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Article history: Background: The emergence of SARS-CoV2 variants combined with waning vaccine-induced immunity and
Accepted 28 November 2025 breakthrough infections has highlighted the need for booster doses to maintain protection against SARS-
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Methods: Com-COV3 was a phase II, multicentre, randomised controlled trial, recruiting across 11 UK sites from

Iég’\}’;’g“g June 2022 to June 2023, with follow-up visits to February 2024. Healthy 12-15-year-olds who had received a
Heterologous two-30 pg dose BNT162b2 primary regimen at least 90 days previously were randomised 1:1:1:1:1 to receive
Immunisation either BNT162b2 30 pg, BNT162b2 10 pg (adult vaccine formulation), BNT162b2 10 pg (paediatric formulation),
Adolescents NVXCoV2373, or Meningococcal B vaccine (control). The primary objective was to determine if SARS-CoV-2
Breakthrough infection anti-spike antibody following a 10 pg dose of the adult formulation of BNT162b2 was non-inferior to the
Reactogenicity paediatric formulation at 28 days post-third vaccination. The last five participants were randomised using a
Immunogenicity 1:3:3:1:1 ratio to prioritise recruitment to the study groups required for the co-primary endpoint. Although
Boosters recruitment ceased early, the sample size required to fulfil the primary objective was met.

2’\\‘/;32\/[’22373 Findings: 281 participants were recruited (mean age 14 years old, 57% female). Adverse reactions were
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mostly mild-to-moderate. Local reactogenicity was mildest following NVXCoV2373. Frequency of adverse
events was similar for both full dose and fractional dose BNT162b2 groups. Four serious adverse events
occurred: three in the paediatric and one in the adult 10 pg BNT162b2 group. Immunogenicity of 10 pg
BNT162b2 (adult) was both non-inferior and superior to that of 10 ug BNT162b2 (paediatric); adjusted
geometric mean ratio (aGMR) anti-spike IgG 1.50 (one-sided 95% CI 1.25 to ). Compared with 30 pg
BNT162b2, anti-spike IgG at day 28 post-third dose were similar in the 10 pg BNT162b2 (adult) group
[aGMR 0.93 (95% CI 0.75-1.14)] and significantly lower in the 10 pg BNT162b2 (paediatric) [aGMR 0.64
(95% CI 0.52-0.78)] and NVXCoV2373 [aGMR 0.77 (95% CI 0.63-0.95)] groups. Compared with 30 pg
BNT162b2, levels of neutralising antibodies against Omicron BA.5 and XBB.15 were similar across vaccine
groups.

Interpretation: All booster regimens evaluated elicited a robust immune response. 10 ug fractional adult
BNT162b2 vaccine demonstrated similar immunogenicity compared with 30 ug BNT162b2 and superior
immunogenicity compared with 10 pg paediatric BNT162b2 vaccine. Fractional doses of the adult BNT162b2
vaccine are an alternative to the paediatric formulation for booster campaigns in adolescents.

© 2025 The Author(s). Published by Elsevier Ltd on behalf of British Infection Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

COVID-19 immunisation is highly effective at reducing the risk of
severe disease and hospitalisation from SARS-CoV-2 infection.
However, waning of the immune response following two-dose
COVID-19 primary immunisation has been shown to occur.? Al-
though adolescents are at lower risk of severe disease and death
from SARS-CoV-2 infection than older populations, the emergence of
more recent variants in 2022 rendered the paediatric population
more vulnerable to infection and severe illness with highest rates of
paediatric hospitalisation and infection at the time induced by SARS-
CoV-2 variants of concern Delta and Omicron.” Indeed, studies in
both adults and children have demonstrated reduced vaccine ef-
fectiveness and a rapid decline in protection against SARS-CoV-2
variants, particularly Omicron, after the primary series.” ® Following
two-dose BNT162b2 (Pfizer-BioNTech) vaccination during an Omi-
cron predominant period, vaccine effectiveness declined to 16%
among adolescents within 6 months after vaccination.” Booster
vaccination, however, has been shown to restore protection against
hospitalisation and Omicron-related infection to levels observed
against Delta.*”® These findings prompted many high-income
countries to recommend a third COVID-19 booster dose to combat
waning vaccine effectiveness.” However, policy regarding adolescent
immunisation varied, and continues to vary, globally.

A 10 pg dose of BNT162b2 has been recommended for children
aged between 5 and 11 years, administered as 0.2 mL using a spe-
cially designed paediatric formulation of the vaccine. A two 10 pg-
dose paediatric BNT162b2 regimen as the primary vaccine series has
already been shown to be highly immunogenic when administered
to children aged 5 to 11 years, and comparably immunogenic to a
two 30 pg-dose BNT16b2 adult formulation schedule administered
to 18-25-year-olds.” Furthermore, COVID-19 vaccines have been
shown to elicit more robust immune responses in adolescents
compared with adults.'” A one-third dose might also potentially
reduce the risk of myocarditis observed after mRNA COVID-19 vac-
cines.!! However, it is not known whether the immune response to
10 pg administered using the adult formulation of BNT162b2
(hereafter referred to as ‘adult BNT-10’) is non-inferior to the same
dose administered using the paediatric formulation of BNT162b2
(hereafter referred to as ‘paediatric BNT-10"). The possibility of using
a one-third dose of the adult formulation of BNT162b2 as a booster
might also offer benefits in terms of cost-effectiveness, greater
vaccine availability, and future pandemic preparedness, in addition
to an improved reactogenicity profile.

