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Background Few data exist on the comparative safety and immunogenicity of different COVID-19 vaccines given as a
third (booster) dose. To generate data to optimise selection of booster vaccines, we investigated the reactogenicity and
immunogenicity of seven different COVID-19 vaccines as a third dose after two doses of ChAdOx1 nCov-19 (Oxford–
AstraZeneca; hereafter referred to as ChAd) or BNT162b2 (Pfizer–BioNtech, hearafter referred to as BNT).
Methods COV-BOOST is a multicentre, randomised, controlled, phase 2 trial of third dose booster vaccination against
COVID-19. Participants were aged older than 30 years, and were at least 70 days post two doses of ChAd or at least
84 days post two doses of BNT primary COVID-19 immunisation course, with no history of laboratory-confirmed
SARS-CoV-2 infection. 18 sites were split into three groups (A, B, and C). Within each site group (A, B, or C), participants
were randomly assigned to an experimental vaccine or control. Group A received NVX-CoV2373 (Novavax; hereafter
referred to as NVX), a half dose of NVX, ChAd, or quadrivalent meningococcal conjugate vaccine (MenACWY)
control (1:1:1:1). Group B received BNT, VLA2001 (Valneva; hereafter referred to as VLA), a half dose of VLA, Ad26.
COV2.S (Janssen; hereafter referred to as Ad26) or MenACWY (1:1:1:1:1). Group C received mRNA1273 (Moderna;
hereafter referred to as m1273), CVnCov (CureVac; hereafter referred to as CVn), a half dose of BNT, or MenACWY
(1:1:1:1). Participants and all investigatory staff were blinded to treatment allocation. Coprimary outcomes were safety
and reactogenicity and immunogenicity of anti-spike IgG measured by ELISA. The primary analysis for
immunogenicity was on a modified intention-to-treat basis; safety and reactogenicity were assessed in the intentionto-treat population. Secondary outcomes included assessment of viral neutralisation and cellular responses. This trial
is registered with ISRCTN, number 73765130.
Findings Between June 1 and June 30, 2021, 3498 people were screened. 2878 participants met eligibility criteria and
received COVID-19 vaccine or control. The median ages of ChAd/ChAd-primed participants were 53 years (IQR 44–61)
in the younger age group and 76 years (73–78) in the older age group. In the BNT/BNT-primed participants, the
median ages were 51 years (41–59) in the younger age group and 78 years (75–82) in the older age group. In the
ChAd/ChAD-primed group, 676 (46·7%) participants were female and 1380 (95·4%) were White, and in the BNT/
BNT-primed group 770 (53·6%) participants were female and 1321 (91·9%) were White. Three vaccines showed
overall increased reactogenicity: m1273 after ChAd/ChAd or BNT/BNT; and ChAd and Ad26 after BNT/BNT. For
ChAd/ChAd-primed individuals, spike IgG geometric mean ratios (GMRs) between study vaccines and controls
ranged from 1·8 (99% CI 1·5–2·3) in the half VLA group to 32·3 (24·8–42·0) in the m1273 group. GMRs for wildtype cellular responses compared with controls ranged from 1·1 (95% CI 0·7–1·6) for ChAd to 3·6 (2·4–5·5) for
m1273. For BNT/BNT-primed individuals, spike IgG GMRs ranged from 1·3 (99% CI 1·0–1·5) in the half VLA group
to 11·5 (9·4–14·1) in the m1273 group. GMRs for wild-type cellular responses compared with controls ranged from
1·0 (95% CI 0·7–1·6) for half VLA to 4·7 (3·1–7·1) for m1273. The results were similar between those aged
30–69 years and those aged 70 years and older. Fatigue and pain were the most common solicited local and systemic
adverse events, experienced more in people aged 30–69 years than those aged 70 years or older. Serious adverse
events were uncommon, similar in active vaccine and control groups. In total, there were 24 serious adverse events:
five in the control group (two in control group A, three in control group B, and zero in control group C), two in Ad26,
five in VLA, one in VLA-half, one in BNT, two in BNT-half, two in ChAd, one in CVn, two in NVX, two in NVX-half,
and one in m1273.
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Interpretation All study vaccines boosted antibody and neutralising responses after ChAd/ChAd initial course and all
except one after BNT/BNT, with no safety concerns. Substantial differences in humoral and cellular responses, and
vaccine availability will influence policy choices for booster vaccination.
Funding UK Vaccine Taskforce and National Institute for Health Research.
Copyright © 2021 The Author(s). Published by Elsevier Ltd.

Introduction
Although most studies suggest well preserved protection
against severe COVID-19 disease and death from
deployed vaccines, even with the delta (B.1.617.2) strain
predominant,1 observational data suggest there is a
progressive reduction in protection against any infection
or symptomatic infection.2–5
As protection against SARS-CoV-2 infection has waned
after a two-dose schedule of COVID-19 vaccines, policy
makers have begun to consider the implications for
periodic or seasonal third dose, also known as a booster,
vaccination against COVID-19 to protect the most
vulnerable patients, and mitigate health-care and
economic impacts. Decisions regarding when and which
populations to whom boosters should be administered are
made based on real-world data and cohort studies.1,3,6,7 We
set out to generate data to optimise selection of booster

vaccines after two doses of ChAdOx1 nCov-19 (Oxford–
AstraZeneca; hereafter referred to as ChAd) or BNT162b2
(Pfizer–BioNtech, hearafter referred to as BNT). There
are theoretical reasons why providing a mixed schedule
might provide greater protection. The UK COMCOV
trial demonstrated that a heterologous prime-boost
schedule can be more immunogenic than a homologous
schedule,8,9 albeit with increased reactogenicity in some
combinations.10 We also investigated the effect of reduced
(ie, fractional) dosing for third doses of three vaccines on
reactogenicity and immunogencity. If viral killing can be
maintained despite using a reduced dose compared with
that previously tested in phase 3 trials,11–13 it might be
possible to reduce reactogenicity for third dose recipients
and increase global reach of finite vaccine supply.
The importance of both cellular and humoral immunity
in vaccine effectiveness is evident from real-world studies

Research in context
Evidence before this study
We searched PubMed for randomised controlled trials in
non-immunocompromised adults published between
database inception and Nov 3, 2021, using the terms “(COVID)
AND (vaccin*) AND (booster OR third dose)” with no language
restrictions. We identified three published clinical trials of
ChAdOx1 nCov-19 (Oxford–AstraZeneca; hereafter referred to
as ChAd), BNT162b2 (Pfizer–BioNtech; hearafter referred to as
BNT), and mRNA1273 (Moderna) homologous third dose
boosters. For all vaccines, neutralising antibody titres were
significantly boosted by a third dose of vaccine, including
against the delta variant for mRNA1273 and BNT.
Reactogenicity was reported as similar to after dose two of
BNT, and lower than after dose two of ChAd. T-cell responses
were significantly boosted by a third dose of ChAd, and not
reported for mRNA1273 or BNT. We also identified two
preprints, including a small trial of homologous and
heterologous third dose boosters for BNT, mRNA1273, and
Ad26.COV2.S (Janssen; hereafter referred to as Ad26), which
demonstrated similar reactogenicity to the original
immunisation series, and improved neutralising antibody
titres for heterologous boosting. A small Chinese trial of
Convidecia (CanSino Biologicals) or CoronaVac (Sinovac
Biotech) following a primary immunisation series with
CoronaVac demonstrated increased reactogenicity with a
heterologous third dose, with accompanying increased
neutralising antibody titers. Cellular immunity was not
reported for either study.
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Added value of this study
This was, to our knowledge, the first randomised trial of third
dose booster vaccines given 10–12 weeks after an initial course
of ChAd/ChAd or BNT/BNT COVID-19 immunisation. This trial
has demonstrated the potential of all vaccines tested (ChAd,
BNT, mRNA1273, NVX-CoV2373 [Novavax; hereafter referred
to as NVX], Ad26, CVnCov [CureVac; hereafter referred to as
CVn], and VLA2001 [Valneva; hereafter referred to as VLA]) to
boost immunity after an initial course of ChAd/ChAd and of
six vaccines (ChAd, BNT, mRNA1273, NVX, Ad26, and CVn)
after an initial course of BNT/BNT. All vaccines showed
acceptable side-effect profiles, although some schedules were
more reactogenic than others.
Implications of all the available evidence
Policy makers and national immunisation advisory committees
should establish criteria for choosing which booster vaccines to
use in their populations. This decision should be based on
immunological considerations, known side-effect profiles,
in-country availability, and ultimately a decision on what level
of boost is sufficient in the context of national strategic disease
control objectives. Data from our study and others suggest that
current mRNA doses might be higher than required to provide
adequate boost to immunity after a third dose. Interpretation
should avoid focus on the headline spike IgG levels or antibody
boost ratios because the relationship between antibody levels
at day 28 and long-term protection and immunological
memory is unknown.
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that have demonstrated little difference in initial protection
from infection14 or from severe disease and death1,3 after
ChAd/ChAd or BNT/BNT, despite BNT generating levels of
neutralising antibodies many times higher than ChAd.8
The importance of antibody-mediated immunity in
protection against SARS-CoV-2 infection has been
demonstrated in non-human primates and humans from
both infection and immunisation, although correlates of
protection against asymptomatic infection are not yet
clear.15–18 T cells are important in controlling disease severity,
although correlates of protection against symptomatic
disease have not yet been demonstrated.19 T-cell activity
appears minimally affected by spike antigen mutations20
and responses remain against variants of concern, even
though neutralising antibody levels are reduced.21 Although
neutralising antibody titres after mRNA vaccination are
higher compared with adenovirus vector vaccines, there are
much smaller differences in T-cell responses.8 T-cell
responses have also been shown to be higher in
heterologous schedules compared with homologous—eg,
mRNA second dose after adenoviral vector prime.8
In this The Evaluating COVID-19 Vaccination Boosters
(COV-BOOST) trial, we investigated the reactogenicity
and immunogenicity of seven different COVID-19
vaccines, with three at full and half dose, as a third dose
after ChAd/ChAd or BNT/BNT.
Mechanism of action

Administration

ChAdOx-nCov19 (ChAd;
AZD1222, AstraZeneca)

Replication-deficient chimpanzee
adenovirus vectored vaccine,
expressing the SARS-CoV-2 spike
surface glycoprotein

5 × 1010 viral particles per 0·5 mL via
intramuscular injection

NVX-CoV2373 (NVX; Novavax)

Nanoparticle vaccine containing
purified spike glycoprotein

5 µg with Matrix-M1 50 µg
adjuvant in 0·5 mL via
intramuscular injection

NVX-CoV2373 (NVX half;
Novavax)

Nanoparticle vaccine containing
purified spike glycoprotein

2·5 µg with Matrix-M1 25 µg
adjuvant in 0·25 mL via
intramuscular injection

BNT162b2 (BNT; Pfizer–
BioNTech)

mRNA vaccine encoding
SARS-CoV-2 spike glycoprotein

30 µg in 0·3 mL via intramuscular
injection

BNT162b2 (BNT half; Pfizer–
BioNTech)

mRNA vaccine encoding
SARS-CoV-2 spike glycoprotein

15 µg in 0·15 mL via intramuscular
injection

VLA2001 (VLA; Valneva)

Whole, inactivated SARS-CoV-2
virus

33 antigen units with 1 mg CpG
adjuvant in 0·5 mL via
intramuscular injection

VLA2001 (VLA half; Valneva)

Whole, inactivated SARS-CoV-2
virus

16·5 antigen units with 0·5 mg CpG
adjuvant in 0·25 mL via
intramuscular injection

Ad26.COV2.S (Ad26; Janssen)

Replication-deficient adenovirus
vector vaccine constructed to
encode a full-length spike protein

5 × 1010 viral particles per mL in
0·5 mL via intramuscular injection

mRNA1273 (m1273; Moderna)

mRNA vaccine encoding
SARS-CoV-2 spike glycoprotein

100 µg administered via 0·5 mL via
intramuscular injection

CVnCoV (CVn; Curevac),
withdrawn from further clinical
development October, 202122

mRNA vaccine encoding
SARS-CoV-2 spike glycoprotein

12 µg administered via 0·6 mL via
intramuscular injection

MenACWY (Pfizer) control

Quadrivalent meningococcal
conjugate vaccine

0·5 mL via intramuscular injection

Table 1: Vaccines used in COV-BOOST trial
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Methods

Trial design
COV-BOOST is a multicentre, randomised, phase 2 trial
of third dose booster vaccination against COVID-19, with
a subgroup to investigate detailed immunology. The study
was conducted at 18 UK sites, in a mixture of community
and secondary care settings. To reduce the risk of vaccine
administration error and delays if there were problems in
the supply of one or more vaccines, the ten experimental
vaccine and control groups (seven vaccines with three also
at half dose and controls) were split into three groups with
six sites per group.
The trial was reviewed and approved by the SouthCentral Berkshire Research Ethics Committee, University
Hospital Southampton, and the Medicines and Healthcare
Products Regulatory Agency (EudraCT 2021–002175–19,
IRAS 299180, REC reference 21/SC/0171). The study
protocol is provided in appendix 2 (pp 2–103).

