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Introduction: Respiratory syncytial virus (RSV) is a leading cause of acute lower respiratory tract infec-
tions in infants. An investigational vaccine using an engineered recombinant RSV fusion glycoprotein
in its post-fusion conformation (RSV F subunit vaccine) has been developed to protect young infants
via maternal immunization. This first-in-human, phase I, observer-blind study (NCT02298179) evaluated
the safety and immunogenicity of different dosages and formulations of RSV F subunit vaccine in healthy
non-pregnant women and men aged 18–45 years.
Methods: Participants were enrolled (1:1:1) in a stepwise dosage-escalation manner into three cohorts to
receive RSV F subunit vaccine containing 45 mg, 90 mg and 135 lg of RSV F glycoprotein. Within each
cohort, participants were randomized (1:1:1:1) to receive two doses of RSV F subunit vaccine with (alu-
minum hydroxide or MF59) or without adjuvant, or placebo, �28 days apart. Safety (until day 365 post-
dose 2), anti-RSV neutralizing antibodies (NAbs) and serum total binding antibodies to RSV F protein
(until day 181 post-dose 1) were evaluated.
Results: All formulations were well-tolerated. No vaccine-related serious adverse events were reported.
All participants were seropositive for anti-RSV NAbs at baseline, with geometric mean titers (GMTs)
ranging from 184 (95% confidence interval [CI]: 127–266) to 380 (95% CI: 272–531). At 28 days
post-dose 1, anti-RSV NAb GMTs in vaccine recipients ranged from 893 (95% CI: 702–1,136) to 1,602
(95% CI: 1,243–2,064). No booster effect was observed, but immune responses were maintained above
pre-vaccination levels for six months post-dose 1. Ratios of RSV F total binding antibodies fold changes
to NAb fold changes ranged from 2.79 to 4.12 at 28 days post-dose 1. The impact of the adjuvant was
limited.
Conclusions: A single dose of each formulation of RSV subunit F vaccine was well-tolerated and enhanced
preexisting NAb titers through six months of follow-up.
� 2019 GlaxoSmithKline Biologicals SA. Published by Elsevier Ltd. This is an open access article under the

CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Although human respiratory syncytial virus (RSV) is a leading
cause of respiratory distress and hospitalization in all age groups
[1], infants younger than six months are at increased risk for severe
RSV diseases, including bronchiolitis, pneumonia, rhinitis and otitis
media [2–5]. In 2015, RSV caused an estimated 33.1 million acute
lower respiratory tract infections (LRTI) among children younger
than 5 years, resulting in 94,600 to 149,400 deaths [5]. Respiratory
tract infections caused by RSV impact almost all children by the
age of two years [3,6,7] and represent 22% of all episodes of acute
LRTIs in young children [8].
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Oxygen therapy or antiviral ribavirin aerosols may be used for
the treatment of severe RSV disease [9]. The neutralizing mono-
clonal antibody palivizumab is alternatively used for prophylaxis
in infants at highest risk for severe infection, but is considered
too expensive and impractical for universal use [10]. Despite a
consensus on the need of a RSV vaccine [11], there is no licensed
product available yet, mainly due to the early age of infection,
the capacity of RSV to evade innate immunity, the failure of
RSV-induced adaptive immunity to prevent re-infection and the
lack of success with candidate vaccines in the elderly [12,13].
The induction of neutralizing antibodies (NAbs) through vaccina-
tion may help to protect the population at-risk [12] since the
severity of RSV disease is largely determined by the extent of
viral replication among other environmental, social, host and
viral factors [14].

As maternal antibodies partially protect infants from RSV dis-
ease and the accompanying bronchiolitis in their first months of
life [15–19], immunization of pregnant women against RSV during
the third trimester of gestation has the potential to passively pro-
tect young infants from the disease through placental or breast
milk transfer of antibodies. Such maternal immunization programs
have been proven safe and effective for prevention of neonatal
tetanus, pertussis and influenza [20–22].

Eleven proteins are coded by the RSV genome, among which
the RSV fusion glycoprotein (RSV F), a surface protein that medi-
ates the fusion between the virus envelope and the target respi-
ratory epithelial cells and is essential to RSV pathogenesis
[23,24]. An investigational RSV subunit vaccine (RSV F subunit
vaccine) has been developed from an engineered recombinant
RSV F glycoprotein in its post-fusion conformation [25]. By
immunizing pregnant women during the third trimester of gesta-
tion, the use of the RSV F subunit vaccine aims to increase the
level of NAbs that are passively transferred to the infants placen-
tally and to protect them from RSV disease during their first
months of life.

The purpose of this first-in-human phase I study was to evalu-
ate the safety and immunogenicity of different dosages and formu-
lations of the investigational RSV F subunit vaccine.
Fig. 1. Study design. Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subuni
adjuvanted vaccine formulation, in each cohort; RSV, respiratory syncytial virus; MF59, 9
performed before vaccination.
2. Methods

2.1. Study design and participants

This phase I, observer-blind, randomized, placebo-controlled,
dosage-escalation study was conducted at the Ghent University
Hospital, Belgium from December 2014 to March 2017. Healthy
non-pregnant women and men aged 18–45 years were enrolled
in a 3:1 ratio. More women were enrolled as the RSV F subunit vac-
cine is intended for use in pregnant women, but men were also
included since this was a first-in-human trial and the vaccine
may also be tested in the future in other groups of population, such
as the elderly.

