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Background. Safe and effective respiratory syncytial virus (RSV) vaccines remain elusive. This was a phase I/II trial
(NCT02927873) of ChAd155-RSV, an investigational chimpanzee adenovirus-RSV vaccine expressing 3 proteins (fusion,
nucleoprotein, and M2-1), administered to 12-23-month-old RSV-seropositive children followed up for 2 years after vaccination.

Methods. Children were randomized to receive 2 doses of ChAd155-RSV or placebo (at a 1:1 ratio) (days 1 and 31). Doses escalated
from 0.5 % 10'° (low dose [LD]) to 1.5 10'° (medium dose [MD]) to 5 x 10*° (high dose [HD]) viral particles after safety assessment.
Study end points included anti-RSV-A neutralizing antibody (Nab) titers through year 1 and safety through year 2.

Results.  Eighty-two participants were vaccinated, including 11, 14, and 18 in the RSV-LD, RSV-MD, and RSV-HD groups,
respectively, and 39 in the placebo groups. Solicited adverse events were similar across groups, except for fever (more frequent with
RSV-HD). Most fevers were mild (<38.5°C). No vaccine-related serious adverse events or RSV-related hospitalizations were
reported. There was a dose-dependent increase in RSV-A Nab titers in all groups after dose 1, without further increase after dose
2. RSV-A Nab titers remained higher than prevaccination levels at year 1.

Conclusions. Three ChAd155-RSV dosages were found to be well tolerated. A dose-dependent immune response was observed after
dose 1, with no observed booster effect after dose 2. Further investigation of ChAd155-RSV in RSV-seronegative children is warranted.

Clinical Trials Registration. NCT02927873.
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Lay summary. Respiratory syncytial virus (RSV) is among the main causes of bronchiolitis and pneumonia regularly leading to
hospitalization in children. A safe and effective vaccine to prevent RSV infection in this age group has not yet been found, despite
great efforts over several decades. This study tested a new candidate RSV vaccine, expressing 3 important pieces of the virus, in
toddlers who already had a previous RSV infection. The vaccine was generally well tolerated. Vaccination triggered antibodies
against RSV that were able to block the virus in laboratory tests and that persisted for 1 year.
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Respiratory tract infections (RT1Is) caused by respiratory syncytial
virus (RSV) are a common cause of hospitalization among chil-
dren <5 years of age. In 2019, RSV-associated infections account-
ed for about half (median rate, 514 per 1000) of all hospitalizations
for acute lower RTIs (LRTIs) in children <5 years old across 58
countries, of whom about half were aged <1 year [1]. In 2015,
48 000-74 500 children aged <5 years died during hospitalization
for RSV globally, most in developing countries [2, 3]. There is an
urgent need for an effective vaccine to prevent childhood RTTs
due to RSV. However, 60 years after the development of the first
investigational RSV vaccine and despite numerous subsequent
candidates using a range of different approaches, a safe and effec-
tive vaccine remains elusive [4].

The first investigational RSV vaccine formulation studied in pe-
diatric field trials was a formalin-inactivated whole-virus vaccine.
Seronegative vaccine recipients who later acquired natural RSV
infection experienced more severe RSV disease than those who re-
ceived placebo [5]. This unexpected phenomenon came to be
known as vaccine-associated enhanced respiratory disease
(VAERD). The underlying immunological cause of VAERD is
not fully understood, but contributing factors are thought to in-
clude a magnified CD4" T-helper (Th) 2 T-cell memory response
[6, 7]. Evaluation of new candidate RSV vaccines must therefore
demonstrate a balanced immune response and the absence of
VAERD in seronaive populations as a critical step in development.

Since the failure of the formalin-inactivated RSV vaccine in
the 1960s, development of new RSV vaccine candidates for in-
fants has focused on alternative approaches, including the use
of viral vectors [4, 8]. Viral vectors present RSV antigens to cells
in a manner mimicking natural RSV infection and are therefore
expected to induce robust humoral and cellular responses with-
out risk of VAERD. Chimpanzee-derived adenoviruses
(ChAd) exhibit sequence homology to human adenoviruses,
are not known to cause illness, and have low levels of seropre-
valence in humans [9]. The candidate vaccine studied here,
ChAd155-RSV, is a chimpanzee-derived replication-deficient
adenovector that encodes 3 RSV proteins: fusion (F), nucleo-
protein (N) and matrix (M2-1) [10].

