Supplementary Information for 
further details on study objectives and endpoints.
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Safety and Reactogenicity Evaluation

Events leading to withdrawals, pregnancies (in YAs only), and 
intercurrent medical conditions were collected from day 1 until 

study end (day 91 in YAs and month 14 in OAs) (see further 
details in Supplementary Information, including a list of solic
ited adverse events [AEs] and their grading scale). Causality 

Figure 1. Study design. Relevant points in the study timeline are designated as day (D) and month (M). N indicates number of participants in each study part/group. Dose 1 
and 2 indicate vaccine and placebo administration timepoints. Blood sample S was the blood sample drawn for analysis of hematological (blood cell counts and hemoglobin 
levels) and biochemical (alanine and aspartate aminotransferases, creatinine, blood urea nitrogen, and uric acid) laboratory parameters. Blood sample H was the blood sam
ple collected to measure concentrations of RSVPreF3-specific immunoglobulin and titers of respiratory syncytial virus-specific neutralizing antibodies. Blood sample C was the 
blood sample collected for analysis of polyfunctional T-cell responses. 30 μg, 60 μg, and 120 μg indicate RSVPreF3 antigen concentration. Abbreviations: AS01B and AS01E, 
adjuvanted vaccine formulations with the corresponding vaccine adjuvant systems; IDMC, independent data monitoring committee; Plain, unadjuvanted vaccine formulations; 
RSVPreF3, prefusion conformation of the respiratory syncytial virus F protein.
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between AEs and vaccine administration was determined based 
on investigators’ clinical judgement.

Immunogenicity Evaluation

Humoral immune response was assessed by measuring RSV-A 
and RSV-B nAb titers by in-house neutralization assays, 
and RSVPreF3-specific immunoglobulin G (IgG) and 
RSVPreF3-epitope-specific (RSB1) antibody concentrations by 
in-house enzyme-linked immunosorbent assays (ELISAs; com
petition ELISA used for RSB1) (see details on assays in 
Supplementary Information).

Fc-mediated antibody functionalities were evaluated in a post 
hoc analysis as described in Supplementary Information [21,22].

To evaluate CMI responses, frequencies of 
RSVPreF3-specific CD4+ and CD8+ T cells were measured after 
in vitro stimulation and background subtraction, using intra
cellular cytokine staining on peripheral blood mononuclear 
cells. Results were computed as frequencies per 1 million 
CD4+ or CD8+ T cells, with the lower limit of quantification 
of 590 (see details in Supplementary Information).

Statistical Analyses

Collected data were analyzed using descriptive statistics. In 
parts A and B, the exposed set (ES) was used for safety and de
mographic analyses, while the per-protocol set (PPS) was used 
for primary immunogenicity analyses. Since >10% of partici
pants in part B were excluded from the PPS due to protocol de
viations, vaccine immunogenicity was also analyzed on the ES 
for day 91, month 8, and month 14. Missing or invalid data 
were not considered. See further details on study sample size 
determination and ES- and PPS-based analyses in the 
Supplementary Information.

Categorical demographic variables were computed using fre
quencies (number/percentage), while descriptive statistics 
(mean, median, standard deviation, range) were calculated 
for continuous variables. Frequency of AEs was reported with 
numbers, percentages, and 95% confidence interval, per vac
cine dose and overall. Humoral immune responses were evalu
ated as geometric mean concentrations (GMCs; for 
RSVPreF3-specific IgG) and geometric mean titers (GMTs; 
for nAb) of RSV-specific antibodies.

CMI responses were evaluated by descriptive statistics (me
dian with minimum and maximum [min, max]) at each desig
nated timepoint: geometric mean frequency (GMF) of 
RSVPreF3-specific CD4+ and CD8+ T cells and geometric 
mean ratio (GMR) of frequency of RSVPreF3-specific CD4+ 

T cells, at each postvaccination timepoint over prevaccination.
Statistical comparisons between groups were conducted in 

part B (see details in Supplementary Information) in terms of 
RSV-A nAb and CD4+ T-cell responses. Vaccine formulations 
were individually compared to placebo and among each other 
per adjuvant group using an analysis of covariance model.

