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Abstract

The trajectory of immune responses following the primary dose series determines the decline in vaccine effectiveness over time. Here we
report on maintenance of immune responses during the year following a two-dose schedule of ChAdOx1 nCoV-19/AZD1222, in the absence
of infection, and also explore the decay of antibody after infection. Total spike-specific IgG antibody titres were lower with two low doses of
ChAdOx1 nCoV-19 vaccines (two low doses) (P = 0.0006) than with 2 standard doses (the approved dose) or low dose followed by standard
dose vaccines regimens. Longer intervals between first and second doses resulted in higher antibody titres (P < 0.0001); however, there was
no evidence that the trajectory of antibody decay differed by interval or by vaccine dose, and the decay of IgG antibody titres followed a similar
trajectory after a third dose of ChAdOx1 nCoV-19. Trends in post-infection samples were similar with an initial rapid decay in responses but good
persistence of measurable responses thereafter. Extrapolation of antibody data, following two doses of ChAdOx1 nCov-19, demonstrates a slow
rate of antibody decay with modelling, suggesting that antibody titres are well maintained for at least 2 years. These data suggest a persistent
immune response after two doses of ChAdOx1 nCov-19 which will likely have a positive impact against serious disease and hospitalization.
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Introduction SARS CoV-2 spike protein from the circulating strain first
identified in late 2019. ChAdOx1 nCoV-19 has been distrib-
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burden on healthcare systems and economies worldwide. ) o
The ChAdOx1 nCoV-19 (AZD1222) vaccine is a replica- ~ continents and over 3 billion doses have been released for
tion deficient adenoviral vectored vaccine which encodes the ~ SUPPLY to vaccination programmes worldwide.
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Vaccine efficacy (VE) against symptomatic infection in a
pre-specified pooled analysis of trials conducted in the UK,
South Africa, and Brazil, was 66.7% (95% CI 57-4-74-0) and
in the US Phase 3 study VE was 74% (95% CI 65.3-80.5%)
[1, 2] Data continue to accrue demonstrating that vaccin-
ation against COVID-19 prevents hospitalization and death
with positive outcomes demonstrated after vaccination with
a single dose of ChAdOx1 nCoV-19 [2-4]. Real-world data
demonstrate that vaccination protects against serious disease
and hospitalization following infection with variants of con-
cern (VoC) [3, 6], and it has been estimated that the ChAdOx1
nCoV-19 vaccine has saved 6.3 million lives in the first year of
the global vaccine rollout.

After peaking 4-6 weeks post-vaccination, vaccine-induced
immunity, and VE against symptomatic infection begin to
wane [7, 8]. The trajectory of antibody decay after a two-
dose schedule has been published for some COVID-19 vac-
cines with 6 months of follow-up [9-12]. Antibody decay is
often modelled using an exponential model with the assump-
tion that antibody waning assumes a linear trajectory. This
assumption may not hold when modelling the trajectory of
antibody decay over an entire year and longer.

Currently, there are few data available on the persistence
of antibody titres for one year after vaccination due to on-
going booster vaccination and virus transmission. Here we
present persistence data for both antibody and T-cell re-
sponses during 1 year of follow-up after a two-dose schedule
of ChAdOx1 nCoV-19, excluding those participants with a
known or suspected case of COVID-19. We model the decay
process to determine whether antibody continues to decay at
a similar rate in the second half of the year as is observed in
the first 6 months. We also investigate if decay rates vary by
the dose of ChAdOx1 nCoV-19/AZD1222 vaccine received
and the interval between first and second doses, and after
infection.

Materials and methods

Participants and study procedures

Participants are from two study sites (Oxford and
Southampton) from the multi-centre single-blind randomized
controlled trials of ChAdOx1 nCoV-19 in the UK (COV001,
NCT04324606 and COV002, NCT04400838). Participants
were recruited to either safety and immunogenicity groups or
efficacy cohorts and randomized to receive either ChAdOx1
nCoV-19 vaccine or a control product (MenACWY). A full
description of the safety, immunogenicity (up to 28 days after
second vaccination), and interim efficacy of these and related
studies has been previously published, including full study
protocols [2, 13, 14].Written informed consent was received
from all participants.