Inaphase I study conducted in healthy adults, ChAd155-RSV
was well tolerated and induced increases in RSV-A neutralizing
antibody (Nab) titers, increases in RSV-F-, RSV-N-, and
RSV-M2-1-specific interferon (IFN) y-secreting T cells, and a
low CD8" IFN-y response [11]. Based on those results, we con-
ducted the first pediatric trial of ChAd155-RSV (NCT02927873;
https://www.clinicaltrials.gov/ct2/show/NCT02927873),  de-
signed to evaluate the safety, reactogenicity, and immunogenic-
ity of 2 doses of ChAd155-RSV (3 dose levels) administered to
RSV-seropositive children aged 12-23 months. This population
was selected to evaluate the tolerance to the ChAd155-RSV vac-
cine in a population naturally primed against RSV and, there-
fore, considered at low risk of VAERD, before conducting any
study in seronegative infants.

METHODS

Study Design and Population

This phase I/II randomized, controlled, dose escalation study
was conducted across 29 sites located in Canada, Italy,
Mexico, Panama, Spain, Taiwan, and the United States. Three
formulations of vaccine were tested using a dose escalation de-
sign, allowing sequential advancement to the next dose follow-
ing data reviews by both an internal safety review committee
and an independent data monitoring committee. The study
was observer blind; the investigational vaccine was adminis-
tered by unblinded team members who did not participate in
any of the study evaluation procedures.

The primary study objective was to evaluate the safety and
reactogenicity of the 3 increasing dose levels of
ChAd155-RSV up to 30 days after dose 2 (day 61). Secondary
objectives included evaluation of safety, occurrence of RSV
RTIs throughout the entire study period (through day 731),
and vaccine-associated humoral and cell-mediated immune
(CMI) responses through day 366.

Study participants were children aged 12-23 months who
were seropositive for RSV as determined by enzyme-linked im-
munosorbent assay (IBL International; see Supplement).
Written informed consent was obtained from parents or legal
representatives before enrollment. Inclusion and exclusion cri-
teria are provided in the Supplement.

Vaccines were randomized (1:1) in blocks using MATerial
Excellence (MATEX), a program developed for use in
Statistical Analysis System (SAS®) (Cary, NC, USA) by GSK.
Participant allocation to each treatment group was performed
at the investigator site using an online randomization system
with a minimization procedure accounting for the study center.
The study was approved by local independent ethics commit-
tees (see Supplement).

Vaccines

Three dose levels of ChAd155-RSV were evaluated: low dose
(LD; 0.5x10' viral particles), medium dose (MD; 1.5X
10'%), and high dose (HD; 5 X 10'9), suspended in formulation
buffer S9b (containing disodium hydrogen phosphate, monop-
otassium phosphate, sodium chloride, potassium chloride, and
magnesium chloride). Placebo consisted of formulation buffer
S9b alone. The study vaccines, in volumes of 0.5 mL for the LD
and HD groups and 0.15 mL for the MD group, were adminis-
tered as 2 doses of placebo or 2 doses of active vaccine given in-
tramuscularly 30 days apart.

Safety Monitoring

Local and general symptoms were solicited using diary cards
for 7 days after each dose. All other (unsolicited) adverse events
(AEs) were collected for 30 days after each dose, and serious
AEs (SAEs) were captured until the study conclusion. An
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RSV LRTT occurring at any time during the study was an AE of
special interest (AESI). Blood samples were collected for bio-
chemical testing at baseline and on days 31 and 61 and for he-
matological testing at baseline and on days 2, 31, 32, and 61 and
on days 8 and 38 in children with a grade >1 abnormality de-
tected at day 2 and/or day 32. As transient non-clinically signif-
icant decreases in platelet counts (maximal decrease observed
24 hours after vaccination) were noted in preclinical studies,
hematological and clinical monitoring was conducted at each
visit through day 61, with special attention given to the detec-
tion of potential spontaneous bleeding, easy bruising, and/or
petechiae induced by the tourniquet. Parents were instructed
to report any symptoms of spontaneous bleeding, easy bruising,
or rash that occurred within 30 days after each vaccination.

