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M Check for updates

Following primary SARS-CoV-2 vaccination, whether boosters or breakthrough
infections provide greater protection against SARS-CoV-2 infection is incom-
pletely understood. Here we investigated SARS-CoV-2 antibody correlates of
protection against new Omicron BA.4/5 (re-)infections and anti-spike IgG anti-
body trajectories after a third/booster vaccination or breakthrough infection
following second vaccination in 154,149 adults >18 y from the United Kingdom
general population. Higher antibody levels were associated with increased
protection against Omicron BA.4/5 infection and breakthrough infections were
associated with higher levels of protection at any given antibody level than
boosters. Breakthrough infections generated similar antibody levels to boos-
ters, and the subsequent antibody declines were slightly slower than after
boosters. Together our findings show breakthrough infection provides longer-
lasting protection against further infections than booster vaccinations. Our
findings, considered alongside the risks of severe infection and long-term
consequences of infection, have important implications for vaccine policy.

Multiple SARS-CoV-2 vaccines have been developed and have been leading to widespread use of booster vaccinations. Reductions in vaccine
highly effective at reducing infections' and associated hospitalisation  effectiveness with time have been exacerbated by changes in circulating
and death’™*. However, waning of vaccine-induced immunity means variants, with lower levels of protection against Delta versus Alpha and
optimal protection from vaccination may be relatively short-lived, with  further reductions against different Omicron variants®. However,
reduced effectiveness 3-6 months after the second vaccinations®”  alongside this, large numbers of 'breakthrough' infections (i.e. natural
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infection in the context of previous vaccination) mean that increasing
numbers have some existing immunity from earlier infections.

In those who have received a primary vaccination course (typically
two doses), understanding the relative extent of protection against
further infection from booster vaccination has implications for vaccine
policy. One response to waning vaccine-induced immunity is repeated
vaccination of entire populations. COVID-19 vaccination programmes
targeting entire (adult) populations were estimated to be cost-saving
when first and second vaccinations were introduced’, despite being
financially and logistically resource intensive and often requiring the
diversion of other healthcare resources to deliver. However, with
increasing proportions of the population having at least some level
of immunity due to previous vaccinations and infections, combined
with lower risks of severe outcomes from more recent SARS-CoV-2
variants'®”, the potentially reduced benefits and ongoing high
opportunity costs of vaccinating entire populations repeatedly should
be carefully considered.

In contrast to vaccination, the previous infection may offer
longer-lasting protection'. Therefore, for low-risk populations, if the
chance of harm from infection following initial vaccination is suffi-
ciently small, frequently repeated vaccination paid from healthcare
budgets may not be required and could potentially even generate
harm considering the opportunity costs of not being able to spend this
budget on other interventions that result in more gains in quality-
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adjusted life-years. For example, fourth (or fifth) vaccinations in the
last quarter of 2022 were offered only for those aged 50 y or older (fifth
for 75y or older or clinically vulnerable) in the UK, meaning natural
infection will become the main immunological boosting mechanism
for younger adults and children. However, natural infection could also
bring risks such as exposure of vulnerable populations, complications
including long COVID even in low-risk populations, and economic
consequences to society.

Whilst it is not yet possible to assess the impact of these fourth/
fifth vaccinations, the substantial expansion of third/booster mRNA
vaccinations from 16 September 2021 in the United Kingdom (UK), in
parallel with large numbers of breakthrough SARS-CoV-2 infections
among those who had not yet received a third/booster vaccination,
particularly with the emergence of Omicron variants from mid-
November 2021, provides an opportunity to compare their impact
on antibody responses.

We used data from the UK’s national COVID-19 Infection Survey
(CIS), a large community-based representative study randomly
selecting private households across the UK, to investigate the duration
of anti-trimeric spike IgG antibody responses following “break-
through” infection vs third vaccination in those who had previously
received two vaccinations but without evidence of prior infection.
Antibody levels are correlated with protection against infection
in previous studies””; however, there is little information about

’
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Fig. 1| Association between anti-spike IgG levels and protection from new
SARS-CoV-2 infection using the most recent antibody measurement obtained
21-59 days before the current assessment. a Mean protection against any new
infection in the Omicron BA.4/5 epoch. b Mean protection against infection with a
moderate to high viral load (Ct value <30) in the Omicron BA.4/5 epoch. ¢ Mean
protection against infection with self-reported symptoms in the Omicron BA.4/5
epoch. The 95% Cls are calculated by prediction + 1.96 x standard error of the
prediction. Five groups are investigated: vaccinated participants without evidence
of prior infection, vaccinated participants with a most recent Pre-Alpha or Alpha
infection, vaccinated participants with a most recent Delta infection, vaccinated
participants with a most recent Omicron BA.1 infection and vaccinated participants

Vaccinated with a most recent Omicron BA.2 infection

with a most recent Omicron BA.2 infection. Participants with 1 (629 assessments,
0.3%), 2 (7657 assessments, 3.7%), 3 (171,650 assessments, 83.9%) or 4 (24,753
assessments, 12.1%) vaccinations were grouped together. Protection is defined as
relative protection against baseline protection from 16 BAU/mL in those vaccinated
without infection, which is the threshold for vaccine non-responders. In

a-c, antibody measurements were plotted after the first percentile overall in each
previous infection group (16, 80, 100, 140 and 200 BAU/mL, respectively). The
distribution and number of the most recent anti-spike IgG measurements for the
four population groups are shown in d-h. Results remained similar, restricting to
those who had only one prior infection (84,034 assessments, 90%).
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Fig. 2 | Posterior predicted trajectories of mean anti-spike IgG levels (95% Crl)
from second vaccination through third/booster vaccination or infection using
Bayesian linear mixed interval-censored models. Time O indicates the earliest of
the date each participant received their third/booster vaccination or their first
breakthrough infection. For each group, two separate models were fitted: (1) pie-
cewise model on antibody decline after the second vaccination and subsequent
increase after third/booster vaccination or infection; (2) antibody decline 42 days
after the third/booster vaccination or infection. The shaded area between 14- and
42-days post-third/booster vaccination or infection represents different timepoints
individuals reach peak antibody levels. Models are adjusted for age, sex, ethnicity,
time from second vaccination to booster/infection, long-term health conditions
and healthcare role. Plotted at the reference categories (female, white ethnicity,

6 months between second vaccination and booster/infection, not reporting a long-
term health condition, not working in healthcare). Line types indicate the primary
vaccine course. Line colours indicate the booster type or infection. Lines prior to
the booster/infection, i.e. before ¢ =0, are included to allow comparison of anti-
body declines prior to and following booster/infection. The ChAdOx1-BNT162b2
(red dotted line) and ChAdOx1-mRNA-1273 (blue dotted line) are overlapped before
time O. Plots are separated by age (30 y only estimated for those who had BNT162b2
as primary and were boosted by mRNA-1273 or infection due to low numbers in
other groups). Predicted values are plotted on a log scale. Black dashed lines
indicate the correlation for 67% protection against the Delta variant (100 BAU/mL)
and the threshold of IgG positivity (23 BAU/mL).

antibody correlates of protection against Omicron variants. We,
therefore, also determined antibody-based correlates of protection
against Omicron infections from 17 May 2022 onwards (predominantly
BA.4/BA.5 lineages) and used these to estimate how long infection is
likely to be prevented after a third/booster vaccination versus break-
through infection.

Results
Correlates of protection against Omicron BA.4/5 infection
We used data from 17 May 2022 (when lagged antibody measurements
>1360 BAU/mL became available, see Methods, corresponding to the
start of the BA.4/5 infection wave'®) to 12 September 2022 to determine
the relationship between anti-spike antibody levels and protection
from infection while Omicron BA.4/5 variants were dominant in the
UK. During this period, of 19,311 sequenced infections, 13,097 (67.8%)
were BA.5/sub-lineages, 2924 (15.1%) BA.4/sub-lineages, 3268 (16.9%)
BA.2/sub-lineages and 22 (0.1%) other Omicron recombinants or Delta.
To determine correlates of protection against Omicron BA.4/5
infection and the effect of previous infection, the vaccinated popula-
tion was divided into those without evidence of previous infection
(62,146 participants and 106,653 assessments) and those with evi-
dence of previous infection (58,373 participants and 98,036 assess-
ments), defining previous infection by positive swabs in the study, or
the national testing programme (England only) or self-reported by
participants. Unvaccinated participants were excluded due to insuffi-
cient data (1151 participants and 1840 assessments). Participants with
one, two, three and four vaccinations were combined, as most (83.9%)

had received three vaccinations. Participants with previous infection
were further divided into those with a most recent pre-Alpha/Alpha
infection (combined as effects similar, Supplementary Fig. 1), a most
recent Delta infection, a most recent Omicron BA.1 infection, or a most
recent Omicron BA.2 infection (Supplementary Table 1). Protection
was defined relative to vaccinated participants without evidence of
previous infection with antibody levels of 16 BAU/mL, the threshold
previously identified for vaccine non-response’. Using logistic gen-
eralised additive models (GAMs) with new PCR swab test results from
each study assessment as the outcome and the most recent antibody
measurement obtained 21-59 days earlier, protection against new
Omicron BA.4/5 infection increased with higher antibody levels in all
groups; the increase was rapid for anti-spike IgG <2000 BAU/mL and
flattened after that (Fig. 1a). Higher antibody levels were needed to
achieve the same level of protection in those without versus with
previous infection. At the same antibody level, previous Delta/Omi-
cron BA.1 infection afforded higher protection against new Omicron
BA.4/5 infection than a previous Pre-Alpha/Alpha infection. For
example, antibody levels associated with 67% protection against
infection for vaccinated participants aged 60y without previous
infection, with Pre-Alpha/Alpha, Delta and Omicron BA.1 infection
were 1560 (95% confidence interval [CI]1360-1900), 1120 (900-1340)
BAU/mL, 640 (440-860) and 380 (200-580) BAU/mL, respectively. A
previous Omicron BA.2 infection afforded the highest protection
against Omicron BA.4/5 infection, with >80% of participants protected
regardless of antibody levels (Fig. 1a). Protection against moderate
to high viral load infections (cycle threshold (Ct) values <30) and

Nature Communications | (2023)14:2799



Article

https://doi.org/10.1038/s41467-023-38275-1

symptomatic infection was similar (Fig. 1b, c). Results remained similar
restricting to those with only one prior infection (84,034 assess-
ments, 90%).