Participants were enrolled between April and August,
2020. Participants included in this analysis received either
two low-dose vaccines (LDLD) or two standard doses of
vaccine (SDSD), or a low dose followed by a standard dose
(LDSD) of vaccine, or three standard doses. Blood was sam-
pled at day 90, 182, or 364 second dose (+30 days), or 28
days earlier (days 154 and 336) in those who were received
two doses 28 days apart. Control group participants were
not included in the analysis which is focussed on the persist-
ence of immune responses to ChAdOx1 nCoV-19 vaccine
only.
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Immunogenicity assessments

Total anti-spike IgG was measured using an in-house stand-
ardized total IgG ELISA against trimeric SARS CoV-2 spike
protein. Live virus microneutralization titres were measured
by Health Security Agency (Public Health England) using
the Victoria strain of SARS-CoV-2 [15]. Cellular responses
were assessed using an ex vivo interferon-y enzyme-linked
immunospot (ELISpot) assay to enumerate antigen-specific T
cells [15].

Anti-ChAdOx1 vector neutralization titres were measured
using a secreted embryonic alkaline phosphatase (SEAP)-
reporter assay, which measures the reciprocal of the serum
dilution required to reduce in-vitro expression of vector-
expressed SEAP by 50%, 24 h after transduction [16].

Statistical methods

Log-transformed anti-spike IgG data were analyzed in
a mixed effects log-log regression model regressing log-
transformed IgG values on log-transformed days from vac-
cination. Participant-level random intercepts were included
along with fixed effect terms for participant age (years,
centred on age 40 years), the interval between first and second
doses (< 8 weeks, 9-12 weeks, >12 weeks), and the vaccine
doses received (LDLD, LDSD, SDSD). Log-log models were
compared with log-linear models using Akaike’s Information
Criteria (AIC).

A similar approach was applied to the analysis of ELISpot
and neutralization data. However, terms for interval between
first and second doses, and vaccine received were not included
as these were not applicable to the data, which was available
on a subset of SDSD participants only and without peak im-
munogenicity timepoint of day 14 post primary vaccination.

Participants who had evidence of SARS-CoV-2 infections
during the follow-up period were excluded from the main
models, as were those who received third doses of vaccine or
additional vaccines outside of trial procedures. For each par-
ticipant, an arbitrary threshold of a more than 2-fold increase
in antibody titres between two study visits was considered
evidence of possible infection or unreported vaccinations out-
side the trial and these were excluded.

A separate model was fitted to antibody values from
timepoints subsequent to a positive PCR test in vaccinated
participants and the decay slope modelled with a similar
log-log mixed effects regression model with participant-level
random effects and no additional fixed effects.

Analysis was done using R version 4.1.1. R code and output
are shown in the Appendix.

Ethical review was provided by the South Central Berkshire
Research Ethics Committee (20/SC/0179).

Results

There were 600 participants included in the analysis of anti-
spike IgG for whom between one and four blood samples
were available from timepoints post second dose of vaccine.

Over a 1-year follow-up period log-log models fit the ser-
ology data better than log-linear (exponential decay) models
due to faster decay of antibody in the first half of the year
than later in the year.

Total spike-specific IgG antibody titres were lower with
two low doses of ChAdOx1 nCoV-19/AZD1222 vaccines
(LDLD) (P = 0.0006) than with SDSD or LDSD regimens
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(Fig. 1, Table S1). However, serological responses after SDSD
and LDSD vaccines were not significantly different from each
other (P = 0.47). Longer intervals between first and second
doses resulted in higher antibody titres (P < 0.0001); however,
there was no evidence that the decay trajectory differed by
interval or by vaccine dose, and therefore the model without
the interaction was retained. Older age was associated with
lower titres irrespective of dose received (Fig. 2), the age
by days interaction was non-significant and removed from
the model (Table S1). Following a third dose of ChAdOx1
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nCoV-19/AZD1222, the decay of IgG antibody titres fol-
lowed a similar trajectory as that observed after two doses.
No differences between males and females were observed, as
previously published [17].

A similar modelling approach was applied to the ELISpot
response (Fig. 3). Data were available from participants who
received two standard doses < 8 weeks apart and there was
more rapid reduction in spot forming cells (SFCs) in the first
6 months after vaccination than in subsequent time periods.
Geometric mean SFCs per 10° PBMCs (95% CI) were 364