RESULTS

Study Duration and Participants

Participants were enrolled between 21 January and 9 August 
2019. All participants received their last dose by 23 October 
2019 and completed the day 91 timepoint before the coronavi
rus disease 2019 pandemic (March 2020). The study ended on 
23 February 2021. In part B, 1005 participants received at least 1 
vaccine dose or placebo (ES), while 970 received 2 doses 
(Figure 2). Up to 211 participants were excluded from PPS at 
different timepoints. The long-term evaluation subset included 
all participants from part B1 and participants from part B2 who 
received placebo and the formulations containing 120 μg of 
RSVPreF3 antigen, for follow-up at month 14 (see details in 
Supplementary Information).

The demographic characteristics of all groups were compa
rable and well balanced in OAs (Table 1). The mean age at first 
vaccination was 67.6 years. Study participants were more com
monly female (57.0%), non-Hispanic/Latino (96.4%), and 
White (92.2%). See Supplementary Information for demo
graphic results in YAs.

Safety and Reactogenicity

Summary of Safety Results
IDMC evaluations identified no safety concerns precluding use 
of any vaccine formulation throughout the study. Proportions 
of participants reporting at least 1 solicited AE within 7 days 
and at least 1 unsolicited AE within 30 days were similar after 
each vaccination (data not shown). See Supplementary 
Information and Supplementary Figures 1 and 2 for safety re
sults in YAs.

Safety Results in OAs
Within 7 days after any vaccination, 43.3%–52.0% of Plain, 
71.3%–79.0% of AS01E, 86.4%–88.0% of AS01B, and 37.0% of 
placebo recipients reported at least 1 solicited AE (Figure 3). 
Solicited AEs were most frequent in AS01 groups (trend toward 
higher AE frequency in AS01B than AS01E) compared to Plain 
and placebo groups. The most frequently reported 
administration-site solicited AE was pain (8.0% in placebo, 
and 19.6% [60-Plain] to 81.2% [120-AS01B] in RSVPreF3 vac
cine recipients) (Figure 4, Supplementary Table 2). Grade 3 so
licited administration site events occurred in 0.0%–2.0% 
(Plain), 2.0%–3.0% (AS01E), and 5.0%–8.7% (AS01B) of 
RSVPreF3 vaccine recipients but not in the placebo group 
(Figure 3). The trend toward higher reactogenicity of the 
AS01-based formulations (highest for AS01B) was observed 
also for systemic solicited AEs (Figure 3). Fatigue (24.0% in pla
cebo and 20.6% [60-Plain] to 52.5% [120-AS01B] in RSVPreF3 
vaccine recipients) and headache (13.0% in placebo and 12.4% 
[60-Plain] to 43.7% [30-AS01B] in RSVPreF3 vaccine recipi
ents) were the most frequent systemic solicited AEs (Figure 4, 
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Supplementary Table 2). Most solicited systemic AEs were con
sidered vaccine-related. Grade 3 solicited systemic AEs were re
ported by up to 1.0% of placebo, 3.0% (120-Plain), 3.0% 
(30-AS01E), and 4.0% (60-AS01B) of RSVPreF3 vaccine recipi
ents (fatigue). All solicited AEs reported within 7 days of any 
administered dose were mostly mild and transient in nature 
(Supplementary Table 3).