Participants were enrolled (1:1:1) in a stepwise dosage-
escalation manner into three cohorts to receive either 45 lg,
90 lg, or 135 lg of the RSV F subunit vaccine (Fig. 1). Within each
cohort, participants were randomized (1:1:1:1) to receive two
doses of the RSV F subunit vaccine without adjuvant (non-
adjuvanted RSV F subunit groups), with 1 mg aluminum hydroxide
(RSV F subunit-Al groups) or with 9.75 mg squalene and surfac-
tants (MF59; RSV F subunit-MF59 groups), or saline placebo (pla-
cebo group). The minimum interval between the two doses was
28 days. A Data Monitoring Committee reviewed safety data dur-
ing scheduled periodic reviews: (1) after enrollment of the first
12 participants in each cohort; (2) seven days after the first dose,
before proceeding with enrollment of the remaining participants
in that cohort; and (3) after the enrollment of each cohort has been
completed, before proceeding to the dosage escalation in the sub-
sequent cohort.

Women of childbearing potential had to practice contraceptive
methods from at least two months prior to study entry through at
least three weeks after the last study vaccination. Participants with
a positive urine pregnancy test prior to study vaccinations or lac-
tating women were excluded from the study. To ensure the partic-
ipants’ safety, each study vaccine recipient becoming pregnant
during the study had to be followed-up even if the intended dura-
tion of safety follow-up for the study had ended. The exhaustive
list of exclusion criteria is provided in Supplement 1.
t-MF59, groups receiving the non-adjuvanted, aluminum-adjuvanted and MF59-
.75 mg squalene and surfactants; D, day. aFor Day 1 and Day 29 all procedures were
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The study was conducted in accordance with the principles of
Good Clinical Practice and the Declaration of Helsinki. Written
informed consent was obtained from each participant prior to
enrollment. The study protocol and informed consent/assent forms
were reviewed and approved by the Independent Ethics Commit-
tee of the Ghent University Hospital. The study is registered at
www.clinicaltrials.gov (NCT02298179) and a protocol summary
is available at http://www.gsk-clinicalstudyregister.com (study
205219). Anonymized individual participant data and study docu-
ments can be requested for further research from
www.clinicalstudydatarequest.com.

2.2. Study objectives

The primary objectives were to assess the safety of the RSV F
subunit vaccine and to evaluate the serum NAb response to the
RSV F subunit vaccine at 28 days after the second dose (Day 57).

The secondary objectives were to further evaluate the immune
response to the RSV F subunit vaccine or placebo in terms of NAb
titers and serum total binding antibody titers to the RSV F, G and
N proteins at baseline (Day 1), 28 days post-dose 1 (Day 29),
28 days post-dose 2 (Day 57) and six months post-dose 1 (Day
181); and to compare the ratio of the serum total binding antibody
geometric mean titers (GMTs) to the RSV F protein to the NAb
GMTs in RSV F subunit vaccine or placebo recipients at Days 1,
29, 57, and 181. Since serum total binding antibody titers to the
RSV F protein and NAb titers are measured by different assay sys-
tems and cannot be directly compared, an additional analysis was
performed to evaluate the ratios of the RSV F total binding anti-
body titer fold changes to the NAb titer fold changes.

2.3. Study vaccine

The 3 dosages of the RSV F subunit vaccine evaluated in this
study were lyophilized vaccines containing 45 mg, 90 mg or
135 lg of RSV F glycoprotein, each reconstituted either with sterile
saline 0.9% NaCl (non-adjuvanted RSV F subunit groups), in sterile
saline 0.9% NaCl and 1 mg aluminum hydroxide (RSV F subunit-Al
groups) or in sterile saline 0.9% NaCl and the adjuvant MF59 con-
taining 9.75 mg squalene and surfactants (RSV F subunit-MF59
groups). The RSV F subunit vaccine (0.5 mL) or placebo (sterile sal-
ine 0.9% NaCl) was injected intramuscularly in the deltoid muscle
of the non-dominant arm.

2.4. Safety assessment

Solicited local (injection site induration, swelling, erythema,
and pain) and systemic (fever, chills, nausea, myalgia, arthralgia,
headache, fatigue, diarrhea, cough, rhinorrhea, and wheezing)
symptoms were recorded within seven days, and unsolicited
adverse events (AEs) within 28 days after each vaccination. Symp-
tom intensity was graded between 0 and 3, as absent, mild, mod-
erate, and severe.

Serious AEs (SAEs), unsolicited AEs leading to study withdrawal,
new onsets of chronic disease (NOCDs; defined as an AE represent-
ing a new diagnosis of a chronic medical condition that was not
present or suspected in a participant prior to study enrollment)
were recorded from study start until study completion.