Monitoring for RSV Disease

Active surveillance for RSV RTIs began immediately after dose
1 and included weekly parental contact during RSV season and
monthly contact outside the RSV season. Passive surveillance
throughout the study duration consisted of parents notifying
study staff as soon as new RTI symptoms occurred. Monthly
nasal swab samples were collected during RSV season.
Parents were given RTI episode cards on which to record the
occurrence and duration of cough, runny nose, blocked nose,
difficulty breathing, or wheezing.

Episodes of RSV RTI were classified by the investigator as
RTI, LRTI, severe LRTI, or very severe LRTI (Supplementary
Table 1), based on World Health Organization case definitions
[12]. RSV infection was confirmed based on nasal swab samples
positive for RSV-A or RSV-B with quantitative reverse tran-
scription polymerase chain reaction.

Immunogenicity

Nab responses against RSV-A and total (prefusion and postfu-
sion) anti-RSV-F antibody concentrations were measured in
serum samples collected from all participants at baseline and
on days 31, 61, and 366. CMI responses were measured on
days 8, 31, 38, 61, and 366 in participants at sites with a suitable
laboratory in proximity. Detailed descriptions of each of the as-
says and response definitions are provided in the Supplement.

Statistical Analysis

The study analysis was descriptive. The safety analysis was con-
ducted using data collected from all vaccinated participants.
The immunogenicity analyses were performed on the per-
protocol cohort at defined time points and included all vacci-
nated participants who complied with protocol-defined proce-
dures and had immunogenicity data available.

The frequency of CD3"/CD4" and CD3*/CD8" T cells ex-
pressing >2 markers among CD40 ligand (CD40L), interleukin
2, tumor necrosis factor o, and IFN-y on stimulation with F, N,
and M2-1 peptide pools was calculated. CMI responses after

exposure to RSV-F, RSV-N, and RSV-M2-1 peptide pools
were grouped to indicate Thl (CD4" T cells expressing at least
IFN-y but not interleukin 13), Th2 (CD4" T cells expressing at
least interleukin 13 but not IFN-y), or Th17 (CD4" T cells ex-
pressing at least interleukin 17) profiles. For humoral immune
responses, geometric mean concentrations or geometric mean
titers (GMTs) were calculated with 95% confidence intervals
(CIs).

No hypothesis-driven sample size calculation was conducted
owing to the descriptive nature of the study objectives. A sam-
ple size of 32 participants per dose cohort randomized to vac-
cine or placebo was planned based on conventional study
designs for phase I/II trials. If no AE was observed among
the 16 ChAd155-RSV recipients included in each cohort, the
exact 2-sided 95% CI rules out an AE rate of >20%.

Data Availability

The study report, including the protocol, is available on the
GSK Clinical Study Register (https:/www.gsk-studyregister.
com/). Anonymized individual participant data and study doc-
uments for further research can be requested from www.
clinicalstudydatarequest.com (study 204838).

RESULTS

Study Participant Demographics

The study was conducted from 11 January 2017 until 26
November 2020. Of the 82 participants who were enrolled
and vaccinated (Figure 1), 78 (95.1%) received both doses.
There were no study withdrawals due to AEs. The mean (stan-
dard deviation) age of participants at the time of dose 1 was 16.1
(3.2) months, and 50% of participants were female.

Safety and Reactogenicity of ChAd155-RSV Through Day 61
ChAd155-RSV was generally well tolerated. No increases in the
incidence or intensity of symptoms were observed after dose 2
or with dose escalation. Pain and redness were the most com-
monly reported local symptoms (Figure 2). There were no cases
of grade 3 pain or redness in any of the study groups. Systemic
symptoms were reported with similar frequency in the study
groups, except for fever (any grade), which was reported
more frequently in the RSV-HD group overall (61.1% for the
RSV-HD vs 38.5% and 36.4% for the RSV-MD and RSV-LD
groups, respectively), and after each dose (Supplementary
Figure 1). Fever >39.5°C (axillary) was uncommon, reported
for 1 RSV-LD and 1 RSV-HD recipient, and 2 placebo recipi-
ents after any dose (Supplementary Figure 1).