Older participants, especially those =70y, required higher anti-
body levels to reach the same level of protection. For example, in those
without previous infection, antibody levels associated with 67% pro-
tection were 1200-1400 BAU/mL for those aged 20-50 y but 2520 and
3380 BAU/mL at 75y and 80y. The differences were smaller between
younger and older participants with a previous infection (Supple-
mentary Fig. 2). For each variant, time from the last vaccination/
infection had a limited impact on associations between antibody levels
and protection, suggesting that time from the last infection/vaccina-
tion was not independently associated with protection conditional on
antibody levels (Supplementary Fig. 3). Results remained similar in a
separate model examining time from last infection alone in prior
infection groups (Supplementary Fig. 4).

Antibody trajectories after third/booster vaccination and
breakthrough infection

To estimate antibody trajectories, we used antibody measurements
from 2 March 2021 to 12 September 2022. 154,149 participants aged
>18y received two SARS-CoV-2 vaccinations with ChAdOx1 (with 6-13
week dosing intervals) or BNT162b2 (with 3-13 week dosing intervals)
followed by BNT162b2 or mRNA-1273 third/booster vaccination or
breakthrough infection (Supplementary Table 2), and at least one
antibody measurement after the second vaccination and no evidence
of previous infection before the second vaccination.

We estimated rates of antibody decline from 21 days after the
second vaccination and increased post-third/booster vaccination or
infection using Bayesian piecewise linear interval-censored models”"®,
Different models were fitted for each primary course (ChAdOx1 or
BNT162b2) and boosting event (BNT162b2 or mRNA-1273 third/booster
vaccination or infection). We adjusted for age, sex, long-term health
conditions, ethnicity (white vs non-white), working in healthcare, and
time from second vaccination to booster/infection. Overall, the median
age at third/booster vaccination or infection was 60y (Interquartile
range [IQR] 50-69), 84,080 (54.5%) participants were female, and
147,712 (95.8%) reported white ethnicity. 43,175 (28.0%) reported having
a long-term health condition, and 4198 (2.7%) were healthcare workers.
The median time from the second vaccination to the third/booster
vaccination was 6 months, and to infection was 5 months. Character-
istics of those included in an additional antibody decline model from
42 days after the third/booster vaccination or infection were similar to
the overall population (Supplementary Table 3).

As expected, given associations between antibody levels and
infection risk’, antibody levels after the second vaccination were
consistently lower in those who became infected than those who
received a third/booster vaccination (before infection) (Fig. 2; grey vs
blue/red lines), as well as being lower in those receiving ChAdOx1
versus BNT162b2 primary courses (dashed vs solid lines). Mean anti-
body levels were significantly boosted regardless of primary course or
type of boosting event (Fig. 2), to levels higher than achieved after the
second vaccination. The relatively lower antibody levels in those
receiving a primary ChAdOx1 course were boosted more than those
receiving a primary BNT162b2 course, such that post-booster, both
groups achieved similar antibody levels. mRNA-1273 boosters gener-
ated higher peak antibody levels than BNT162b2 boosters, but their
subsequent waning was faster. Breakthrough infection boosted anti-
body levels to similar levels to BNT162b2 boosters, slightly lower than
mRNA-1273 boosters. Estimated antibody declines after booster/
infection were generally faster following primary ChAdOX1 courses,
versus primary BNT162b2 courses. Following primary ChAdOx1 cour-
ses, estimated antibody declines were similar following infection or
booster vaccinations, for example, the half-life was 96 (95% credible
interval [Crl] 80-119) days after infection versus 78 (72-86) and 63

(61-66) days with BNT162b2 and mRNA-1273 boosters, respectively,
for those aged 55y. Following primary BNT162b2 courses, the esti-
mated declines after infection were slower than after boosters; for
example, the half-life was 178 (117-382) versus 98 (91-106) and 93
(82-107) days with BNT162b2 and mRNA-1273 boosters, respectively,
for those aged 55y, although the credible intervals were wider due to
smaller sample sizes (Figs. 2, 3a, b and Supplementary Table 4).
180 days after booster/infection, antibody levels were similar among
participants with primary ChAdOXx1 courses regardless of the type of
boosting event and were lower than participants with primary
BNT162b2 courses boosted by mRNA-1273 or breakthrough infection
(Supplementary Fig. 5).

Younger individuals generally generated higher antibody levels 42
days post-booster vaccination than older individuals, except those
with primary BNT162b2 course and mRNA-1273 booster (Fig. 4). Anti-
body levels were higher in individuals with longer times between
second vaccinations and breakthrough infection or BNT162b2 booster
vaccination, but not mRNA-1273 booster (Fig. 4). There were relatively
modest effects of other participant characteristics (Supplemen-
tary Fig. 6).

There was no evidence of differences in antibody peak levels or
half-lives across breakthrough infections before a booster with dif-
ferent variants (Delta or Omicron BA.1, the dominant variants causing
breakthrough infections in the study) (Supplementary Fig. 7).

Protection from the third/booster vaccination and break-
through infection against new Omicron BA.4/5 infection

We combined our estimates of protection against infection by anti-
body level and of antibody declines to estimate the duration of pro-
tection against Omicron BA.4/5 infection, estimating the time from
third/booster vaccination or infection to mean antibody levels reach-
ing levels associated with 67% protection against infection relative to
vaccinated participants without evidence of previous infection with
antibody levels 16 BAU/mL (Fig. 3c). BNT162b2 boosters did not pro-
vide this level of protection for participants aged >70y, while mRNA-
1273 boosters provided <80 days of protection. For those aged 40y,
antibody levels reached this threshold <80 days after BNT162b2
boosters, compared with 50-120 days for participants receiving
mMRNA-1273 boosters. For those aged 55y, BNT162b2 boosters pro-
vided <65 days of protection, while mRNA-1273 boosters provided
50-100 days of protection. For participants with breakthrough infec-
tion, antibody levels associated with 67% protection lasted for
120-170 days with ChAdOx1, and 180-280 days with BNT162b2, pri-
mary courses (Fig. 3¢ and Supplementary Table 4). Variation was pre-
dominantly explained by the greater protection found at a given
antibody level following infection versus boosters, with some con-
tribution from slower antibody waning following primary BNT162b2
courses.

We also estimated the proportion of participants with 67% pro-
tection 42, 90, 180, 270 and 360 days after third/booster vaccination or
infection based on individual-level predictions, and assuming no further
vaccination/infection (Fig. 5). Following primary ChAdOXx1 courses,
42 days after BNT162b2 and mRNA-1273 boosters, around 60% and
100% of those aged 40-55y, and around 20 and 80% of those aged
55-70y had antibody levels associated with >67% protection. However,
no participant remained above this threshold level at 90 days. Following
primary BNT162b2 courses, >80% of those aged <55y boosted with
BNT162b2, and nearly everyone boosted with mRNA-1273 were above
the threshold level 42 days later. At 90 days, almost every participant
boosted with BNT162b2 fell below the level affording 67% protection,
while >80% of those aged <55y and around 45% of those aged 55-70y
boosted with mRNA-1273 remained above this threshold. No participant
remained above the threshold at 180 days. For those with breakthrough
infections, nearly all participants aged <70y were above the threshold
42 and 90 days after infection. Nearly all participants who received
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primary ChAdOXI1 courses had antibody levels below the 67% protec- To estimate a lower bound for levels of protection in the UK
tion threshold level by 270 days. However, for those who received pri-  population, had further vaccination campaigns not taken place and the
mary BNT162b2 courses, the percentage decreased over time but virus not been circulating to further boost antibody levels via break-
remained high (>70%) for those <55y at 270 days. The decrease was  through infections, we calculated the median protection levels over
greater for older participants, and almost every participant >55y didnot  calendar time to 31 December 2022. In this scenario, the median level
maintain =67% protection by 270 days, although credible intervals were  of protection in the UK would be 50-60% among those who had a
wide due to small numbers. breakthrough infection and 5-15% among those triple-vaccinated
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Fig. 3 | Comparisons of antibody levels 42 days post-third/booster vaccination
or infection, half-lives, and days from third/booster vaccination or infection to
reaching antibody levels associated with 67% protection by primary vaccine

course, third/booster vaccination or infection and age. a Comparisons of anti-
body levels 42 days post-third/booster vaccination or infection. b Comparisons of
half-lives after third/booster vaccination or infection. ¢ Comparisons of days from
third/booster vaccination or infection to reaching antibody levels associated with
67% protection. Median values with 95% credible intervals are plotted. 95% credible
interval in panel c are calculated from posterior simulations from the GAM model

estimating correlates of protection and posterior predictions from the Bayesian
linear mixed models estimating antibody levels. Predictions are on specific ages
(30, 40, 55 and 70 years). 30 y is not plotted for ChAdOx1 primary course because
the majority of participants receiving the ChAdOx1 primary course are >40y.
Numbers are shown in Supplementary Table 3. Plotted at the reference categories
(female, white ethnicity, 6 months between second vaccination and booster/
infection, not reporting a long-term health condition and not working in
healthcare).