Participants
Participants were adults aged 30 years or older, in good
physical health (mild to moderate well controlled co
morbidities were permitted), who had received
two doses of either BNT or ChAd (first dose in
December, 2020, January, 2021, or February, 2021), and
were at least 84 days post second dose by the time of
enrolment. Due to timelines of UK vaccine deployment,
some sites were permitted to enrol participants who
were at least 70 days post second dose of ChAd. The
timing of the trial meant that enrolment included
people aged 75 years or older, health and social care
workers, and people residing in care homes. Enrolment
was managed so that approximately half of participants
had received two doses of ChAd and half two doses of
BNT, and approximately half of people were aged
70 years or older. Full exclusion and inclusion criteria
listed in appendix 2 (pp 33–35). Participants provided
written informed consent.

Randomisation and masking
An unblinded statistician created the computer-generated
randomisation list. Randomisation schedules were
prepared separately for participants primed with ChAd/
ChAd and BNT/BNT and stratified by study site, age
(<70 years and ≥70 years) and subgroup (general and
immunology). Permuted random blocks were used, and
participants were randomly assigned to the study groups
with equal probability within groups A–C. Group A
received NVX-CoV2373 (Novavax; hereafter referred to as
NVX), a half dose of NVX, ChAd, or control quadrivalent
meningococcal conjugate vaccine (MenACWY; 1:1:1:1).
Group B received BNT, VLA2001 (Valneva; hereafter
referred to as VLA), a half dose of VLA, Ad26.COV2.S
(Janssen; hereafter referred to as Ad26) or MenACWY
(1:1:1:1:1). Group C received mRNA1273 (Moderna;
hereafter referred to as m1273), CVnCov (CureVac;
hereafter referred to as CVn), a half dose of BNT, or
www.thelancet.com Vol 398 December 18/25, 2021
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MenACWY (1:1:1:1). Each cohort (A, B, and C) had their
own control group and recruited two separate
populations, those receiving ChAd/ChAd and those
receiving BNT/BNT. Randomisation was done in the
electronic data capture system REDCap, version 10.6.13.
Participants, laboratory staff, and the clinical study
team not delivering the vaccines were blind to
treatment allocation, including those undertaking
adverse event assessments. Participant blinding to
vaccines was maintained by concealing randomisation
pages, preparing vaccines out of sight, and applying
masking tape to vaccine syringes to conceal dose,
volume, and appearance. The analysing statisticians
remained blind until the statistical analysis plan was
signed off.

Procedures
Participants who met the inclusion and exclusion criteria
via the online screening or the telephone screening (or
both) were invited to a baseline visit (day 0). Participants
who passed the final eligibility assessment were randomly
assigned to a study group.
Seven COVID-19 vaccines, and three with a half dose,
were used (table 1); all vaccines were administered via
intramuscular injection into the upper arm.
Participants attended screening and vaccination at
day 0. Blood was taken for immunogenicity analyses at
days 28, 84, and 365. A separate immunology subgroup
comprised of 25 individuals from each treatment
group (n=650 participants) attended additional visits to
have blood taken at day 7 (to detect evidence of previous
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3498 participants enrolled and had telephone
pre-screening

444 excluded because did not attend full screening

3054 screened for eligibility

171 excluded
127 did not meeting inclusion criteria
19 declined to participate
25 other reasons

2883 randomly assigned

443 assigned to group A
(ChAd/ChAd)
109 control
111 ChAd
115 NVX
108 NVX half

57 excluded
52 previous
COVID-19 at
baseline
4 withdrawal
before day 28
1 failed bleed at
day 28

386 included in mITT
analysis
93 control
100 ChAd
96 NVX
97 NVX half

453 assigned to group A
(BNT/BNT)
118 control
109 ChAd
114 NVX
112 NVX half

42 excluded
41 previous
COVID-19 at
baseline
1 withdrawal
before day 28

411 included in mITT
analysis
111 control
98 ChAd
103 NVX
99 NVX half

541 assigned to group B
(ChAd/ChAd)
106 control
107 BNT
109 VLA
111 VLA half
108 Ad26

50 excluded
2 vaccine not
received
45 previous
COVID-19 at
baseline
2 infection
within 14
days
1 failed bleed
at day 28

491 included in mITT
analysis
93 control
95 BNT
95 VLA
107 VLA half
101 Ad26

545 assigmed to group B
(BNT/BNT)
109 control
110 BNT
110 VLA
110 VLA half
106 Ad26

66 excluded
1 vaccine not
received
57 previous
COVID-19 at
baseline
3 withdrawal
before day 28
5 failed bleed
at day 28

479 included in mITT
analysis
97 control
96 BNT
99 VLA
98 VLA half
89 Ad26

462 assigned to group C
(ChAd/ChAd)
114 control
117 BNT half
112 mRNA1273
119 CVn

52 excluded
1 vaccine not
received
44 previous
COVID-19 at
baseline
4 infection
within 14
days
2 withdrawal
before day 28
1 failed bleed
at day 28

410 included in mITT
analysis
102 control
105 BNT half
98 mRNA1273
105 CVn

439 group C (BNT/BNT)
112 control
110 BNT half
111 mRNA1273
106 CVn

59 excluded
1 vaccine not
received
54 previous
COVID-19 at
baseline
3 withdrawal
before day 28
1 failed bleed
at day 28

380 included in mITT
analysis
100 control
94 BNT half
92 mRNA1273
94 CVn

Figure 1: Trial profile
Control=quadrivalent meningococcal conjugate vaccine. ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. NVX=NVX-CoV2373 vaccine, Novavax. NVX half=half dose of NVX-CoV2373 vaccine.
BNT=BNT162b2 vaccine, Pfizer–BioNTech. VLA=VLA2001 vaccine, Valneva. VLA half=half dose of VLA2001 vaccine. Ad26=Ad26.COV2.S vaccine, Janssen. BNT half=half dose of BNT162b2 vaccine.
m1273=mRNA1273 vaccine, Moderna. CVn=CVnCoV vaccine, Curevac. mITT=modified intention to treat.
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immunological priming via rapid spike IgG responses)
and day 14 (to detect the peak T-cell response).
The cellular immunology samples were collected from
nine sites based on logistical reasons (proximity to
external laboratory). The immunology subgroup was
allocated at six of these sites, including three sites
recruiting immunology subgroup only and the other
three sites enrolling participants up to the required
number.
Vaccines were administered by appropriately trained
trial staff at trial sites. Participants were observed for at
least 15 min after vaccination. During the baseline visit,
participants were given an oral thermometer, tape
measure, and diary card (electronic or paper) to record
solicited adverse events on day 7, unsolicited adverse
events on day 28, and medically attended adverse events
on day 84. The study sites’ physicians reviewed the diary
card regularly to record adverse events, adverse events of
special interest, and serious adverse events. The
timepoints for subsequent visits for immunogenicity
Prime with ChAd/ChAd
Control (n=109)

ChAd (n=111)

blood sampling are shown in the protocol
(appendix 2 p 81). During the study visits, adverse events,
adverse events of special interest, and serious adverse
events that had not been recorded in the diary card were
also collected.
Participants who tested positive for SARS-CoV-2 in the
community were invited for an additional visit for clinical
assessment, collection of blood samples, and throat
swab, and completion of a COVID-19 symptom diary.
Detailed methods for SARS-CoV-2 anti-spike IgG
concentrations by ELISA (reported as ELISA laboratory
units [ELU]/mL) and SARS-CoV-2 pseudotype virus
neutralisation (PNA) assays (Nexelis, Laval, QC, Canada)
and for T-cell assays (Oxford Immunotec Abingdon, UK)
are provided in appendix 1 (p 41).

Outcomes
The coprimary outcomes were safety and reactogenicity,
and immunogenicity. Safety and reactogenicity were
determined by the occurrence of solicited, unsolicited

Prime with BNT/BNT
NVX (n=115)

NVX half (n=108)

Control (n=118)

ChAd (n=109)

NVX (n=114)

NVX half (n=112)

Age, years
Mean (SD)

64·0 (14·0)

63·7 (14·1)

63·5 (13·7)

61·8 (15·1)

63·1 (16·9)

61·9 (16·6)

62·1 (16·4)

Median (IQR)

68·1 (55·1–75·9)

67·8 (52·2–75·7)

65·3 (52·6–74·1)

65·8 (49·9–75·6)

62·4 (49·4–78·5)

61·9 (46·5–76·3)

62·7 (48·0–75·5)

62·9 (16·0)
62·2 (49·9–77·3)

Intervals between
first and second
doses, days

68·0 (59·0–76·0)

69·0 (61·0–76·0)

68·0 (60·0–76·0)

70·0 (62·8–77·0)

41·0 (21·0–68·8)

34·0 (21·0–65·0)

42·0 (23·2–65·5)

56·0 (28·0–70·0)

Intervals between
second and third
doses, days

78·0 (72·0–86·0)

78·0 (73·0–84·5)

76·0 (72·0–84·5)

77·0 (71·0–85·0)

<70

57 (52·3%)

59 (53·2%)

63 (54·8%)

59 (54·6%)

66 (55·9%)

64 (58·7%)

65 (57·0%)

67 (59·8%)

≥70

52 (47·7%)

52 (46·8%)

52 (45·2%)

49 (45·4%)

52 (44·1%)

45 (41·3%)

49 (43·0%)

45 (40·2%)

Female

54 (49·5%)

54 (48·6%)

61 (53·0%)

58 (53·7%)

69 (58·5%)

57 (52·3%)

65 (57·0%)

67 (59·8%)

Male

55 (50·5%)

57 (51·4%)

54 (47·0%)

50 (46·3%)

49 (41·5%)

52 (47·7%)

49 (43·0%)

45 (40·2%)

104·5 (95·2–146·0) 110·0 (92·0–148·0) 104·5 (93·0–146·8) 100·0 (91·8–134·8)

Age groups, years

Gender

Occupation
Health worker

31 (28·4%)

31 (27·9%)

40 (34·8%)

40 (37·0%)

57 (48·3%)

53 (48·6%)

59 (51·8%)

53 (47·3%)

Other

78 (71·6%)

80 (72·1%)

75 (65·2%)

68 (63·0%)

61 (51·7%)

56 (51·4%)

55 (48·2%)

59 (52·7%)

107 (98·2%)

105 (94·6%)

102 (93·6%)

109 (95·6%)

107 (95·5%)

Ethnicity
107 (93·0%)

103 (95·4%)

106 (89·8%)

Black

White

0

0

1 (0·9%)

1 (0·9%)

1 (0·8%)

Asian

2 (1·8%)

4 (3·6%)

3 (2·6%)

2 (1·9%)

Mixed

0

2 (1·8%)

0

Other

0

0

Not given

0

0

0

0

10 (8·5%)

6 (5·5%)

5 (4·4%)

0
2 (1·8%)