Within 30 days after vaccination, similar proportions of pla
cebo (32.7%) and RSVPreF3 vaccine recipients (28.7% 
[60-AS01E] to 42.6% [120-AS01B]) reported unsolicited AEs 
(Figure 3, Supplementary Table 4). Between 1.0% and 5.0% of 
participants reported at least 1 grade 3 AE. Of all unsolicited 
AEs considered vaccine related (4.1% [60-Plain] to 19.8% 
[120-AS01B]), only 1 was grade 3 (constipation, in 30-AS01B). 
From first vaccination up to day 91 and month 14, 1.0% and 
8.9% of placebo, up to 5.9% and 12.9% of Plain, and up to 
5.0% and 11.0% of adjuvanted RSVPreF3 vaccine recipients re
ported at least 1 serious AE (SAE) (Supplementary Tables 4 and 
5). No SAEs were considered vaccine-related (Supplementary 
Tables 4 and 5). Seven participants were withdrawn due to 
SAEs or potential immune-mediated diseases (pIMDs) until 
study end (1 each in 60-Plain, 120-Plain, 30-AS01E, and 
30-AS01B, and 3 in 120-AS01B). Four participants died: 1 due 
to unknown reason (120-Plain), 1 to aortic aneurysm/cardiore
spiratory arrest/hemorrhagic shock (60-Plain), 1 to cardiac ar
rest/respiratory distress (30-AS01B), and 1 to stage 4 lung 

carcinoma (120-AS01B). Four pIMDs were reported between 
day 91 and month 14: gout (placebo), autoimmune encephalitis 
(30-Plain), Bell’s palsy (60-AS01E), and rheumatoid arthritis 
(120-AS01E), but none were considered vaccine related.

Immunogenicity Results

Summary of Immunogenicity Results
All tested participants had detectable baseline RSV-specific antibod
ies (RSVPreF3-specific IgG, RSV-A- and RSV-B-specific nAb) due 
to previous RSV exposure(s). Baseline RSVPreF3-specific CD4+ 

T-cell frequencies were below the lower limit of quantification 
(Figures 5 and 6; Supplementary Figures 3, 5, and 6). RSVPreF3 vac
cination robustly increased antibody levels and CD4+ T-cell fre
quencies compared to prevaccination (Figures 5 and 6; 
Supplementary Figures 3–5). Results from analyses on ES and 
PPS were comparable for all immunogenicity parameters (data 
not shown).

Immunogenicity Results in OAs
All RSVPreF3 vaccine formulations induced higher RSV-A nAb 
response compared to placebo at day 31 and day 91 (P < .0001) 
(Figure 5). Mean fold increases (postvaccination over prevaccina
tion) of RSV-A nAb GMTs in RSVPreF3 recipients ranged from 
5.6 to 9.9 on day 31, 3.8 to 6.6 on day 91, and 2.7 to 4.4 at month 14 
(Supplementary Table 6). A positive linear effect of the RSVPreF3 
antigen concentration was demonstrated in terms of RSV-A nAb 

Figure 2. Consolidated Standards of Reporting Trials (CONSORT) flow diagram of participant cohorts in study parts A and B. Abbreviations: AS01B and AS01E, adjuvanted 
vaccine formulations with the corresponding vaccine adjuvant systems; pIMD, potential immune-mediated disease; Plain, unadjuvanted vaccine formulations; RSVPreF3, 
prefusion conformation of the respiratory syncytial virus F protein; SAE, serious adverse event.
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GMTs (all vaccine groups) (P < .0001; Figure 5 and 
Supplementary Information). The AS01-based adjuvant did not 
significantly affect GMTs of RSV-A nAb (P > .025). Similar to 
RSV-A, the investigational RSVPreF3 vaccine formulations in
duced robust RSV-B nAb, RSVPreF3-specific IgG and 
RSB1 responses in OAs (Figure 5, Supplementary Table 7). Fold 
increases (postvaccination over prevaccination) in 
RSVPreF3-specific IgG GMCs were 7.2–12.8 on day 31, 5.5–9.3 
on day 91, and 2.6–4.5 at month 14 (Supplementary Table 6).

Fold increase ratios of RSVPreF3 IgG over RSV-A and 
RSV-B nAb were similar at each timepoint and for all vaccine 
formulations, for both RSV-A (0.6–1.6) and RSV-B (1.0–1.9) 
(Supplementary Figure 4).

A post hoc analysis of humoral functional features induced 1 
month after 1 dose of the RSVPreF3 vaccine demonstrated 
a polyfunctional profile, with significant induction of immuno
globulin A (IgA) and activation of natural killer (NK) cells, 
granulocytes, and the complement pathway (details in 
Supplementary Information and Supplementary Figure 7).

