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Summary
Background There is an ongoing global effort to design, manufacture, and clinically assess vaccines against SARS-
CoV-2. Over the course of the ongoing pandemic a number of new SARS-CoV-2 virus isolates or variants of concern
(VoC) have been identified containing mutations in key proteins.

Methods In this study we describe the generation and preclinical assessment of a ChAdOx1-vectored vaccine
(AZD2816) which expresses the spike protein of the Beta VoC (B.1.351).

Findings We demonstrate that AZD2816 is immunogenic after a single dose. When AZD2816 is used as a booster
dose in animals primed with a vaccine encoding the original spike protein (ChAdOx1 nCoV-19/ [AZD1222]), an
increase in binding and neutralising antibodies against Beta (B.1.351), Gamma (P.1) and Delta (B.1.617.2) is observed
following each additional dose. In addition, a strong and polyfunctional T cell response was measured all booster
regimens.

Interpretation Real world data is demonstrating that one or more doses of licensed SARS-CoV-2 vaccines confer
reduced protection against hospitalisation and deaths caused by divergent VoC, including Omicron. Our data sup-
port the ongoing clinical development and testing of booster vaccines to increase immunity against highly mutated
VoC.
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Introduction
Since the first reports of infections caused by a novel
coronavirus, there has been an unprecedented global
effort to design, manufacture and test multiple vaccines
against SARS-CoV-2. The majority of vaccines encode
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the full-length spike protein of SARS-CoV-2 and induce
both T cell responses and neutralising antibodies to var-
iable levels. COVID-19 vaccines are being deployed to
varying degrees globally and real-world effectiveness
data are demonstrating the positive impact vaccination
is having on preventing COVID-related hospitalisation
and death.1�5

Over the course of the pandemic a number of VoC
have been identified, each containing multiple
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Research in context

Evidence before this study

Following initial identification of the SARS CoV-2 Beta
variant in October 2020, reduced levels of neutralising
antibodies after vaccination have been described,
against this and other variants of concern (VoC). To
combat VoC, major vaccine manufacturers have started
to develop and test vaccines expressing the spike pro-
tein of VoC, including Beta and Omicron.

Added value of this study

Recently published preclinical studies using an mRNA
platform encoding a SARS CoV-2 Beta variant spike
have demonstrated there were no measurable serologi-
cal differences after a third dose of an mRNA vaccine
encoding either a Beta or original spike protein follow-
ing a primary vaccination series. Here, we describe the
generation and preclinical assessment of a viral vector
(ChAdOx1) expressing the Beta spike protein (AZD2816)
following single dose vaccination and when used as a
booster in animals primed with vaccine encoding the
original spike protein. We demonstrate an increase in
binding and neutralising antibodies against VoC follow-
ing booster vaccination.

Implications of all the available evidence

Third dose immunisations using either the original or
Beta spike protein augmented the humoral immune
response against both original and VoCs. All available
data supports the ongoing clinical development and
testing of booster vaccines to enhance protection
against divergent VoC, including Omicron.
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mutations within the viral genome. Variants with muta-
tions in the spike protein, and in particular the receptor
binding domain (RBD) which binds to the angiotensin
converting enzyme-2 (ACE-2) receptor and facilitate
viral cell entry, may escape vaccine-induced host immu-
nity resulting in infection and disease. The Beta variant
(B.1.351),6 first identified in October 2020, contains 10
changes across the spike protein with three amino acid
changes in the RBD region (Figure 1). These changes in
RBD are reported to increase binding between spike
and ACE2, and also result in a reduced level of neutrali-
sation by vaccine-induce antibodies; however, T cell
responses to peptides spanning the variant spike are
still induced following vaccination with prototype
COVID-19 vaccines.7,8

Platform vaccine technologies can be rapidly
deployed to produce second generation SARS-CoV-2
vaccines targeting VoC. In this study we describe the
generation and assessment of a ChAdOx1 expressing
Beta spike protein (AZD2816) immunogenicity in mice.
Importantly, a T cell immune response and both bind-
ing and neutralising antibodies against Beta were
measured after a single dose vaccination with
AZD2816. When AZD2816 was used as a booster dose
in mice already primed with the original ChAdOx1
nCoV-19 (AZD1222) we observed strong antibody bind-
ing against both the original and the Beta spike protein,
with booster doses increasing the antibody response
and neutralising ability against other variants. In a
three-dose regimen using AZD1222 or AZD2816 as a
third dose, higher neutralising titres against VoC were
induced. These data support the development and clini-
cal testing of variant vaccines to use in booster regi-
mens.
Methods