without infection, with younger individuals having higher levels of
protection than older individuals (Fig. 6).

Discussion

In this UK community-based population study, we found that those
with previous SARS-CoV-2 infections had a lower rate of observed new
Omicron BA.4/BA.5 infections than those who were vaccinated but
without evidence of any previous infection, despite both breakthrough
infection and booster vaccination resulting in substantial increases in
anti-spike IgG antibody levels, regardless of third/booster vaccine type
or primary vaccine course. Breakthrough infections generated similar
antibody levels to third/booster vaccinations, and subsequent declines
in antibody levels were similar or slightly slower than those after third/
booster vaccinations. However, as antibody levels associated with the
same level of protection against new Omicron BA.4/5 infections were
lower in those with a previous infection than those without, the
duration of protection after breakthrough infection was longer than
after the third/booster vaccination.

Studies of neutralising antibodies have shown significantly
reduced protection against Omicron compared to wild type or pre-
ceding variants following two vaccinations'?2, We found that a third/
booster vaccination substantially increased anti-spike IgG levels and
led to higher antibody levels post-booster than post-second vaccina-
tion, similar to previous studies” >, This at least partially explains the
effectiveness of third/booster vaccinations against Omicron infection
compared to two vaccinations**. Although antibody levels post-
second vaccination were much lower after ChAdOx1 than BNT162b2
primary courses, both groups were boosted to similar levels in our
study, consistent with a previous VirusWatch study”, i.e. mRNA
boosters significantly increased the relatively lower antibody levels
induced by an adenovirus-vectored primary vaccination course.

We found that mRNA-1273 boosters resulted in higher antibody
levels 42 days after third/booster vaccinations than BNT162b2, con-
sistent with widely reported higher antibody levels from mRNA-1273
vs. BNT162b2 after second®° and third vaccinations®** This is likely
explained by mRNA-1273 delivering 100 uyg mRNA per dose (50 pg for
booster doses), larger than BNT162b2 (30 ug mRNA). These results also
potentially explain the higher vaccine effectiveness against new Omi-
cron BA.l infection reported 2-4 weeks after mRNA-1273 (70.1-73.9%)
than BNT162b2 (62.4-67.2%)° boosters.

We found that breakthrough infections increased antibodies to
similar levels to mRNA boosters, although the rate of increase was
slower. Antibody declines after infection were similar to or slightly
slower than after boosters, especially in those with primary BNT162b2
courses, suggesting more sustained immune responses post-infection
than post-vaccination, consistent with our previous data’*. Smaller
studies have also found that neutralising activity was boosted by
breakthrough infection after second vaccinations®**, similarly to after
three vaccinations®. Taken together with our data on correlates of
protection, our results indicate that breakthrough infection leads to
longer-lasting immunity and thus offers more durable protection
against future infections, both from the same and different variants.
Sera from vaccinated individuals with breakthrough infections
with pre-Omicron variants have been reported to cross-neutralise
the Omicron variant, although less effectively than the Delta variant™®,

and to a greater extent than sera from those without breakthrough
infections® .

Multiple studies have shown that antibody levels are a correlate of
protection against infection, including several large studies or trials
involving Alpha and Delta variant infections’"*", and Omicron BA.1
infection in a small healthcare worker cohort*°. To our knowledge, our
study is the first to show higher anti-spike IgG levels are associated with
increased protection against Omicron BA.4/5 infection. We previously
estimated that the antibody level associated with 67% protection
against new Delta infection was 100 BAU/mL in vaccinated individuals
without prior infection’. Using the same 67% threshold, the antibody
level required to provide the same level of protection against Omicron
BA.4/5 infection was >1000 BAU/mL in the same group, showing that
much higher levels of antibodies against a wild-type trimeric spike
antigen are needed to protect against new Omicron infection than new
Delta infection, consistent with previous studies reporting lower
neutralisation of Omicron than Delta**%. The level of protection
associated with a given antibody level was strongly affected by infec-
tion and vaccination history, with vaccination without prior infection
resulting in the lowest protection at a given antibody level compared
to those with both vaccination and prior/breakthrough infection.
Among those with prior/breakthrough infection, protection was
highest for those infected with a more recent variant. The strong
association between the time since the last infection and the variant of
the last infection make it difficult to determine the impact of both
individually. However, given there was some variation within each
variant and overlap between variants in time from a previous infection,
there was still no evidence of an effect of time since the last infection
on protection at a given antibody level having accounted for the most
recent infecting variant, suggesting that protection is largely deter-
mined by the variant of the prior infection and the antibody levels
achieved, rather than by time since last infection. Those with Omicron
BA.2 breakthrough infections were estimated to have >80% protection
against an Omicron BA.4/5 reinfection.

Using 67% protection against infection as a threshold, protection
was short-lived following three vaccinations in individuals without pre-
vious infection. The population-average time from third/booster vacci-
nation to the level associated with 67% protection was no more than
70 days for BNT162b2 boosters and 125 days for mRNA-1273 boosters.
The estimated duration was longer following two vaccinations and
breakthrough infection with Delta or Omicron BA.1, being 140-170 days
and 180-315 days with primary ChAdOx1 and BNT162b2 courses,
respectively. This was partly because of slower antibody declines with
primary BNT162b2 courses, but predominantly due to lower antibody
levels associated with 67% protection after breakthrough infections. The
proportion of individuals above the 67% threshold showed similar pat-
terns. At 180 days, no participant with only a third/booster vaccination
remained above the threshold, while all participants <55y with primary
BNT162b2 courses and breakthrough infection maintained 67% pro-
tection. This is consistent with previous studies in Qatar and Nether-
lands, where higher protection was observed against new Omicron BA.1/
BA.2 infections in people with both vaccination and previous infection
than those who had only been vaccinated***.

Based on this cohort, which is broadly representative of the UK
population, assuming participants did not have further immune
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Fig. 4 | Posterior predicted trajectories of mean anti-spike IgG levels (95%Crl)
from third/booster vaccination or infection. a By age. b By the time from second
vaccination to third/booster vaccination or infection. For each group, two separate
models are fitted: (1) piecewise model on antibody decline after the second vac-
cination and subsequent increase after third/booster vaccination or infection; (2)
antibody decline 42 days after the third/booster vaccination or infection. The
shaded area between 14- and 42-days post-third/booster vaccination or infection
represents different timepoints individuals reach peak antibody levels. Models are

adjusted for age, sex, ethnicity, time from second vaccination to booster/infection,
long-term health conditions and healthcare role. Plotted at the reference categories
(female, white ethnicity, time from second vaccination to booster/infection

6 months, not reporting a long-term health condition, not working in healthcare).
Plots are separated by primary vaccine courses and booster types or infection.
Predicted values are plotted on a log scale. Black dashed lines indicate the corre-
lation for 67% protection against the Delta variant (100 BAU/mL) and the threshold
of IgG positivity (23 BAU/mL).
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BNT162b2-mRNA-1273: n=4403 [1791, 889, 1,409, 314]. ‘< 40-year’ group is not
plotted for ChAdOx1 primary course because the vast majority of those receiving
ChAdOx1 were 40 years of age or older. Median values with 95% credible intervals
are plotted.

boosting events (vaccination or infection) after their third vaccination
or breakthrough infection, the proportion in the UK who would remain
protected at the 67% threshold would be <15% among those without a
previous infection, and 50-60% among those with a previous infection
by 31 December 2022. To increase population immunity, further
booster vaccinations would be helpful for those who have not had a
SARS-CoV-2 infection (25-35% of our cohort aged under 55y in Sep-
tember 2022, Supplementary Fig. 8), and those =55y with or without
previous infection. Currently, in the last quarter of 2022, a fourth
vaccination is offered to those =50y in the UK (fifth for those =75y or
clinically vulnerable). For younger individuals, relatively robust
immunity is likely to have already been acquired from previous SARS-
CoV-2infections, and the clinical risks from new SARS-CoV-2 infections
are much smaller'®"*,