Heterologous COVID-19 booster vaccine schedules in adults have
been shown to elicit enhanced protection against Delta and Omicron
SARS-CoV-2 variants and greater immunogenicity compared with
primary and homologous boost schedules.'*'* The COV-BOOST trial,

which evaluated seven different third dose COVID-19 vaccine sche-
dules, demonstrated robust immune responses and favourable re-
actogenicity following heterologous booster immunisation in
adults.' The trial also investigated fractional dose COVID-19 booster
options and showed that fractional dose BNT162b2 as a third dose
induced an immune response comparable to full dose BNT162b2.'*!
In Cohort A of the Com-COV3 trial, which examined the im-
munogenicity of heterologous and fractional second dose COVID-19
vaccine schedules in adolescents, NVXCoV2373 Nuvavoxid® (No-
vavax, hereafter referred to as ‘NVX') given as the second dose fol-
lowing 30 pg BNT162b2 (Pfizer-BioNTech; henceforth referred to as
‘BNT-30’) as the first dose, demonstrated higher humoral and cel-
lular immune responses and higher neutralising antibody titres
against Omicron compared with a two-dose 30 pg BNT162b2
homologous regimen, suggesting a heterologous schedule could
potentially afford greater protection against SARS-CoV-2 when
compared with the licensed schedule.'®

Here we report the results of Cohort B of the Com-COV3 trial,
where we investigated whether adult BNT-10 is non-inferior to
paediatric BNT-10 when given as a booster dose in adolescents, and
examined the reactogenicity and immunogenicity of homologous,
heterologous, and fractional third dose COVID-19 vaccine schedules
in adolescents when administered at least three months after a two-
30 pg dose BNT162b2 schedule given as the primary series.

Methods
Study design

Com-COV3 was a UK multicentre, single-blind, phase II, rando-
mised controlled non-inferiority trial investigating the re-
actogenicity, immunogenicity and safety of homologous,
heterologous, and fractional third dose (mixed) COVID-19 vaccine
schedules. The trial contained two cohorts. Cohort A assessed mixed
second dose COVID-19 vaccine schedules in adolescents and was
reported previously.'® This paper reports the results of Cohort B. This
trial was approved by the South-Central Berkshire Research Ethics
Committee (21/SC/0310), the University of Oxford, and the Medi-
cines and Healthcare Products Regulatory Agency. Recruitment to
Cohort B took place across eleven UK National Health Service and
academic institutions between 01 June 2022 and 30 June 2023. The
study protocol is accessible at https://comcovstudy.org.uk/study-
protocol.

Participants

Participants were healthy adolescents (well-controlled mild-to-
moderate comorbidities were permitted) aged between 12 and 15.5


http://creativecommons.org/licenses/by/4.0/
https://comcovstudy.org.uk/study-protocol
https://comcovstudy.org.uk/study-protocol

E. Kelly, M. Greenland, P. de Whalley et al.

years who had received two 30 pg doses of BNT162b2 at least 90
days prior to enrolment. Individuals belonging to a ‘high risk’ group
susceptible to severe COVID-19 disease (e.g., those with an im-
munosuppressive condition) were not eligible to participate in the
trial. A full list of inclusion and exclusion criteria can be found in the
protocol (accessible at https://comcovstudy.org.uk/study-protocol).

Randomisation and masking

A computer-generated randomisation list was created by the
study statistician. Participants were initially randomised (1:1:1:1:1)
to receive BNT-30 (wild-type SARS-CoV-2), adult BNT-10 (adminis-
tered giving one-third the volume of the adult vaccine formulation),
paediatric BNT-10 (administered using the paediatric formulation),
full dose NVX (heterologous schedule), or two doses of the 4CMenB
vaccine given 3 months apart (control group). The control group
received the Comirnaty Original/Omicron BA.1 (15/15 pg)/dose vac-
cine as their third COVID-19 vaccine 6 months after enrolment. Due
to ongoing recruitment challenges and following discussion with the
Trial Steering Committee (TSC), study randomisation was changed to
1:3:3:1:1 to prioritise recruitment to the fractional dose BNT162b2
groups to achieve the participant numbers required to meet the
study’s co-primary endpoint (i.e., non-inferiority between the two
10 pg BNT162b2 formulation groups). The change to randomisation
was proposed on 5th December 2022 and approved as part of a
substantial amendment to the trial on 9th June 2023. However, due
to the ongoing recruitment challenges, the TSC recommended
ceasing recruitment on 30th June 2023. There were 5 participants
recruited using the new randomisation.

Participants were randomised using block randomisation.
Initially, block sizes of 5 and 10 were used. Randomisation was
performed at the time of the first study visit and stratified by study
site and history of positive COVID-19 test. After the randomisation
ratio was changed to 1:3:3:1:1, a random block size of 9 was used.

Participants and laboratory staff were blinded to the vaccine
schedule received. The blind was maintained by applying masking
tape to the vaccine syringe and vaccines were prepared out of sight
of participants. Unblinding of participants took place 56 days after
receipt of their study vaccine.