Vector construction
AZD2816 vaccine was constructed by methods as previ-
ously described.9 In brief, the B.1.351 glycoprotein (S)
gene6 was codon-optimized for expression in human
cell lines and synthesized with the tissue plasminogen
activator (tPA) leader sequence at the 50 end by GeneArt
Gene Synthesis (Thermo Fisher Scientific). The S gene
was inserted into the Gateway� recombination cassette
of the shuttle plasmid containing a human cytomegalo-
virus major immediate early promoter (IE CMV), which
includes intron A and two tetracycline operator 2 sites,
and the bovine growth hormone polyadenylation signal.
BACs containing the ChAdOx1 SARS-CoV-2 beta
(B.1.351) Spike protein were prepared by Gateway�

recombination between the ChAdOx1 destination DNA
BAC vector10 and the shuttle plasmids containing the
SARS CoV-2 S gene expression cassettes using standard
protocols resulting in the insertion of the SARS-CoV-2
expression cassette at the E1 locus. The ChAdOx1 SARS
CoV-2 S adenovirus genome was excised from the BAC
using unique PmeI sites flanking the adenovirus
genome sequence. ChAdOx1 SARS CoV-2 S viral vec-
tors were rescued in T-RExTM-293 cells (Invitrogen, Cat.
R71007), a derivative of HEK293 cells which constitu-
tively express the Tet repressor protein and prevent anti-
gen expression during virus production. The resultant
virus, ChAdOx1 nCov-19 B.1.351 (AZD2816), was puri-
fied by CsCl gradient ultracentrifugation as described
previously. The titres were determined on T-RExTM cells
using anti-hexon immunostaining assay based on the
QuickTiterTM Adenovirus titre Immunoassay kit (Cell
Biolabs Inc).
Ethics statement
Mice were used in accordance with the UK Animals
(Scientific Procedures) Act 1986 under project license
number P9804B4F1 granted by the UK Home Office
with approval from the local Animal Welfare and Ethical
Review Board (AWERB) at the University of Oxford. Age
matched animals were purchased from commercial
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Figure 1. Schematic of SARS-CoV-2 spike protein and peptide pools used in studies
Schematic is a graphical representation of spike protein indicating location of the signal sequence (SS), N-terminal domain

(NTD), receptor binding domain (RBD, receptor binding motif (RBM), fusion peptide (FP), heptad repeat (HR) regions, transmem-
brane domain (TM) and cytoplasmic tail (CT). Peptide pools used to stimulate splenocytes were sub-divided into 4 pools to cover
the S1 and S2 regions of spike. Amino acid changes between original and Beta (B.1.351) variant virus and encoded in the AZD2816
vaccine construct are indicated. Triangle represents deletion of amino acids.
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suppliers as a batch for each experiment and randomly
split into groups on arrival at our facility and given at
least one week to acclimatise prior to commencement
of the experiment. Animals were group housed in IVCs
under SPF conditions, with constant temperature
(20�24 °C) and humidity (45�65%) with lighting on a
13:11 light-dark cycle (7am to 8pm). For induction of
short-term anaesthesia, animals were anaesthetised
using vaporised IsoFlo�. Three BALB/c mice developed
thymoma or lymphoma during the experiment which
was unrelated to vaccination and a common occurrence
in BALB/c mice, therefore data from these animals was
excluded from the study. All animals were humanely
sacrificed at the end of each experiment by an approved
Schedule 1 method (cervical dislocation). Where feasi-
ble, staff performing vaccinations or sample harvesting
were blinded to the groups, groups were unblinded dur-
ing analysis.
Animals and immunizations
Inbred BALB/cOlaHsd (BALB/c) (Envigo) (n = 5 to 7
mice per group), were immunized intramuscularly (i.m.)
in the musculus tibialis with 108 infectious units (iu) of
ChAdOx1 vector. Mice were boosted with the relevant vac-
cine candidate 4 weeks later. All mice were sacrificed 3
weeks (or at a time indicated on figure legend) after the
final vaccination with serum and spleens collected for
analysis of humoral and cell-mediated immunity.
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Antigen specific IgG ELISA
MaxiSorp plates (Nunc) were coated with 250 ng/well of
full-length SARS-CoV-2 wild-type (original) spike
(NC_045512), Beta (B.1.351) spike, Alpha (B.1.1.7) spike,
Gamma (P.1) spike, Epsilon (B.1.429) spike and original
wild-type spike sequence with a D to G amino acid sub-
stitution at position 614 (D614G) protein (Table S1)
overnight at 4 °C, prior to washing in PBS/Tween
(0.05% v/v) and blocking with Blocker Casein in PBS
(Thermo Fisher Scientific) for 1 h at room temperature
(RT). Standard positive serum (pool of mouse serum
with high endpoint titre against original wild-type spike
protein), individual mouse serum samples, negative
and an internal control (diluted in casein) were incu-
bated for 2 h at 21 °C. Following washing, bound anti-
bodies were detected by addition of a 1 in 5000 dilution
of alkaline phosphatase (AP)-conjugated goat anti-
mouse IgG (Sigma-Aldrich, Cat. A3562) for 1 h at
21 °C and addition of p-Nitrophenyl Phosphate, Diso-
dium Salt substrate (Sigma-Aldrich). An arbitrary
number of ELISA units (EU) were assigned to the
reference pool and optical density values of each
dilution were fitted to a 4-parameter logistic curve
using SOFTmax PRO software. ELISA units were
calculated for each sample using the optical density
values of the sample and the parameters of the stan-
dard curve. All data was log-transformed for presen-
tation and statistical analyses. All antibodies were
validated by the commercial supplier.
3