Given these results, providing risks of hospitalisation/death and
onward transmission to at-risk groups remain acceptably low, break-
through infections may be an efficient mechanism to maintain
immunity in healthy younger individuals without clinical vulnerability.
However, there are still some risks associated with this approach,
including ongoing circulation of variants that could put elderly and
vulnerable populations at risk, and SARS-CoV-2 complications even in
low-risk younger populations. Ongoing infection might also cause
economic or societal consequences, even with low morbidity and
mortality. Nevertheless, continuing widespread use of booster vacci-
nations has substantial costs, both direct costs and opportunity costs,
from the diversion of healthcare resources. Taken together with the
lower effectiveness of current vaccines against Omicron infection than
against earlier variants, continuing to vaccinate the whole population

may have limited benefits. For example, a cost-effectiveness analysis of
COVID-19 vaccination in Kenya found vaccination of young adults may
no longer be cost-effective*®. New vaccines with higher effectiveness
against Omicron variants or more sustained protection could be
beneficial, but the current Omicron-specific vaccines did not elicit
superior immune responses and only offered similar protection
against infection to existing booster vaccines”. In many countries,
including the UK*® and France*’, booster vaccinations are not being
routinely offered to low-risk individuals. Therefore, for previously
infected healthy young populations that have low risks of adverse
consequences from infection, additional boosters may have limited
benefits.

Study limitations include the fact that we only measured anti-
spike IgG and assumed that associations between antibody levels and
infection were constant over May-September 2022; other immune
mechanisms may also provide protection against infections, including
T cell and memory-based responses. We combined one, two, three,
and four vaccinations together in the correlates of protection model,
assuming the effect of the number of vaccinations was mediated
through the resulting antibody levels; the power to detect hetero-
geneity by dose was very low as most participants had had three vac-
cinations before the study period. Residual confounding from other
behavioural and epidemiological factors could exist when examining
associations between previous infection and protection, e.g. those
infected earlier might have a higher number of contacts and thus have
a higher risk of reinfection, and those with breakthrough infection
might benefit from local herd immunity thus have a lower risk of
reinfection. Neutralising antibody responses were not assayed in this
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BNT162b2-BNT162b2: n = 24,749 [2447, 3613, 8955, 9734]; BNT162b2-mRNA-1273:
n=4,403 [1791, 889, 1409, 314]. The ‘<40-year’ group is not plotted for ChAdOx1
primary course because the vast majority of those receiving ChAdOx1 were 40
years of age or older. A 95% credible interval is calculated from posterior simula-
tions from the GAM model estimating correlates of protection and posterior pre-
dictions from the Bayesian linear mixed models estimating antibody levels.

study. We only measured antibody levels in a single assay, and models
for antibody responses to booster vaccination/infection included
measurements from three different dilutions to cover varying ranges
of observed values over time. However, we used interval-censored
methods to account for different censoring thresholds, and models for
correlates of protection only used the highest dilution, in place when
Omicron BA.4/5 infections dominated. Although the study design was
to assess all participants every 28-42 days regardless of symptoma-
tology, and most intervals between assessments were <45 days (Sup-
plementary Fig. 9), a small number of infections could have been
missed. However, to define previous infection, we used swab tests
from the study, England’s national testing programme, and self-
reported tests to reduce misclassification. Some infections occurring
between assessments may still have been missed, particularly among
participants from Scotland, Wales or Northern Ireland (14% of parti-
cipants) where linked national testing data were not available, poten-
tially leading to a small overestimation of antibody levels and
underestimation of protection in those with breakthrough infection.
We could not model participants with a primary mRNA-1273 course
due to insufficient data. We did not have data on hospitalisation or
death, so we could not model the correlates of protection against more
severe outcomes. Although not a limitation of our study per se, dif-
ferent levels of protection against infection at the same level of anti-
bodies, depending on prior infection status and the lineage of any
prior infection, does potentially limit the practical application of
antibodies as correlates of protection on an individual basis, particu-
larly where the variant status of any previous infection is unknown.

In summary, both third/booster vaccination and infection post-
second vaccination significantly increased anti-spike IgG levels,
regardless of the primary vaccine course. Breakthrough infections had
at least as strong boosting effects, and subsequent antibody declines
were similar or slightly slower, than third/booster vaccinations. Based
on correlates of protection against new Omicron BA.4/5 infections,
protection was lower and shorter after third/booster vaccinations, but
higher and longer after breakthrough infections, especially among
younger individuals. These results could inform future vaccine stra-
tegies against current and potentially future Omicron variants. Pro-
viding risks of hospitalisation/death, long-term complications, and
onward transmission to at-risk groups remain acceptably low, break-
through infections may offer good protection in healthy younger
individuals without clinical vulnerability, but further research is nee-
ded to weigh the costs and benefits of booster vaccination considering
our findings alongside the risk of hospitalisation, mortality, and long-
term consequences of infection.

Methods

Participants and settings

The COVID-19 Infection Survey (CIS) (ISRCTN21086382, https://www.
ndm.ox.ac.uk/covid-19/covid-19- infection-survey/protocol-and-infor-
mation-sheets) is a large community-based study with longitudinal
follow-up, designed to be representative of the UK’s general popula-
tion. Private households were randomly selected from address lists
and previous surveys on a continuous basis for enrolment from 26
April 2020 through 31 January 2022 (when new recruitment was
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paused, although follow-up continued). After obtaining verbal agree-
ment to participate, written informed consent was taken for indivi-
duals aged 2 y and over by a study worker visiting each household. For
those aged 2-15y, consent was provided by their parents or carers;
those 10-15y also provided written assent. At the first visit, partici-
pants were asked for consent for optional follow-up assessments every
week for the next month and then monthly subsequently. The study
received ethical approval from the South Central Berkshire B Research
Ethics Committee (20/SC/0195).

At each assessment, participants were asked about demographics,
behaviours, work, and vaccination status. Combined nose and throat
swabs were taken from all consenting household members for SARS-
CoV-2 PCR testing. Blood samples were taken monthly for antibody
testing from participants aged 16y and over in a randomly selected
10-20% of households. Household members of participants who tes-
ted positive on a nose and throat swab were also invited to provide
blood monthly for follow-up assessments. Details on the sampling
design are provided elsewhere®. From April 2021, additional partici-
pants were invited to provide blood samples monthly to assess vaccine
responses, based on a combination of random selection and prior-
itisation of those in the study for the longest period (independent of
swab test results). From July 2022, assessments were conducted
remotely, with test kits posted to participants and returned by post or
courier, and questionnaires completed online or by telephone, with
minimal impact on swab positivity” or antibody levels™.

Vaccination data

Participants were asked about vaccination status at assessments in the
study, including vaccination type, number of vaccinations, and vacci-
nation dates. For participants from England, their vaccination data
were also obtained from linkage to the National Immunisation Man-
agement Service (NIMS), which contains all individuals’ vaccination
data in the English National Health Service COVID-19 vaccination
programme. We used records from the NIMS where available, other-
wise used the self-reported data from the study. There was good
agreement between self-reported and administrative vaccination data
(98% on type and 95% on date>>).

Laboratory testing

Combined nose and throat swabs were tested by PCR assays using the
Thermo Fisher TagPath SARS-CoV-2 assay at high-throughput national
‘Lighthouse’ laboratories in Glasgow and Milton Keynes (up until 8
February 2021). PCR outputs were analysed using UgenTec FastFinder
3.300.5, with an assay-specific algorithm and decision mechanism that
allows the conversion of amplification assay raw data into test results
with minimal manual intervention. Samples are called positive if at
least one single N-gene and/or ORFlab are detected (although S-gene
cycle threshold (Ct) values are determined, S-gene detection alone is
not considered positive’®) and PCR traces exhibiting an appropriate
morphology. For contingency due to capacity issues, a small number
of swabs were tested using endpoint PCR at the Rosalind Franklin
laboratory (109,874 (12%) between 29 April and 12 September 2022,
the period used in analyses of correlates of protection).

Venous or capillary blood samples were tested for SARS-CoV-2
antibody using an ELISA detecting anti-trimeric spike IgG developed by
the University of Oxford****. Normalised results are reported in ng/ml
of mAb45 monoclonal antibody equivalents. We used a commercia-
lised CE-marked version of the assay, the Thermo Fisher OmniPATH
384 Combi SARS-CoV-2 IgG ELISA (Thermo Fisher Scientific), with the
same antigen and colorimetric detection. mAb4S5 is the manufacturer-
provided monoclonal antibody calibrant for this quantitative assay.

Antibodies were diluted at 1:50 for samples at the start of the
study. The dilution was changed to 1:400 from 28 January 2022 and
further changed to 1:1600 from 29 April 2022 due to booster vacci-
nations and widespread Omicron infections causing saturated results.

The 1:1600 dilution brought most test results within the dynamic range
of the assay. Samples with very low antibody measurements from
testing at the 1:1600 dilution were re-assayed using 1:50 dilution for
accuracy.