0

1 (0·8%)

1 (0·9%)

0

0

3 (2·6%)

2 (1·9%)

0

0

0

3 (2·7%)

1 (0·9%)

0

0

0

0

0

Comorbidities
Cardiovascular

36 (33·0%)

36 (32·4%)

41 (35·7%)

35 (32·4%)

37 (31·4%)

31 (28·4%)

35 (30·7%)

35 (31·2%)

Respiratory

19 (17·4%)

13 (11·7%)

15 (13·0%)

24 (22·2%)

14 (11·9%)

13 (11·9%)

15 (13·2%)

18 (16·1%)

8 (7·3%)

12 (10·8%)

14 (12·2%)

11 (10·2%)

11 (9·3%)

7 (6·4%)

7 (6·1%)

12 (10·7%)

Diabetes

Data are median (IQR) or n (%), unless otherwise stated. There were three participants missing on occupation and five participants missing on ethnicity, which were not included in this table. ChAd=ChAdOx1
nCoV-19 vaccine, Oxford–AstraZeneca. BNT=BNT162b2 vaccine, Pfizer–BioNTech. Control=quadrivalent meningococcal conjugate vaccine. NVX=NVX-CoV2373 vaccine, Novavax. NVX half=half dose of
NVX-CoV2373 vaccine.
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group within each of the three groups (A and C
[three comparisons], and B [ four comparisons]) and
populations (ChAd/ChAd and BNT/BNT). Since we made,
at most, four comparisons within a cohort, using a
Bonferroni correction would need to adjust for a
significance level of 0·05/4 = 0·0125. To account for
multiple testing within each cohort a conservative twosided significance level of 0·01 was used. We required
83 participants per group to detect an established
minimum clinically important difference of 1·75-times
difference in GMC assuming a log10-SD of 0·4. The
minimum clinical important difference was chosen based
on the discussions with UK policy makers and regulatory
agency. We inflated the required sample size by 25% to
take account of participants who would be seropositive at
baseline or lost to follow-up, recruiting n=111 per group. A
subset of n=25 per group were included in the
immunology substudy, as the purpose of this substudy
was descriptive we did not undertake a power calculation.

adverse events, adverse events of special interest, or
serious adverse events following vaccination, as recorded
in participant electronic diaries or ascertained at followup visits. Immunogenicity outcome was anti-spike
protein IgG at day 28 follow-up.
Secondary endpoints included other immunogenicity
assays such as neutralising antibody titres against
wild-type (ie, the original strain identified in Wuhan),
and pseudovirus neutralisation, and T-cell response
(measured by ELISpot) against wild-type and SARS-CoV-2
virus variants of concern: alpha (B.1.1.7), beta (B.1.351),
and delta. A complete list of secondary endpoints is
provided in appendix 2 (pp 17–20).

Statistical analysis
We powered on the immunogenicity outcome and
designed to have 90% power to compare the geometric
mean concentration (GMC) of anti-spike IgG between
each COVID-19 vaccine group with the MenACWY
Prime with ChAd/ChAd
Control
(n=106)

BNT
(n=107)

Prime with BNT/BNT
VLA
(n=109)

VLA half
(n=111)

Ad26
(n=108)

Control
(n=109)

BNT
(n=110)

VLA
(n=110)

VLA half
(n=110)

Ad26
(n=106)

Age, years
Mean (SD)
Median (IQR)

66·0 (14·3)

65·1 (15·3)

64·4 (15·3)

64·0 (14·9)

65·0 (14·9)

62·9 (16·9)

62·6 (17·1)

60·9 (18·1)

62·4 (16·7)

62·0 (17·4)

72·6
(57·6–77·2)

71·4
(53·8–77·0)

71·8
(51·2–76·5)

71·0
(51·2–75·9)

71·9
(51·0–76·4)

63·5
(50·4–78·3)

64·2
(49·8–77·4)

61·2
(46·2–77·7)

62·0
(51·8–76·2)

61·6
(49·2–78·3)

Intervals between first
and second doses, days

68·5
(63·0–77·0)

73·0
(66·0–77·0)

70·0
(63·0–77·0)

72·0
(64·0–77·0)

74·5
(68·0–77·0)

64·0
(24·0–74·0)

65·0
(28·0–74·0)

64·5
(27·2–73·0)

63·5
(27·2–74·0)

62·0
(25·2–74·0)

Intervals between
second and third doses,
days

78·0
(75·0–84·0)

77·0
(73·0–84·8)

79·0
(73·0–85·0)

77·0
(73·0–84·0)

77·0
(72·0–83·0)

101·0
(89·0–147·0)

100·0
(91·0–135·0)

100·5
(91·0–146·8)

101·5
(90·2–141·5)

106·0
(91·0–143·8)

Age groups, years
<70

48 (45·3%)

50 (46·7%)

51 (46·8%)

51 (45·9%)

50 (46·3%)

62 (56·9%)

60 (54·5%)

63 (57·3%)

61 (55·5%)

59 (55·7%)

≥70

58 (54·7%)

57 (53·3%)

58 (53·2%)

60 (54·1%)

58 (53·7%)

47 (43·1%)

50 (45·5%)

47 (42·7%)

49 (44·5%)

47 (44·3%)

Female

53 (50·0%)

50 (46·7%)

50 (45·9%)

54 (48·6%)

48 (44·4%)

52 (47·7%)

61 (55·5%)

59 (53·6%)

49 (44·5%)

60 (56·6%)

Male

53 (50·0%)

57 (53·3%)

59 (54·1%)

57 (51·4%)

60 (55·6%)

57 (52·3%)

49 (44·5%)

51 (46·4%)

61 (55·5%)

46 (43·4%)

Health worker

24 (22·6%)

28 (26·2%)

33 (30·3%)

32 (28·8%)

29 (26·9%)

54 (49·5%)

55 (50·0%)

51 (46·4%)

48 (43·6%)

55 (51·9%)

Other

82 (77·4%)

79 (73·8%)

76 (69·7%)

78 (70·3%)

79 (73·1%)

55 (50·5%)

55 (50·0%)

59 (53·6%)

62 (56·4%)

51 (48·1%)

103 (97·2%)

104 (97·2%)

100 (92·6%)

101 (92·7%)

102 (92·7%)

103 (97·2%)

Gender

Occupation

Ethnicity
100 (91·7%)

107 (96·4%)

105 (95·5%)

99 (90·0%)

Black

White

0

0

2 (1·8%)

1 (0·9%)

0

0

1 (0·9%)

2 (1·8%)

0

0

Asian

1 (0·9%)

3 (2·8%)

5 (4·6%)

2 (1·8%)

5 (4·6%)

4 (3·7%)

3 (2·7%)

7 (6·4%)

6 (5·5%)

2 (1·9%)

Mixed

1 (0·9%)

0

0

0

0

2 (1·8%)

0

1 (0·9%)

2 (1·8%)

1 (0·9%)

Other

1 (0·9%)

0

1 (0·9%)

0

2 (1·9%)

2 (1·8%)

1 (0·9%)

1 (0·9%)

0 ( 0·0%)

0

Not given

0

0

1 (0·9%)

0

1 (0·9%)

0

0

0

0

0

Comorbidities
Cardiovascular

33 (31·4%)

39 (36·4%)

39 (35·8%)

30 (27·0%)

42 (38·9%)

25 (22·9%)

30 (27·3%)

29 (26·4%)

27 (24·5%)

30 (28·3%)

Respiratory

18 (17·1%)

10 (9·3%)

15 (13·8%)

14 (12·6%)

20 (18·5%)

10 (9·2%)

12 (10·9%)

16 (14·5%)

13 (11·8%)

17 (16·0%)

4 (3·8%)

7 (6·5%)

8 (7·3%)

6 (5·4%)

7 (6·5%)

5 (4·6%)

6 (5·5%)

5 (4·5%)

5 (4·5%)

4 (3·8%)

Diabetes

Data are median (IQR) or n (%), unless otherwise stated. There were three participants missing on occupation and five participants missing on ethnicity, which were not included in this table. ChAd=ChAdOx1
nCoV-19 vaccine, Oxford–AstraZeneca. Control=quadrivalent meningococcal conjugate vaccine. BNT=BNT162b2 vaccine, Pfizer–BioNTech. VLA=VLA2001 vaccine, Valneva. VLA half=half dose of VLA2001
vaccine. Ad26=Ad26.COV2.S vaccine, Janssen.
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linear regression with site as a fixed effect was used. The
model computed the difference of log10 transformed
anti-spike IgG after adjusting for baseline immuno
genicity and randomisation design variables (ie, study site
and age group), duration between first and second
vaccine, and the duration between second to third dose
vaccine. Residual analysis was done to examine model
assumptions.
The analysis population for reactogenicity and safety
included all randomly assigned participants who received
a study vaccine, including both seronegative and
seropositive populations at baseline. The primary
outcome of reactogenicity examined solicited adverse
events (local and systemic) within the first 7 days. The
proportion with at least one severe episode (grade 3 and
grade 4) are presented for each of the groups (A, B, and C)
and priming vaccine by vaccine group. An additional view
of reactogenicity outcomes displays severity of the event
by vaccine group and stratified by priming vaccine and

All analyses were stratified by prime series of
vaccination (ChAd/ChAd and BNT/BNT). The primary
analysis for immunogenicity outcomes was on a modified
intention-to-treat (mITT) basis to include all participants
who were seronegative at baseline (defined by the Roche
Elecsys anti-Sars-CoV-2 assay) with no confirmed
SARS-CoV-2 infection within 14 days post third dose, and
with endpoint data available. The primary immuno
genicity outcome of anti-spike IgG at day 28 in each
group was reported as GMC and 95% CI. The geometric
mean ratio (GMR) and 99% CIs (to account for multiple
comparisons) of anti-spike IgG between each experi
mental group and the corresponding control group was
also reported. The GMR was calculated as the
antilogarithm of the difference between the mean of the
log10 transformed anti-spike IgG in the experimental
group and that in the control group. The original analysis
plan included use of a linear mixed effect model with site
as a random effect, but due to model convergence, a
Prime with ChAd/ChAd
Control
(n=114)

BNT half
(n=117)

Prime with BNT/BNT
m1273
(n=112)

CVn
(n=119)

Control
(n=112)

BNT half
(n=110)

m1273
(n=111)

CVn
(n=106)

Age, years
Mean (SD)
Median (IQR)

64·0 (13·2)

64·6 (13·6)

63·8 (14·1)

64·4 (13·5)

63·6 (16·3)

62·6 (17·3)

63·0 (15·3)

62·7 (16·4)

70·3
(54·4–75·1)

71·0
(55·8–75·3)

70·2
(53·0–75·3)

70·3
(54·8–75·1)

66·8
(51·9–78·0)

64·4
(47·7–78·2)

65·0
(50·3–75·5)

63·4
(47·3–76·6)

Intervals between first
and second doses, days

72·0
(65·0–77·0)

74·0
(66·0–77·0)

70·0
(63·0–77·0)

72·0
(65·0–77·0)

70·0
(45·0–76·0)

60·5
(22·2–74·8)

66·0
(23·0–76·0)

66·0
(23·0–73·8)

Intervals between
second and third doses,
days

77·5
(73·0–85·0)

78·0
(73·0–84·2)

79·0
(74·0–86·0)

78·0
(73·5–85·0)

93·5
(87·0–116·0)

107·5
(90·0–157·5)

101·5
(89·0–152·2)

98·0
(88·0–151·8)

Age groups, years
<70

54 (47·4%)

55 (47·0%)

55 (49·1%)

58 (48·7%)

60 (53·6%)

62 (56·4%)

62 (55·9%)

58 (54·7%)

≥70

60 (52·6%)

62 (53·0%)

57 (50·9%)

61 (51·3%)

52 (46·4%)

48 (43·6%)

49 (44·1%)

48 (45·3%)

Gender
Female

47 (41·2%)

48 (41·0%)

45 (40·2%)

54 (45·4%)

60 (53·6%)

52 (47·3%)