Hematological and biochemical parameters were measured at
Days 1, 8, 29, 36 and 57 (Supplement 2).

2.5. Immunogenicity assessment

Blood was collected from all participants at Days 1, 29, 57 and
181 for serology assays. These consisted of the evaluation of serum
anti-RSV NAb titers by a plaque reduction neutralization assay, as
previously described [26]. Virus neutralization was performed by
incubating a fixed amount of RSV-A (strain A Long, ATCC No. VR-
26) with serial dilutions of the test serum. The serum-virus mix-
ture was then transferred onto a monolayer of Vero cells and incu-
bated for three days to allow infection by non-neutralized virus
and formation of plaques. Following a fixation step, RSV-infected
cells were detected using a primary goat anti-RSV polyclonal anti-
body directed against viral antigens included in RSV-A and RSV-B,
which was obtained in goats immunized with a viral lysate of
human RSV isolates, and a secondary anti-goat antibody (IgG) con-
jugated with fluorescein isothiocyanate, allowing the visualization
of plaques by immunofluorescence. The serum neutralizing anti-
body titer was expressed as the estimated dilution 60 (ED60),
which corresponds to the inverse of the interpolated serum dilu-
tion that yields a 60% reduction in the number of plaques as com-
pared to the virus control wells. The assay cut-off was set at 8
ED60. Binding antibody titers to RSV F, G (Ga and Gb), and N pro-
teins were measured by a microsphere-based fluorescence multi-
plex enzyme-linked immunosorbent assay, using Luminex�

technology. Due to the use of a distinctly labeled bead type per
antigen, antibody levels against RSV F, N, Ga and Gb proteins could
be quantified in a single sample volume and assay run by a
phytoerythrin-labeled detection antibody. We verified assay speci-
ficity using samples from immunization with the RSV F vaccine
that elicited antibody responses against RSV F protein only and
samples from natural infection that elicited increases in antibody
titers against RSV F, G and N proteins.

2.6. Statistical analysis

The target sample size was to enroll 288 healthy adults to
obtain 260 evaluable participants, considered as sufficient to pro-
vide a descriptive summary of the safety and immunogenicity of
the vaccine. This sample size was not driven by statistical assump-
tions for formal hypothesis testing; therefore, the analyses pre-
sented were purely descriptive and no inferential analysis was
performed.

The safety analysis was performed in the solicited (for solicited
local and systemic symptoms) and the unsolicited (for unsolicited
AEs, NOCDs and SAEs) safety sets at each timepoint, which
included all participants receiving at least one study vaccination
and who provided safety data at the relevant timepoint.

The primary immunogenicity analyses were based on the per-
protocol sets for immunogenicity at each timepoint (Fig. 2), which
included all participants who received a study vaccination, pro-
vided immunogenicity data at the relevant timepoints, and were
not excluded prior to unblinding or analysis.

For all treatment groups within each cohort, GMTs of the serum
anti-RSV NAbs and of the serum total binding antibodies to each of
the RSV F, G and N proteins were computed with their associated
95% confidence intervals (CIs) by exponentiation of the corre-
sponding log-transformed means and 95% CIs. The statistical anal-
yses for GMTs were conducted using an ANCOVA model with
dosage and adjuvant as factors and baseline antibody level as
covariate. Proportions of participants with a �4-fold increase in
serum anti-RSV NAb titers between baseline and Days 29, 57 and
181 were presented for each treatment group within each cohort,
together with their two-sided 95% Clopper-Pearson CIs. For each
timepoint, the percentages of seropositive participants for anti-
RSV NAbs, the ratios of the serum total binding antibody titers to
the RSV F protein to the NAb titers, and the geometric mean ratios
(GMRs) of the RSV F total binding antibody titer fold changes to the
NAb titer fold changes were also computed with their 95% CIs.
Analyses of the ratio of the serum total binding antibody titers to
the RSV F protein to the NAb titers used an ANCOVA model with
dosage level and adjuvant as factors and the serum NAb titer at
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Fig. 2. Flow of participants. Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subunit-MF59, groups receiving the non-adjuvanted, aluminum-adjuvanted and MF59-
adjuvanted vaccine formulation, in each cohort; RSV, respiratory syncytial virus; MF59, 9.75 mg squalene and surfactants; N, number of participants; PPS, per-protocol set.
Note: A participant could be excluded from the PPS for immunogenicity for more than one reason.
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baseline as covariate. Analysis of the GMRs of the RSV F total bind-
ing antibody titer fold changes to the NAb titer fold changes used
an ANOVA model with dosage group as a fixed factor.