We calibrated the results of the Thermo Fisher OmniPATH assay
into WHO international units (binding antibody unit, BAU/mL) using
serial dilutions of the National Institute for Biological Standards and
Control (NIBSC) Working Standard 21/234. A linear regression model
fitted constrained to have an intercept of zero to convert mAB45 units
in ng/ml to BAU/mL":

BAU,/mL =0.559 *[mAb45 concentration in ng,/mL]

The upper limit of quantification for the assay at 1:50, 1:400 and
1:1600 dilutions were 450, 1360 and 8000 BAU/mL, respectively.
Antibody measurements >450 BAU/mL under 1:50 dilution (251,471
observations, 22.7%), >1360 BAU/mL under 1:400 dilution (46,346
observations, 4.2%), and >8000 BAU/mL under 1:1600 dilution (1696
observations, 0.2%) were modelled as being above 450 BAU/mL, above
1360 BAU/mL and above 8000 BAU/mL, respectively, in interval-
censored outcome models, as the exact value was unknown. Antibody
measurements <1 BAU/mL were modelled as being below 1 BAU/mL
(194 measurements, 0.02%).

Statistical analysis

Correlates of protection analysis. For the analysis of correlates of
protection for new Omicron variants, we used data from study
assessments with antibodies measured in the preceding 21-59 days
from 17 May 2022 to 12 September 2022 inclusive due to the change of
dilution on 29 April 2022 (therefore only including antibody mea-
surements with 1:1600 dilution). The outcome was, therefore, mainly
Omicron BA.4/5 infections (see Results). We included participants
aged 18y and over, due to different recommendations regarding
booster and primary vaccinations in younger participants. Analyses
were based on tests conducted at study assessments. The outcomes of
the model were the results of PCR tests of nose and throat swabs taken
at each assessment conducted as part of the study independently of
symptoms and other characteristics. To define prior infection, we
grouped positive tests from the study, plus additional positive swab
tests identified from the English national testing programme (national
testing data were not available for Scotland, Wales and Northern Ire-
land), and from self-reported positive swab tests in all participants,
into episodes™ because PCR-positive results might be observed at
multiple assessments after infection, and included only the first new
PCR-positive test from a study assessment in each infection episode as
the outcome (all episodes considered as exposures, as were positive
anti-spike IgG result (=23 BAU/mL) any time before the first vaccina-
tion). Assessments occurring in the 21 days before and after each
vaccination were excluded, as we have previously reported that
infection rates change in the run-up to vaccination, reflecting struc-
tural bias (whereby those known to be positive defer planned
vaccinations)®. We further included a positive anti-spike IgG result
(=23 BAU/mL) any time before the first vaccination or a self-reported
positive test as a prior infection.

We used separate logistic generalised additive models (GAMs) for
three outcomes: any positive PCR study test; a positive PCR study test
with a moderate to high viral load (Ct value <30); and a positive study
PCR test with self-reported symptoms. As previously described’, we
considered the effect of the most recent antibody measurement
obtained 21-59 days before the current assessment. We excluded
more recent measurements to avoid changes in antibody levels arising
from recent infections that might be detected only at the routine study
assessment despite occurring before this. Furthermore, we excluded
assessments where antibody measurements were longer ago as these
older values may not correlate well with the antibody levels shortly
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before the assessments at which the outcome is being assessed. The
relationship between antibody levels and the outcome was modelled
using thin-plate splines, which are smoothing splines, for examining
the non-linear relationship between continuous predictor and the
response’. Based on vaccination and infection history, we divided the
population into vaccinated participants without evidence of previous
infection (62,146 participants, 106,653 assessments) and vaccinated
participants with evidence of previous infection (58,373 participants,
98,036 assessments). Vaccinated participants with 1 (629 assessments,
0.3%), 2 (7657 assessments, 3.7%), 3 (171,650 assessments, 83.9%) or 4
(24,753 assessments, 12.1%) vaccinations were grouped together,
assuming that the effect of vaccination number was mediated through
the resulting antibody levels. Unvaccinated participants were excluded
due to insufficient data (1151 participants, 1840 assessments). Vacci-
nated participants with a previous infection were further split by
dominant variant at the earliest positive test in each infection episode
as: Pre-Alpha (up to 6 December 2020, 3490 participants, 5945
assessments), Alpha (07 December 2020-16 May 2021, 4199 partici-
pants, 7064 assessments), Delta (17 May 2021-12 December 2021, 9225
participants, 15,745 assessments), Omicron BA.l (13 December
2021-20 February 2022, 15,615 participants, 26,736 assessments) and
Omicron BA.2 (21 February 2022-05 June 2022, 22,079 participants,
38,223 assessments) where dates were chosen as the first surveillance
week (starting Monday) where >50% of positive tests matched the
S-gene of the new variant (S-negative for Alpha, BA.1/4/5; S-positive for
pre-Alpha, Delta and BA.2). Participants tested PCR-positive at 5680
(5.3%) of assessments without known previous infection and at 215
(3.6%), 258 (3.7%), 465 (3.0%), 529 (2.0%) and 201 (0.5%) assessments
after Pre-Alpha, Alpha, Delta, Omicron BA.1 or Omicron BA.2 infections
respectively (Supplementary Table 1). We found that estimates from
previous Pre-Alpha and Alpha infections, were similar, so we combined
these assessments to increase power (Supplementary Table 1 and
Supplementary Fig. 1). The final model, therefore, consisted of five
groups: vaccinated participants without evidence of infection before
the current assessment, vaccinated participants with a most recent
Pre-Alpha or Alpha infection, vaccinated participants with a most
recent Delta infection, vaccinated participants with a most recent
Omicron BA.l infection, and vaccinated participants with a most
recent Omicron BA.2 infection. In the absence of an unvaccinated
reference group, we used vaccinated participants without previous
infection with a most recent anti-spike IgG measurement of 16 BAU/mL
as the reference group, and estimated the relative protection com-
pared with this reference group. 16 BAU/mL was chosen because it
was the threshold previously identified to define non-responders to
vaccination’.

We adjusted for the following confounders in all models: vacci-
nation and infection history (as above), time from last vaccination or
infection, age in years, geographic area (nine regions in England, or the
devolved administration’s Wales, Scotland or Northern Ireland), rural/
urban classification of home address, sex, ethnicity (white versus non-
white), household size, multi-generational household, deprivation,
presence of long-term health conditions, working in a care home,
having a patient-facing role in health or social care, direct or indirect
contact with a hospital or care home, and smoking status. Calendar
time and age were included using a tensor product spline”, which was
allowed to vary by region/country. Tensor product splines are used to
model interactions of multiple covariates measured in different units.
We also included tensor product spline interactions between antibody
levels and age, and antibody levels and time since the last vaccination
or infection, to examine the effects of age and time since the last event
on the relationship between antibody and protection.

Antibody trajectory analysis. For the analysis of antibody trajectories,
we included participants aged 18y and over who were eligible for
third/booster vaccinations and had no evidence of previous infection.

From 8 December 2020 to 12 September 2022, 259,561 participants
received two vaccinations and had antibody measurements after the
second vaccination. Of these, 32,810 participants were infected before
the second vaccination and were excluded. 130,529 and 87,604 parti-
cipants received two ChAdOx1 or BNT162b2 vaccinations for their
primary course; 4213 who received other vaccine types or mixed vac-
cine types were excluded. Among those who received two ChAdOx1 or
BNT162b2 vaccinations, 194,679 received a third/booster vaccination
(150,510 were boosted by BNT162b2, 43,257 were boosted by mRNA-
1273). About 912 received other vaccine types as a booster and were
also excluded, and 25,544 had breakthrough infection post-second
vaccination.

SARS-CoV-2 infection was defined for the correlates analysis,
namely as the earliest of a PCR-positive swab test in the study, a
positive swab test in the English national testing programme (national
testing data were not available for Scotland, Wales, and Northern Ire-
land), a self-reported positive swab test or a positive anti-spike IgG
result (=23 BAU/mL) any time before the first vaccination. Antibody
measurements after a third/booster vaccination that happened after a
post-second vaccination infection, and antibody measurements after
infection that happened post-booster were excluded from the ana-
lyses. We limited the analyses to those whose primary vaccination
course was homologous ChAdOx1 (with a dosing interval of
6-13 weeks) or BNT162b2 (with a dosing interval of 3-13 weeks). We
excluded a small number of participants who were non-responders
after the second vaccination, defined previously’ as all antibody mea-
surements being <16 BAU/mL after the second vaccination and having
at least one antibody measurement 21 days after the second vaccina-
tion (V=416 excluded for ChAdOx1, N=174 excluded for BNT162b2).
Age was truncated at 85y in all analyses to reduce the influence of
outliers (1% of the population).