Procedures

Eligible participants were invited to attend a screening and en-
rolment visit (day 0). A detailed medical history was taken from
participants at their enrolment visit and a physical examination
performed if required. Parents and participants had the opportunity
to read a pre-approved participant information sheet (separate in-
formation sheets tailored to parents and participants were provided
to enhance comprehension) prior to enrolment. A video presentation
of the participant information sheet was also made available to
participants and their parents at the first study visit. Written in-
formed consent was obtained from each participant’s parent or
guardian in addition to signed assent from all participants. Final
eligibility was assessed by a study doctor. Study group randomisa-
tion and vaccination took place at the day 0 visit. Blood samples for
COVID-19 immunogenicity assays (anti-spike IgG, anti-nucleocapsid
IgG, cellular responses) were taken at the day O visit, prior to vac-
cination. Participants also took a COVID-19 lateral flow test
(Flowflex) at this visit. If this was positive, the remainder of the visit
was deferred for at least 4 weeks.

Six vaccines were used in the study and all vaccines were ad-
ministered by intramuscular injection in the upper arm. BNT-30 was
given as a 0.3 mL intramuscular injection, paediatric BNT-10 as
0.2 mL, adult BNT-10 as 0.1 mL, NVX as 0.5 mL, 4CMenB (Bexsero
Meningococcal Group B vaccine) as 0.5 mL and Comirnaty Original/
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Omicron BA.1 (15/15 pg)/dose as 0.3 mL injection. All study vaccines
were administered using a 23-gauge (25 mm) needle.

Participants were observed for at least 15 minutes after vacci-
nation. Participants were supplied with an oral thermometer, tape
measure, and a link to an electronic diary at the day O visit. They
were requested to record solicited, unsolicited, and medically at-
tended adverse events (AEs). Participants were also provided with
COVID-19 lateral flow test kits (Flowflex) and asked to perform a
COVID-19 lateral flow test every week for 4 weeks between the first
and second visits, or if they developed symptoms suggestive of
COVID-19. Diaries were reviewed daily by a study doctor for AEs,
adverse events of special interest (AESIs), and serious adverse events
(SAEs). The follow-up visit schedule is outlined in the protocol (ac-
cessible at https://comcovstudy.org.uk/study-protocol) and occurred
up to 7 months after vaccination.

Participants randomised to the control arm of the study received
their COVID-19 vaccine [Comirnaty Original/Omicron BA.1 (15/
15 ng)/dose] at the day 182 visit. Control group participants were
also required to record solicited, unsolicited, and medically attended
AEs in an e-diary for 28 days after this visit. They were provided with
COVID-19 lateral flow test kits (Flowflex) and asked to perform a
COVID-19 lateral flow test every week between the day 182 visit and
their final study visit (day 210), 28 days after vaccination.

Laboratory methods

Humoral immune responses were measured by testing serum
samples at all study visit timepoints for anti-SARS-CoV-2 spike IgG
antibodies using a validated Enzyme Linked Immunosorbent Assay
(ELISA) at UK Health Security Agency (HSA), Porton Down (reported
as ELISA laboratory units [ELU]/mL). This assay was validated at
Nexelis (Laval, QC, Canada) and the technology transferred to
UKHSA. The conversion factors to international standard units are
included in the appendix (Supplementary Table 1). Sera were also
analysed at days O, 84, and 182 to assess anti-nucleocapsid IgG
serostatus at Porton Down, UKHSA by ECLIA (Cobas platform, Roche
Diagnostics). An assay cut-off index (COI) below 1.0 was reported as
seronegative. Samples collected at days 28, 84, 182, and 210 (control
group only) were tested using a microneutralization assay to assess
50% focus reduction neutralisation titres (FRNTS5) for live SARS-CoV-
2 virus lineage Victoria and Omicron sublineages BA.5 and XBB.15 at
the University of Oxford, Oxford, UK, as previously described."”
Testing was performed in four study groups: BNT-30, adult BNT-10,
paediatric BNT-10, and NVX.

A modified T-SPOT-Discovery test performed at Oxford
Immunotec (Abingdon, UK) was used to detect IFN- y secreting T
cells specific to whole spike protein epitopes, designed based on the
Wuhan-Hu-1 sequence (YP_009724390.1). Peripheral blood mono-
nuclear cells (PBMCs) to which T-cell Xtend reagent had been added
to extend PBMC survival, were tested within 32 hours of vene-
puncture using T-SPOT-Discovery ELISpot test panel 14 (full spike,
Wuhan) and panel 22 (Omicron). T-cell frequencies were reported as
spot-forming cells (SFC) per 250,000 PBMCs with a lower limit of
detection of one in 250,000 PBMCs.