63 (56·8%)

56 (52·8%)

Male

67 (58·8%)

69 (59·0%)

67 (59·8%)

65 (54·6%)

52 (46·4%)

58 (52·7%)

48 (43·2%)

50 (47·2%)

Occupation
Health worker

29 (25·4%)

28 (23·9%)

26 (23·2%)

26 (21·8%)

48 (42·9%)

58 (52·7%)

59 (53·2%)

55 (51·9%)

Other

85 (74·6%)

89 (76·1%)

85 (75·9%)

92 (77·3%)

64 (57·1%)

52 (47·3%)

52 (46·8%)

51 (48·1%)

115 (98·3%)

108 (96·4%)

113 (95·0%)

105 (92·9%)

93 (84·5%)

103 (92·8%)

87 (82·1%)

Ethnicity
White

108 (94·7%)

Black

1 (0·9%)

0

0

0

0

2 (1·8%)

0

Asian

2 (1·8%)

1 (0·9%)

2 (1·8%)

5 (4·2%)

7 (6·2%)

9 (8·2%)

4 (3·6%)

14 (13·2%)
2 (1·9%)

1 (0·9%)

Mixed

1 (0·9%)

0

1 (0·9%)

0

1 (0·9%)

3 (2·7%)

3 (2·7%)

Other

1 (0·9%)

0

0

0

0

2 (1·8%)

0

1 (0·9%)

Not given

0

1 (0·9%)

0

0

0

1 (0·9%)

0

1 (0·9%)

Comorbidities
Cardiovascular

39 (34·2%)

35 (29·9%)

36 (32·1%)

36 (30·3%)

43 (38·4%)

35 (31·8%)

29 (26·1%)

35 (33·0%)

Respiratory

14 (12·3%)

17 (14·5%)

12 (10·7%)

12 (10·1%)

12 (10·6%)

17 (15·5%)

17 (15·3%)

9 (8·5%)

5 (4·4%)

4 (3·4%)

7 (6·2%)

11 (9·2%)

7 (6·2%)

11 (10·0%)

3 (2·7%)

8 (7·5%)

Diabetes

Data are median (IQR) or n (%), unless otherwise stated. There were three participants missing on occupation and five participants missing on ethnicity, which were not
included in this table. ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. Control=quadrivalent meningococcal conjugate vaccine. BNT=BNT162b2 vaccine, Pfizer–
BioNTech. BNT half=half dose of BNT162b2 vaccine. m1273=mRNA1273 vaccine, Moderna. CVn=CVnCoV vaccine, Curevac.
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age group. Unsolicited adverse events reported within 28
days post third dose were coded according to the Medical
Dictionary for Regulatory Activities and tabulated at
System Organ Class level across vaccine groups. Adverse
events of special interest and serious adverse events were
reported until the data lock date of Aug 19, 2021, by line
listing.
Secondary immunogenicity outcomes were analysed
with the same approach as for the primary immuno
genicity outcome. We repeated the analyses for primary
and secondary outcomes in the group aged 30–69 years
and the group aged 70 years and older separately, as
subgroup analysis. For descriptive statistics, secondary
outcomes, and subgroup analysis, we reported GMRs
with 95% CIs.

pp 22–25). Overall, reactogenicity was greater in people
aged 30–69 years compared with older participants
regardless of the first vaccines received (appendix 1
pp 22–32). Participants primed with BNT/BNT reported
more frequent local and systemic reactions after
receiving m1273, CVn, ChAd, and Ad26 as a third dose,
compared with other vaccines and control. Participants
receiving mRNA vaccines or Ad26 after ChAd/ChAd
also showed increased systemic and local adverse
events. Among all mRNA vaccines, m1273 was the most
reactogenic. Moderate or severe pain was reported to a
similar degree in BNT and half BNT groups with some
reduction in systemic adverse events, although these
A

Hardness Itch
Diarrhoea
15%
Pain
Vomiting

Role of the funding source
The funders of the study had no role in study design,
data collection, data analysis, data interpretation, or
writing of the report.

Nausea

www.thelancet.com Vol 398 December 18/25, 2021

Diarrhoea
Vomiting

Redness

5%
0%

Muscle ache

Results
Between June 1 and June 30, 2021, 3498 people were
screened, of whom 2883 were recruited (figure 1). Five
participants withdrew before vaccination, leading to
2878 participants receiving a third dose vaccine.
The median age of ChAd/ChAd-primed participants
was 53 years (IQR 44–61) in the younger age group and
76 years (73–78) in the older age group (tables 2–4). In
the BNT/BNT-primed participants, the median age was
51 years (41–59) in the younger age group and 78 years
(75–82) in the older age group. In the ChAd/ChADprimed group 676 (46·7%) participants were female and
1380 (95·4%) were White, and in the BNT/BNT-primed
group, 770 (53·6%) participants were female and 1321
(91·9%) were White. In the younger age group, 409
(57·6%) were female, 665 (93·7%) were White in the
ChAD/ChAD-primed group, and 518 (64·0%) were
female, and 709 (87·6%) were White in the BNT/BNTprimed group. In the older age group, 267 (36·3%) were
female and 715 (97·1%) were White in the ChAD/ChADprimed group, and 252 (40·1%) were female and 612
(97·5%) were White in the BNT/BNT-primed group.
Because BNT was rolled out at a 3-week interdose
interval at the beginning of the UK vaccination
campaign, mainly in older people and health-care
workers, and before ChAd was deployed, we observed
expected differences in baseline characteristics between
the ChAd/ChAd-primed group and the BNT/BNTprimed group. Within the ChAd/ChAd-primed or BNT/
BNT-primed populations, the baseline characteristics
were well balanced between the randomly assigned
groups for each group of A–C.
The profiles of any grade local and systemic reactions
within 7 days after all vaccines were similar, with fatigue
and headache the most common systemic reactions,
and pain the most frequent local reaction (appendix 1

Priming vaccine BNT/BNT

Priming vaccine ChAd/ChAd

Malaise
Joint pain
Headache
Group A
Control

Fever

ChAd

B
Diarrhoea
Vomiting

15%

Nausea

Warmth

Malaise

C
Diarrhoea

Redness

Vomiting
Nausea

15%

Swelling

Muscle ache

Warmth

Malaise

Pain

Swelling

Redness
Swelling
Warmth
Chills

Fever

Hardness

Muscle ache

Fatigue

15%
5%

Itch
Pain
Redness
Swelling

0%

Malaise

Headache
Feverish

Fatigue

m1273

Pain

0%

Warmth

Joint pain

Chills

BNT half

Itch

5%

Nausea

Redness

Warmth

Fever

15%

Ad26

Diarrhoea
Vomiting

Itch

Malaise

Headache
Feverish

Hardness

Headache
Feverish

0%

Joint pain

Fever

Fatigue

Joint pain

VLA half

5%

Muscle ache

Chills

Nausea

Fatigue

VLA
Hardness

Warmth

Feverish

Chills

BNT

Swelling

Headache

Pain

Fever

Redness

5%
0%

Diarrhoea
Vomiting

Malaise

Headache
Feverish

Pain

Joint pain

Itch

Joint pain

Itch

NVX half

0%

Muscle ache

Group C
Control

Muscle ache

Fatigue

5%

Group B
Control

Swelling

NVX

Hardness

15%

Nausea

Chills
Feverish

Hardness

Chills
Fever

Fatigue

CVn

Figure 2: Radial graph for the occurrence of severe local and solicited adverse events in the first 7 days post
vaccination in groups A, B, and C
Control=quadrivalent meningococcal conjugate vaccine. ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca.
NVX=NVX-CoV2373 vaccine, Novavax. NVX half=half dose of NVX-CoV2373 vaccine. BNT=BNT162b2 vaccine,
Pfizer–BioNTech. VLA=VLA2001 vaccine, Valneva. VLA half=half dose of VLA2001 vaccine. Ad26=Ad26.COV2.S
vaccine, Janssen. m1273=mRNA1273 vaccine, Moderna. CVn=CVnCoV vaccine, Curevac.
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observations were in different groups. Ad26, m1273,
and CVn recipients also reported feverishness fre
quently, which was not seen among BNT or half BNT
participants.
For ChAd/ChAd, the frequencies of severe local and
systemic reactions were less than 5% for all vaccine
groups except severe fatigue, which was reported in
13 (11·6%) of 112 m1273 recipients (figure 2). For the
BNT/BNT group, malaise was reported in six (5·6%) of
108 ChAd recipients, six (5·5%) of 109 m1273 recipients,
and six (5·8%) of 104 CVn recipients, whereas six (5·8%)
Prime with ChAd/ChAd
Control (n=93)

ChAd (n=100)

of 103 participants boosted with Ad26 reported chills and
eight (7·8%) of 103 reported fatigue. All the other severe
reactions were reported in less than 5% of participants
across all vaccine groups.
Between study enrolment and the data lock on
Aug 19, 2021, there were 1306 adverse events reported from
912 participants (appendix 1 pp 2–10). 20 adverse events of
special interest occurred after excluding SARS-CoV-2
infection in the 14 days immediately after third dose and
serious adverse events, among which six were deemed as
possibly related to the study vaccine (appendix 1 pp 11–12).

Prime with BNT/BNT
NVX (n=96)

NVX half (n=97)

Control (n=111)

ChAd (n=98)

NVX (n=103)

NVX half (n=99)

2541
(2110–3060; n=111)

13 424
10 862
(11 702–15 399; n=97) (9009–13 097; n=101)

8550
(7210–10 138; n=98)

5·33
(4·23–6·73)

4·78
(3·80–6·02)

3·07
(2·43–3·88)

950
(802–1126; n=98)

766
(624–939; n=94)

606
(495–743; n=89)

6·01
(4·87–7·41)

5·39
(4·35–6·67)

3·50
(2·81–4·36)

260
(217–313; n=98)

165
(131–209; n=89)

131
(106–163; n=88)

6·84
(5·39–8·68)

4·94
(3·86–6·31)

3·27
(2·55–4·20)

2614
(2075–3294; n=40)

1454
(1060–1995; n=24)

1792
(1261–2547; n=21)

5·01
(3·59–7·01)

2·65
(1·77–3·98)

2·81
(1·85–4·26)

95·8
(66·6–137·7; n=48)

56·6
(37·2–86·2; n=49)

35·3
(23·7–52·7; n=48)

2·55
(1·64–3·96)

1·79
(1·15–2·77)

1·40
(0·89–2·18)

108·0
(78·7–148·2; n=48)

56·9
(37·9–85·4; n=49)

41·6
(28·7–60·4; n=48)

2·74
(1·85–4·05)

1·71
(1·16–2·53)

1·56
(1·05–2·33)

101·2
(69·9–146·4; n=48)

51·2
(34·7–75·4; n=49)

37·2
(25·7–53·9; n=48)

2·97
(1·95–4·51)

1·78
(1·18–2·71)

1·65
(1·08–2·52)

SARS-CoV-2 anti-spike IgG, ELU/mL
GMC*
GMR†

801
(664–967; n=91)
Ref

2457
6975
4634
(2058–2933; n=99) (5829–8347; n=95) (3794–5660; n=97)
3·25
(2·52–4·20)

8·75
(6·77–11·31)

5·82
(4·50–7·51)

Ref

Pseudotype virus neutralising antibody (wild-type), NT50
GMT*

GMR†

84·9
(68·7–105·0;
n=90)
Ref

193
(161–231; n=98)

727
(598–883; n=87)

470
(378–583; n=86)

2·47
(1·96–3·11)

8·86
(7·00–11·22)

5·89
(4·64–7·46)

157
(129–192; n=111)
Ref

Pseudotype virus neutralising antibody (delta), NT50
GMT*
GMR†

20·0
(15·6–25·7; n=91)
Ref

48·9
(39·7–60·2; n=99)

124
(99–156; n=84)

87·2
(68·5–111·0; n=83)

2·58
(1·92–3·47)

6·25
(4·60–8·50)

4·40
(3·23–6·00)

346
(263–454; n=31)