All analyses were performed using SAS version 9.3.
3. Results

3.1. Study population

A total of 288 healthy female and male adults 18–45 years of
age were enrolled (Fig. 2). The mean age of the participants ranged
from 27.6 to 32.9 years across all groups (Table 1). The proportion
of women ranged from 58% to 92% in all groups. Most participants
were White/Caucasian (92% to 100%).
3.2. Safety

Until Day 7 post-dose 1, solicited local symptoms were reported
by 50–58% (non-adjuvanted RSV F subunit groups), by 79–92%
(RSV F subunit-Al groups), by 79–83% (RSV F subunit-MF59
groups) and by 8–21% (placebo groups) of participants. Post-dose
2, these were reported by 61–67% (non-adjuvanted RSV F subunit
groups), by 46–54% (RSV F subunit-Al groups), by 57–64% (RSV F
subunit-MF59 groups) and by 0–21% (placebo groups) of
participants.

Post-dose 1, solicited systemic symptoms were reported by 54–
58% (non-adjuvanted RSV F subunit groups), by 58% (RSV F
subunit-Al groups), by 58–79% (RSV F subunit-MF59 groups) and
by 50–71% (placebo groups) of participants (Table 2). Through
Day 7 post-dose 2, these were reported by 33–54% (non-
adjuvanted RSV F subunit groups), by 39–58% (RSV F subunit-Al
groups), by 41–54% (RSV F subunit-MF59 groups) and by 46–50%
(placebo groups) of participants (Table 2).

Any unsolicited AE was reported by 54–71% (no adjuvant RSV F
subunit groups), 58–63% (RSV F subunit-Al groups), 58–67% (RSV F
subunit-MF59 groups) and 58–71% (placebo) of participants post-
dose 1. Unsolicited AEs reported between Day 1 and Day 28 led
to withdrawal from the second vaccination for one participant in
the non-adjuvanted RSV F subunit group of the 45 mg cohort (urti-
caria) and one participant in the RSV F subunit-Al group of the
135 mg cohort (otitis media); these participants were excluded
from the unsolicited safety set post-dose 2, but did not withdraw
from the study. None of these AEs were considered to be possibly
Table 1
Demographic characteristics of the study participants at enrolment (all enrolled set).

Non-adjuvanted RSV F subun

RSV subunit dosage 45 mg N = 24
Mean Age, years (SD) 28.6 (6.8)
Female, n (%) 20 (83)
White – Caucasian European heritage, n (%) 23 (96)
Black-African Heritage/African American, n (%) 0 (0)
Native Hawaiian or other Pacific Islands, n (%) 0 (0)
Other, n (%) 1 (4)

RSV subunit dosage 90 mg N = 24
Mean Age, years (SD) 30.4 (8.31)
Female, n (%) 16 (67)
White – Caucasian/European heritage, n (%) 24 (100)
Black-African Heritage/African American, n (%) 0 (0)

RSV subunit dosage 135 mg N = 24
Mean Age, years (SD) 28.3 (6.8)
Female, n (%) 22 (92)
White – Caucasian/European heritage, n (%) 24 (100)

Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subunit-MF59, groups receiving
lation, in each cohort; RSV, respiratory syncytial virus; SD, standard deviation; MF59,
(percentage) of participants.
related to vaccination. Post-dose 2, 35–54% (non-adjuvanted RSV F
subunit groups), 29–50% (RSV F subunit-Al groups), 27–70% (RSV F
subunit-MF59 groups) and 42–54% (placebo groups) of partici-
pants reported any unsolicited AE.

Among participants receiving the 45 mg dosage, one SAE was
reported in the non-adjuvanted RSV F subunit group (acute pancre-
atitis), one in the RSV F subunit-Al group (cartilage injury) and one
in the RSV F subunit-MF59 group (deep vein thrombosis). For
recipients of the 90 mg dosage, one SAE was reported in the non-
adjuvanted RSV F subunit group (acute pyelonephritis) and four
SAEs were reported in the RSV F subunit-MF59 group (Basedow-
Graves disease, pyelonephritis, intervertebral disc degeneration
and vaginal hemorrhage). Among recipients of the 135 mg dosage,
one SAE was reported in the non-adjuvanted RSV F subunit group
(head injury) and two SAEs were reported in the RSV F subunit-Al
group (anaphylactic shock and depression). No SAEs were consid-
ered as probably related to vaccination by the investigators. No
participants in the placebo groups reported SAEs. No fatal SAEs
were reported. During the entire follow-up, one NOCD was
reported in a participant in the RSV F subunit-MF59 group of the
90 mg cohort (Basedow-Graves disease), which was not considered
to be possibly related to vaccination.