We used Bayesian linear mixed interval-censored models to esti-
mate antibody levels and the effects of covariates on changes in anti-
body levels over time"®, Bayesian linear mixed models were used to
analyse longitudinal data with repeated measurements and inter-
mittent missing at random data. They can incorporate prior informa-
tion and allow a large number of random variance components to be
included. We allowed the outcome to be interval-censored in the
model because anti-spike IgG measurements were censored at the
upper limit of quantification (see below). Models were built separately
by primary vaccine course (ChAdOx1 or BNT162b2) and booster type
(BNT162b2 or mRNA-1273) or infection (Supplementary Table 5).
Analyses of primary ChAdOx1 vaccinations included 64,940, 21,960
and 10,830 participants boosted by BNT162b2, mRNA-1273 and infec-
tion, respectively. Analyses of primary BNT162b2 vaccinations inclu-
ded 44,197, 7248 and 4974 participants boosted by BNT162b2, mRNA-
1273, and infection, respectively. Antibody trajectory consisted of
three slopes: (1) the decline (waning) from 21 days post-second vacci-
nation to the third/booster vaccination or infection at ¢=0; (2) the
increase from the third/booster vaccination or infection to the peak;
(3) the decline (waning) after the peak post-booster or infection.
Because there was variation in the time taken to reach peak antibody
levels following different boosters/infections and in different study
participants, the choice of the peak position could influence the esti-
mate of the half-life post-third/booster vaccination or infection, we
separated the trajectories and built two models for each group: (1) a
piecewise model: from 21 days post-second vaccination to 14 days
post-third/booster vaccination or infection; (2) a decline model: from
42 days to 210 days post-third/booster vaccination or infection to
ensure that antibodies were waning in almost all participants from this
timepoint onwards and thus better estimate the antibody decline
(observed data shown in Supplementary Figs. 10, 11). We excluded
measurements >210 days after the boosting event to ensure compar-
ability of estimated declines post-boosting event across groups;
beyond 210 days, there were insufficient numbers of measurements
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and/or measurements may have come from atypical participants who
were boosted/infected much earlier (e.g. clinically vulnerable/at high
risk of infection) that could potentially lead to bias.

Population-level fixed effects, individual-level random effects
for intercept and slopes and correlation between random effects
were included in all models. The outcome was modelled on the
log2 scale and right-censored at 450, 1360 and 8000 BAU/mL for
measurements obtained using a 1:50, 1:400 and 1:1600 dilution,
respectively, reflecting interval censoring of 1gG values at the upper
limit of quantification (i.e. all measurements above the upper limit of
quantification of 450 BAU/mL in 1:50 dilution were considered to be
>450 BAU/mL in analyses, and similarly for 1:400 and 1:1600
dilutions).

To examine non-linearity in antibody declines after third/booster
vaccination or infection, especially the assumption that the rate of
antibody decline would flatten, we additionally fitted a model using
three-knot splines for time (knots placed at 10th, 50th and 90th of
included timepoints) and compared with the linear models for each
group. For all six groups, the estimated trajectories were similar, so we
retained the log-linear model for analysis (Supplementary Fig. 12).

Multivariable models included the effect of age, time from the
second vaccination to the third/booster vaccination or infection, sex,
ethnicity (white vs non-white due to small numbers in the latter),
reporting having a long-term health condition and reporting working
in healthcare, each on the intercept (main effect) and on the slope
(interaction). We used a three-knot natural cubic spline for age (knots
placed at the 10th, 50th and 90th percentile of unique integer ages) to
allow non-linear effects with antibody rising and waning post-third/
booster vaccination or infection. We restricted the range of time from
the second vaccination to the third/booster vaccination or infection
between the 10th and 90th percentiles. For infection models, we also
examined the impact of infection type (Delta or Omicron BA.1) on
antibody levels post-infection. For this analysis, infection type was
defined primarily by sequencing data from CIS. If sequencing data was
not available, Delta was defined as the first infection date in the most
recent infection episode occurring from 10 April 2021 to 16 January
2022 and having at least one S-gene positive test (ORFlab+N+S or
ORFlab+S or N +S) across the infection episode, Omicron BA.1 was
defined as the first infection date in the most recent episode being
after 29 November 2021 and not having any S-gene positive tests. If
gene positivity was not available (primarily infections from the
national testing programme), infections that happened between 14
June 2021 and 23 November 2021 were considered as Delta, and those
that happened after 20 December 2021 were considered as Omicron
BA.1. Infections with other variants or unknown variants were excluded
from this model.

For each Bayesian linear mixed model, weakly informative priors
were used (Supplementary Table 6). Markov chain Monte Carlo
(MCMC) algorithms were used for posterior sampling. Six chains were
run per model with 4000 iterations and a warm-up period of 2000
iterations to ensure convergence, which was confirmed visually and by
ensuring the Gelman-Rubin statistic was <1.05 (Supplementary
Table 7). 95% credible intervals were calculated using the highest
posterior density intervals.

Estimation of protection. We combined our estimates of protection
against infection by antibody level and of antibody declines to esti-
mate the duration of protection against Omicron BA.4/5 infection. For
those with a BNT162b2 or mRNA-1273 booster, we used estimates from
the ‘vaccinated participants without previous infection” group from
the correlates model. For those with a breakthrough infection, since
most earlier infections (>95%) were Delta and Omicron BA.1 (Supple-
mentary Table 3), we used estimates from the ‘vaccinated participants
with a most recent Delta infection’ and vaccinated participants with a
most recent Omicron BA.1 infection’” groups.

To estimate the duration from third/booster vaccination or
breakthrough infection to reaching the threshold level associated with
67% protection, we used Metropolis-Hastings posterior sampling to
generate 100 sets of model coefficients from the correlates of pro-
tection models and hence estimate 100 antibody levels associated with
67% protection for each age group. We then extracted 100 draws from
the posterior predictions from the antibody trajectory models and
hence estimated 100 antibody levels for each timepoint. We then
combined both posterior draws, for each draw from the antibody
model, we produced 100 timepoints where the antibody level reached
67% protection, resulting in 10,000 predictions of time to reach 67%
protection for each age group. Finally, we calculated the median and
95% credible interval from the 10,000 predictions.

To estimate the actual population-level protection by calendar
time, we combined results from the correlates of protection models
and antibody trajectory models to get the population-level estimates.
We used Metropolis-Hastings posterior sampling to generate
100 sets of model coefficients from the correlates of protection
models and extracted 100 draws from the posterior predictions from
the antibody trajectory models, resulting in 10,000 predictions of
the actual protection level for each participant at each antibody level.
Median protection level and 95% credible intervals were calculated
by age group and calendar time. Protection estimations were
based on assumptions that participants did not have a previous
infection before the first vaccination, did not receive another vacci-
nation and were not infected after their third/booster vaccination or
breakthrough infection.

Raw data were processed using Stata MP 17. All analyses were
performed in R 3.6 using the following packages: tidyverse (version
1.3.0), mgcv (version 1.8-31), cenGAM (version 0.5.3), brms (version
2.14.0), splines (version 3.6.1), ggeffects (version 0.14.3), arsenal (ver-
sion 3.4.0), cowplot (version 1.1.0) and bayesplot (version 1.7.2).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data were still being collected for the COVID-19 Infection Survey. De-
identified study data are available for access by accredited researchers
in the ONS Secure Research Service (SRS) for accredited research
purposes under part 5, chapter 5 of the Digital Economy Act 2017.
Individuals can apply to be an accredited researcher using the short
form on https://researchaccreditationservice.ons.gov.uk/ons/ONS_
registration.ofml. Accreditation requires the completion of a short
free course on accessing the SRS. To request access to data in the SRS,
researchers must submit a research project application for accredita-
tion in the Research Accreditation Service (RAS). Research project
applications are considered by the project team and the Research
Accreditation Panel (RAP) established by the UK Statistics Authority at
regular meetings. Project application example guidance and an
exemplar of a research project application are available. A complete
record of accredited researchers and their projects is published on the
UK Statistics Authority website to ensure transparency of access to
research data. For further information about accreditation, contact
Research.Support@ons.gov.uk or visit the SRS website.

Code availability

A copy of the analysis code is available at https://github.com/
jiaweioxford/COVID19 booster infection. https://doi.org/10.5281/
zenodo.7823856.

References
1. Tregoning, J. S., Flight, K. E., Higham, S. L., Wang, Z. & Pierce, B. F.
Progress of the COVID-19 vaccine effort: viruses, vaccines and

Nature Communications | (2023)14:2799

12


https://researchaccreditationservice.ons.gov.uk/ons/ONS_registration.ofml
https://researchaccreditationservice.ons.gov.uk/ons/ONS_registration.ofml
https://github.com/jiaweioxford/COVID19_booster_infection
https://github.com/jiaweioxford/COVID19_booster_infection
https://doi.org/10.5281/zenodo.7823856
https://doi.org/10.5281/zenodo.7823856

Article

https://doi.org/10.1038/s41467-023-38275-1

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

variants versus efficacy, effectiveness and escape. Nat. Rev.
Immunol. 21, 626-636 (2021).

Bernal, J. L. et al. Effectiveness of the Pfizer-BioNTech and Oxford-
AstraZeneca vaccines on covid-19 related symptoms, hospital
admissions, and mortality in older adults in England: test negative
case-control study. BMJ 373, n1088 (2021).