837
(536–1307; n=18)

713
(490–1038; n=20)

2·57
(1·86–3·56)

6·29
(4·22–9·37)

5·30
(3·59–7·80)

37·9
(30·5–47·1; n=111)
Ref

Live virus neutralising antibody, normalised NT80
GMT*
GMR†

146
(111–191; n=32)
Ref

531
(377–748; n=38)
Ref

Cellular response (wild-type), spot forming cells per 106 peripheral blood mononuclear cells
GM*
GMR‡

48·1
53·0
(35·0–66·3; n=45) (37·9–74·2; n=47)
Ref

1·08
(0·74–1·57)

113·7
98·4
(78·7–164·2; n=46) (73·9–131·1; n=48)
3·23
(2·20–4·76)

2·43
(1·66–3·56)

34·5
(23·8–50·0; n=53)
Ref

Cellular response (delta), spot forming cells per 106 peripheral blood mononuclear cells
GM*

GMR‡

38·1
44·9
(27·0–54·0; n=45) (30·6–65·7; n=47)
Ref

1·13
(0·76–1·68)

117·9
86·3
(85·5–162·7; n=46) (64·8–114·9;
n=48)
4·26
(2·84–6·39)

2·71
(1·81–4·05)

35·7
(25·1–50·9; n=53)
Ref

Cellular response (beta), spot forming cells per 106 peripheral blood mononuclear cells
GM*

GMR‡

50·0
53·0
(36·1–69·0; n=45) (38·0–73·8; n=47)
Ref

1·03
(0·71–1·51)

117·0
(82·8–165·4;
n=46)

91·1
(68·7–120·9; n=48)

3·26
(2·21–4·81)

2·20
(1·50–3·23)

32·4
(22·4–46·9; n=53)
Ref

ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. BNT=BNT162b2 vaccine, Pfizer–BioNTech. Control=quadrivalent meningococcal conjugate vaccine. NVX=NVX-CoV2373 vaccine, Novavax. NVX half=half
dose of NVX-CoV2373 vaccine. ELU=ELISA laboratory units. GMC=geometric mean concentration. GMR=geometric mean ratio. GM=geometric mean. GMT=geometric mean titre. NT50=50% neutralising
antibody titre. NT80=80% neutralising antibody titre. *Data are GM (95% CI; number of samples available). †GMRs of the study vaccines were calculated by comparing to their corresponding controls in group A,
B, or C, after adjusting for age group, site, baseline anti-spike IgG, interval between first and second dose, and interval between second and third dose; for primary endpoint of anti-spike IgG, 99% CIs were
presented to account for multiple comparisons; for the secondary endpoints, 95% CIs were presented. ‡GMRs of the study vaccines were calculated by comparing to their corresponding controls in group A, B,
or C, after adjusting for age group, site, baseline cellular response against wild-type, interval between first and second dose, and interval between second and third dose; 95% CIs were presented.

Table 5: Immune responses by third dose vaccine allocation and priming vaccine schedule at 28 days post boost dose among the COVID-19-naive modified intention-to-treat population,
group A
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Ad26 (n=101)

Ref

GMR†

24·48
(19·50–30·79)

20 517
(17 718–23 757;
n=93)

2·20
(1·75–2·77)

1835
(1514–2224;
n=93)

Ref

GMR†

21·58
(16·93–27·51)

1621
(1314–1998; n=93)

2·68
(2·10–3·43)

202
(166–247; n=89)

www.thelancet.com Vol 398 December 18/25, 2021

Ref

GMR†

14·43
(10·97–18·98)

315
(254–391; n=93)

Ref

GMR†

25·61
(18·07–36·31)

4899
(3955–6069; n=38)

2·04
(1·37–3·05)

354
(215–584; n=21)

1·65
(1·25–2·17)

1·81
(1·23–2·65)

301
(212–427; n=25)

1·50
(1·14–1·96)

35·2
31·1
(28·4–43·7; n=89) (25·6–37·7; n=95)

2·01
(1·57–2·55)

147
(124–174; n=95)

1·81
(1·45–2·27)

1430
(1198–1707;
n=103)

Ref

GMR‡

3·15
(2·08–4·76)

115·5
(81·7–163·3; n=50)

1·39
(0·92–2·11)

52·2
(36·3–75·0; n=47)
1·40
(0·93–2·11)

55·5
(40·4–76·3; n=53)

Ref

GMR‡

3·23
(2·15–4·86)

123·2
(93·0–163·3; n=50)

1·40
(0·93–2·12)

1·39
(0·93–2·08)

52·8
54·7
(36·9–75·6; n=47) (41·5–72·0; n=53)

Ref

GMR‡

2·88
(1·89–4·38)

120·5
(88·0–165·0; n=50)

1·25
(0·82–1·90)

52·6
(36·3–76·3; n=47)
1·28
(0·85–1·94)

56·8
(41·0–78·7; n=53)
2·30
(1·52–3·48)

99·9
(72·6–137·6; n=53)

2·67
(1·79–4·00)

102·1
(74·4–140·2; n=53)

2·74
(1·82–4·12)

106·0
(80·1–140·4; n=53)

5·97
(4·03–8·84)

1053
(691–1605; n=23)

5·33
(4·04–7·03)

125
(99–159; n=90)

6·85
(5·37–8·73)

563
(454–698; n=95)

5·84
(4·65–7·33)

5517
(4647–6548; n=98)

Ref

27·6
(19·9–38·5; n=50)

Ref

28·2
(19·9–39·9; n=50)

Ref

29·4
(21·0–41·2; n=50)

Ref

756
(568–1007; n=34)

Ref

56·5
(43·6–73·3; n=92)

Ref

205
(167–253; n=93)

Ref

3197
(2714–3767;
n=94)

2·86
(1·92–4·28)

85·2
(69·8–103·9; n=49)

2·71
(1·78–4·13)

82·1
(65·7–102·7; n=49)

2·65
(1·78–3·95)

83·8
(65·4–107·2; n=49)

5·79
(4·25–7·90)

4603
(3685–5749; n=36)

6·60
(5·10–8·53)

392
(320–479; n=95)

8·35
(6·88–10·14)

1789
(1520–2107; n=95)

8·11
(6·59–9·99)

27 242
(24 148–30 731;
n=96)

1·22
(1·00–1·49)

234
(200–272; n=87)

1·25
(1·01–1·54)

3721
(3200–4326;
n=98)

VLA half (n=98)

7·84
(6·37–9·64)

1441
(1188–1749; n=75)

5·63
(4·55–6·97)

17 079
(14 488–20 133; n=87)

Ad26 (n=89)

1·05
(0·70–1·56)

31·1
(22·5–42·9; n=51)

0·96
(0·63–1·47)

29·6
(20·9–42·0; n=51)

1·04
(0·69–1·55)

33·5
(24·7–45·4; n=51)

1·42
(0·98–2·06)

836
(580–1207; n=20)

1·19
(0·92–1·54)

1·27
(0·85–1·89)

40·3
(28·1–57·7; n=51)

1·22
(0·80–1·85)

39·2
(27·2–56·6; n=51)

1·12
(0·75–1·66)

38·1
(26·1–55·5; n=51)

0·93
(0·65–1·33)

555
(407–756; n=23)

1·02
(0·79–1·32)

3·36
(2·21–5·10)

118·6
(78·3–179·7; n=43)

3·29
(2·12–5·11)

121·5
(78·9–187·0; n=43)

2·93
(1·93–4·44)

111·0
(71·8–171·6; n=43)

5·36
(3·67–7·83)

3535
(2459–5080; n=19)

8·02
(6·12–10·50)

67·1
54·7
418
(55·4–81·2; n=94) (45·1–66·4; n=92) (330–530; n=78)

1·38
(1·14–1·68)

289
(244–342; n=91)

1·31
(1·07–1·62)

4204
(3640–4856;
n=98)

VLA (n=99)

Table 6: Immune responses by third dose vaccine allocation and priming vaccine schedule at 28 days post boost dose among the COVID-19-naive modified intention-to-treat population, group B

ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. Control=quadrivalent meningococcal conjugate vaccine. BNT=BNT162b2 vaccine, Pfizer–BioNTech. VLA=VLA2001 vaccine, Valneva. VLA half=half dose of VLA2001 vaccine. Ad26=Ad26.COV2.S
vaccine, Janssen. ELU=ELISA laboratory units. GMC=geometric mean concentration. GMR=geometric mean ratio. GM=geometric mean. GMT=geometric mean titre. NT50=50% neutralising antibody titre. NT80=80% neutralising antibody titre. *Data are
GM (95% CI; number of samples available). †GMRs of the study vaccines were calculated by comparing to their corresponding controls in group A, B, or C, after adjusting for age group, site, baseline anti-spike IgG, interval between first and second dose,
and interval between second and third dose; for primary endpoint of anti-spike IgG, 99% CIs were presented to account for multiple comparisons; for the secondary endpoints, 95% CIs were presented. ‡GMRs of the study vaccines were calculated by
comparing to their corresponding controls in group A, B, or C, after adjusting for age group, site, baseline cellular response against wild-type, interval between first and second dose, and interval between second and third dose; 95% CIs were presented.

47·6
(35·2–64·4; n=49)

GM*

Cellular response (beta), spot forming cells per 106 peripheral blood mononuclear cells

42·2
(30·5–58·3; n=49)

GM*

Cellular response (delta), spot forming cells per 106 peripheral blood mononuclear cells

42·6
(30·9–58·8; n=49)

GM*

Cellular response (wild-type), spot forming cells per 106 peripheral blood mononuclear cells

174
(139–218; n=30)

GMT*

Live virus neutralising antibody, normalised NT80

20·4
(16·4–25·5; n=91)

GMT*

Pseudotype virus neutralising antibody (delta), NT50

69·6
(57·2–84·6; n=91)

GMT*

Pseudotype virus neutralising antibody (wild-type), NT50

763
(630–924; n=91)

GMC*

SARS-CoV-2 anti-spike IgG, ELU/mL

BNT (n=96)

Control (n=97)

VLA half (n=107)

Prime with BNT/BNT

VLA (n=95)

Control (n=93)

BNT (n=95)

Prime with ChAd/ChAd

Articles

2267

2268
CVn (n=105)

Ref

GMR†

16·80
(12·97–21·76)

16 045
(13 449–19 143; n=103)

Ref

GMR†

15·14
(12·32–18·60)

1344
(1131–1596; n=103)

Ref

GMR†

15·71
(12·09–20·41)

321·3
(262·4–393·5; n=103)

Ref

GMR†

12·93
(9·51–17·57)

2501
(1978–3163; n=40)
28·26
(19·66–40·63)

5421
(4248–6918; n=24)

27·17
(20·81–35·47)

559·7
(441·3–709·9; n=96)

26·98
(21·88–33·26)

2368
(2054–2730; n=97)

32·30
(24·84–42·01)

31 111
(26 363–36 714; n=97)

5·00
(3·42–7·32)

774
(485–1235; n=20)

3·76
(2·87–4·91)

64·5
(54·2–76·7; n=93)

5·06
(4·11–6·23)

373
(310–448; n=99)

5·05
(3·90–6·54)

3996
(3397–4700; n=103)

Ref

GMR‡

3·31
(2·22–4·93)

135·9
(99·1–186·2; n=53)
3·59
(2·36–5·45)

148·9
(103·6–213·9; n=44)

Ref

GMR‡

3·91
(2·62–5·83)

139·1
(104·1–185·9; n=53)
4·25
(2·79–6·47)

152·1
(109·3–211·7; n=44)

Ref

GMR‡

2·94
(1·82–4·76)

127·5
(91·4–178·0; n=53)
3·10
(1·87–5·14)

128·9
(85·2–195·2; n=44)
1·17
(0·71–1·91)

38·3
(26·0–56·4; n=50)

1·67
(1·11–2·51)

45·5
(33·0–62·8; n=50)

1·51
(1·01–2·27)

47·8
(34·4–66·3; n=50)

Ref

25·8
(17·6–37·7; n=47)