The hematological and biochemical parameters were within
normal ranges in all study groups (data not shown).
3.3. Immunogenicity

All participants were seropositive for anti-RSV NAbs at baseline,
with adjusted NAb GMTs ranging from 184 (95% CI: 127–266) to
380 (95% CI: 272–531) across all groups (Fig. 3). Anti-RSV NAb
GMTs rose from Day 1 to Day 29 in all groups who received the
RSV F subunit vaccine, with the highest levels reached in the RSV
F subunit-Al group (NAb GMT: 1602; 4.58-fold increase from base-
line and the RSV F subunit-MF59 group (NAb GMT: 1,551; 4.44-
fold increase from baseline) of the 135 mg cohort. In the three
cohorts, anti-RSV NAb GMTs were slightly lower at one month
post-dose 2 (Day 57) compared to one month post-dose 1 (Day
29), with the highest level observed in the RSV F subunit-M59
group of the 135 mg cohort at Day 57 (NAb GMT: 1,316; 3.75-fold
increase from baseline). Anti-RSV NAb GMTs decreased further
between Day 57 and Day 181. NAb GMTs at Day 181 were slightly
higher in the RSV F subunit-Al group (NAb GMT: 788; 2.23-fold
increase from baseline) and the RSV F-MF59 group (NAb GMT:
it RSV F subunit-Al RSV F subunit-MF59 Placebo

N = 24 N = 24 N = 24
27.7 (6.55) 30.2 (7.9) 30.3 (7.62)
17 (71) 18 (75) 18 (75)
22 (92) 24 (100) 24 (100)
1 (4) 0 (0) 0 (0)
1 (4) 0 (0) 0 (0)
0 (0) 0 (0) 0 (0)

N = 24 N = 24 N = 24
31.2 (7.47) 27.6 (6.84) 28.0 (7.3)
18 (75) 15 (63) 14 (58)
24 (100) 24 (100) 23 (96)
0 (0) 0 (0) 1 (4)

N = 24 N = 24 N = 24
29.5 (6.98) 32.9 (8.46) 27.9 (5.86)
18 (75) 20 (83) 20 (83)
24 (100) 24 (100) 24 (100)

the non-adjuvanted, aluminum-adjuvanted and MF59-adjuvanted vaccine formu-
9.75 mg squalene and surfactants; N, total number of participants; n (%), number



Table 2
Incidence of any, local and systemic solicited symptoms reported in the 7-day interval following vaccination in participants from the cohorts who received the 45 mg, 90 mg and
135 mg dosage of the RSV F subunit vaccine (solicited safety set).

RSV subunit dosage 45 mg

Non-adjuvanted RSV F
subunit

RSV F subunit-Al RSV F subunit-MF59 Placebo

Adverse event Dose N n (%) N n (%) N n (%) N n (%)

Any Dose 1 24 19 (79%) 24 22 (92%) 24 23 (96%) 24 19 (79%)
Dose 2 23 18 (78%) 24 19 (79%) 23 17 (74%) 24 12 (50%)

Local Dose 1 24 14 (58%) 24 21 (88%) 24 19 (79%) 24 2 (8%)
Dose 2 23 14 (61%) 24 11 (46%) 23 13 (57%) 24 4 (17%)

Systemic Dose 1 24 14 (58%) 24 14 (58%) 24 15 (63%) 24 17 (71%)
Dose 2 23 11 (48%) 24 14 (58%) 23 12 (52%) 24 11 (46%)

RSV subunit dosage 90 mg
Non-adjuvanted RSV F
subunit

RSV F subunit-Al RSV F subunit-MF59 Placebo

Adverse event Dose N n (%) N n (%) N n (%) N n (%)

Any Dose 1 24 20 (83%) 24 21 (88%) 24 22 (92%) 24 18 (75%)
Dose 2 24 21 (88%) 24 17 (71%) 22 17 (77%) 24 11 (46%)

Local Dose 1 24 12 (50%) 24 19 (79%) 24 20 (83%) 24 2 (8%)
Dose 2 24 16 (67%) 24 13 (54%) 22 14 (64%) 24 0 (0%)

Systemic Dose 1 24 13 (54%) 24 14 (58%) 24 14 (58%) 24 16 (67%)
Dose 2 24 13 (54%) 24 12 (50%) 22 9 (41%) 24 11 (46%)

RSV subunit dosage 135 mg
Non-adjuvanted RSV F
subunit

RSV F subunit-Al RSV F subunit-MF59 Placebo

Adverse event Dose N n (%) N n (%) N n (%) N n (%)

Any Dose 1 24 20 (83%) 24 22 (92%) 24 22 (92%) 24 13 (54%)
Dose 2 24 20 (83%) 23 15 (65%) 24 19 (79%) 24 13 (54%)

Local Dose 1 24 13 (54%) 24 22 (92%) 24 19 (79%) 24 5 (21%)
Dose 2 24 16 (67%) 23 12 (52%) 24 15 (63%) 24 5 (21%)

Systemic Dose 1 24 14 (58%) 24 14 (58%) 24 19 (79%) 24 12 (50%)
Dose 2 24 8 (33%) 23 9 (39%) 24 13 (54%) 24 12 (50%)

Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subunit-MF59, groups receiving the non-adjuvanted, aluminum-adjuvanted and MF59-adjuvanted vaccine formu-
lation, in each cohort; RSV, respiratory syncytial virus; MF59, 9.75 mg squalene and surfactants; N, number of participants with available safety data; n (%), number
(percentage) of participants with given symptoms.