Outcomes

The primary outcome was reactogenicity measured through so-
licited systemic reactions for seven days after vaccination. The co-
primary outcome was to determine whether the SARS-CoV-2 anti-
spike antibody by ELISA following adult BNT-10 (0.1 mL) is non-in-
ferior to paediatric BNT-10 (0.2 mL) at 28 days post-third vaccina-
tion. Secondary outcomes included immunogenicity (anti-spike
immunoglobulin, cellular responses via ELISpot) and safety (as-
sessed through SAEs, AESIs). The incidence of SARS-CoV-2 infection
and virus neutralisation titres were exploratory outcomes. The full
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Table 1
Demographics and baseline characteristics by study arm in enroled participants.*
Characteristic Pfizer full dose adult Pfizer 1/3 dose adult Pfizer full dose paediatric NVX-CoV2373 full 4CMenB Total
formulation formulation formulation dose N =56 N =281
N =56 N =58 N =55 N =56
Age (years)
Mean (SD) 14.2 (0.8) 14.2 (0.9) 14.1 (0.8) 14.1 (0.9) 14.0 (0.9) 14.1 (0.9)
Range 124,154 12.6, 15.5 12.5,15.5 12.6,15.5 12.5,15.3 12.4,15.5
Sex
Male 24 (43%) 24 (41%) 22 (40%) 28 (50%) 24 (43%) 122 (43%)
Female 32 (57% 34 (59%) 33 (60%) 28 (50% 32 (57%) 159 (57%)
Ethnicity
White 46 (82%) 55 (95%) 48 (87%) 49 (88%) 53 (95%) 251 (89%)
Mixed 4 (71%) 1(1.7%) 1(1.8%) 4 (71%) 2 (3.6%) 12 (4.3%)
Asian 4 (71%) 2 (3.4%) 3 (5.5%) 2 (3.6%) 0 (0%) 11 (3.9%)
Other 2 (3.6%) 0 (0%) 3 (5.5%) 1(1.8%) 1(1.8%) 7 (2.5%)
Prefers not to give 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Days since previous COVID-19
vaccination
Mean (SD) 235.7 (96.4) 240.1 (78.7) 248.5 (96.0) 255.1 (90.2) 2446 (974) 244.8 (91.5)
Range 98.0, 487.0 93.0, 459.0 91.0, 496.0 108.0, 493.0 94.0, 501.0  91.0, 501.0
Previous positive COVID-19 test
No 16 (29%) 18 (31%) 18 (33%) 16 (29%) 17 (30%) 85 (30%)
Yes 40 (71%) 40 (69%) 37 (67%) 40 (71%) 39 (70%) 196 (70%)
Baseline serostatus”
Seropositive 48 (86%) 51 (88%) 48 (87%) 51 (91%) 45 (80%) 243 (86%)
Seronegative 8 (14%) 7 (12%) 7 (13%) 5 (8.9%) 11 (20%) 38 (14%)

SD, standard deviation.

2 Data presented are frequency (percentage) for categorical variables and mean (standard deviation)/range for continuous variables.
b Anti-nucleocapsid IgG data were unavailable for 8 participants. Previous COVID-19 test results were used to impute the data for these participants.

list of outcome measures can be found in the protocol (https://
comcovstudy.org.uk/study-protocol).

Statistical analysis

The trial was designed to detect non-inferiority between adult
BNT-10 and paediatric BNT-10 at 28 days post-third dose. The
sample size calculation assumed a standard deviation of 0.3 of anti-
spike IgG on a log10 scale based on Cohort A data, a non-inferiority
margin of 0.67, and the true mean difference between the two study
groups to be zero (or a geometric mean ratio (GMR) of one).
Originally, the study aimed to recruit 76 participants in the co-pri-
mary outcome study groups to achieve 90% power at a two-sided 5%
type I error level assuming a 15% attrition rate for an effective
sample size of 64 participants in each group. Following recruitment
challenges, the sample size assumptions were revised to a one-sided
5% type I error level requiring 62 participants in the co-primary
outcome study groups for an effective sample size of 52 participants
in each group to achieve 90% power using the same non-inferiority
margin of 0.67.

The primary outcome analysis population for reactogenicity in-
cluded participants who received a third dose. The maximum se-
verity for each solicited systemic AE across seven days after third
vaccination was derived for each participant and summarised by
group. Participants with no diary data across the seven days were
excluded. Safety secondary outcomes included SAEs and AESIs
throughout the study, solicited local AEs across seven days after
third vaccination, and unsolicited AEs within 28 days after third
vaccination. Local solicited AEs were analysed similarly to sys-
temic AEs.

The immunogenicity co-primary outcome analysis was non-in-
feriority of anti-spike IgG for adult BNT-10 compared with paediatric
BNT-10. The primary analysis was conducted on the per-protocol
(PP) population at 28 days post-third dose. All participants who
received a third vaccine as randomised, with endpoint data available,
no self-reported COVID-19 infection within 28 days post-vaccina-
tion, and no protocol deviations of timing of blood samples were
included. A sensitivity analysis in the modified intention-to-treat

(mITT) population at 28 days post-third dose was conducted, in-
cluding all participants who received a third vaccination, with
endpoint data available, and no self-reported COVID-19 infection
within 28 days post-vaccination. For the mITT analysis, participants
were analysed according to their randomisation, irrespective of the
vaccine they received. Immunogenicity secondary outcomes in-
cluded anti-spike immunoglobulins and cellular immune responses
by ELISpot at days 0, 28, 84 and 182 post study vaccination in the
mITT populations. Exploratory live virus neutralising antibodies
(VNA) at days 28, 84, and 182 post study vaccination in the mITT
populations were reported. For the control group only, these data
were also collected at day 210 post-control vaccination (28 days
post-third COVID-19 vaccination).