Unsolicited AEs until 30 days after each vaccine dose were
reported for 81.8% of participants in the RSV-LD, 64.3% in
the RSV-MD, and 72.2% in the RSV-HD group versus 63.6%,
90.9%, and 76.5% in the respective placebo groups.
Unsolicited AEs

reported by >2 participants were
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Figure 1. Study participant disposition. Numbers represent numbers of participants. Abbreviations: HD, LD, and MD, high, low, and medium dosage of the respiratory

syncytial virus (RSV) investigational vaccine or placebo, respectively.

nasopharyngitis (RSV-LD, 2 cases; RSV-MD, 6; RSV-HD, 7;
placebo-MD, 4; and placebo-HD, 5), cough (RSV-HD, 2;
placebo-MD, 2; placebo-HD, 1), upper RTI (RSV-LD, I;
RSV-MD, 1; placebo-MD, 1), gastroenteritis (RSV-HD, 4;
placebo-MD, 3; RSV-MD, 1; RSV-HD, 1), conjunctivitis
(RSV-LD, 3), pyrexia (RSV-LD, 2; placebo-MD, 2;
placebo-LD, 1; placebo-HD, 1), and diarrhea (RSV-LD, 2;
RSV-MD, 2; placebo-LD, 2; placebo-MD, 2; placebo-HD, 3).
The single grade 3 unsolicited AE was gastroenteritis in the

placebo-MD group. AEs considered by the blinded investiga-
tors to be causally related to vaccination include 1 case of diar-
rhea and 1 case of rash, both in placebo groups.

One RSV LRTTI (AESI) was reported in the RSV-MD group 6
months after dose 2. The event did not require hospitalization,
nor did it meet the World Health Organization definition of
RSV LRTI [12]. Three other potential cases of RSV LRTI re-
ported as AESIs occurred in participants who received placebo.
None required hospitalization.

100 4
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(=]
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Figure 2. Percentage of children with solicited local and systemic adverse events (AEs; any severity) for 7 days after any vaccine. Abbreviations: HD, LD, and MD, high, low,
and medium dosage of the respiratory syncytial virus (RSV) investigational vaccine or placebo; error bars represent 95% confidence intervals.
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There were no reports of spontaneous bleeding, easy bruis-
ing, petechiae, thrombocytopenia, or lymphopenia. One
RSV-LD recipient experienced mild neutropenia, reported as
an AE corresponding to a grade 3 laboratory abnormality (neu-
trophil count 688 U/L) 31 days after dose 2, which resolved
within 5 weeks and was not considered causally related by
the blinded investigator. Two other participants had grade
>3 abnormally decreased neutrophil counts that were not re-
ported as AEs (RSV-MD, 500 U/L 1 day after dose 2;
RSV-HD, 450 U/L 32 days after dose 2). Both counts were
back above 750 U/L (grade <2) within 4-6 weeks at the last
follow-up visit. One RSV-HD recipient was reported with
AEs for moderate elevations in aspartate aminotransferase
and alanine aminotransferase levels, corresponding to grade 2
laboratory abnormalities (70 and 119 U/L, respectively), 31
days after dose 2; these AEs were considered by the blinded in-
vestigator as possibly related to vaccination.

Safety Until Day 731

By day 731, 6 participants reported 12 SAEs: 1 in the RSV-LD
group, 2 in the RSV-HD group, and 3 in placebo groups. Three
SAEs were reported before day 61; none was considered by the
blinded investigator to be related to vaccination. One partici-
pant reported 2 SAEs of urinary tract infection; 1 reported con-
current SAEs of acute gastroenteritis and febrile convulsion; 1
reported concurrent SAEs of coronavirus infection, enterovirus
infection, pyrexia, rhinovirus infection, and unresponsiveness
to stimuli; and 3 reported 1 SAE each, including gastroenteritis,
pneumonia, and herpangina. AESIs reported through day
731 were RSV bronchitis (1 case), RSV infection (2 cases).
and concurrent bronchitis, tonsillitis with coronavirus, and
RSV infection (1 case). One case of RSV infection met the def-
inition of RSV LRTI. These cases are also included in the sec-
tion below.