Fig. 3. Neutralizing antibody titers in participants from the cohorts who received the RSV F subunit vaccine containing (A) 45 mg, (B) 90 mg and (C) 135 mg of RSV F (per-
protocol set for immunogenicity Day 29, Day 57 and Day 181)*. Footnote: Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subunit-MF59, groups receiving the non-
adjuvanted, aluminum-adjuvanted and MF59-adjuvanted vaccine formulation, in each cohort; RSV, respiratory syncytial virus; MF59, 9.75 mg squalene and surfactants;
GMT, geometric mean titer; 95% CI: 95% confidence interval. *Results are presented for the per-protocol set Day 29 for Days 1 and 29, for the per-protocol set Day 57 for Day
57 and per-protocol set Day 181 for Day 181.
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764; 2.16-fold increase from baseline) of the 135 mg cohort than in
the other groups. At all timepoints, anti-RSV NAb GMTs were com-
parable between groups who received the RSV F subunit vaccine
with different adjuvants and dosage levels. No increases in anti-
RSV NAb GMTs were observed in the participants from the 3
cohorts who received the placebo.

In the participants who received any formulation of the RSV F
subunit vaccine, at least 4-fold increases in anti-RSV NAb titers
compared with baseline were observed in 25–58% of participants
at Day 29, in 17–54% of participants at Day 57, and in 5–32% of par-
ticipants at Day 181.

All participants had pre-existing antibodies against the RSV F
protein, with serum total binding antibody GMTs to the RSV F pro-
tein ranging from 671 to 916 across groups at baseline (Table 3).
Among the groups who received the RSV F subunit vaccine (any
formulation), total binding antibody GMTs to RSV F protein ranged



Table 3
Serum total binding antibody concentrations against RSV proteins F (per-protocol set for immunogenicity Day 29, Day 57 and Day 181).a

Non-adjuvanted RSV F subunit RSV F subunit-Al RSV F subunit-MF59 Placebo

Dosage Timepoint N GMT (95% CI) N GMT (95% CI) N GMT (95% CI) N GMT (95% CI)

45 mg Day 1 23 671 (470–958) 24 838 (591–1,188) 23 916 (642–1,309) 23 714 (530–961)
Day 29 23 9,641 (7,964–11,671) 24 11,131 (9,244–13,403) 23 11,639 (9,620–14,080) 23 675 (504–905)
Day 57 22 8,064 (6,645–9,786) 24 9,707 (8,073–11,672) 22 10,182 (8,395–12,349) 23 757 (541–1,060)
Day 181 22 4,904 (3,848–6,250) 24 6,584 (5,226–8,294) 22 5,312 (4,171–6,765) 22 690 (506–942)

90 mg Day 1 24 697 (483–1,005) 24 730 (506–1,053) 22 751 (512–1,101) 24 727 (574–921)
Day 29 24 13,017 (11,147–15,201) 24 10,694 (9,158–12,488) 22 12,841 (10,921–15,099) 24 684 (515–909)
Day 57 24 11,470 (9,660–13,618) 24 10,131 (8,533–12,028) 22 11,588 (9,686–13,864) 23 660 (505–864)
Day 181 23 6,908 (5,627–8,480) 22 6,271 (5,087–7,730) 20 5,824 (4,675–7,256) 23 763 (596–978)

135 mg Day 1 23 880 (639–1,210) 23 685 (498–942) 24 910 (666–1,244) 24 750 (586–959)
Day 29 23 13,252 (11,607–15,130) 23 13,514 (11,824–15,446) 24 13,541 (11,890–15,421) 24 851 (617–1,174)
Day 57 23 11,302 (10,022–12,746) 22 13,483 (11,909–15,264) 24 12,158 (10,806–13,680) 24 791 (596–1,050)
Day 181 22 6,157 (5,018–7,556) 22 8,651 (7,038–10,635) 23 7,041 (5,765–8,599) 24 833 (663–1,046)

Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subunit-MF59, groups receiving the non-adjuvanted, aluminum-adjuvanted and MF59-adjuvanted vaccine formu-
lation, in each cohort; RSV, respiratory syncytial virus; GMT, geometric mean titers; CI, confidence interval; MF59, 9.75 mg squalene and surfactants; N, number of
participants with available data for RSV F serotype.

a Results are presented for the per-protocol set Day 29 for Days 1 and 29, for the per-protocol set Day 57 for Day 57 and per-protocol set Day 181 for Day 181.
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from 9,641 to 13,541 at one month post-dose 1 (Day 29), and were
slightly lower at one month post-dose 2, ranging from 8,064 to
13,483 at Day 57. Total binding antibody GMTs to RSV F protein
decreased further between Day 57 and Day 181, ranging from
4,904 to 8,651 at Day 181.

Ratios of RSV F NAb GMTs over total binding antibody GMTs to
the RSV F protein ranged from 2.00 to 3.95 at Day 1, from 9.21 to
12.0 at Day 29, from 8.95 to 13.0 at Day 57, and from 8.37 to
13.0 at Day 181 (Fig. 4). The results of a post-hoc analysis showed
that the GMRs of the RSV F total binding antibody titer fold
changes to the NAb titer fold changes ranged from 2.60 to 5.51
across all groups and timepoints in the RSV F subunit cohorts,
while the GMRs in the placebo groups were close to 1 at all time-
points (Table 4).