Cerqueira-Silva, T. et al. Effectiveness of CoronaVac, ChAdOx1
nCoV-19, BNT162b2, and Ad26.COV2.S among individuals with
previous SARS-CoV-2 infection in Brazil: a test-negative, case-
control study. Lancet Infect. Dis. 22, 791-801 (2022).

Tseng, H. F. et al. Effectiveness of mRNA-1273 against SARS-CoV-2
Omicron and Delta variants. Nat. Med. 28, 1063-1071 (2022).
Goldberg, Y. et al. Waning immunity after the BNT162b2 vaccine in
Israel. N. Engl. J. Med. 385, e85 (2021).

Tartof, S. Y. et al. Effectiveness of mMRNA BNT162b2 COVID-19
vaccine up to 6 months in a large integrated health system in the
USA: a retrospective cohort study. Lancet 398, 1407-1416 (2021).
Wei, J. et al. Antibody responses and correlates of protection in the
general population after two doses of the ChAdOx1 or BNT162b2
vaccines. Nat. Med. 28, 1072-1082 (2022).

Andrews, N. et al. Covid-19 vaccine effectiveness against the omi-
cron (B.1.1.529) Variant. N. Engl. J. Med. 386, 1532-1546 (2022).
Sandmann, F. G. et al. The potential health and economic value of
SARS-CoV-2 vaccination alongside physical distancing in the UK: a
transmission model-based future scenario analysis and economic
evaluation. Lancet Infect. Dis. 21, 962-974 (2021).

Ward, I. L. et al. Risk of covid-19 related deaths for SARS-CoV-2
omicron (B.1.1.529) compared with delta (B.1.617.2): retrospective
cohort study. BMJ 378, e070695 (2022).

Nyberg, T. et al. Comparative analysis of the risks of hospitalisation
and death associated with SARS-CoV-2 omicron (B.1.1.529) and
delta (B.1.617.2) variants in England: a cohort study. Lancet 399,
1303-1312 (2022).

Pilz, S., Theiler-Schwetz, V., Trummer, C., Krause, R. & loannidis, J. P.
A. SARS-CoV-2 reinfections: overview of efficacy and duration of
natural and hybrid immunity. Environ. Res 209, 112911 (2022).
Gilbert, P. B. et al. Immune correlates analysis of the mRNA-1273
COVID-19 vaccine efficacy clinical trial. Science 375, 43-50 (2022).
Khoury, D. S. et al. Neutralizing antibody levels are highly predictive
of immune protection from symptomatic SARS-CoV-2 infection.
Nat. Med. 27, 1205-1211 (2021).

Feng, S. et al. Correlates of protection against symptomatic and
asymptomatic SARS-CoV-2 infection. Nat. Med. 27,

2032-2040 (2021).

Office for National Statistics. Coronavirus (COVID-19) Infection Sur-
vey, UK. https://www.ons.gov.uk/peoplepopulationandcommunity/
healthandsocialcare/conditionsanddiseases/bulletins/coronavirusco
vid19infectionsurveypilot/16march2023 (2023).

Burkner, P. Brms: an R package for Bayesian generalized linear
mixed models using Stan. J. Stat. Softw. 80, 1-28 (2013).
Sorensen, T., Hohenstein, S. & Vasishth, S. Bayesian linear

mixed models using Stan: A tutorial for psychologists, linguists,
and cognitive scientists. Quant. Method Psychol. 12, 175-200
(2016).

Schubert, M. et al. Human serum from SARS-CoV-2-vaccinated and
COVID-19 patients shows reduced binding to the RBD of SARS-CoV-2
Omicron variant. BMC Med. 20, 102 (2022).

Dejnirattisai, W. et al. SARS-CoV-2 Omicron-B.1.1.529 leads to
widespread escape from neutralizing antibody responses. Cell 185,
467-484.e15 (2022).

Edara, V. V. et al. mMRNA-1273 and BNT162b2 mRNA vaccines have
reduced neutralizing activity against the SARS-CoV-2 omicron
variant. Cell Rep. Med. 3, 100529 (2022).

Carrefo, J. M. et al. Activity of convalescent and vaccine serum
against SARS-CoV-2 Omicron. Nature 602, 682-688 (2022).

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Garcia-Beltran, W. F. et al. mRNA-based COVID-19 vaccine boosters
induce neutralizing immunity against SARS-CoV-2 Omicron variant.
Cell 185, 457-466.e4 (2022).

Cheng, S. M. S. et al. Neutralizing antibodies against the SARS-CoV-
2 Omicron variant BA.1 following homologous and heterologous
CoronaVac or BNT162b2 vaccination. Nat. Med. 28,

486-489 (2022).

Pajon, R. et al. SARS-CoV-2 Omicron variant neutralization after
mMRNA-1273 booster vaccination. N. Engl. J. Med. 386,

1088-1091 (2022).

Lauring, A. S. et al. Clinical severity of, and effectiveness of mRNA
vaccines against, covid-19 from omicron, delta, and alpha SARS-
CoV-2 variants in the United States: prospective observational
study. BMJ 376, e069761 (2022).

Yavlinsky, A. et al. Anti-spike antibody trajectories in individuals
previously immunised with BNT162b2 or ChAdOx1 following a
BNT162b2 booster dose. Preprint at medRxiv https://doi.org/10.
1101/2022.02.07.22270451 (2022).

Montoya, J. G. et al. Differences in IgG antibody responses following
BNT162b2 and mRNA-1273 SARS-CoV-2 vaccines. Microbiol. Spectr.
9, e0116221 (2021).

Markewitz, R. et al. Kinetics of the antibody response to boostering
with three different vaccines against SARS-CoV-2. Front. Immunol.
13, 26 (2022).

Evans, J. P. et al. Neutralizing antibody responses elicited by SARS-
CoV-2 mRNA vaccination wane over time and are boosted by
breakthrough infection. Sci. Transl. Med. 14, 8057 (2022).
Sablerolles, R. S. G. et al. Immunogenicity and reactogenicity of
vaccine boosters after Ad26.COV2.S priming. N. Engl. J. Med. 386,
951-963 (2022).

Atmar, R. L. et al. Homologous and heterologous Covid-19 booster
vaccinations. N. Engl. J. Med. 386, 1046-1057 (2022).

Wei, J. et al. Anti-spike antibody response to natural SARS-CoV-2
infection in the general population. Nat. Commun. 12, 1-12 (2021).
2021 12:1.

Collier, A. Y. et al. Characterization of immune responses in fully
vaccinated individuals after breakthrough infection with the SARS-
CoV-2 delta variant. Sci. Transl. Med. 14, 6150 (2022).

Tober-Lau, P. et al. Cross-variant neutralizing serum activity after
SARS-CoV-2 breakthrough infections. Emerg. Infect. Dis. 28,
1050-1052 (2022).

Suntronwong, N. et al. COVID-19 breakthrough infection after
inactivated vaccine induced robust antibody responses and cross-
neutralization of SARS-CoV-2 variants, but less immunity against
Omicron. Vaccines 10, 391 (2022).

Bates, T. A. et al. Antibody response and variant cross-neutralization
after SARS-CoV-2 breakthrough infection. JAMA 327,

179-181 (2022).

Miyamoto, S. et al. Vaccination-infection interval determines cross-
neutralization potency to SARS-CoV-2 Omicron after breakthrough
infection by other variants. Med 3, 249-261.e4 (2022).

Kitchin, D. et al. Ad26.COV2.S breakthrough infections induce
high titers of neutralizing antibodies against Omicron and

other SARS-CoV-2 variants of concern. Cell Rep. Med. 3,

100535 (2022).

Dimeglio, C. et al. Antibody titers and protection against Omicron
(BA.1 and BA.2) SARS-CoV-2 infection. Vaccines 10, 1548 (2022).
Muik, A. et al. Neutralization of SARS-CoV-2 Omicron by BNT162b2
mRNA vaccine-elicited human sera. Science 375, 678-680 (2022).
Nemet, I. et al. Third BNT162b2 vaccination neutralization of
SARS-CoV-2 omicron infection. N. Engl. J. Med. 386,

492-494 (2022).

Altarawneh, H. N. et al. Effects of previous infection and vaccination
on symptomatic omicron infections. N. Engl. J. Med. 387,

21-34 (2022).

Nature Communications | (2023)14:2799

13


https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/coronaviruscovid19infectionsurveypilot/16march2023
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/coronaviruscovid19infectionsurveypilot/16march2023
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/coronaviruscovid19infectionsurveypilot/16march2023
https://doi.org/10.1101/2022.02.07.22270451
https://doi.org/10.1101/2022.02.07.22270451

Article

https://doi.org/10.1038/s41467-023-38275-1

44. Andeweg, S. P. et al. Protection of COVID-19 vaccination and pre-
vious infection against Omicron BA.1, BA.2 and Delta SARS-CoV-2
infections. Nat. Commun. 13, 1-9 (2022).

45. Thompson, E. J. et al. Long COVID burden and risk factors in 10 UK
longitudinal studies and electronic health records. Nat. Commun.
13, 1-11 (2022).