RSV Surveillance

From day 1 until day 731, 17 ChAd155-RSV recipients (39.5%) ex-
perienced 22 episodes of RSV infection (13 symptomatic and 9
asymptomatic) and 15 placebo recipients (38.5%) experienced
20 episodes (15 symptomatic and 5 asymptomatic) (Table 1).
Among ChAd155-RSV recipients, 8 cases (in 7 participants) oc-
curred in the RSV-LD group, 11 (in 7 participants) in the
RSV-MD group, and 3 (in 3 participants) in the RSV-HD group.
There were no cases of RSV LRTI (any, severe, or very severe) in
ChAd155-RSV recipients and 1 case of RSV severe LRTI in a pla-
cebo recipient. There were no RSV-related hospitalizations
through day 731.

Immunogenicity

After dose 1, RSV-A Nab GMTs increased across the
ChAd155-RSV treatment groups but not in placebo recipients,
with the highest titers observed in the RSV-MD and RSV-HD

Table 1. Participants With Respiratory Syncytial Virus Infection, by
World Health Organization Severity Level, From Vaccination Dose 1
Through Day 731°

Participants in Pooled
RSV Vaccine Groups

Participants in Pooled
Placebo Groups

(n=43) (n=39)
Infection Category No. % (95% ClI) No. % (95% ClI)
No infection 26 60.5 (44.4-75.0) 24 61.5 (44.6-76.6)
Any RSV infection 17 39.5 (25.0-55.6) 15 38.5 (23.4-55.4)
Asymptomatic 7 16.3 (6.8-30.7) 2 5.1 (.6-17.3)
RTI 10 23.3(11.8-38.6) 12 30.8 (17.0-47.6)
Any LRTI 0 0.0 (.0-8.2) 1 2.6 (.1-13.5)
Severe LRTI 0 0.0 (.0-8.2) 1 2.6 (.1-13.5)
Very severe LRTI 0 0.0 (.0-8.2) 0 0.0 (.0-9.0)
Hospitalization 0 0.0 (.0-8.2) 0 0.0 (.0-9.0)
All-cause LRTIP 8 18.6 (8.4-33.4) 10 25.6 (13.0-42.1)

Abbreviations: Cl, confidence interval; LRTI, lower respiratory tract infection; RSV,
respiratory syncytial virus; RTI, respiratory tract infection.

®World Health Organization categories as outlined in reference [12].
®Meeting the case definition for LRTI (Supplementary Table 5).

groups (Figure 3A). At baseline, the RSV-A Nab GMT ranged
from 32 to 9778 across participants. At day 31, RSV-A Nab
GMTs were 711.7 (95% CI, 229.7-2204.9) in the RSV-LD, 1646
(816-3321) in the RSV-MD, and 2204 (1384-3510) in the
RSV-HD group, with 5.6-, 8.1-, and 4.2-fold increases, respective-
ly, compared with prevaccination GMTs. No further increases in
GMTs were observed in any group after dose 2 (at day 61). At
day 366, RSV-A Nab GMTs remained higher than baseline in all
ChAd155-RSV treatment groups. Day 366 RSV-A Nab GMTs
were 1.5-2-fold higher in the RSV-MD and RSV-HD groups
than in the placebo groups.

Similar trends were noted for anti-RSV-F binding antibody
concentrations (Figure 3B). Owing to challenges in obtaining
blood samples in infants, very few samples were available for
CMI assessment from the MD (0-3 RSV-MD participants at
each time point and 0-2 placebo-MD recipients at each time
point) or HD (0-1 RSV-HD recipient and 0-1 placebo-HD re-
cipients at each time point) groups.