Ref

25·9
(17·6–38·1; n=47)

Ref

22·0
(14·9–32·4; n=47)

Ref

469
(332–664; n=37)

Ref

41·6
(33·7–51·4; n=98)

Ref

175
(144–212; n=98)

Ref

3029
(2556–3589; n=98)

2·62
(1·65–4·17)

80·9
(56·0–116·9; n=44)

3·04
(2·01–4·58)

93·0
(68·0–127·1; n=44)

3·01
(1·98–4·57)

78·4
(55·1–111·5; n=44)

5·18
(3·72–7·21)

3263
(2601–4093; n=37)

7·39
(5·88–9·29)

352·6
(286·7–433·6; n=91)

6·91
(5·70–8·37)

1339
(1123–1596; n=92)

6·78
(5·51–8·35)

23 082
(19 971–26 678; n=92)

BNT half (n=94)

3·57
(2·25–5·67)

102·4
(64·7–162·0; n=44)

4·14
(2·75–6·23)

118·3
(79·8–175·4; n=44)

4·66
(3·07–7·08)

112·0
(72·8–172·3; n=44)

9·32
(6·37–13·66)

5354
(4195–6833; n=23)

12·58
(10·03–15·77)

508·7
(408·6–633·4; n=91)

12·04
(9·95–14·58)

2019
(1621–2513; n=91)

11·49
(9·36–14·12)

33 768
(27 816–40 993; n=91)

m1273 (n=92)

1·61
(1·02–2·55)

42·2
(28·9–61·5; n=45)

1·90
(1·27–2·86)

52·2
(37·0–73·6; n=45)

2·10
(1·38–3·18)

46·7
(32·5–67·0; n=45)

3·26
(2·15–4·95)

1960
(1199–3205; n=18)

2·59
(2·07–3·26)

119·1
(96·1–147·5; n=89)

2·57
(2·13–3·12)

487
(411–577; n=91)

2·30
(1·87–2·83)

7613
(6515–8897; n=91)

CVn (n=94)

Table 7: Immune responses by third dose vaccine allocation and priming vaccine schedule at 28 days post boost dose among the COVID-19-naive modified intention-to-treat population, group C

ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. Control=quadrivalent meningococcal conjugate vaccine. BNT=BNT162b2 vaccine, Pfizer–BioNTech. BNT half=half dose of BNT162b2 vaccine. m1273=mRNA1273 vaccine, Moderna.
CVn=CVnCoV vaccine, Curevac. ELU=ELISA laboratory units. GMC=geometric mean concentration. GMR=geometric mean ratio. GM=geometric mean. GMT=geometric mean titre. NT50=50% neutralising antibody titre. NT80=80% neutralising antibody
titre. *Data are GM (95% CI; number of samples available). †GMRs of the study vaccines were calculated by comparing to their corresponding controls in group A, B, or C, after adjusting for age group, site, baseline anti-spike IgG, interval between first
and second dose, and interval between second and third dose; for primary endpoint of anti-spike IgG, 99% CIs were presented to account for multiple comparisons; for the secondary endpoints, 95% CIs were presented. ‡GMRs of the study vaccines
were calculated by comparing to their corresponding controls in group A, B, or C, after adjusting for age group, site, baseline cellular response against wild-type, interval between first and second dose, and interval between second and third dose;
95% CIs were presented.

41·1
(28·3–59·7; n=50)

GM*

Cellular response (beta), spot forming cells per 106 peripheral blood mononuclear cells

35·2
(24·6–50·4; n=50)

GM*

Cellular response (delta), spot forming cells per 106 peripheral blood mononuclear cells

39·5
(27·8–56·2; n=50)

GM*

Cellular response (wild-type), spot forming cells per 106 peripheral blood mononuclear cells

152
(106–218; n=38)

GMT*

Live virus neutralising antibody, normalised NT80

18·6
(14·7–23·5; n=101)

GMT*

Pseudotype virus neutralising antibody (delta), NT50

80·4
(65·6–98·5; n=101)

GMT*

Pseudotype virus neutralising antibody (wild-type), NT50

852
(697–1041; n=101)

GMC*

SARS-CoV-2 anti-spike IgG, ELU/mL

Control (n=100)

m1273 (n=98)

Prime with BNT/BNT

BNT half (n=105)

Prime with ChAd/ChAd

Control (n=102)

Articles
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Articles

A

Age
(years)

Geometric mean

Anti-spike IgG, ELU/mL
Group A
Control
<70
800 (629−1016)
≥70
774 (579−1034)
ChAd
<70
2828 (2246−3560)
≥70
2152 (1653−2802)
NVX
<70
8389 (6599−10 665)
5822 (4495−7541)
≥70
NVX half
6222 (4660−8309)
<70
3387 (2643−4341)
≥70
Group B
Control
815 (638−1041)
<70
731 (555−962)
≥70
BNT
22479 (18 276−27 648)
<70
19091 (15 554−23 432)
≥70
VLA
1679 (1280−2203)
<70
1974 (1505−2589)
≥70
VLA half
1702 (1337−2166)
<70
1250 (975−1602)
≥70
Ad26
5582 (4415−7057)
<70
5464 (4266−6998)
≥70
Group C
Control
853 (649−1121)
<70
851 (637−1138)
≥70
BNT half
17228 (14 300−20 755)
<70
≥70
15217 (11 549−20 049)
m1273
<70
35522 (29 205−43 204)
≥70
27702 (21 337−35 966)
CVn
<70
4000 (3363−4757)
≥70
3992 (3052−5220)
Cellular response (wild-type), spot forming cells
6
per 10 peripheral blood mononuclear cells
Group A
<70
50 (32−77)
Control
≥70
47 (29−74)
<70
51 (31−82)
ChAd
≥70
55 (35−89)
<70
137 (88−213)
NVX
≥70
94 (52−170)
<70
97 (64−147)
NVX half
≥70
100 (67−149)
Group B
<70
34 (20−59)
Control
≥70
50 (34−74)
<70
119 (83−169)
BNT
≥70
113 (64−200)
<70
47 (30−74)
VLA
≥70
57 (32−100)
<70
52 (31−86)
VLA half
≥70
59 (39−89)
<70
141 (100−200)
Ad26
≥70
82 (54−124)
Group C
<70
43 (27−69)
Control
≥70
37 (22−62)
<70
144 (97−212)
BNT half
≥70
130 (81−210)
<70
228 (177−294)
m1273
≥70
101 (54−187)
<70
53 (32−88)
CVn
≥70
44 (28−67)

n

Geometric mean ratio
(95% CI)

45
45
48
51
47
48
50
47

Ref
Ref
3·6 (2·7–4·8)
3·0 (2·4–3·9)
10·5 (7·8–14·2)
7·5 (5·8–9·7)
7·3 (5·4–9·8)
4·7 (3·6–6·0)

36
55
41
52
42
51
45
58
44
54

Ref
Ref
24·0 (18·6–30·9)
25·0 (20·0–32·0)
2·1 (1·6–2·7)
2·3 (1·8–3·0)
1·8 (1·4–2·4)
1·7 (1·4–2·2)
5·2 (4·0–6·7)
6·3 (4·9–8·1)

46
55
44
59
45
51
49
54

Ref
Ref
18·0 (14·6–22·2)
15·6 (11·4–21·5)
34·5 (28·0–42·6)
29·8 (21·4–41·4)
5·0 (4·1–6·2)
5·2 (3·8–7·2)

21
24
22
25
23
23
23
25

Ref
Ref
1·4 (0·74–2·6)
0·96 (0·59–1·6)
4·2 (2·2–7·7)
2·6 (1·5–4·4)
2·9 (1·5–5·3)
2·3 (1·4–3·7)

21
28
23
27
22
25
25
28
25
28

Ref
Ref
4·4 (2·3–8·2)
2·3 (1·3–4·1)
1·9 (1·0–3·6)
1·0 (0·58–1·8)
1·7 (0·92–3·0)
1·2 (0·71–2·2)
4·5 (2·5–8·1)
2·0 (1·1–3·5)

23
27
23
30
21
23
24
26

Ref
Ref
3·7 (2·2–6·2)
3·0 (1·7–5·2)
6·1 (3·5–10)
2·2 (1·2–4·2)
1·7 (1·0–2·9)
1·4 (0·78–2·6)
0

5

10

15

20

25

30

35

40
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(Figure 3 continues on next page)

21 participants reported a PCR test result positive for
SARS-CoV-2 with no hospitalisation (appendix 1 p 13).
Description of the 24 serious adverse events including four
suspected unexpected serious adverse reactions are listed
in appendix 1 (pp 14–16).
www.thelancet.com Vol 398 December 18/25, 2021

Among participants primed with ChAd/ChAd, all
COVID-19 vaccines given as the third dose induced
significantly higher anti-spike IgG at 28 days post boost,
compared with their corresponding controls (tables 5–7;
figure 3). The GMRs between study vaccines and controls
2269

Articles

B

Age
(years)

Geometric mean

Anti-spike IgG, ELU/mL
Group A
Control
3160 (2603−3835)
<70
1954 (1413−2702)
≥70
ChAd
12 440 (10 420−14 852)
<70
≥70
14 961 (12 065−18 551)
12 635 (10 032−15 915)
NVX
<70
9130 (6783−12 289)
≥70
NVX half
<70
9054 (7281−11 260)
≥70
7920 (6031−10 401)
Group B
Control
<70
3843 (3095−4770)
≥70
2571 (2029−3257)
BNT
<70
24 781 (21 353−28 760)
≥70
30 326 (25 054−36 709)
VLA
<70
4996 (4189−5959)
≥70
3365 (2703−4189)
VLA half
<70
3766 (3183−4457)
≥70
3668 (2817−4775)
Ad26
<70
17 312 (13 678−21 911)
≥70
16 855 (13 360−21 264)
Group C
Control
<70
3194 (2492−4094)
≥70
2865 (2271−3615)
BNT half
<70
25 583 (20 932−31 268)
≥70
20 310 (16 564−24 903)
m1273
<70
44 547 (38 424−51 645)
≥70
25 118 (17 698−35 650)
CVn
<70
8224 (6983−9685)
≥70
6958 (5266−9193)
Cellular response (wild-type), spot forming cells
per 106 peripheral blood mononuclear cells
Group A
Control
<70
38 (25−59)
≥70
30 (16−57)
ChAd
<70
105 (67−164)
≥70
84 (45−156)
NVX
69 (42−111)
<70
45 (22−92)
≥70
NVX half
46 (27−78)
<70
25 (14−46)
≥70
Group B
Control
39 (25−59)
<70
23 (14−38)
≥70
BNT
92 (67−127)
<70
76 (53−111)
≥70
VLA
47 (31−72)
<70
24 (16−36)
≥70
VLA half
37 (22−64)
<70
39 (23−66)
≥70
Ad26
114 (55−236)
<70
109 (64−187)
≥70
Group C
Control
25 (13−47)
<70
19 (12−31)
≥70
BNT half
101 (70−146)
<70
54 (28−105)
≥70
m1273
143 (82−250)
<70
88 (46−168)
≥70
CVn
67 (45−101)
<70
33 (19−58)
≥70

n

Geometric mean ratio
(95% CI)

59
51
57
40
54
47
56
42

Ref
Ref
4·2 (3·4–5·2)
6·8 (5·1–9·1)
4·5 (3·6–5·6)
4·7 (3·6–6·3)
2·7 (2·2–3·4)
3·4 (2·6–4·6)

51
43
51
45
55
44
53
45
43
44

Ref
Ref
6·8 (5·7–8·3)
10·2 (7·8–13·4)
1·3 (1·1–1·6)
1·3 (1–1·7)
1·2 (0·98–1·4)
1·3 (1–1·8)
5·0 (4·1–6·1)
6·4 (4·9–8·4)

50
48
51
41
47
44
49
42

Ref
Ref
6·7 (5·5–8·3)
6·4 (5·1–8·1)
13·0 (10·6–16·0)
10·4 (8·3–13·0)
2·4 (2·0–3·0)
2·2 (1·8–2·7)

