2 eLife

*For correspondence:
nathan.cheetham@kcl.ac.uk
(NJC);

N.J.Timpson@bristol.ac.uk (NJT);

claire.j.steves@kcl.ac.uk (CJS)

Competing interest: See page
20

Funding: See page 20

Received: 20 May 2022
Preprinted: 22 May 2022
Accepted: 22 December 2022
Published: 24 January 2023

Reviewing Editor: Joshua T
Schiffer, Fred Hutchinson Cancer
Research Center, United States

© Copyright Cheetham et al.
This article is distributed under
the terms of the Creative
Commons Attribution License,
which permits unrestricted use
and redistribution provided that
the original author and source
are credited.

RESEARCH ARTICLE a @

Antibody levels following vaccination
against SARS-CoV-2: associations with
post-vaccination infection and risk factors

in two UK longitudinal studies

Nathan J Cheetham™*, Milla Kibble'?3, Andrew Wong*, Richard J Silverwood?®,
Anika Knuppel*, Dylan M Williams*¢, Olivia KL Hamilton’, Paul H Lee?,

Charis Bridger Staatz®, Giorgio Di Gessa’, Jingmin Zhu®,

Srinivasa Vittal Katikireddi’, George B Ploubidis®, Ellen J Thompson'*,

Ruth CE Bowyer'*'%, Xinyuan Zhang', Golboo Abbasian', Maria Paz Garcia',
Deborah Hart', Jeffrey Seow'!, Carl Graham', Neophytos Kouphou",

Sam Acors'', Michael H Malim'", Ruth E Mitchell?, Kate Northstone?,

Daniel Major-Smith?, Sarah Matthews?, Thomas Breeze?, Michael Crawford?,
Lynn Molloy?, Alex SF Kwong?*'?, Katie Doores'", Nishi Chaturvedi®,

Emma L Duncan™"?, Nicholas J Timpson?*, Claire J Steves’'**

'Department of Twin Research and Genetic Epidemiology, King’s College London,
London, United Kingdom; ?Population Health Sciences, Bristol Medical School,
University of Bristol, Bristol, United Kingdom; *Department of Applied Mathematics
and Theoretical Physics, University of Cambridge, Cambridge, United Kingdom;
*MRC Unit for Lifelong Health and Ageing, University College London, London,
United Kingdom; *Centre for Longitudinal Studies, University College London,
London, United Kingdom; *Department of Medical Epidemiology and Biostatistics,
Karolinska Institutet, Stockholm, Sweden; "MRC/CSO Social and Public Health
Sciences Unit, University of Glasgow, Glasgow, United Kingdom; ®Department of
Health Sciences, University of Leicester, Leicester, United Kingdom; Department

of Epidemiology and Public Health, University College London, London, United
Kingdom; '°Al for Science and Government, The Alan Turing Institute, London, United
Kingdom; ""Department of Infectious Diseases, King's College London, London,
United Kingdom; "?Division of Psychiatry, University of Edinburgh, Edinburgh, United
Kingdom; "*Guy’s & St Thomas'’s NHS Foundation Trust, London, United Kingdom

Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibody levels can be
used to assess humoral immune responses following SARS-CoV-2 infection or vaccination, and may
predict risk of future infection. Higher levels of SARS-CoV-2 anti-Spike antibodies are known to be
associated with increased protection against future SARS-CoV-2 infection. However, variation in anti-
body levels and risk factors for lower antibody levels following each round of SARS-CoV-2 vaccina-
tion have not been explored across a wide range of socio-demographic, SARS-CoV-2 infection and
vaccination, and health factors within population-based cohorts.