Immunogenicity outcomes were summarised using geometric
mean concentrations (GMCs) and two-sided 95% confidence inter-
vals (CIs). The titres were transformed using log10 scale. Data below
the lower limit of detection (LLOD) were imputed with a value equal
to half the threshold before transformation. Data above the validated
upper limit of detection were included in analyses. The raw values
were used as they were deemed meaningful. Adjusted GMRs and Cls
were calculated as the antilogarithm of the difference between the
mean of the log10 transformed titre in study groups compared to a
reference study group. The linear regression models were adjusting
for study site, previous positive COVID-19 test, age, interval between
second and third dose, and baseline immunogenicity value as fixed
effects. Missing outcome data were not imputed. Complete case
analysis was performed for the covariates in the models.

The adjusted GMR for the co-primary outcome was presented
with a one-sided 95% CI. Non-inferiority was concluded if the lower
limit of the CI lay above the 0.67 non-inferiority margin. Other
outcomes were presented with two-sided 95% Cls. Adjusted GMRs
for anti-spike immunoglobulins and cellular immune responses
compared study arms to the control group as the reference. Adjusted
GMRs for anti-spike immunoglobulins, cellular immune responses,
and live VNA compared study arms to the BNT-30 study arm as the
reference.

Exploratory anti-nucleocapsid immunoglobulins at day 0, 84, and
182 post-third vaccination in the mITT populations were analysed to
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Fig. 1. Severity of solicited adverse reactions in days 0-7 after third vaccination by study arm as self-reported in participant electronic diaries in the safety analysis population. The
severity presented is the participant’s highest severity across 7 days following vaccination for each solicited adverse event. Fever: Mild: 38.0 °C to <38.5 °C; Moderate: 38.5 °C to
<39°C; Severe: 239.0 °C. Feverish: Self-reported feeling of feverishness. For systemic symptoms, grading was classified as Mild - easily tolerated with no limitation on normal
activity; Moderate - some limitation of daily activity; Severe - unable to perform the normal daily activity. There were no self-reported SARS-CoV-2 infections in days 0-7 after
vaccination. There was one participant who received the NVXCoV2373 vaccine at the day 0 visit who had a headache and general malaise on day 6 post-vaccination but did not
record these in their diary and are not included in the analysis. There was one participant who received the Bivalent COVID-19 vaccination at day 182 visit for whom diary data are
completely missing following COVID-19 vaccination.
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Pfizer full dose
paediatric formulation (reference),
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Fig. 2. Co-primary immunogenicity outcome - SARS-CoV-2 anti-spike antibody, ELU/mL at 28 days post-third vaccination. CI, confidence interval. Data presented are the
geometric means and their corresponding 95% confidence intervals, and the adjusted geometric mean ratios and their corresponding one-sided 95% confidence intervals. The
boxes indicate the adjusted geometric mean ratio, and the horizontal lines indicate the corresponding 95% confidence intervals. The geometric mean ratios are adjusted for study
site, age, interval between second and third COVID-19 vaccinations, any previous positive COVID-19 test, and baseline immunogenicity value as fixed effects. The vertical dotted
line refers to an adjusted geometric mean ratio of one and indicates the line of no difference. A confidence interval that lies completely to one side and not intersecting the line of
no difference indicates a significant difference in the geometric mean concentrations between adult 10 pg BNT162b2 study arm and the reference paediatric 10 ng BNT162b2

study arm.

determine the frequency of seropositivity to anti-SARS-CoV-2 nu-
cleocapsid IgG at enrolment and seroconversion throughout the
study.

Immunogenicity sensitivity analyses were conducted excluding
participants who were considered to have had a ‘breakthrough in-
fection’ during follow-up. A ‘breakthrough infection’ was defined as
either: a self-reported SARS-CoV-2 infection after 28 days following
third dose, a two-fold rise in anti-nucleocapsid IgG between day 28
and day 84 and between day 84 and day 182, a two-fold rise in anti-
spike antibodies between day 28 and day 84 and between day 84
and day 182, or a seroconversion of anti-nucleocapsid IgG serostatus.
Distributions according to the different definitions of SARS-CoV-2
infections during follow-up were presented across study arms.

Statistical analyses were performed using R 4.3.1 and RStudio
2023.12.1+402.

Role of the funding source

The funders of the study had no role in study design, data col-
lection, data analysis, data interpretation, or writing of the report.

Results

Between 1st June 2022 and 30th June 2023, 298 participants
were screened, of whom 283 participants were eligible. At the day 0
visit, one participant was excluded, and 282 participants underwent
randomisation (Supplementary Figure 1). Baseline characteristics
were balanced across the study arms (Table 1). The mean age of
participants was 14.1 (range 12.4-15.5) years. Most participants
were white (89%) and 57% were female. The mean interval between
second and third COVID-19 vaccination was 244.8 (range 91-501)
days. More than half of participants (64%) reported at least one
previous COVID-19 infection, and the proportion was balanced be-
tween arms.

There was no clear difference in the frequency of local and sys-
temic solicited reactions between study arms and most systemic
reactions were mild-to-moderate. Fatigue, muscle ache, and head-
ache were among the most frequently reported systemic adverse
reactions. Among local reactions, pain and warmth were most often
reported (Fig. 1, Supplementary Table 3). Most reactions were short-
lived (Supplementary Figure 3). Most systemic adverse reactions
reported by control group participants following the Comirnaty
Original/Omicron BA.1 vaccine at day 182 were mild-to-moderate

(Supplementary Figures 4 and 5, Supplementary Table 3). Pain at the
injection site was the most frequently reported local reaction.