29
24
28
20
27
22
27
21

Ref
Ref
2·4 (1·3–4·3)
2·7 (1·3–5·6)
2·0 (1·1–3·7)
1·3 (0·66–2·7)
1·5 (0·86–2·8)
1·3 (0·62–2·6)

24
26
24
25
25
26
25
26
19
24

Ref
Ref
2·9 (1·6–5·3)
2·6 (1·5–4·6)
1·1 (0·63–2)
1·0 (0·58–1·7)
0·89 (0·5–1·6)
1·4 (0·79–2·4)
2·8 (1·5–5·3)
3·1 (1·8–5·5)

23
24
26
18
22
22
22
23

Ref
Ref
3·4 (2–5·9)
2·9 (1·4–5·8)
5·1 (2·9–9)
4·2 (2·2–8·1)
2·4 (1·3–4·1)
1·8 (0·95–3·5)
0
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Figure 3: Subgroup immunogenicity analyses by age for anti-spike IgG and cellular response at 28 days post third dose between study vaccines and controls
for the ChAd/ChAd-primed population (A) and BNT/BNT-primed population (B)
ELU=ELISA laboratory units. Control=quadrivalent meningococcal conjugate vaccine. ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. NVX=NVX-CoV2373
vaccine, Novavax. NVX half=half dose of NVX-CoV2373 vaccine. BNT=BNT162b2 vaccine, Pfizer–BioNTech. VLA=VLA2001 vaccine, Valneva. VLA half=half dose of
VLA2001 vaccine. Ad26=Ad26.COV2.S vaccine, Janssen. BNT half=half dose of BNT162b2 vaccine. m1273=mRNA1273 vaccine, Moderna. CVn=CVnCoV vaccine,
Curevac.
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Articles

Prime with ChAd/ChAd
Control (n=18)

ChAd (n=16)

Prime with BNT/BNT
NVX (n=19)

NVX half (n=21)

Control (n=26)

ChAd (n=24)

NVX (n=24)

NVX half (n=21)

SARS-CoV-2 anti-spike IgG, ELU/mL
Day 0

1237
(835–1833; n=18)

786
(593–1041; n=16)

1053
(610–1818; n=19)

1073
(702–1641; n=21)

3482
(2482–4886; n=26)

3196
(2142–4769; n=24)

3512
(2454–5026; n=24)

4469
(2836–7043; n=21)

Day 7

1177
(750–1849; n=14)

1242
(942–1637; n=15)

2935
(1932–4457; n=18)

3543
(2521–4979; n=20)

3124
(2216–4404; n=25)

8624
(6664–11 160; n=24)

5080
(3585–7199; n=23)

4881
(3207–7428; n=20)

Day 28

841
(538–1313; n=16)

1321
(995–1752; n=15)

4791
(3390–6769; n=18)

4959
(3413–7206; n=21)

2415
(1751–3330; n=26)

13 708
(10 368–18 125; n=24)

8754
(6262–12236; n=24)

10 171
(6892–15 010; n=21)

37·9
(23·8–60·5; n=25)

57·9
(32·1–104·3; n=23)

56·9
(35·2–91·9; n=23)

25·8
(14·7–45·1; n=20)

Cellular response (wild-type), spot forming cells per 106 peripheral blood mononuclear cells
Day 0

52·8
(34·4–81·0; n=18)

61·7
(37·2–102·4; n=16)

25·3
(13·9–46·0; n=19)

37·1
(24·2–56·8; n=20)

Day 14

48·7
(24·1–98·3; n=14)

91·1
(48·7–170·6; n=13)

239·6
133·0
(156·0–368·0; n=18) (76·8–230·4; n=20)

33·7
(20·2–56·1; n=25)

134·9
(75·9–239·9; n=24)

85·8
(52·4–140·7; n=23)

69·5
(40·9–118·1; n=20)

Day 28

56·1
(30·6–103·1; n=16)

72·4
(43·8–119·5; n=15)

104·5
(59·2–184·3; n=17)

33·2
(20·8–53·0; n=25)

116·4
(67·8–199·7; n=23)

75·0
(40·6–138·4; n=23)

39·8
(19·3–82·3; n=20)

171·5
(126·7–232·0; n=19)

Data are geometric mean (95% CI; number of samples available). ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. BNT=BNT162b2 vaccine, Pfizer–BioNTech. Control=quadrivalent meningococcal
conjugate vaccine.NVX=NVX-CoV2373 vaccine, Novavax. NVX half=half dose of NVX-CoV2373 vaccine. ELU=ELISA laboratory units.

Table 8: Kinetics of immune responses post third dose by study vaccine and priming vaccine schedule among the modified intention-to-treat population of immunology cohort, group A

ranged from 1·8 (99% CI 1·5–2·3) in the half VLA group
to 32·3 (24·8–42·0) in the m1273 group. GMRs
for pseudotype virus neutralising antibodies against
wild-type were consistent with those of anti-spike IgG.
All the study vaccines except ChAd, VLA, and half VLA,
given as the third dose, significantly induced cellular
responses by T-cell ELISpot in ChAd/ChAd-primed
participants. The GMRs compared with control groups
ranged from 1·1 (95% CI 0·7–1·6) in the ChAd group to
3·6 (2·4–5·5) in the m1273 group.
In participants who received BNT/BNT as the initial
schedule, significant GMRs were also observed in all
study vaccine groups compared with controls for antispike IgG at 28 days post boost, ranging from 1·3
(99% CI 1·0–1·5) in the half VLA group to 11·5 (9·4–14·1)
in the m1273 group (tables 5–7; figure 3). However, the
upper limit of the 99% CI for VLA and half VLA did not
reach the pre-established minimum clinically important
difference of 1·75. Similarly, GMRs for pseudotype virus
neutralising antibodies and anti-spike IgG antibodies
were also consistent in the BNT/BNT participants. For
the cellular responses, we observed a significant GMR
for ChAd (2·6, 95% CI 1·6–4·0) following BNT/BNT,
which was not seen for ChAd following ChAd/ChAd
(1·1, 0·7–1·6). The T-cell-boosting effects of NVX and
half NVX were lower in people who had received
BNT/BNT compared with those who previously received
ChAd/ChAd. The geometric mean of T-cell responses in
the half NVX group was not significantly higher than
control (1·4, 95% CI 0·89–2·2). All the other vaccines
showed higher cellular responses compared with
controls among participants who had previously received
BNT/BNT.
The kinetics of binding antibodies are presented in
tables 8–10 and appendix 1 (p 33), and the fold-rise of
immunogencity between days 0 and 28 is presented in
www.thelancet.com Vol 398 December 18/25, 2021

appendix 1 (pp 17–20). We observed a higher level of
baseline anti-spike IgG concentrations in participants
who had received BNT/BNT compared with participants
who had received ChAd/ChAd. The GMCs at baseline
were 3921 (95% CI 3721–4132; n=1266) in the participants
primed with BNT/BNT and 1166 (1105–1230; n=1279) in
the participants primed with ChAd/ChAd. An increase
in anti-spike IgG concentrations at day 7 compared with
baseline was observed in all study vaccine groups,
except VLA and half VLA. BNT, half BNT, and m1273
concentrations did not rise further from day 7 to day 28
irrespective of the initial vaccines received (tables 8–10;
appendix 1 p 33). Excepting people who received ChAd
after ChAd/ChAd, we observed a further increase from
day 7 to day 28 in people who received ChAd, NVX, half
NVX, Ad26, and CVn following ChAd/ChAd and BNT/
BNT. All vaccines that boosted cellular responses
showed a peak at day 14 (tables 8–10; appendix 1 p 33).
Pseudoneutralising antibodies (NT50) were reduced for
delta variant, relative to wild-type, across all vaccines after
ChAd/ChAd and BNT/BNT (table 5–7; appendix 1
pp 17–20). Although there was minor variation in the
degree of drop in the GMT, no vaccine showed better
cross-protective immunity than others (ie, similar GMRs
were observed for delta and wild-type for all study
vaccines, when comparing with control groups). T-cell
responses against delta and beta were similar to wildtype (table 5–7; appendix 1 p 17).
The median intervals between second and third doses
in the group younger than 70 years and the group aged
70 years and older were similar in both the ChAd/ChAd
(<70 years 78 days vs ≥70 years 77 days) and BNT/BNT
(<70 years 106 days vs ≥70 years 97 days). Higher antispike IgG pre-third dose was observed in the people
younger than 70 years with 1262 (95% CI 1171–1359;
n=593) versus 1089 (1010–1175; n=686) in the group aged
2271
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Table 9: Kinetics of immune responses post third dose by study vaccine and priming vaccine schedule among the modified intention-to-treat population of immunology cohort, group B

Data are geometric mean (95% CI; number of samples available). ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. BNT=BNT162b2 vaccine, Pfizer–BioNTech. Control=quadrivalent meningococcal conjugate vaccine. VLA=VLA2001 vaccine,
Valneva. VLA half=half dose of VLA2001 vaccine. Ad26=Ad26.COV2.S vaccine, Janssen. ELU=ELISA laboratory units.

153·2
(72·3–324·6; n=19)
34·5
(23·3–51·0; n=20)
54·2
(32·3–91·2; n=22)
50·0
129·4
(30·3–82·5; n=23) (76·4–219·2; n=23)
Day 28

64·4
(44·6–93·0; n=27)

102·7
(64·3–164·2; n=24)

35·7
(19·2–66·2; n=21)

88·6
(65·7–119·4; n=22)

39·1
(22·5–68·1; n=24)

114·1
(66·7–195·4; n=19)
24·3
(13·8–42·8; n=19)
72·2
(45·9–113·7; n=23)
131·0
(81·7–210·1; n=23)
73·6
(44·1–123·0;
n=22)
Day 14

49·8
(31·1–79·7; n=25)

123·4
(70·2–217·0; n=22)

38·2
(25·8–56·7; n=22)

94·6
(59·6–150·2; n=22)

34·9
(21·0–58·0; n=24)

42·1
(22·4–79·0; n=18)
21·6
(11·1–42·0; n=19)
35·9
(22·4–57·4; n=27)
31·7
(17·3–58·2; n=23)
56·6
44·2
(33·4–95·9; n=23) (25·3–77·4; n=21)
Day 0

Cellular response (wild-type), spot forming cells per 106 peripheral blood mononuclear cells

36·7
(21·8–61·9; n=24)

36·6
(22·9–58·6; n=22)

32·9
(19·5–55·3; n=23)

31·5
(18·3–54·3; n=24)

3209
26 171
4428
3500
18 631
(2338–4404; n=23) (21 245–32 239; n=23) (3264–6008; n=20) (2599–4714; n=24) (11 767–29 499;
n=19)
21 824
1599
(16 938–28 119; n=23) (988–2589; n=23)
867
(634–1186; n=23
Day 28

1537
5673
(1054–2243; n=27) (4078–7892; n=24)

3415
7726
(2506–4653; n=24) (5592–10 675;
n=19)
3852
27 551
3829
(2797–5303; n=23) (21 016–36 118; n=23) (2620–5595; n=20)
2735
(2023–3697; n=24)
1292
(912–1830; n=27)
15 524
1299
1080
(808–1443; n=23) (10 938–22 033; n=23) (829–2036; n=23)
Day 7

1555
(1037–2331; n=24)
1334
(899–1981; n=27)
1211
(744–1971; n=23)
SARS-CoV-2 anti-spike IgG, ELU/mL

1276
1443
(945–1723; n=23) (1051–1982; n=23)

Control (n=23)

Day 0

Prime with BNT/BNT

BNT (n=23)

VLA (n=23)

VLA half (n=27)

Ad26 (n=24)
Prime with ChAd/ChAd

Control (n=23)

BNT (n=23)

4483
5422
(3153–6374; n=23) (3781–7776; n=23)

VLA (n=20)

3352
(1814–6194; n=20)

VLA half (n=24)

Ad26 (n=19)

3460
4181
(2322–5156; n=24) (3037–5756; n=19)

Articles

70 years and older for ChAd/ChAd, and 4500 (4211–4808,
n=679) versus 3344 (3083–3627; n=587) in the older group
for BNT/BNT. Similar levels of pre-third dose cellular
responses between two age groups were found in the
ChAd/ChAd population (<70 years GM 38, 95% CI
33–43 [n=300] vs ≥70 years 36, 31–41 [n=336]), but not the
BNT/BNT population (<70 years 47, 42–53 [n=324] vs
≥70 years 25, 22–29 [n=304]). At day 28 post third dose,
similar levels of boost effect on anti-spike IgG and
cellular responses were seen between the two age groups
for all the study vaccines (figure 3).
As expected, baseline seropositive participants had
higher humoral and cellular response compared with
seronegative participants in both ChAd/ChAd and
BNT/BNT populations (appendix 1 p 21). For both
populations, the difference of anti-spike IgG and cellular
response between seropositive and seronegative
participants became smaller after a third dose vaccination.
Seropositive participants still had higher immunogenicity
(appendix 1 pp 37–38) compared with seronegative
participants.