Mean baseline GMFs of CD4+ T cells expressing at least 2 acti
vation markers (among interleukin [IL] 2, CD40L, tumor necrosis 
factor–α, and interferon gamma [IFN-γ]) were lower in OAs (86.2 
[min, max: 1, 1087] to 142.5 [min, max: 1, 1537]) than YAs (232.2 
[min, max: 4, 1057] to 457.6 [min, max: 218, 1549]). The GMFs of 
these polyfunctional RSVPreF3-specific CD4+ T cells increased 
distinctly in OAs after the first vaccine dose for all vaccine formu
lations (Figure 6; Supplementary Table 6).

The second vaccine dose transiently increased the relative 
frequency of polyfunctional RSVPreF3-specific CD4+ T cells 
on day 91, but not above day 31 levels (P > .025) (Figure 6). 
Compared to prevaccination, the GMF of these CD4+ T cells 

increased by 1.7–3.2 on day 31, 1.3–2.1 on day 61, and 1.6–3.3 
on day 91 (Supplementary Table 6).

The presence of any adjuvant significantly increased CMI re
sponses compared to no adjuvant on day 31 (GMR, 1.33 
[AS01E] and 1.65 [AS01B]; P < .0001). A statistically signifi
cant effect of AS01B over AS01E was demonstrated (GMR, 
1.23; P = .0001).

GMFs of RSVPreF3-specific CD4+ T cells expressing at least 
IFN-γ (among IFN-γ, IL-13, and IL-17) followed similar trends 
as GMFs of RSVPreF3-specific CD4+ T cells expressing at least 
2 markers (Figure 6).

Vaccination with RSVPreF3 formulations did not detectably 
increase CD8+ T-cell responses compared to placebo 
(Supplementary Figure 8).

DISCUSSION

Given the RSV seasonal spread and incomplete and limited du
ration of immunity after natural infection, vaccination to pre
vent RSV-induced LRTD could significantly reduce the disease 
burden in OAs. The present data demonstrate that the investi
gational RSVPreF3-based vaccine has an acceptable safety pro
file and elicits RSV-specific humoral and CMI responses 
persisting up to 12 months after a 2-dose vaccination. Given 
the immunological benefit of the formulations with the highest 
RSVPreF3 antigen level (120 µg) and the less reactogenic AS01E 

adjuvant, the 120-AS01E formulation has been selected for fur
ther clinical evaluation.

Vaccine formulations were well tolerated in YAs and OAs. In 
OAs, solicited administration-site AEs were most frequently re
ported in adjuvanted RSVPreF3 vaccine recipients, followed by 

Table 1. Demographic Characteristics of Study Participants (Exposed Set)

Participants Adjuvanta
RSVPreF3 Antigen 

Concentration No.
Age in Years at First 

Vaccination, Mean (SD)

Sex, No. 
(%)

Ethnicity, No. 
(%)

Race, No. (%)

Female
Not Hispanic 

or Latino White
Black/African 

American Otherb

Young adults (18─40 y) Plain 30 µg 12 31.2 (7.0) 8 (66.7) 12 (100) 10 (83.3) 2 (16.7) 0 (0.0)

60 µg 12 26.5 (4.0) 7 (58.3) 11 (91.7) 10 (83.3) 1 (8.3) 1 (8.3)

120 µg 12 29.9 (6.1) 7 (58.3) 11 (91.7) 10 (83.3) 2 (16.7) 0 (0.0)

Placebo 12 31.6 (5.6) 9 (75.0) 12 (100) 11 (91.7) 1 (8.3) 0 (0.0)

Older adults (60─80 y) Plain 30 µg 101 67.3 (5.6) 58 (57.4) 99 (98.0) 95 (94.1) 5 (5.0) 1 (1.0)

60 µg 97 67.8 (5.6) 54 (55.7) 91 (93.8) 90 (92.8) 7 (7.2) 0 (0.0)