Methods: Samples were collected from 9361 individuals from TwinsUK and ALSPAC UK population-
based longitudinal studies and tested for SARS-CoV-2 antibodies. Cross-sectional sampling was
undertaken jointly in April-May 2021 (TwinsUK, N=4256; ALSPAC, N=4622), and in TwinsUK only in
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November 2021-January 2022 (N=3575). Variation in antibody levels after first, second, and third
SARS-CoV-2 vaccination with health, socio-demographic, SARS-CoV-2 infection, and SARS-CoV-2
vaccination variables were analysed. Using multivariable logistic regression models, we tested
associations between antibody levels following vaccination and: (1) SARS-CoV-2 infection following
vaccination(s); (2) health, socio-demographic, SARS-CoV-2 infection, and SARS-CoV-2 vaccination
variables.

Results: Within TwinsUK, single-vaccinated individuals with the lowest 20% of anti-Spike antibody
levels at initial testing had threefold greater odds of SARS-CoV-2 infection over the next 6-9 months
(OR =2.9,95% Cl: 1.4, 6.0), compared to the top 20%. In TwinsUK and ALSPAC, individuals iden-
tified as at increased risk of COVID-19 complication through the UK ‘Shielded Patient List’ had
consistently greater odds (two- to fourfold) of having antibody levels in the lowest 10%. Third vacci-
nation increased absolute antibody levels for almost all individuals, and reduced relative disparities
compared with earlier vaccinations.

Conclusions: These findings quantify the association between antibody level and risk of subsequent
infection, and support a policy of triple vaccination for the generation of protective antibodies.
Funding: Antibody testing was funded by UK Health Security Agency. The National Core Studies
program is funded by COVID-19 Longitudinal Health and Wellbeing — National Core Study (LHW-
NCS) HMT/UKRI/MRC ([MC_PC_20030] and [MC_PC_20059]). Related funding was also provided by
the NIHR 606 (CONVALESCENCE grant [COV-LT-0009]). TwinsUK is funded by the Wellcome Trust,
Medical Research Council, Versus Arthritis, European Union Horizon 2020, Chronic Disease Research
Foundation (CDRF), Zoe Ltd and the National Institute for Health Research (NIHR) Clinical Research
Network (CRN) and Biomedical Research Centre based at Guy's and St Thomas’ NHS Foundation
Trust in partnership with King’s College London. The UK Medical Research Council and Wellcome
(Grant ref: [217065/2/19/Z]) and the University of Bristol provide core support for ALSPAC.

Editor's evaluation

This important study provides convincing evidence that a third SARS-CoV-2 vaccination elicits
substantial increases in spike antibody responses, decreasing variability in titers observed after first
and second doses, and also decreasing differences between groups at low and high-risk of low
antibody responses. High antibody titers are subsequently associated with a lower incidence of
infection. This paper is strong methodologically and will be of interest to clinicians and public health
officials.

Introduction
Immunological responses to severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
and SARS-CoV-2 vaccination vary between individuals and over time (Shrotri et al., 2021a; Shrotri
et al., 2021b; Wei et al., 2021b). Within 2-4 weeks of infection, most individuals generate detectable
levels of several antibody subtypes (immunoglobulin A, M, G) directed against different domains of
the virus (Nucleocapsid protein, Spike protein, receptor-binding domain of Spike), which gradually
decline over time (Seow et al., 2020; Brochot et al., 2020; Wei et al., 2021a; Long et al., 2020;
Gaebler et al., 2021). Anti-Nucleocapsid antibodies are generated following infection but not by any
current SARS-CoV-2 vaccines, while anti-Spike antibodies are generated following infection or vacci-
nation. Levels of anti-Spike antibodies correlate with SARS-CoV-2-neutralising anti-receptor-binding
domain antibody titre (Perkmann et al., 2021). A similar profile of antibody induction with subse-
quent waning is observed after vaccination against SARS-CoV-2 (Shrotri et al., 2021a; Shrotri et al.,
2021b; Matsunaga et al., 2022; Pegu et al., 2021). Waning of antibody levels are likely correlated
with observed reductions in vaccine effectiveness over time (Pouwels et al., 2021; UKHSA, 2021;
Lopez Bernal et al., 2021). Reduced antibody neutralising activity and vaccine effectiveness have
been observed for variants of concern in comparison to ancestral SARS-CoV-2 (UKHSA, 2021; Collie
et al., 2022, Yu et al., 2022; Nemet et al., 2022; Cheng et al., 2022).