LDLD

- <8 weeks

- 8-12 weeks

— >12 weeks
Third dose

28 20 180

270 365

Days since 2nd or 3rd dose

Figure 1. Anti-spike IgG by standardized ELISA, by vaccine and dose interval. LDLD: two low doses; LDSD: low dose followed by standard dose
vaccines; SDSD: two standard dose vaccines. Each dot represents one sample. Regression lines show estimates from mixed effects regression model
of log-transformed ELISA values regressed against log-transformed days since vaccination (log-log model), adjusted for age (continuous), vaccine
schedule (LDLD, LDSD, SDSD) and interval (< 8 weeks; 8-12 weeks, > 12 weeks). A model testing the interaction term between days and interval was
a poorer fit to the data (based on AIC) therefore the interaction was not retained and the slopes of regression lines are fixed showing parallel decay.
Decay of antibody after a third dose is consistent with the pattern of decay after two doses. Dotted line shows lower limit of the assay (EU=1). Error
bars show bootstrapped confidence intervals for model predicted values at day 28, 90, 180, 300 and 365 from the model output. These are also shown

inTables S1 and S2. The dataset contains 1796 samples from 704 participants
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Figure 2. Anti-spike IgG by standardized ELISA, by age and dose interval (SDSD recipients only. SDSD: two standard dose vaccines. Each dot
represents one sample. Regression lines show estimates from mixed effects model shown in figure 2 for those who received SDSD vaccines only.
Age was significant in the model (P=0.0008), but the magnitude of the effect was less than the effect of the timing of the first two doses. Dotted line
shows lower limit of the assay (EU=1). Error bars show bootstrapped confidence intervals for model predicted values at day 28, 90, 180, 300 and 365
from the model output. The dataset contains 1796 samples from 704 participants
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Figure 3. Interferon-y ELISpot response to peptides spanning the SARS-CoV-2 spike insert in participants who received two standard doses. Each
dot represents one sample. The dataset contains 292 samples from 167 participants. Dotted line shows lower limit of the assay at 48 SFC per 10/6
PBMCs. Error bars show bootstrapped 95% confidence intervals from the model output. These are also shown in Table S3

(190, 773) at day 28, 203 (99, 423) at day 180, and 172 (83,
358) at day 363. (Fig. 3, Table S3). Of note, the peak in t-cell
responses is generally 14 days after vaccination and so these
responses represent decay from a previous higher peak at an
unmeasured timepoint.

Limited data were available for measuring neutralization
using a live microneutralization assay in participants who re-
ceived SDSD regimens. Trends were similar to the analysis
of both total anti-spike IgG antibody and ELISpot responses

with initial decay more rapid than at later time points (Fig. 4,
Table S4).

Data from assays measuring anti-ChAdOx1 vector neutral-
izing titre demonstrate that these titres are well maintained
out to day 180 and fell from a geometric mean titre of 345
at days 28 to 203 at day 180, with substantially overlapping
confidence intervals (Fig S2, Table SS5).

Total spike-specific IgG antibody titres in vaccinated par-
ticipants with positive PCR tests after vaccination showed
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a similar pattern of decay although fewer data points were
available for robust model comparisons (Fig. 5).

Discussion

In the absence of infection, our analysis demonstrates that

waning of antibody is more rapid in the first 6 months after

vaccination with ChAdOx1-nCoV-19/AZD122 than from 6
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to 12 months after vaccination. Importantly, antibody waning
is slower at later time periods and titres are maintained a
year after vaccination with a primary series (two doses) and
have a similar rate of decay in individuals who were infected
after vaccination. Extrapolation of antibody levels out to
2 years post vaccination predicts levels that are well main-
tained. In addition, the T-cell response is well-maintained out
to a year with a slow rate of decay. At a population level, the

180 270 365

Days from second dose

Figure 4. Live virus microneutralization titre (ND50) in participants who received two standard doses. ND50: Dilution to achieve 50% virus
neutralization. Each dot represents one sample. Dotted line shows lower limit of the assay at a titre of 18. Error bars show bootstrapped 95%
confidence intervals for model predicted values at day 28, 150, and 340 from the model output. These are also shown in Table S4. The dataset contains

198 samples from 114 participants
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Figure 5. Anti-spike IgG by standardized ELISA in participants who were vaccinated and then had a positive PCR test. Data shown are ELISA values at
timepoints after a positive PCR test, in participants who received two doses of vaccine prior to a positive PCR test. Each dot represents one sample.
The solid line is the regression curve from a linear mixed model of log-transformed ELISA values regressed on log-transformed days since PCR test,
with a participant-level random effect. Dotted curves show the bootstrapped predicted 95% confidence limits. Dotted horizontal line shows lower limit

of the assay (EU=1)
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high levels of immune persistence seen will have a positive
impact on serious disease and hospitalization. Not surpris-
ingly, in those regimens that achieved higher antibody titres
(two SD vaccinations in younger adults), the titres are higher
at later time-points.