46. Orangi, S. et al. Epidemiological impact and cost-effectiveness
analysis of COVID-19 vaccination in Kenya. BMJ Glob. Health 7,
9430 (2022).

47. Offit, P. A. Bivalent Covid-19 vaccines — a cautionary tale. N. Engl. J.
Med. 388, 481-483 (2023).

48. Covid booster: who can get another jab this spring? BBC News.
https://www.bbc.co.uk/news/health-55045639 (2023).

49. Autumn Covid booster recommended only for ‘at risk’ groups in
France. The Connexionhttps://www.connexionfrance.com/article/
French-news/Covid-19/Autumn-Covid-booster-recommended-
only-for-at-risk-groups-in-France (2023).

50. Pouwels, K. B. et al. Community prevalence of SARS-CoV-2 in Eng-
land from April to November, 2020: results from the ONS Cor-
onavirus Infection Survey. Lancet Public Health 6, e30-e38 (2021).

51. Office for National Statistics. Coronavirus (COVID-19) infection
survey quality report: August 2022. https://www.ons.gov.uk/
peoplepopulationandcommunity/healthandsocialcare/
conditionsanddiseases/methodologies/
coronaviruscovidi19infectionsurveyqualityreportaugust2022 (2022)

52. Office for National Statistics. Coronavirus (COVID-19) infection
survey quality report: September 2022. https://www.ons.gov.
uk/peoplepopulationandcommunity/healthandsocialcare/
conditionsanddiseases/methodologies/coronaviruscovid19infe
ctionsurveyqualityreportseptember2022 (2022).

53. Pritchard, E. et al. Impact of vaccination on new SARS-CoV-2
infections in the United Kingdom. Nat. Med. 27, 1370-1378 (2021).

54. Ainsworth, M. et al. Performance characteristics of five immu-
noassays for SARS-CoV-2: a head-to-head benchmark comparison.
Lancet Infect. Dis. 20, 1390-1400 (2020).

55. Office for National Statistics. Coronavirus (COVID-19) infection
survey, characteristics of people testing positive for COVID-19, UK.
https://www.ons.gov.uk/peoplepopulationandcommunity/
healthandsocialcare/conditionsanddiseases/bulletins/
coronaviruscovid19infectionsurveycharacteristicsofpeopletesting
positiveforcovid19uk/30march2022 (2022).

56. Wood, S. N. Thin plate regression splines. J. R. Stat. Soc. Ser. B Stat.
Methodol. 65, 95-114 (2003).

57. Wood, S. N. Low-rank scale-invariant tensor product smooths for
generalized additive mixed models. Biometrics 62,

1025-1036 (2006).

Acknowledgements

We are grateful for the support of all COVID-19 Infection Survey parti-
cipants. This study is funded by the Department of Health and Social
Care with in-kind support from the Welsh Government, the Department
of Health on behalf of the Northern Ireland Government and the Scottish
Government. J.W. is supported by University of Oxford and the China
Scholarship Council. A.S.W., T.E.A.P., N.S., D.W.E. and K.B.P. are sup-
ported by the National Institute for Health Research Health Protection
Research Unit (NIHR HPRU) in Healthcare Associated Infections and
Antimicrobial Resistance at the University of Oxford in partnership with
the UK Health Security Agency (UKHSA) (NIHR200915). A.S.W. and
T.E.A.P. are also supported by the NIHR Oxford Biomedical Research
Centre. K.B.P. is also supported by the Huo Family Foundation. A.S.W. is

also supported by core support from the Medical Research Council UK
to the MRC Clinical Trials Unit [MC_UU_12023/22] and is an NIHR Senior
Investigator. P.C.M. is funded by Wellcome (intermediate fellowship,
grant ref 110110/2/15/Z) and holds an NIHR Oxford BRC Senior Fellow-
ship award. D.W.E. is supported by a Robertson Fellowship and an NIHR
Oxford BRC Senior Fellowship. N.S. is an Oxford Martin Fellow and holds
an NIHR Oxford BRC Senior Fellowship. The views expressed are those
of the authors and not necessarily those of the National Health Service,
NIHR, Department of Health, or UKHSA.

Author contributions

The study was designed and planned by A.S.W., J.F., J.B., J.N., I.D. and
K.B.P. and is being conducted by A.S.W., R.S., D.C., N.T., J.K,, B.M,,
T.E.AP.,P.C.M,, NS, SH. EY.J.,D.LS., D.W.C., D.W.E. and the COVID-19
Infection Survey Team. This specific analysis was designed by J.W.,
D.W.E., A.S.W. and K.B.P. J.W. contributed to the statistical analysis of the
survey data. J.W., D.W.E., K.B.P. and A.S.W. drafted the manuscript, and
all authors contributed to the interpretation of the data and results and
revised the manuscript. D.W.E., K.B.P. and A.S.W. contributed equally.
All authors approved the final version of the manuscript.

Competing interests

D.W.E. declares lecture fees from Gilead, outside the submitted work.
P.C.M. receives GSK funding to support a PhD fellowship in her team.
The remaining authors declare no competing interests.

Additional information

Supplementary information The online version contains supplementary
material available at

https://doi.org/10.1038/s41467-023-38275-1.

Correspondence and requests for materials should be addressed to
David W. Eyre.

Peer review information Nature Communications thanks Micha Mandel
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:2799

14


https://www.bbc.co.uk/news/health-55045639
https://www.connexionfrance.com/article/French-news/Covid-19/Autumn-Covid-booster-recommended-only-for-at-risk-groups-in-France
https://www.connexionfrance.com/article/French-news/Covid-19/Autumn-Covid-booster-recommended-only-for-at-risk-groups-in-France
https://www.connexionfrance.com/article/French-news/Covid-19/Autumn-Covid-booster-recommended-only-for-at-risk-groups-in-France
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportaugust2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportaugust2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportaugust2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportaugust2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportseptember2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportseptember2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportseptember2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/methodologies/coronaviruscovid19infectionsurveyqualityreportseptember2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/coronaviruscovid19infectionsurveycharacteristicsofpeopletestingpositiveforcovid19uk/30march2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/coronaviruscovid19infectionsurveycharacteristicsofpeopletestingpositiveforcovid19uk/30march2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/coronaviruscovid19infectionsurveycharacteristicsofpeopletestingpositiveforcovid19uk/30march2022
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/bulletins/coronaviruscovid19infectionsurveycharacteristicsofpeopletestingpositiveforcovid19uk/30march2022
https://doi.org/10.1038/s41467-023-38275-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article https://doi.org/10.1038/s41467-023-38275-1

the COVID-19 Infection Survey team

Tina Thomas®, Daniel Ayoubkhani®, Russell Black®, Antonio Felton®, Megan Crees®, Joel Jones®, Lina Lloyd®,

Esther Sutherland®, Emma Pritchard', Karina-Doris Vihta', George Doherty', James Kavanagh', Kevin K. Chau',

Stephanie B. Hatch', Daniel Ebner', Lucas Martins Ferreira', Thomas Christott!, Wanwisa Dejnirattisai’,

Juthathip Mongkolsapaya', Sarah Cameron', Phoebe Tamblin-Hopper', Magda Wolna', Rachael Brown', Richard Cornall’,
Gavin Screaton', Katrina Lythgoe?, David Bonsall?, Tanya Golubchik?, Helen Fryer?, Stuart Cox'®, Kevin Paddon'®,

Tim James'®, Thomas House'®, Julie Robotham'”, Paul Birrell', Helena Jordan'®, Tim Sheppard'®, Graham Athey'3,

Dan Moody'®, Leigh Curry'®, Pamela Brereton'®, lan Jarvis'®, Anna Godsmark', George Morris'®, Bobby Mallick'®,

Phil Eeles'®, Jodie Hay?°, Harper VanSteenhouse?®, Jessica Lee?', Sean White??, Tim Evans??, Lisa Bloemberg??,

Katie Allison?3, Anouska Pandya?3, Sophie Davis?3, David I. Conway?*, Margaret MacLeod?* & Chris Cunningham?*

50Oxford University Hospitals NHS Foundation Trust, Oxford, UK. ®University of Manchester, Manchester, UK. Health Improvement Directorate, Public Health
England, London, UK. ®IQVIA, London, UK. ®National Biocentre, Milton Keynes, UK. 2°Glasgow Lighthouse Laboratory, London, UK. ?'Department of Health
and Social Care, London, UK. 2Welsh Government, Cardiff, UK. 22Scottish Government, Edinburgh, UK. 2*Public Health Scotland, Edinburgh, UK.

Nature Communications | (2023)14:2799 15



	Protection against SARS-CoV-2 Omicron BA.4/5 variant following booster vaccination or breakthrough infection in the UK
	Results
	Correlates of protection against Omicron BA.4/5 infection
	Antibody trajectories after third/booster vaccination and breakthrough infection
	Protection from the third/booster vaccination and breakthrough infection against new Omicron BA.4/5 infection

	Discussion
	Methods
	Participants and settings
	Vaccination data
	Laboratory testing
	Statistical analysis
	Correlates of protection analysis
	Antibody trajectory analysis
	Estimation of protection
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information