Anti-Spike antibody levels have been found to be inversely proportional to risk of future infection,
and so identified as a correlate of protection (Goldblatt et al., 2022a; Perry et al., 2022, Gilbert
et al., 2022; Goldblatt et al., 2022b; Feng et al., 2021; Dimeglio et al., 2022a; Dimeglio et al.,
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elLife digest Vaccination against the virus that causes COVID-19 triggers the body to produce
antibodies that help fight future infections. But some people generate more antibodies after vaccina-
tion than others. People with lower levels of antibodies are more likely to get COVID-19 in the future.
Identifying people with low antibody levels after COVID-19 vaccination is important. It could help
decide who receives priority for future vaccination.

Previous studies show that people with certain health conditions produce fewer antibodies after
one or two doses of a COVID-19 vaccine. For example, people with weakened immune systems. Now
that third booster doses are available, it is vital to determine if they increase antibody levels for those
most at risk of severe COVID-19.

Cheetham et al. show that a third booster dose of a COVID-19 vaccine boosts antibodies to high
levels in 90% of individuals, including those at increased risk. In the experiments, Cheetham et al.
measured antibodies against the virus that causes COVID-19 in 9,361 individuals participating in two
large long-term health studies in the United Kingdom. The experiments found that UK individuals
advised to shield from the virus because they were at increased risk of complications had lower levels
of antibodies after one or two vaccine doses than individuals without such risk factors. This difference
was also seen after a third booster dose, but overall antibody levels had large increases. People who
received the Oxford/AstraZeneca vaccine as their first dose also had lower antibody levels after one
or two doses than those who received the Pfizer/BioNTech vaccine first. Positively, this difference in
antibody levels was no longer seen after a third booster dose. Individuals with lower antibody levels
after their first dose were also more likely to have a case of COVID-19 in the following months.

Antibody levels were high in most individuals after the third dose. The results may help govern-
ments and public health officials identify individuals who may need extra protection after the first two
vaccine doses. They also support current policies promoting booster doses of the vaccine and may
support prioritizing booster doses for those at the highest risk from COVID-19 in future vaccination
campaigns.

2022b; Khoury et al., 2021). Goldblatt et al. estimated protective thresholds of 154 (95% Cl: 42, 559)
and 171 (95% ClI: 57, 519) BAU/mL for wild-type and alpha variant SARS-CoV-2 respectively and an
initial estimate range of 36-490 BAU/ml for delta variant (Goldblatt et al., 2022b), while Feng et al.,
2021 estimated 80% vaccine effectiveness against alpha variant for levels above 264 (95% Cl: 108,
806) BAU/mL. Dimeglio et al. estimated much higher levels of more than 6000 BAU/mL were needed
for protection against omicron variant BA.1, while no relationship was found between infection and
antibody level for BA.2 (Dimeglio et al., 2022b).

Several clinical variables contribute to variation in antibody response following vaccination. Lower
antibody levels following both first and second vaccinations have been observed in individuals with
particular comorbidities (including cancer, renal disease, and hepatic disease; Parry et al., 2021,
Monin et al., 2021; Kearns et al., 2021), individuals using immunosuppressant medications (Shrotri
et al., 2021a; Shrotri et al., 2021b; Parry et al., 2021, Monin et al., 2021), and individuals iden-
tified from electronic health records data as of moderate or high risk of COVID-19 complications
(according to UK government prior ‘Shielded Patient List’ criteria of conditions, ongoing treatments,
and medications) (Shrotri et al., 2021a; Shrotri et al., 2021b; GOV.UK, 2022b). Studies testing for
associations between antibody response and non-clinical factors such as socio-demographics have
been more limited. Here, the use of longitudinal studies, with broader catalogues of bio-social data,
are well suited to such investigations.