Articles

4

Micro neutralisation test (mVNT) using lentiviral-
based pseudotypes bearing the SARS-CoV-2 spike
Spike-expressing plasmid constructs were generated
using the QuikChange Lightning Multi Site-Directed
Mutagenesis kit (Agilent) on a previously described
Wuhan-hu-1 template.11 Lentiviral-based SARS-CoV-2
pseudotyped viruses were generated in HEK293T
(ATCC CRL-11268G-1) cells incubated at 37 °C, 5% CO2

as previously described.12 Briefly, cells were seeded at a
density of 7.5 £ 105 in 6 well dishes, before being trans-
fected with plasmids as follows: 500 ng of SARS-CoV-2
spike (Original NC_045512, Beta B.1.351, Kappa
B.1.617.1, Delta B.1.617.2, Gamma P.1) (Table S1),
600 ng p80.91 (encoding for HIV-1 gag-pol), 600 ng
CSFLW (lentivirus backbone expressing a firefly lucifer-
ase reporter gene), in Opti-MEM (Gibco) along with
10 µL PEI (1 µg/mL) transfection reagent. A ‘no glyco-
protein’ control was also set up using the pcDNA3.1 vec-
tor instead of the SARS-CoV-2 Spike expressing
plasmid. The following day, the transfection mix was
replaced with 3 mL DMEM with 10% FBS (DMEM-
10%) and incubated for 48 and 72 hs, after which super-
natants containing pseudotyped SARS-CoV-2 (SARS-
CoV-2 pps) were harvested, pooled and centrifuged at
1300 x g for 10 min at 4 °C to remove cellular debris.
Target HEK293T cells, previously transfected with
500 ng of a human ACE2 expression plasmid (Addgene,
Cambridge, MA, USA) were seeded at a density of
2 £ 104 in 100 µL DMEM-10% in a white flat-bottomed
96-well plate one day prior to harvesting SARS-CoV-2
pps. The following day, SARS-CoV-2 pps were titrated
10-fold on target cells, and the remainder stored at -80 °
C. For mVNTs, sera was diluted 1 in 20 or 1 in 40 in
serum-free media and 50 µL was added to a 96-well
plate in triplicate and titrated 2-fold. A fixed-titre volume
of SARS-CoV-2 pps was added at a dilution equivalent to
105 to 106 signal luciferase units in 50 µL DMEM-10%
and incubated with sera for 1 h at 37 °C, 5% CO2 (giving
a final sera dilution of 1 in 40 or 1 in 80). Target cells
expressing human ACE2 were then added at a density
of 2 £ 104 in 100 µL and incubated at 37 °C, 5% CO2 for
72 hs. Firefly luciferase activity was then measured with
BrightGlo luciferase reagent and a Glomax-Multi+
Detection System (Promega, Southampton, UK). Pseu-
dotyped virus neutralisation titres were calculated by
interpolating the point at which there was either 50% or
80% reduction in luciferase activity, relative to
untreated controls (50% or 80% neutralisation, inhibi-
tory dilution 50 or 80, ID50 or ID80) (Figure S1).
ELISpot and ICS staining
Spleen single cell suspension were prepared by passing
cells through 70 mM cell strainers and treatment with
ammonium potassium chloride lysis solution prior to
resuspension in complete media. Splenocytes were
stimulated 15mer peptides (overlapping by 11)
(Mimitopes) spanning the length of SARS-CoV-2 pro-
tein and tpa promoter, with peptide pools subdivided
into common and variant peptide regions within the S1
and S2 region of spike (Figure 1A) (Table S2). For analy-
sis of IFNg production by ELISpot, splenocytes were
stimulated with two pools of common S1 peptides (pools
1 and 2), two pools of common S2 peptides (pools 3 and
4) (final concentration of 2 µg/mL) and pools of original
or beta variant peptides on hydrophobic-PVDF ELISpot
plates (Merck) coated with 5 µg/mL anti-mouse IFNg
(AN18, Mabtech Cat. 3321-3-250). After 18�20 hs of
stimulation at 37 °C, IFNg spot forming cells (SFC)
were detected by staining membranes with anti-mouse
IFNg biotin (1 mg/mL) (R46A2, Mabtech Cat No. 3321-
6-250) followed by streptavidin-Alkaline Phosphatase
(1 mg/mL, Mabtech Cat No. 3310-8-1000) and develop-
ment with AP conjugate substrate kit (BioRad, UK).
Spots were enumerated using an AID ELISpot reader
and software (AID).