In total, there were 182 AEs reported by 119 participants
(Supplementary Table 4). Of these, 23 (13%) represented AESIs. Ex-
cept for one event (a case of peripheral nerve facial palsy, also re-
ported as an SAE), all AESIs were related to COVID-19 infections
(Supplementary Tables 5 and 6). AEs were most frequently reported
by participants in both 10 ug BNT162b2 arms [28/55 (51%) in pae-
diatric BNT-10; 26/58 (45%) in adult BNT-10] and by participants in
the control arm [28/56 (50%)]. Axillary lymphadenopathy and ten-
derness were reported most frequently as related AEs by participants
who received BNT-30 or BNT-10 (adult and paediatric)
(Supplementary Tables 7 and 8).

Of the four SAEs reported, three occurred in paediatric BNT-10
(Supplementary Table 5). Only one SAE (peripheral facial nerve
palsy) was deemed possibly related to the study vaccine paediatric
BNT-10. All but one SAE (a new diagnosis of idiopathic intracranial
hypertension with a hereditary component, assessed as unrelated to
the study vaccine received) had fully resolved by the end of the trial.
All SAEs occurred more than three months after vaccination.

In the PP population, anti-spike IgG GMC at 28 days post-boost in
paediatric BNT-10 was 41,906 (95% CI 34,636-50,702) and in adult
BNT-10 was 62,635 (95%CI 51,907-75,579). Compared with paedia-
tric BNT-10, adult BNT-10 was not only non-inferior with aGMR of
1.50 (one-sided 95% ClI: 1.25-), but also superior (aGMR: 1.50, two-
sided 95% CI: 1.21-1.85). The sensitivity analysis in the mITT popu-
lation showed similar results (Fig. 2, Supplementary Figure 6).

Compared with the control arm, humoral and cellular responses
were significantly boosted at 28 days post-boost in the four COVID-
19 vaccine arms (Figs. 3 and 4A). In the four COVID-19 vaccine arms,
the aGMRs of anti-spike IgG in all participants ranged from 2.55
(95% CI: 2.06-3.16) in paediatric BNT-10 to 4.04 (95% CI: 3.26-5.00)
in BNT-30. By day 182, the anti-spike IgG response persisted and was
significantly higher in the COVID-19 vaccine arms compared with
the control arm, the aGMR ranging from 1.42 (95% CI: 1.12-1.81) in
paediatric BNT-10 and 1.88 (95% CI: 1.48-2.39) in BNT-30. A similar
pattern was also observed for cellular responses with significantly
higher T-cell responses seen at 28 days in the COVID-19 vaccine arms
compared with the control arm. This difference was no longer sta-
tistically significant by 182 days post-vaccination.

Across the four COVID-19 vaccine arms, anti-spike IgG con-
centrations post-vaccination were similar between BNT-30 and adult
BNT-10 during the follow-up: GMC at 28 days post-boost was 68,374
ELU/mL (95% CI 55,946-83,563) and 61,785 (51,598-73,983) in BNT-
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Fig. 3. Immune responses following third dose vaccination by study arm in the modified intention-to-treat population. CI, confidence interval. Data presented are the geometric
means, adjusted geometric mean ratios and their corresponding 95% confidence intervals. The boxes indicate the adjusted geometric mean ratio, and the horizontal lines indicate
the corresponding 95% confidence intervals. The geometric mean ratios are adjusted for study site, age, interval between second and third COVID-19 vaccination, any previous
positive COVID-19 test, and baseline immunogenicity value as fixed effects. SARS-CoV2 anti-spike antibodies against Wuhan variant were used as a proxy for baseline im-
munogenicity values in the case of live virus neutralising antibody models where corresponding baseline immunogenicity values were not available. The vertical dotted line refers
to an adjusted geometric mean ratio of one and indicates the line of no difference. A confidence interval that lies completely to one side and not intersecting the line of no
difference indicates a significant difference in the geometric mean concentrations between the study arm and the reference study arm.

30 and adult BNT-10, respectively, with an aGMR of 0.93 (95% CI
0.75-1.14). On the other hand, the GMC in paediatric BNT-10 was
significantly lower than the BNT-30 arm during the whole study
period with aGMRs of 0.63 (0.52-0.78), 0.68 (0.55-0.85), and 0.76
(0.61-0.96) at 28-, 84-, and 182-days post-boost. For NVX, the anti-
spike IgG GMC was significantly lower at 28 days (aGMR of 0.77,
95% CI: 0.63-0.95), but this difference was no longer significant at
182 days post-boost, with aGMR of 0.86, 95% CI: 0.68-1.09
(Supplementary Figure 6).

Live VNA titres against Victoria were significantly lower in BNT-
10 and NVX groups compared with BNT-30 at 28 days post-boost
(Supplementary Figure 7). However, across the four COVID-19 vac-
cine arms, VNA titres against Victoria were not significantly different
by the end of the study. There was no statistically significant dif-
ference between BNT-10, NVX and BNT-30 groups across all time
points for VNA titres against both Omicron BA.5 and XBB.15 except
for the paediatric BNT-10 arm, which had significantly lower VNA
titres at day 84 against Omicron BA.5 and XBB.15. Similar decay rates
were seen across all vaccine groups after excluding breakthrough
infections (Fig. 4D-F).