No changes in terms of total binding antibody GMTs to RSV Ga,
Gb and N proteins were observed at any timepoint in all groups
(data not shown). Of note, data of participants showing 4-fold
increases in G or N serotype due to natural infections were
excluded from the per-protocol-set for immunogenicity (Fig. 2).

4. Discussion

This first-in-human phase I study showed that various dosages
(45 mg, 90 mg and 135 mg of RSV F glycoprotein) and formulations
Fig. 4. Ratio of the neutralizing anti-RSV F protein antibody titers over the total binding
57 and Day 181)*. Footnote: Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subu
adjuvanted vaccine formulation, in each cohort; RSV, respiratory syncytial virus; MF
confidence interval. *Results are presented for the per-protocol set Day 29 for Days 1 and
181.
(unadjuvanted or adjuvanted with aluminum or MF59) of the
investigational RSV F subunit vaccine had a clinically acceptable
safety profile and no safety signal was detected. A single vaccine
dose induced increases in NAb titers, which were within the same
range for all vaccine formulations. Our study also showed that all
formulations induced increases in non-neutralizing serum total
binding antibodies, but that no booster effect was observed after
the second vaccine dose.

Rates of reported solicited and unsolicited events were similar
across all dosages of the RSV F subunit vaccine and for both adju-
vants. The absence of impact of the adjuvants on the reactogenicity
was an unexpected finding, especially for the MF59 adjuvant,
which was previously associated with increased risk of solicited
local or systemic adverse reactions compared to non-adjuvanted
vaccines [27].

The first dose of the RSV F subunit vaccine elicited 3.21- to 4.58-
fold increases in NAb GMTs. Even if the highest levels of NAb GMTs
were reached with the vaccine containing the highest dosage of
recombinant RSV F glycoprotein, no considerable differences in
antibody titers were detected between the various antigen levels
(GMTs: 45 mg, 893–983; 90 mg, 981–1,208; 135 mg, 1,123–1,602).
The immune responses induced by the RSV F subunit vaccine in
our study were comparable to that previously observed with vari-
ous formulations of another purified recombinant RSV F protein
anti-RSV F protein antibody titers (per-protocol set for immunogenicity Day 29, Day
nit-MF59, groups receiving the non-adjuvanted, aluminum-adjuvanted and MF59-
59, 9.75 mg squalene and surfactants; GMR, geometric mean ratio; 95% CI: 95%
29, for the per-protocol set Day 57 for Day 57 and per-protocol set Day 181 for Day



Table 4
Geometric mean ratios of the RSV F total binding antibody titer fold changes to the neutralizing antibody titer fold changes (per-protocol set for immunogenicity Day 29, Day 57
and Day 181).a

Non-adjuvanted RSV F subunit RSV F subunit-Al RSV F subunit-MF59 Placebo
Dosage Timepoint GMR (95% CI) GMR (95% CI) GMR (95% CI) GMR (95% CI)

45 mg Day 29 3.75 (2.62–5.37) 2.79 (1.96–3.97) 4.12 (2.87–5.90) 0.86 (0.75–0.98)
Day 57 3.12 (2.23–4.37) 2.60 (1.88–3.60) 4.08 (2.91–5.72) 0.98 (0.83–1.15)
Day 181 2.79 (2.08–3.75) 2.79 (2.10–3.70) 4.01 (2.98–5.39) 0.95 (0.79–1.16)

90 mg Day 29 4.76 (3.38–6.70) 4.16 (2.95–5.86) 3.71 (2.59–5.31) 0.90 (0.70–1.16)
Day 57 5.49 (3.79–7.95) 5.18 (3.58–7.49) 4.31 (2.93–6.34) 0.85 (0.68–1.07)
Day 181 4.10 (2.93–5.76) 3.96 (2.80–5.60) 3.07 (2.14–4.42) 0.96 (0.74–1.25)

135 mg Day 29 4.63 (3.26–6.57) 4.06 (2.86–5.77) 3.60 (2.55–5.07) 1.16 (0.95–1.42)
Day 57 4.96 (3.65–6.75) 5.51 (4.02–7.54) 3.79 (2.81–5.12) 1.21 (0.94–1.57)
Day 181 3.60 (2.77–4.67) 5.29 (4.07–6.88) 3.83 (2.96–4.95) 1.31 (1.00–1.72)

Non-adjuvanted RSV F subunit, RSV F subunit-Al, RSV F subunit-MF59, groups receiving the non-adjuvanted, aluminum-adjuvanted and MF59-adjuvanted vaccine formu-
lation, in each cohort; RSV, respiratory syncytial virus; GMR, geometric mean ratio; CI, confidence interval; MF59, 9.75 mg squalene and surfactants.

a Results are presented for the per-protocol set Day 29 for Day 29, for the per-protocol set Day 57 for Day 57 and per-protocol set Day 181 for Day 181.
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vaccine, which was engineered to preferentially maintain the pre-
fusion conformation (RSV prefusion F protein) [28], with different
formulations of a RSV recombinant F nanoparticle vaccine [29]
and with another adjuvanted investigational RSV vaccine based
on protein F in its post-fusion conformation [13]. In our study, a
low percentage of participants had a post-vaccination 4-fold
increase in NAb titers compared with baseline. This observation
can probably be explained by the relatively large proportion of par-
ticipants with high titers at baseline. A strong negative effect of
pre-vaccination titers on vaccine responses was previously
observed following influenza vaccination [30].