For analysis of intracellular cytokine production,
cells were stimulated at 37 °C for 6 hs with 2 mg/mL a
pool of S1 (ELISpot pools 1 and 2) or S2 (ELISpot pools
3 and 4) total original spike peptides (Table S2), media
or positive control cell stimulation cocktail (containing
PMA-Ionomycin, BioLegend, Cat No. 423301), together
with 1 mg/mL Golgi-plug (BD) and 2 ml/mL CD107a-
Alexa647 (Clone 1D4B, Cat No. 121610). Following sur-
face staining with CD3-A700 (Clone 17A2, 1 in 100, Cat
No. 100216), CD4-BUV496 (Clone GK1.5, 1 in 200, BD
Cat No. 564667), CD8-BUV395 (Clone 53-6.7, 1 in 200,
BD Cat No. 563786), CD11a-PECy7 (Clone H155-78, 1 in
200, Cat No. 141012), CD44-BV780 (Clone IM7, 1 in
100, Cat No. 103041), CD62L-BV711 (Clone MEL-14, 1
in 100, Cat No. 104445), CD69-PECy7 (Clone H1.2F3, 1
in 100, Cat No. 104510), CD103-APCCy7 (Clone 2E7, 1
in 100, Cat No. 121437) and CD127-BV650 (Clone
A7R34, 1 in 100, Cat No. 135043) cells were fixed with
4% paraformaldehyde and stained intracellularly with
IL2-PerCPCy5.5 (Clone JES6-5H4, 1 in 100, Cat No.
503822), IL4-BV605 (Clone 11B11, 1 in 100, Cat No.
504126), IL10-PE (Clone JES5-16E3, 1 in 100, Cat No.
505008), IFNg-e450 (Clone XMG1.2, 1 in 100, Cat No.
505818) and TNFa-A488 (Clone MP6-XT22, 1 in 100,
Cat No. 506313) (unless stated all antibodies purchased
from BioLegend) diluted in Perm-Wash buffer (BD).
Sample acquisition was performed on a Fortessa (BD)
and data analysed in FlowJo V10 (TreeStar). An acquisi-
tion threshold was set at a minimum of 5000 events in
the live CD3+ gate. Antigen specific T cells were identi-
fied by gating on LIVE/DEAD negative, size (FSC-A vs
SSC), doublet negative (FSC-H vs FSC-A), CD3+, CD4+

or CD8+ cells and each individual cytokine. T cell sub-
sets were gated within the population of “IFNg+ or
TNFa+” responses and are presented after subtraction
of the background response detected in the correspond-
ing media stimulated control sample for each mouse,
and summing together the response detected to each
www.thelancet.com Vol 77 Month March, 2022
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pool of peptides. T effector (Teff) cells were defined as
CD62Llow CD127low, T effector memory (Tem) cells
defined as CD62Llow CD127hi and T central memory
(Tcm) cells defined as CD62Lhi CD127hi (Figure S2).
The total number of cells was calculated by multiplying
the frequency of the background corrected population
(expressed as a percentage of total lymphocytes) by the
total number of lymphocytes counted in each individual
spleen sample. All antibodies were validated by the com-
mercial supplier (BioLegend or BD).
Statistical analysis
Experimental units are defined as individual animals.
Based on prior experience assessing the immunogenic-
ity of Adenoviral vectors, 4 mice per group gives 80%
power to detect a 2-fold change in T cells or antibody
responses, therefore a minimum of 4 mice per group
were used in all experiments. To account for potential
loss of BALB/c mice due to development of thymoma/
lymphoma unrelated to experimental procedures and
common in this strain of mice, where feasible groups
were increased to 6 mice per group. All graphs and sta-
tistical analysis were performed using Prism v9 (Graph-
pad). For analysis of vaccination regimen against a
single variable (eg IgG level), data was analysed with a
one-way anova (Kruskal-Wallis) followed by post-hoc
Dunn’s multiple comparison test. For analysis of vacci-
nation regimen against multiple variables (eg each indi-
vidual cytokine or T cell subset) the data was analysed
with a two-way analysis of variance, where a significant
difference was observed, a post-hoc analysis was per-
formed to compare the overall effect of vaccination regi-
men. Where appropriate (ie when cytokines were
measured in parallel or serum samples simultaneously
assessed in pseudo-neutralisation assay/ELISA against
different VoC proteins) and data was presented in a sin-
gle figure, a repeated measures anova was performed,
relevant statistical test are described in the figure
legends. All data displayed on a logarithmic scale was
log10 transformed prior to statistical analysis (ELISA
Units, Neutralisation Titres, Total Cell Numbers).
Data sharing
The data that support the findings of this study are avail-
able within the article and its Supplementary Informa-
tion files or are available from the corresponding author
upon reasonable request.
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Results