120 µg 100 67.9 (4.9) 57 (57.0) 94 (94.0) 93 (93.0) 4 (4.0) 0 (0.0)

AS01E 30 µg 101 67.8 (5.1) 58 (57.4) 98 (97.0) 88 (87.1) 12 (11.9) 1 (1.0)

60 µg 101 67.1 (5.6) 57 (56.4) 98 (97.0) 94 (93.1) 7 (6.9) 0 (0.0)

120 µg 100 67.6 (5.2) 57 (57.0) 97 (97.0) 93 (93.0) 5 (5.0) 1 (1.0)

AS01B 30 µg 103 67.6 (4.9) 59 (57.3) 99 (96.1) 92 (89.3) 11 (10.7) 0 (0.0)

60 µg 100 67.5 (4.9) 58 (58.0) 98 (98.0) 93 (93.0) 7 (7.0) 0 (0.0)

120 µg 101 67.5 (4.9) 57 (56.4) 97 (96.0) 92 (91.1) 7 (6.9) 1 (1.0)

Plain Placebo 101 68.1 (5.7) 58 (57.4) 98 (97.0) 97 (96.0) 4 (4.0) 0 (0.0)

Abbreviations: RSVPReF3, prefusion conformation of the respiratory syncytial virus F protein; SD, standard deviation.  
aAS01B and AS01E, adjuvanted vaccine formulations with the corresponding vaccine adjuvant systems; Plain, unadjuvanted vaccine formulations.  
bIncludes American Indian/Alaska Native and Asian participants.
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unadjuvanted formulations and placebo. A tendency toward 
lower reactogenicity of AS01E- compared to AS01B-containing 
formulations was observed. Although adjuvanted formula
tions were more reactogenic, few participants reported grade 
3 solicited AEs, which were transient. Frequencies of unsolic
ited AEs, SAEs, and pIMDs were similar among all groups, 
and no SAEs or pIMDs were considered vaccine-related, 
supporting the acceptable safety profile of the RSVPreF3 
formulations.

Due to previous RSV exposure, YAs and OAs participants 
had measurable levels of prevaccination RSVPreF3-specific 
IgG and nAb. All RSVPreF3 vaccine formulations induced ro
bust immune responses after the first vaccine dose in terms of 
RSVPreF3-specific IgG levels, RSV-specific nAb titers, and pol
yfunctional RSVPreF3-specific CD4+ T cells, in YAs and OAs. 
No effect on CD8+ T-cell levels was observed, regardless of the 
RSVPreF3 antigen dose or adjuvant presence.

Humoral immune responses (RSVPreF3-specific IgG concen
trations, and RSV-A and RSV-B nAb titers) were highest on day 
31, without added effect of the second vaccine dose. Adjuvant 
presence did not impact the observed IgG and nAb responses, 
consistent with recently published immunogenicity profiles of 

RSVPreF-based vaccines in adults aged 18–50 years [23]. Also, un
adjuvanted and AlOH-adjuvanted RSVPreF-based vaccines were 
previously found to comparably boost RSV-specific nAb respons
es, which were highest after the first vaccine dose [23–26]. In OAs, 
a positive linear effect of increased RSVPreF3 antigen concentra
tions on RSV-A-specific nAb titers was observed, with 120 µg for
mulations being the most potent. This is in agreement with 
previous findings of higher immunogenicity observed with higher 
RSVPreF antigen concentrations administered per different 
schedules in nonpregnant women [19,27] or a 2-dose schedule 
in OAs [28].

Although RSV-specific antibody levels declined over time, 
IgG concentrations and nAb titers remained above prevaccina
tion and placebo levels at 12 months postvaccination. In OAs, 
GMRs of fold increase in RSVPreF3-specific IgG and RSV-A 
and RSV-B nAb levels were 0.6–1.6 and 1.2–1.9, respectively. 
This balanced induction of RSVPreF3-specific IgG and 
RSV-A and RSV-B nAb indicates that the investigated 
RSVPreF3 vaccine formulations may protect OAs recipients 
against RSV-LRTD [29].