No further increase of immune responses was observed after
the second dose of the RSV F subunit vaccine, as similar or slightly
lower levels of NAb titers were observed at 28 days after the sec-
ond compared to the first dose for all formulations. This observa-
tion could partially be explained by the high levels of pre-
existing NAb titers as consequence of previous exposure to RSV
during lifetime and the antibody levels achieved with the first vac-
cine dose [31]. Upon administration of the second vaccine dose, the
injected F protein antigen is likely bound by circulating antibodies
before it can be recognized and internalized by memory B cells to
subsequently acquire the necessary T-cell help [31]. A similar poor
booster effect has been previously observed in other studies eval-
uating various formulations of a RSV recombinant F nanoparticle
vaccine in pre-exposed participants [29,32].

A decline in immune responses was seen in all study groups
during the 6-month follow-up following vaccination. Although no
statistically significant differences across treatment groups were
observed, immune responses tended to last longer for participants
who received the RSV F subunit 135 mg dosage. The observations
likely results from the longer persistence of the antigen on follicu-
lar dendritic cells, allowing for a longer stimulation of B cells in the
germinal centers, and the less pronounced inhibiting effect of pre-
existing antibodies [31]. The lack of impact of the adjuvant on the
persistence of NAb titers has previously been observed for
aluminum-adjuvanted RSV prefusion F protein vaccine formula-
tions [28]. This finding, together with our results, suggests that
the saturation level may already be reached with the unadjuvanted
formulation of the vaccine.

Besides the increases in NAb titers, which are directed against a
very specific part of RSV F protein, the RSV subunit vaccine also
induced increases in serum total binding antibody titers to RSV F
protein, which are directed against a wide variety of non-
neutralizing epitopes of this complex protein. The ratios of the
RSV F total binding antibody fold changes to the NAb fold changes
were >3 in all groups from the RSV F subunit 90 and 135 mg cohorts
at all post-vaccination timepoints, and were >2 in the RSV F sub-
unit 45 mg cohort. In the adjuvanted groups of the RSV F subunit
90 and 135 mg cohorts, there was a slight increase in the GMRs of
the RSV F total binding antibody fold changes to the NAb fold
changes between Day 29 and Day 57 followed by a decrease at
Day 181. These results show that the vaccine also induces non-
neutralizing antibodies, which was also observed with a recombi-
nant F nanoparticle vaccine [29], with the RSV prefusion F protein
vaccine [26] and with another adjuvanted investigational RSV vac-
cine based on protein F in its post-fusion conformation [13]. No
increase in total binding antibody titers to RSV proteins G and N
was observed; however, data from seven participants demonstrat-
ing 4-fold increases in antibody titers to RSV proteins G and N due
to natural infections were excluded from the per-protocol-set.

The immune responses induced by the different formulations of
the investigational RSV F subunit vaccine were similar to those
induced by a recombinant F nanoparticle vaccine [29] and another
adjuvanted investigational RSV vaccine based on protein F in its
post-fusion conformation [13], which both failed to prevent RSV
disease in older adults. Recently, antibodies to the RSV F protein
in its pre-fusion conformation were shown to have greater neutral-
izing activity than antibodies to the RSV F protein in its post-fusion
conformation [33,34]. In particular, antibodies to the site Ø, which
are not induced by the RSV F protein in its post-fusion conforma-
tion, are more important than those to the site II, which are
induced by the RSV F protein in both its pre-fusion and its post-
fusion conformation [34–36]. However, the efficacy of the site II–
specific antibodies palivizumab and motavizumab suggest that,
at least in young children, there is a concentration of anti-site II
antibodies that can protect against RSV disease [34].

This study was limited by its observer-blinded design and the
small sample size. No formal conclusion could be drawn since this
was an exploratory trial, which was not powered for hypotheses
testing between dosage groups. A further limitation was the lack
of correlates of protection for the assays used in this study.

5. Conclusions

In summary, this phase 1 study showed that the three increas-
ing dosages of the RSV F subunit vaccine, with or without alu-
minum or MF59 adjuvant, had a clinically acceptable safety
profile. A single dose of the RSV F subunit vaccine induced
increases in NAb titers, but no booster effect was observed after
the second dose. The immune responses were maintained above
pre-vaccination levels for at least six months after the first dose.

A plain language summary contextualizing the results and
potential clinical research relevance and impact is displayed in
the Focus on Patient Section (Fig. 5).



Fig. 5. Focus on the Patient.
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