Overall, cellular responses to the Victoria strain were lower in
adult and paediatric BNT-10 across all time points compared with
BNT30, but only responses in paediatric BNT-10 reached statistical
significance (Supplementary Figure 6). There was no statistically
significant difference in cellular responses between NVX and BNT-30
arms. A similar cellular response pattern to Omicron was observed
between vaccine groups (Supplementary Figure G). After removing
breakthrough infections, a similar pattern of decay was observed
between the four COVID-19 vaccine arms (Fig. 4B-C).

Anti-spike IgG, VNA against Victoria strain, and cellular re-
sponses to Victoria and Omicron strains at day 210 (28 days fol-
lowing Comirnaty Original/Omicron BA.1 vaccination) in the control
arm were similar to the immune responses at day 28 in the BNT-30
arm. However, significantly higher VNA titres against Omicron BA.5
and XBB.15 were observed following Comirnaty Original/Omicron
BA.1 vaccination [aGMR of 2.00 (95% CI 1.47-2.71) and aGMR 3.30
(95% CI 2.20-4.95), respectively, (Supplementary Figure 8)].

Overall, 33% of participants experienced breakthrough infection
by any definition after vaccination, and all had a two-fold increase in
anti-nucleocapsid IgG (Supplementary Table 9, Supplementary
Figure 9). The proportion of breakthrough infections by any defini-
tion was similar across all study groups, including the control arm
[range 14 (26%) in BNT-30 to 20 (36%) in adult BNT-10]. Overall, 6.3%
(17/271) of participants self-reported infection detected by COVID-
19 lateral flow test (Flowflex) with the lowest proportion observed in
the BNT-30 (1/53, 1.9%) and the highest in the control arm (7/54,
13%). A similar pattern was also observed for breakthrough infec-
tions defined by a two-fold rise in anti-spike IgG.

Discussion

This is the first reported study to investigate reactogenicity and
immunogenicity of heterologous and fractional third dose COVID-19
vaccine schedules following priming with homologous BNT-30 in
adolescents. It demonstrates that heterologous COVID-19 im-
munisation in adolescents is highly immunogenic and well tolerated
across all regimens evaluated. This is also the first trial to demon-
strate that a 10pug dose administered using the adult BNT162b2

vaccine formulation is superior to a 10 ug dose administered using
the paediatric BNT16b2 formulation (assessed through the day 28
anti-spike IgG response). Reactogenicity was similar across the study
arms despite the use of lower vaccine doses, and all vaccine sche-
dules were well tolerated. All study arms elicited robust immune
responses though, when compared with BNT-30, paediatric BNT-10
was less immunogenic than the full or partial dose adult formula-
tions.

Adult BNT-10 elicited a superior immune response to paediatric
BNT-10 and a comparable immune response to BNT-30 in both the
PP and mITT populations when given as a third dose. The significant
difference in immunogenicity between the formulations may be
accounted for by differences in vaccine constitution or preparation.
However, the mechanism of action, active ingredients and list of
excipients are identical for both vaccines.'®'® Vaccine preparation
was followed in accordance with the trial vaccine preparation and
administration standard operating procedure. Both vaccines share
similar preparation steps though differ in the concentration of so-
lution used for dilution: 1.8 mL (adult BNT162b2) versus 1.3 mL
(paediatric BNT162b2) of sodium chloride (0.9%). Following dilution,
one adult BNT162b2 vial contains 2.25 mL from which six 30pug
doses (each of 0.3mL) can be extracted, while one paediatric
BNT162b2 vial contains 2.6 mL from which ten 10 pg doses (each of
0.2 mL) can be extracted. It is possible that the differences in diluent
may have contributed to the significant difference in im-
munogenicity observed between the formulations with a more
concentrated formulation inducing more potent responses.

In this trial, we showed that adult BNT-10 as a third dose
generated a robust immune response similar to BNT-30 in 12- to
15-year-olds. Comparable immunogenicity has already been de-
monstrated between a two-10 pug BNT162b2 dose prime schedule
in 5- to 11-year-olds and a two-30 pug BNT162b2 schedule in 18- to
25-year-olds. Correspondingly, when compared to results from
the COV-BOOST trial in which adult participants (aged 30 years or
older) received 30 ug BNT162b2 as a third dose, higher peak anti-
spike IgG antibody concentrations were observed in our study in
both the 10pg adult [61,785 (95% CI 51,598-73,983) and 10 g
paediatric BNT162b2 [43,918 (95%Cl 35,978-53,611) groups in
adolescents compared with anti-spike IgG concentrations ob-
served after 30 ug BNT162b2 in seropositive adults [37,916 (95% CI
26,907-53,429)] using the same immunoassay.'® Greater im-
munogenicity after vaccination has already been documented in
children and adolescents than in the adult population.”'? Taking
into account increasing global SARS-CoV-2 seroprevalence, frac-
tional dosing of adult formulation BNT162b2 may therefore suffice
for subsequent ‘booster’ vaccine doses in adolescents to bolster
the immune response against infection, should this be required by
national agencies, while allowing for more cost-effective and ef-
ficient use of vaccine supplies as well as greater vaccine avail-
ability and schedule flexibility.