Beyond virus neutralization, a role of Fc-mediated humoral 
functionalities in protection against RSV has been proposed 

Figure 3. Summary of solicited adverse events (AEs) reported within 7 days after any dose (A) and unsolicited AEs (any within 30 days after any dose, serious AE [SAE], or 
fatality until study end) (B) in part B (older adults [60–80 years of age]) (exposed set). B, Percentages of participants experiencing at least 1 AE from the following categories 
and periods: any unsolicited AE within 30 days after any vaccination; an SAE until study end; fatal outcome until study end. 30 µg, 60 µg, and 120 µg indicate prefusion 
conformation of the respiratory syncytial virus F protein antigen concentration. Abbreviations: AE, adverse event; AS01B and AS01E, adjuvanted vaccine formulations wi
th the corresponding vaccine adjuvant systems; CI, confidence interval; EoS, end of study; Plain, unadjuvanted vaccine formulation; SAE, serious adverse event.
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[30]. Antibody-dependent cellular cytotoxicity was suggested as 
part of the protective mechanism induced by an adenoviral vector 
encoding RSVPreF in small animal models [31]. Functional anti
body profiling in nonhuman primate RSV challenge models dem
onstrated that the RSV-F vaccine–induced Fc-mediated ability to 
drive NK degranulation and complement deposition was linked to 
protection [32]. Interestingly, induction of RSVPreF-specific IgA 
was also associated with viral control in this model, in alignment 
with previous findings in humans [33,34]. The present system se
rology data showed significant increases in IgA titers and 
Fc-mediated functionalities, such as complement deposition 
and NK activation, after 1 dose of the selected formulation. 
These findings thus suggest potential clinical efficacy of the 

selected RSVPreF3 formulation in OAs, though no immunologi
cal correlate of protection has yet been established.

The apparent lower baseline frequencies of RSV-specific 
CD4+ T cells in OAs likely reflect the age-associated loss of 
RSV-specific CMI [9]. While antigen concentrations did not in
fluence CD4+ T-cell responses within each formulation, the ad
dition of adjuvant resulted in higher CD4+ T-cell frequencies. 
The stimulating effect of AS01-based adjuvants on cellular im
munity in OAs is well documented [16,17]. This adjuvant- 
mediated boosting of CD4+ T-cell responses in OAs to similar 
levels as in YAs after each vaccination and the persistence of 
this response underscore the ability of adjuvanted RSVPreF3 
vaccine formulations to boost CMI despite demonstrated 

Figure 4. Solicited administration-site (A) and systemic adverse events (B) reported within 7 days after any vaccination in part B (older adults [60–80 years of age]) (exposed 
set). 30 µg, 60 µg, and 120 µg indicate prefusion conformation of the respiratory syncytial virus F protein antigen concentration. Abbreviations: AE, adverse event; AS01B and 
AS01E, adjuvanted vaccine formulations with the corresponding vaccine adjuvant systems; CI, confidence interval; GI, gastrointestinal; Plain, unadjuvanted vaccine 
formulation.
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immunosenescence in OAs [35]. A robust and durable 
RSV-specific CMI response is especially beneficial in OAs, giv
en that waning cellular immunity may prevent efficient virus 
clearance and therefore increase susceptibility to severe RSV in
fections [9,10,29]. The increased polyfunctional CD4+ response 
indicates that CD4+ T cells may still be recruited in OAs.

A limitation of this study was that the OA participants, with 
minimal medical history, are likely not representative of the ge
neral OA population that may have more comorbidities. This 
selection may have led to fewer AEs and a better immune re
sponse to investigational vaccines. Also, >10.0% of OA 

participants were excluded from the PPS for immunogenicity 
analyses. However, analyses on ES and PPS yielded similar re
sults, so this is unlikely to bias the presented data.