Compared with prevaccination levels, there was some evi-
dence of a CD4" Thl response at day 31 in the unique
RSV-HD recipient who provided whole blood for CMI assess-
ment. This was observed after stimulation with the RSV-F pep-
tide pool in recipients of ChAd155-RSV but not after
stimulation with the RSV-N or RSV-M2-1 peptide pools
(Figure 4). No RSV infection was detected during the study
for this child. The single individual in the placebo-MD group
who provided a sample for CMI testing had a high frequency
of CD4" Thl cells (1415 per million CD4+ T cells at the prevac-
cination time point), likely owing to a recent natural RSV expo-
sure before enrollment. No RSV infection was detected during
the study for this individual. No CD4" Th2 or Th17 responses
were observed (Figure 5 and Supplementary Figure 2). The
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frequency of CD8" T cells expressing >2 markers (including >1
cytokine) increased on stimulation with the RSV-N peptide pool
and to a lesser degree with the RSV-M2-1 peptide pool
(Supplementary Figure 3).

DISCUSSION

This is the first study of a novel RSV vaccine administered to
young children. All 3 ChAd155-RSV doses were well tolerated,
with solicited local and systemic symptoms occurring at similar
rates in placebo recipients. There was no dose-related increase
in symptoms except for fever, which was more frequent among
those receiving RSV-HD. However, most fevers were <38.5°C,
and the occurrence and duration of fever did not increase after

dose 2. SAEs occurred at similar rates in both ChAd155-RSV
and placebo recipients, and none were considered as related to
vaccination by the investigators. In the 17 children naturally in-
fected with RSV after vaccination, there was no progression to se-
vere disease and therefore no evidence to support a VAERD risk.

Levels of baseline RSV-A Nab varied by 306-fold among study
participants, which is substantially higher than the variation ob-
served in adults (up to 2.6-fold difference [11]), possibly owing
to higher rates of recent RSV infection in the younger age group.
Nevertheless, ChAd155-RSV induced specific, dose-dependent
humoral responses, with the highest GMT's observed after the first
dose of ChAd155-RSV in the HD group. As observed in adults
given 2 doses of ChAd155-RSV (LD or HD) [11], no further in-
crease in antibody responses was observed after administration
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of a second vaccine dose. The lack of a post-dose 2 response in
young children suggests that a second dose may not be necessary
in children who are naturally primed with RSV or that a heterol-
ogous prime-boost approach should be considered. One year after
vaccination, levels of RSV-A Nabs and total antibodies to RSV-F
remained higher than prevaccination levels in all RSV-MD and
RSV-HD recipients. A potential limitation of the study is that
we did not measure RSV-B Nab because we assumed that cross
reactivity would be similar in all groups.

Interpretation of CMI data is hampered by the very low
number of samples available for analysis in the RSV-MD and
RSV-HD groups. Despite this limitation, the data suggest a
Thl response in ChAd155-RSV recipients, without evidence
for Th2 or Th17 responses, which are thought to be deleterious
[13, 14]. Strong Thl responses accompanied by cytotoxic
immunity contribute to clearance of RSV and are needed to
prevent a Th2-skewed response associated with allergic desen-
sitization and long-term development of asthma [15].
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RSV infections rates were similar in the vaccine and
placebo groups, although there were more asymptomatic
infections in the vaccine group, and the only RSV LRTI
(severe) during the study occurred in the placebo group.
Vaccination against RSV is designed to prevent disease rather
than infection. However, this study was not designed to assess
vaccine efficacy, and the sample size is too small to draw
conclusions.

In conclusion, ChAd155-RSV administered to young RSV-sero-
positive children was well tolerated and had an acceptable safety
profile up to day 731. A single dose of ChAd155-RSV in the
RSV-MD and RSV-HD groups induced RSV-A Nab titers, without
evidence for a further increase following a second dose. Nab
titers remained above baseline 1 year later. The induction of a
CD4" Th1 profile response is suggested, and no evidence for a
CD4" Th2 or Th17 response was observed. These results support
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further evaluation of the response to vaccination in RSV-naive
infants.

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 ques-
tions or comments should be addressed to the corresponding
author.
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