Discussion
All COVID-19 vaccines and doses tested showed
acceptable reactogenicity (figure 2). In both age groups,
four vaccines showed higher moderate or severe local
and systemic side-effects in the first 7 days: ChAd after
BNT/BNT in the group aged 30–69 years (consistent
with ChAd after BNT in the COMCOV trial8); and m1273
and CVn in all ages for ChAd and ChAd prime and in
the group aged younger than 70 years for BNT/BNT
prime (consistent with m1273 as dose two in the
COMCOV2 trial23); and Ad26 after ChAd/ChAd or
BNT/BNT in people younger than 70 years
(appendix 1 pp 22–25). These data are consistent with
early data from other trials of homologous and
heterologous third dose boosters.24–28
The analysis shows there was good correlation seen for
all vaccines between the pseudoneutralising assay NT50
against the wild-type and delta variants at days 0 and 28
(day 28 shown in appendix 1 p 34). Vaccines that produce
antibodies against wild-type appear to neutralise delta
effectively in vitro to a consistent, but slightly lesser
degree, confirming the current public health strategy of
using wild-type vaccines to control the currently
predominant delta epidemic. Future analysis will
investigate the in vitro killing against alpha and beta
variants.
Findings from this trial demonstrate that the
immunogenicity of homologous or heterologous third
dose boost with all tested vaccines was superior to control
regardless of which vaccine had been received in the
initial course, apart from VLA, which did not achieve
predefined criteria for minimum clinically important
difference following BNT/BNT (figure 3).
Regarding spike IgG third dose response, it is
important to recognise that, as yet, there is no established
www.thelancet.com Vol 398 December 18/25, 2021

Articles

Prime with ChAd/ChAd
Control (n=21)

BNT half (n=25)

Prime with BNT/BNT
m1273 (n=21)

CVn (n=21)

Control (n=21)

BNT half (n=21)

m1273 (n=18)

CVn (n=18)

1265
(907–1766; n=21)

920
(570–1486; n=21)

2761
4060
(1759–4334; n=21) (2505–6582; n=21)

3271
(1970–5432; n=18)

4175
(2914–5982; n=18)

2466
(1609–3780; n=20)

2403
24 315
20 930
(1493–3869; n=21) (17 943–32 950; n=21) (11 594–37 786; n=18)

6756
(4881–9351; n=18)

4241
(2718–6618; n=21)

2094
(1306–3359; n=20)

27 498
30 654
(20 109–37 602; n=21) (22 916–41 004; n=18)

8385
(5753–12 222; n=18)

SARS-CoV-2 anti-spike IgG, ELU/mL
Day 0

712
1485
(466–1086; n=20) (994–2218; n=25)

Day 7

13 078
22 134
671
(439–1027; n=21) (8708–19 641; n=25) (15 902–30 809; n=21)

Day 28 600
(376–957; n=21)

13 951
23 771
(8978–21 679; n=25) (15 092–37 442; n=21)

Cellular response (wild-type), spot forming cells per 106 peripheral blood mononuclear cells
Day 0

45·1
(27·3–74·8; n=21)

47·1
(30·1–73·6; n=25)

48·4
(29·3–80·0; n=19)

47·6
(27·7–81·7; n=20)

38·3
(24·0–61·2; n=21)

42·0
(25·1–70·2; n=20)

28·3
(16·6–48·5; n=18)

56·6
(35·8–89·5; n=17)

Day 14

30·5
(16·1–57·8; n=21)

154·7
(99·9–239·6; n=25)

140·7
(75·0–263·8; n=19)

40·1
(19·4–82·8; n=20)

23·1
(13·3–40·2; n=21)

96·3
(53·2–174·2; n=20)

117·4
(68·7–200·5; n=18)

74·2
(37·6–146·3; n=17)

Day 28

48·8
(30·4–78·3; n=21)

123·5
(79·4–192·3; n=25)

148·6
(92·8–237·9; n=20)

65·1
(36·3–116·7; n=21)

26·9
(15·6–46·5; n=20)

107·0
(73·4–156·1; n=20)

140·4
(85·3–231·1; n=17)

68·8
(36·2–131·0; n=18)

Data are geometric mean (95% CI; number of samples available). ChAd=ChAdOx1 nCoV-19 vaccine, Oxford–AstraZeneca. BNT=BNT162b2 vaccine, Pfizer–BioNTech. Control=quadrivalent meningococcal
conjugate vaccine. BNT half=half dose of BNT162b2 vaccine. m1273=mRNA1273 vaccine, Moderna. CVn=CVnCoV vaccine, Curevac. ELU=ELISA laboratory units.

Table 10: Kinetics of immune responses post third dose by study vaccine and priming vaccine schedule among the modified intention-to-treat population of immunology cohort, group C

or well defined correlate of long-term protection. To
date, both ChAd/ChAd (79%) and BNT/BNT (90%) have
maintained highly effective real-world protection against
hospitalisation and death after 6 months1 despite much
higher absolute spike IgG levels for BNT/BNT than
ChAd/ChAd.8 The relative role of T-cell or memory
immunity is unclear, but is probably of great importance.
The impact of dose interval remains to be fully
elucidated—eg, there is better reported immunogenicity
when a second dose of Ad26 is given at 6 months after
the first dose of Ad26 compared with 2 months,29 and
improved antibody responses when the initial BNT
doses are spaced by 12 weeks rather than 3 weeks,
although cellular response might be lower.30 There is
potentially an important clinical impact of these changes,
because people given initial ChAd doses spaced
3–4 weeks appear to have lower protection against
infection than people receiving ChAd/ChAd 16 weeks
apart.31
All vaccines tested (ChAd, BNT, m1273, NVX, Ad26,
CVn, and VAL) boosted immunity after ChAd/ChAd as
measured by anti-spike IgG and neutralising assays, and
six vaccines (ChAd, BNT, m1273, NVX, Ad26, CVn)
boosted immunity after BNT/BNT (table 5–7; figure 3).
All of the vaccines that boosted immunity did so in older
and younger people; however, there were marked
differences in response between specific booster
vaccines, consistent with other data from non-randomised
studies.24 Therefore, these data endow immunisation
advisory committees and policy makers with additional
immunological and reactogenicity information, which
will allow flexibility to deploy heterologous or
homologous third doses after initial ChAd or BNT
vaccines. These decisions will also be based on clinical,
logistical, and supply considerations, targeted to the
populations at greatest need.32
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Cellular responses show that the mRNA vaccines and
Ad26 show increased responses after ChAd/ChAd and
BNT/BNT (table 5–7); however, as demonstrated
elsewhere, ChAd does not boost cellular responses after
ChAd/ChAd;8,26 NVX boosts cellular responses better
after ChAd/ChAd than BNT/BNT;23 and VLA does not
induce any significant cellular responses to spike protein
at day 28 compared with control after ChAd/ChAd or
BNT/BNT. Data obtained at 3 months and 1 year after
third dose will provide further information on the
impact of third doses on long-term protection and
immunological memory.
Fractional doses can be indirectly compared for BNT
and half BNT, although they were in different site
groups; some reduction in systemic effects was
demonstrated compared with controls, although there
was no apparent reduction in pain by using a half dose.
There was a minimal decrease on immunogenicity by
anti-spike IgG and neutralising assays (table 5–7).
Maximum spike IgG responses were seen at 7 days after
the third dose of half BNT, also for full dose BNT and
m1273 after ChAd/ChAd or BNT/BNT. For other vaccines
including the low (12 mg) dose CVn mRNA vaccine, an
increment was seen from day 7 IgG to day 28 IgG
concentrations (table 8–10). Along with the finding of no
reduction in pain and some reduction in systemic
effects, this could suggest that currently approved
mRNA vaccines are formulated at doses above the
minimum needed for a third (booster) dose. If
immunogenicity can be maintained in larger dose
reduction studies this could significantly increase the
numbers of doses available globally. Our data suggest
that even half dose BNT produces a vigorous anti-spike
IgG response at 7 days. No clinical trial could be powered
to demonstrate the impact of dose reduction on rare
side-effects that are seen during population deployment.
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However, it is biologically plausible that lower fractional
dosing for third dose boost could reduce inflammation
and possibly rates of myocarditis seen after BNT or
m1273 deployment. Of note, m1273 is now approved at
50% dose (50 µg) when used as a homologous third
dose.33
Although neutralising responses can be predicted from
spike IgG concentrations, we found that cellular
responses do not correlate well (appendix 1 pp 35–36).
This study has a number of limitations. Due to
pandemic timelines and the need to generate data to
inform policy in September, 2021, the interval from
second to third dose (given in June, 2021) was shorter in
some participants than between their first two doses of
ChAd/ChAd or BNT/BNT. This could lead to
underestimates of boosting GMRs that would be
achieved at longer dose intervals as immune responses
of all types wane over time. The short interval to
dose 3 might also mean the impact on T cells and
immunological memory could be lower than if longer
dose intervals had been used.34 This possibility is being
investigated in a trial amendment that has offered
COVID-19 third dose to people who previously received
control vaccine. The age range (only recruiting people
>30 years) limits the generalisability to younger
populations, which might be particularly relevant with
respect to reactogenicity, which was generally inversely
proportional to age. The study also recruited a mostly
White population. Due to the group design, not all
vaccines were able to be randomised together, limiting
the ability to compare vaccines between site groups. In
particular, BNT was not able to be studied in the same
group as half BNT; however, baseline characteristics
between all site groups were all broadly comparable.
Further analysis will be done comparing vaccines in
different groups, adjusting for the difference between
groups. It was also not possible to test half m1273
(currently now recommended as third dose of this
vaccine33) or other approved vaccines due to logistical
reasons at the timepoint of the decision to include
fractional doses. A single laboratory was used to conduct
all cell preparation and T-cell assays using the same
protocols and reagents to avoid interlab variability and
issues from cell freezing. Because of this, direct
comparison with data from other studies conducted in
different laboratories should review trends rather than
compare absolute numbers. Finally, external laboratory
capacity issues meant that this analysis did not include
pseudoneutralising assay results against the alpha and
beta variants, and there are currently no formally
validated viral neutralisation assays against variants of
concern.
ChAd has now been deployed in more than
180 countries and BNT in more than 145 countries.35
This trial has demonstrated the potential of all vaccines
tested (ChAd, BNT, m1273, NVX, Ad26, CVn, and VAL)
to boost immunity following an initial course of
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ChAd/ChAd and of six vaccines (ChAd, BNT, m1273,
NVX, Ad26, and CVn) following an initial course of
BNT/BNT. All vaccines showed acceptable side-effect
profiles, although some schedules were more
reactogenic than others.
Policy makers and national immunisation advisory
committees should establish criteria for choosing which
booster vaccines to use in their populations. This
decision should be based on immunological con
siderations, known side-effect profiles, in-country
availability, and ultimately a decision on what level of
boost is sufficient in the context of national strategic
disease control objectives.
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