Heterologous COVID-19 booster schedules have been shown to
confer enhanced protection against SARS-CoV-2 compared with
both primary vaccine and homologous schedules.'*'>?° However,
data on heterologous third dose schedules in children and adoles-
cents are scarce. In Cohort A of the Com-COV3 trial, heterologous
second dose NVXCoV2373 following BNT162b2 prime demonstrated
enhanced immunogenicity and greater protection against SARS-CoV-
2 compared with the licensed two-dose homologous BNT162b2
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Fig. 4. Kinetics of SARS-CoV-2 anti-spike antibodies, wild-type, BA.5 and XBB.15 live virus neutralising antibodies, and cellular responses to wild-type and Omicron after the third
dose in the day 182 modified intention-to-treat population in participants without breakthrough infection. Kinetics of (A) anti-spike IgG (ELU/mL); (B) cellular response to wild-
type SARS-CoV-2 (SFC per million PBMCs); (C) cellular response to Omicron (SFC per million PBMCs); (D) live virus neutralising antibody against wild-type SARS-CoV-2 (FRNT50);
(E) live virus neutralising antibody against Omicron BA.5 (FRNT50); (F) live virus neutralising antibody against Omicron XBB.15 (FRNT50). The boxplots display the distribution
over time, outliers are not displayed. The lines display the change in the median over time. Participants with breakthrough infection were censored at the time of infection.
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schedule.”' In Cohort B, day 28 anti-spike IgG concentrations were
significantly lower in the NVX group compared with BNT-30, though
by day 182, anti-spike IgG concentrations were not significantly
different between the groups. VNA titres and cellular responses were
also similar between NVX and BNT-30. When compared with the
control arm, the humoral and cellular responses induced by COVID-
19 vaccines reduced over time. For example, the GMR dropped from
4,04 at day 28 to 1.88 at day 182 for BNT-30. Our data support the
current policy of seasonal vaccination in adolescents at high risk.

Consistent with previous studies in adults,'**° we have shown
that heterologous third dose vaccination in adolescents is safe, ex-
hibits favourable reactogenicity and demonstrates similar im-
munogenicity when compared with the licensed homologous
vaccine schedule. To our knowledge, only one other study examining
heterologous third-dose intramuscular vaccination in adolescents
has been published which reports immunogenicity findings after
either 30g, 15png, or 10 ug BNT162b2 third dose vaccination fol-
lowing CoronaVac/BNT162b2 as the primary series.”” In this study,
third dose BNT162b2 vaccination induced robust neutralising ac-
tivity against the Omicron variant and no significant difference in
neutralising antibody titres was detected between the fractional
BNT162b2 groups [GMRs of 0.82 95% CI (0.44-1.53) in 15ug
BNT162b2 arm and 0.74 95% CI (0.39-1.39) in 10 ng BNT162b2 arm,
BNT-30 as the reference group]. The paediatric formulation was used
to administer the 10 ug dose.”” The findings of this study are con-
sistent with the results reported here showing that BNT-30 and BNT-
10 elicit similar neutralising antibody titres against Omicron. We
have shown that robust humoral and cellular immune responses are
elicited after heterologous COVID-19 vaccination and that persis-
tence of the immune response was well maintained during the six-
month follow-up period.

Similar peak humoral and cellular immune responses to the
Victoria strain were observed between the bivalent Original/
Omicron BA.1 and BNT-30 vaccines. However, significantly higher
VNA titres against Omicron BA.5 and XBB.15 were observed in the
bivalent Original/Omicron BA.1 group compared with BNT-30. In line
with previous studies, these results suggest that boosting with bi-
valent vaccines targeting variant strains generates enhanced neu-
tralising antibody activity against related subvariants.”®> However,
the longer interval prior to vaccination and the occurrence of SARS-
CoV-2 infections during this time may have influenced these
findings.

This study had several limitations. Although the study
achieved the total effective sample size required to fulfil the pri-
mary objective of the trial, recruitment was challenging and was
stopped after one year following discussion with the TSC. We did
not reach an equal number between the two BNT-10 arms (53
versus 51) for the primary analysis, but the impact on the study
was negligible. Most study participants were white, and therefore
not representative of the general population, limiting the poten-
tial wider applicability of the results. The age range of participants
included in the study was narrow, limiting the generalisability of
the results. Although we investigated the effect of vaccine interval
on immunogenicity, the follow-up period for the control group
was too short to assess immune persistence in this group.
Similarly, a follow-up of just six months post-third dose in the
vaccine arms does not allow for a longer-term assessment of im-
mune persistence.

In conclusion, this study demonstrates that heterologous and
fractional third dose COVID-19 vaccine schedules in adolescents are
highly immunogenic and well-tolerated. Adult BNT-10 was shown to
be superior to paediatric BNT-10 and comparably immunogenic to
BNT-30. This study provides support for the use of heterologous
third dose COVID-19 vaccine schedules in adolescents and for frac-
tional adult BNT162b2 as an alternative to the paediatric formulation
in adolescent booster campaigns.
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