Single dose of AZD2816 vaccine induces cross-reactive
immunity
Following identification of the SARS-CoV-2 beta variant
(B.1.351), we generated a new ChAdOx1 vector express-
ing spike containing the key Beta (B.1.351) mutations
(Figure 1) (AZD2816). Pre-fusion stabilisation has been
reported to increase protein expression and improve
immunogenicity of some viral glyco-proteins,13 yet high
level expression of pre-fusion spike protein on the sur-
face of cells transfected with original ChAdOx1 nCov-19
(AZD1222), in which the antigen is not stabilised, has
been reported,14 therefore the impact of spike stabilisa-
tion on immunogenicity could be vaccine platform
dependant. ChAdOx1 expressing Beta spike protein con-
taining 6 proline substitutions at aa 814, 889, 896, 939,
983 and 984 (hexa-pro),13 for pre-fusion stabilisation,
was generated, and T cell and antibody responses fol-
lowing a single vaccination were compared with that of
immunization with non-stabilised spike vaccination.
Following a dose-range assessment of immune
responses, in which a slightly lower T cell responses
(Figure S3b), but no difference in antibody responses
(Figure S3a) was observed between vaccines (two-way
anova, repeated measures), further immunological
assessment continued with the non-stabilised version
(consistent with original ChAdOx1 nCoV-19 vaccine
(AZD1222)).

To compare the immunogenicity of ChAdOx1 nCoV-
19 vaccines expressing different spike proteins, BALB/c
mice were immunised with 108 infectious units (iu)
AZD1222 (ChAdOx1 nCoV-19), AZD2816 (ChAdOx1
nCoV-19 Beta) or with 108 iu of each vaccine mixed
together prior to immunisation (Figure 2a). Comparable
levels of anti-spike antibodies were measured in all
groups of vaccinated mice against both original spike
and Beta (B.1.351) spike protein (Figure 2b). Mixing
both vaccines together did not compromise the antibody
response to either variant spike protein, nor was there a
difference between total ELISA Units measured on day
9 or day 16 post-vaccination (Figure 2b). This rapid
onset of a measurable antibody response suggests this
vaccine is highly immunogenic. Neutralising antibod-
ies, measured in a pseudotyped virus neutralisation
assay, were detected against both the original and Beta
spike (Figure 2c).

T cell responses were measured by IFNg ELISpot
with splenocytes stimulated with peptide pools contain-
ing peptides common to both spike antigens, or specific
5



Figure 2. Immune response following a single dose of ChAdOx1 vaccines
(a.) BALB/c mice (n = 10) were vaccinated with 108 iu of AZD1222 (ChAdOx1 nCoV-19), AZD2816 (ChAdOx1 nCoV-19 Beta) or 108

iu of each vaccine mixed together. Mice (n = 5 per timepoint) were sacrificed 9 (open circles) or 16 (closed circles) days later to mea-
sure antibody and T cell responses.

(b.) Spike-specific IgG levels measured in the serum of mice against original spike protein or Beta (B.1.351) spike protein.
(c.) Microneutralisation titres mVNT (ID50) measured in the serum of mice day 16 post vaccination, against pseudotyped virus

expressing original spike or Beta (B.1.351) protein. Limit of detection (LOD) in the assay is defined as a titre of 40.
(d.) IFNg secreting cells measured by ELISpot on day 9 or day 16, with splenocytes stimulated with pools of common peptides,

original (WT) spike peptides or corresponding B.1.351 peptides covering the regions of difference between SARS-CoV-2 isolates.
(e.) Proportion of IFNg secreting cells measured against spike common peptides, sub-divided into S1 (pool 1 and pool 2) or S2