While mRNA-based vaccines have been shown to induce
higher titre antibodies after primary series vaccination than
viral vectors, there is rapid onset of antibody decay after
mRNA vaccination [18]. The slow rate of immune decay after
two doses of ChAdOx1 nCoV-19 is similar to that observed
after one dose of Ad26 CoV-2 [18, 19]. The mechanism
underpinning antibody persistence across vaccine regimens is
unclear—data are accruing which suggest vaccination against
COVID-19 with mixed vaccine modalities (e.g. viral vectors
and RNA) results in significantly better immune persistence
and a wider repertoire of antibody responses [20, 21]. A di-
verse and well-maintained memory response, capable of rec-
ognizing VoC, will be the preferred option to best protect
individuals going forward.

UKHSA have shown rapid waning of protection from infec-
tion in the 6 months after vaccination, for all COVID-19 vac-
cines. Our results are consistent with some waning of efficacy
in the first 6 months but between 6 and 12 months efficacy
against severe disease and hospitalization may be well main-
tained. Antibody waning followed a similar trajectory after a
primary series vaccination and after vaccination followed by
infection. Sequential exposure to VoC, which will happen in
periods of high virus circulation and transmission, will pro-
vide a natural boost to pre-existing immune responses against
SARS CoV-2 and may augment the persistence of high titres of
antibodies for sustained periods of time. Efficacy estimates can
be underestimated in test-negative case control studies because
it is difficult to remove all previous (and unknown) infections
from the analysis, causing what is often referred to as ‘deletion
of susceptibles’ bias. This is particularly problematic later in
the pandemic, when an increasing proportion of unvaccinated
controls is immune following prior undetected infection.

In our analysis, the interval between vaccine doses had
a larger impact on the resulting antibody titres at later
timepoints than the type of dose received (e.g. SD vs LD). Both
real world and randomized controlled trial data from mRNA
vaccine regimens also support this finding, demonstrating
that antibody levels were higher after the extended dosing
interval (6-14 weeks) compared with the conventional 3- to
4-week regimen [12, 22] supporting the extended vaccination
interval used in the UK. Regardless, it will be important to
investigate the optimum interval for booster vaccinations and
while it is unclear if booster doses will be an ongoing require-
ment it will be important to assess in high-risk individuals,
including older adults.

Third and fourth dose booster vaccination programmes
have been rolled out in many countries and as such, the pro-
tection provided by two-doses of vaccines 12 months after
cannot be easily determined, particularly as immunity will
also be influenced by the SARS-CoV-2 variants in circulation.
We have demonstrated that a third dose ChAdOx1 nCoV-19/
AZD1222 can augment antibodies titres and we demonstrate
here the kinetics of antibody decay following a third dose of
ChAdOx1 nCoV-19 is similar to that after the primary series.
Boosters may help reset the resting immune response to a
higher level resulting in augmented protection against VoC
and resulting in better persistence of class-switched, high af-
finity long-lived memory B cells.
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Importantly, T-cell responses are also well maintained, and
there is increasing evidence that cellular immunity and non-
neutralizing antibodies are key mediators in protecting against
disease caused by VoC [23, 24]. The starting point for analysis
of decay of cellular responses was measured at day 28, not at
the peak response time for T-cell responses of day 14. This may
affect model estimates, making decay appear slower than it
otherwise would if the peak response time could be observed.
Real world data are demonstrating the protective impact of hy-
brid immunity induced post-vaccination and infection.

Limitations

There are some limitations to these analyses. These are ex-
ploratory analyses and data were not available for the same
participants for every assay as these are secondary time
points. Although all participants with suspected infections
or unreported vaccinations were removed from the analysis,
some cases may have been missed and these participants may
have antibodies that are affected by their infection.

Our data demonstrate that after a primary series vaccin-
ation with ChAdOx1 nCoV-19/AZD1222 the immune re-
sponse persists for at least 12 months, and given the decay
follows a non-linear trajectory, immunity is likely detectable
for a significant period of time thereafter; modelling per-
formed herein predicts a relatively high level of antibodies can
be detected two years after vaccination. Given the ongoing
transmission of SARS CoV-2, it is important to have a well-
maintained immune response to protect against severe disease
and minimize the burden on healthcare system.

Supplementary data

Supplementary data is available at Clinical and Experimental
Immunology online.
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