The main strengths of this study are its factorial staggered de
sign, the stringent oversight by the IDMC to ensure maximal par
ticipant safety, the number of tested vaccine formulations, and the 
high numbers of enrolled participants for a phase 1/2 study.

In conclusion, the 120-AS01E formulation has been selected 
for further clinical development as a single-dose schedule vac
cine, based on its ability to boost humoral and CMI responses 
in the target OA population and its clinically acceptable safety 

Figure 5. Prefusion conformation of the respiratory syncytial virus F protein (RSVPreF3)-specific immunoglobulin G geometric mean concentration (A), respiratory syncytial 
virus (RSV) A-specific neutralizing antibody (nAb) geometric mean titer (GMT) (B), and RSV-B-specific nAb GMT values (C ) in part B (older adults [60–80 years of age]) (per- 
protocol set). *The timepoints in months (0, 1, 2, and 3) reflect days 1 (vaccination 1), 31, 61 (vaccination 2), and 91, respectively. Month 14 data derive from the long-term 
evaluation subset. C, The data at timepoint month 1 (day 31) were only tested for formulations with the selected concentration of the RSVPreF3 antigen (120 μg) and placebo; 
the participants were also vaccinated twice and at same timepoints, but the blood samples were not analyzed on day 61. Error bars represent 95% confidence intervals. The 
syringe symbols above the x-axis designate vaccination timepoints. 30 µg, 60 µg, and 120 µg indicate prefusion conformation of the respiratory syncytial virus F protein 
antigen concentration. Abbreviations: AS01B and AS01E, adjuvanted vaccine formulations with the corresponding vaccine adjuvant systems; ED60, estimated dilution 60; 
ELU, enzyme-linked immunosorbent assay unit; GMC, geometric mean concentration; GMT, geometric mean titer; IgG, immunoglobulin G; nAb, neutralizing antibody; 
Plain, unadjuvanted vaccine formulations; RSV, respiratory syncytial virus; RSVPreF3, prefusion conformation of the respiratory syncytial virus F protein.
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profile. Future studies, such as the ongoing phase 3 trials of the 
selected RSVPreF3 vaccine formulation (NCT04886596 and 
NCT04732871), will shed further light on the durability and 
protective capacity of the vaccine-induced RSV-specific im
mune responses in OAs.

Supplementary Data

Supplementary materials are available at The Journal of 
Infectious Diseases online. Consisting of data provided by the 
authors to benefit the reader, the posted materials are not copy
edited and are the sole responsibility of the authors, so 

questions or comments should be addressed to the correspond
ing author.
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Figure 6. Geometric mean frequency (GMF) (A) and fold increase (calculated as the ratio of T-cell concentration relative to day 1 values for the corresponding vaccine 
formulation) (B) in prefusion conformation of the respiratory syncytial virus F protein (RSVPreF3)-specific CD4+ T cells expressing at least 2 markersa and geometric mea
n frequency of RSVPreF3-specific CD4+ T cells expressing at least interferon gamma (IFN-γ)b (C ) in part B (older adults [60–80 years of age]) (per-protocol set). aAt least 
2 of the following in vitro markers: interleukin (IL) 2, CD40 ligand, tumor necrosis factor-α, IFN-γ. bAt least IFN-γ among IFN-γ, IL-13, and IL-17. *The timepoints in months 
(0, 1, 2, and 3) reflect days 1 (vaccination 1), 31, 61 (vaccination 2), and 91, respectively. Month 14 data derive from the long-term evaluation subset. A and C, The syringe 
symbols above the x-axis designate vaccination timepoints; dotted lines represent the assay cutoff of 590. GMF values are plotted as the median; error bars denote the range 
(min, max). 30 µg, 60 µg, and 120 µg indicate RSVPreF3 antigen concentration. Abbreviations: AS01B and AS01E, adjuvanted vaccine formulations with the corresponding 
vaccine adjuvant systems; GMF, geometric mean frequency; IFN-γ, interferon gamma; Plain, unadjuvanted vaccine formulations; RSVPreF3, prefusion conformation of the 
respiratory syncytial virus F protein.
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