(pool 3 or pool 4) regions of spike protein.
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to peptides from the original or Beta strains (Table S2).
Equivalent numbers of IFNg producing cells after vacci-
nation with AZD1222 or AZD2816 were detected at
both timepoints measured (Figure 2d). T cell responses
to the common peptides were dominant, with minimal
responses observed against variant regions. Consistent
with earlier studies,15 the T cell response was dominant
towards the first 2 peptide pools corresponding to the S1
portion of the protein (Figure 2e) across all vaccine
groups.
www.thelancet.com Vol 77 Month March, 2022



Fig. 3. Immune response are boosted by immunisation with AZD2816
(a.) BALB/c mice (n = 5 or 6) received one dose of 108 iu of AZD1222 (ChAdOx1 nCoV-19) and were boosted with 108 iu of

AZD1222 or AZD2816 (ChAdOx1 nCoV-19 Beta). All mice were sacrificed a further 3 weeks later and antibody responses measured
in the serum and T cell responses in the spleen of mice.
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Antibody responses are boosted by vaccination with
variant vaccine AZD2816
Mice were immunised with one dose of AZD1222 prior
to boosting 4 weeks later with AZD2816 and antibody
responses compared a further 3 weeks later (Figure 3a).
Total IgG levels, measured by ELISA, showed that a
booster dose of AZD2816 increased the antibody titre
against original spike (p = 0.0193) and Beta spike
(p = 0.0046) (Figure S4) (�Sidaks multiple comparison).
In addition, boosting AZD1222 primed mice with either
AZD1222 or AZD2816 increased the binding and neu-
tralising antibody titres against VoC, including original,
Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), Epsilon
(B.1.429) and Kappa (B.1.617.1) (Figure 3b, S5, Tables 1
and S5).

Neutralising antibodies were observed in all animals
following two doses of ChAdOx1 (either AZD1222/
AZD1222 or AZD1222/AZD2816), with a statistically
significant increase in neutralising antibodies against
Beta pseudotyped virus observed in animals boosted
with AZD2816 (Figure 3c) (p = 0.0096) (two way anova,
repeated measures).

Administering a booster vaccination after an initial
dose of AZD1222 did not augment the T cell response,
as has been reported before(12). IFNg ELISpot
responses after a booster shot of either AZD1222 or
AZD2816 were equivalent (Figure 3d), with T cell
responses dominated by the response to common pepti-
des (Figure 3d) and minimal responses detected against
original or Beta peptides. Priming with AZD1222 did
not impact the polyfunctionality of the T cell response
as the pattern of cytokine production from CD4+ to
CD8+ T cells was similar in animals boosted with either
AZD1222 or AZD2816 (Figure 3d).
A third dose can further enhance antibody levels
induced by two doses of AZD1222
AZD1222 has been authorised for use in a 2-dose vacci-
nation regimen. We sought to determine if the immune
response following a two dose regimen could be
enhanced with a booster dose of variant vaccine. A third
dose of vaccine was administered to BALB/c mice which
had previously received two doses of AZD1222 4 weeks
apart and were then boosted a further 4 weeks later
with 108 iu of AZD2816 or AZD1222 (Figure 4a). An
(b.) Graphs show the total IgG level measured by ELISA against o
transformed and analysed with a two-way analysis of variance (r
between groups (p < 0.05) was observed.

(c.) Graphs show microneutralisation titres mVNT (ID50) measure
Delta (B.1.617.2) or Gamma (P.1) spike protein. Limit of detection in
transformed and analysed with a two-way analysis of variance (repe
groups (when p < 0.05) is indicated on the graph.

(d.) Graphs show IFNg secreting cells measured by ELISpot, with
Beta (B.1.351) peptides or frequency of cytokine producing CD4+ (m
increase in spike-specific IgG was observed 3 weeks
after the third dose of ChAdOx1, inducing higher spike-
specific IgG compared with 2 doses (2.43vs 2.87 Log10
spike-IgG titers Figs. 3a, 4a and Table S3) (�Sidaks multi-
ple comparison), regardless of the booster vaccine and
against all variants of spike protein (Figs. 4b and S3b).

Neutralising antibody responses were detected in all
vaccine groups against wild-type, Beta, Delta and
Gamma spike protein pseudotyped virus (Figure 4c and
Table 1) with significantly higher levels compared to 2
doses (3.19vs 3.60 log10 mVNT ID50 Figs. 3c and 4c
Table 1), although no significant differences between
boosting with AZD1222 or AZD2816 were observed.

Although a booster dose with AZD2816 did not fur-
ther increase the frequency of antigen specific T cells
(Figure 5), the breadth of the T cell immune response
remained consistent (Figure 5). Most T cells were spe-
cific to common SARS-CoV-2 spike peptides with mini-
mal reactivity against peptides from either original
spike or Beta spike (Figure 5a) as observed after a single
dose of vaccine (Figure 2). Most importantly, a third
immunization with AZD2816 did not alter T cell
responses with CD4+ T cells shown to produce primar-
ily IFNg (Figure 5b left), and no significant difference
in the proportion or number of T effector (Teff), T effec-
tor memory (Tem) or T central memory (Tcm) CD4+ T
cells observed (Figure 5b right). Consistent with previ-
ous data in mice,15 the anti-spike cell-mediated response
was predominantly CD8+ T cells, with a high frequency
of CD8+ T cells producing IFNg and TNFa observed in
mice boosted with either AZD1222 or AZD2816
(Figure 5c left). The response was dominated by Teff
and Tem CD8+ T cells and was similar between regi-
mens involving a third booster of either AZD1222 or
AZD2816 (Figure 5c right).

Overall, the data shows that a booster dose with
AZD2816 can further enhance antibody responses
against the SARS-CoV-2 Beta VoC (B.1.351) and provide
cross-reactivity against other spike variants, while main-
taining robust and polyfunctional T cell responses.
Discussion
In early 2020 a number of vaccine technologies, includ-
ing viral vectors, allowed rapid production of vaccines
against SARS-CoV-2. These platforms can be rapidly
riginal spike protein (WT) or B.1.351 spike protein. Data was log
epeated measure) and post-hoc positive test, no significance

d against pseudotyped virus expressing original, Beta (B.1.351),
the assay is defined as a titre of 80 (dotted line). Data was log
ated measure) and post-hoc positive test, significance between

splenocytes stimulated with pools of common, original (WT) or
iddle) or CD8+ T cells (right).
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deployed to generate new variant vaccines targeting the
spike protein from VoCs. In this study we generated
AZD2816, a new ChAdOx1 nCoV-19 vaccine encoding
the Beta (B.1.351) spike protein and assessed the immu-
nogenicity in mice post vaccination. We show that the
use of proline stabilisation motif in the spike protein
did not increase binding antibody titres after vaccination
but was associated with a small reduction in T-cell
responses (Figure S3). ChAdOx1 expressing non-stabi-
lised Beta (B.1.351) spike was therefore selected for fur-
ther development. This strategy was consistent with the
original ChAdOx1 nCoV-19/AZD1222 vaccine design.

The Beta VoC (B.1.351), first identified in South
Africa, contains several mutations across the S1 portion
of spike protein. In particular, three mutations (K417N,
E484K and N501Y) (Figure 1) involved in binding of
spike to the ACE2 receptor have been shown to increase
the avidity of the spike protein binding to ACE2, with
sera from convalescent or vaccinated individuals show-
ing reduced ability to neutralise this variant virus.7,16 A
number of common amino acid changes within the
RBD and NTD region of the spike protein have been
identified amongst SARS-CoV-2 variants (Table S1).
The D614G change, identified in all VoC, increases
virus infectivity17,18 potentially through increased den-
sity of spike on the virion surface.19 The L452R change
is present in Epsilon (B.1.429), Kappa (B.1.617.1) and
Delta (B.1.617.2) and has been shown to reduce suscep-
tibility to neutralising antibodies.17 The E484K change
present in Beta (B.1.351) and Gamma (P.1) isolates and
is thought to enhance binding affinity of RBD to
ACE220 and antibody evasion.21 The N501Y change
present in Beta (B.1.351), Alpha (B.1.1.7) and Gamma
(P.1) variants, alone does not appear to significantly
impact neutralisation, but N501Y mutation in combina-
tion with E484K and D614G can affect serum neutrali-
sation titres.22,23 A high proportion of neutralising anti-
spike antibodies bind to the RBD domain of spike,24�26

and there is concern that these cumulative changes are
leading to the reduced ability of antibodies induced
against WT SARS-CoV-2 to neutralise VoCs.7,8,27,28

However, even with a reduced neutralising antibody
titre against VoC, real world effectiveness data is dem-
onstrating the ongoing positive impact these vaccines
are having in preventing hospitalisation and
death.4,5,29,30

The initial exposure to a pathogen will prime a spe-
cific immune response and subsequent exposures are
impacted by this pre-existing immunity including B
cells and T cells specific to the original strain. This phe-
nomenon, known as “original antigenic sin” or
“antigenic imprinting” is commonly observed in the
influenza field and may have a role to play in coronavi-
rus biology31�34 (32 preprint). As priming of the
immune response against the original wild-type spike
protein may impact the ability to switch specificity of
the response to the Beta VoC (B.1.351), we measured
9



Figure 4. Immune response are boosted by immunisation with AZD2816
(a.) BALB/c mice (n = 4 or 6) received two doses of 108 iu of AZD1222 (ChAdOx1 nCoV-19) 4 weeks apart and were boosted with

108 iu of AZD1222 or AZD2816 (ChAdOx1 nCoV-19 B.1.351). All mice were sacrificed a further 3 weeks later and antibody responses
measured in the serum and T cell responses in the spleen of mice.

(b.) Graphs show the total IgG level measured by ELISA against original spike protein (WT) or B.1.351 spike protein. Data was log
transformed and analysed with a two-way analysis of variance (repeated measure) and post-hoc positive test, no significance
between groups (p < 0.05) was observed.

(c.) Graphs show microneutralisation titres mVNT (ID50) measured against pseudotyped virus expressing original (WT), Beta
(B.1.351), Gamma (P.1) or Delta (B.1.617.2) spike protein. Limit of detection in the assay is defined as a titre of 80 (dotted line). Data
was log transformed and analysed with a two-way analysis of variance (repeated measure) and post-hoc positive test (), no signifi-
cance between groups (p< 0.05) was observed.
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Figure 5. T cell responses following boost vaccination with AZD1222 or AZD2816
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antibody and T cell responses after one or two doses of
the original ChAdOx1 nCoV-19 vaccine (AZD1222) fol-
lowed by a single dose of AZD2816. While a single dose
of either AZD1222 or AZD2816 induces a rapid T cell
response and antibodies capable of binding and neutral-
ising wild-type and Beta (B.1.351) spike protein, antibody
responses were increased with a booster dose of either
AZD1222 or AZD2816. Importantly, we saw no evi-
dence that priming of the immune response with the
original spike protein was detrimental when mice
received a booster dose of ChAdOx1 expressing Beta
(B.1.351) protein, consistent with preclinical and clinical
data of other variant vaccines.35�38

Ongoing surveillance has identified Delta (B.1.617.2)
and Omicron (B.1.1.529) as VoCs that have spread rap-
idly around the world. Two dose vaccination with
AZD1222 induced antibodies capable of neutralising
Delta (B.1.617.2) and Gamma (P.1) in mice. However, it
has been demonstrated in clinical and real-world set-
tings that neutralising titres against VoC, including
Omicron, are significantly lower post vaccination with a
number of approved vaccines.16,39,40 Nonetheless,
accruing real-world data is demonstrating the effective-
ness of vaccination at preventing hospitalisation and
death even in regions where VoC are
circulating.4,29,30,41 These data suggest that while neu-
tralising titres have been correlated with vaccine effi-
cacy,42 there are likely other immune mediators at play
which can protect against severe disease, such as T cells
which have been shown preclinically to play a role in
protection.43�46 We demonstrate that high levels of T
cells were observed after a third dose vaccination regi-
men with equivalent cytokines produced and popula-
tions of effector and memory T cells whether animals
received a third vaccination with either AZD1222 or
AZD2816. These responses were polyfunctional and
had a predominantly effector memory T cell phenotype,
which has been associated with rapid responses upon
re-encounter with the virus.

The data presented herein demonstrates that vacci-
nation with ChAdOx1 viral vectored vaccines targeting
SARS CoV-2 (AZD1222/AZD2816) induces high titre
cross-reactive antibodies capable of neutralising a num-
ber of SARS-CoV-2 VoCs including: Beta (B.1.351),
Gamma (P.1) and Delta (B.1.617.2). Most importantly, T
In the same experiment as described in Fig. 4, T cell responses in
(a.) Graphs show IFNg secreting cells measured by ELISpot, with

Beta (B.1.351) peptides. Bar graph represents the proportion of IFNg
divided into S1 (pool 1 and pool 2) or S2 (pool 3 or pool 4) regions o

(b.) Graphs show the frequency of cytokine producing CD4+, to
cells of a T effector (Tem), T effector memory (Tem) or T central mem
per group.

(c.) Graphs show the frequency of cytokine producing CD8+, to
cells of a T effector (Tem), T effector memory (Tem) or T central mem
per group.
cells responses are maintained and neutralising anti-
body titres against VoC can be further enhanced by a
booster dose of vaccine. Although in this current study
we did not investigate the long-term maintenance of the
memory response after booster vaccination there is
accumulating clinical and real-world data demonstrat-
ing the feasibility of using ChAdOx1 viral vectored vac-
cines as boosters and in doing so augment the immune
response against VoC including Beta, Delta and
Omicron47,48(48 preprint). These data support clinical
assessment of AZD1222 and AZD2816 as booster vac-
cines in ongoing clinical trials to potentially diversify
and augment the recognition of highly mutated VoC.
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