Here, we aimed to examine variables associated with variation in post-vaccination antibody levels,
and the subsequent likelihood of post-vaccination infection. We measured the antibody levels of
participants from two population-based longitudinal cohorts during the time of the UK vaccination
roll-out: TwinsUK (in April-May 2021 and November 2021-January 2022) (Verdi et al., 2019) and
Avon Longitudinal Study of Parents and Children (ALSPAC) (Fraser et al., 2013; Boyd et al., 2013)
(April-May 2021 only). We aimed firstly to assess the relationship between anti-Spike antibody levels
(identified as a correlate of protection against infection), measured after first or second vaccination
in April-May 2021, and an outcome of subsequent post-vaccination infection over the following 6-9
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months (identified through further serological evidence and/or self-reported COVID-19 from data
collected in TwinsUK between November 2021 and January 2022). Secondly, we used peri-pandemic
and historical data to investigate associations with an outcome of having relatively low antibody levels
following first, second (ALSPAC and TwinsUK), or third (TwinsUK only) vaccination, for multiple socio-
demographic, physical and mental health characteristics, prior SARS-CoV-2 infection, and vaccination
history. Finally, we used twin-pair analysis within TwinsUK to probe genetic and environmental contri-
butions to antibody level variation.

Methods

Study participants
TwinsUK is a UK-based national registry of monozygotic (MZ) and dizygotic (DZ) twins, with over
15,000 twins registered since 1992 (Verdi et al., 2019).

ALSPAC is a prospective population-based cohort of pregnant women with expected delivery
dates between April 1991 and December 1992 who lived in Bristol, UK, and the nearby surrounding
area; with follow-up of these women and their partners (collectively known as Generation 0, GO), and
their children (Generation 1, G1), ever since (Fraser et al., 2013, Boyd et al., 2013). The initial cohort
consisted of 14,541 pregnancies, with 13988 children alive at 1 year, and was later expanded when
children were approximately age 7, to give a total of 15454 pregnancies, with 14,901 children alive
at 1 year. Analyses herein were carried out solely with GO participants due to low rates of vaccination
among the G1 children generation at the time of initial serology.

During the COVID-19 pandemic, participants from both cohorts were invited to complete cohort-
specific questionnaires and to submit blood samples via post for SARS-CoV-2 antibody testing. In the
first round of coordinated testing in TwinsUK and ALSPAC, participants submitted samples in April
and May 2021. This first testing round is referred to throughout as Q2 testing (from calendar year
quarter 2 start date). Participants of TwinsUK were later invited for a second round of antibody testing
with the same assay, with samples collected from November 2021 to January 2022. This round of
antibody testing is referred to throughout as Q4 testing (from quarter 4 start date). Further details of
COVID-19 questionnaires and antibody testing are given in following sections.

Inclusion and exclusion criteria were as follows. Individuals with unknown vaccination status at
time of antibody testing were excluded from all analyses. For descriptive analysis of antibody levels
versus time since vaccination, all individuals with known vaccination status were included. For analysis
of variables associated with low antibody levels, individuals sampled fewer than 28 days since first
vaccination, or fewer than 14 days since second or third vaccination, were excluded (these thresholds
were chosen to allow sufficient time for an immunological response after each vaccine dose, based on
previous studies Shrotri et al., 2021a; Shrotri et al., 2021b), while individuals with 77 days or more
since first vaccination were excluded in case of misclassification due to unreported further vaccina-
tion (based on 11-12 week spacing between doses for majority of adults in the UK). In addition to
the above criteria, for analysis of variables associated with post-vaccination infection within TwinsUK,
individuals must have participated in Q2 antibody testing followed by either Q4 antibody testing and/
or concurrent COVID-19 questionnaire.

Questionnaires administered during the COVID-19 pandemic

TwinsUK COVID-19 questionnaires were administered in April-May 2020 (Suthahar et al., 2021),
July-August 2020, October-December 2020, April-July 2021 (approximating first round of anti-
body testing, Q2), and November 2021-February 2022 (approximating second round of antibody
testing, Q4). ALSPAC COVID-19 questionnaires were administered in April-May 2020 (Northstone
et al., 2020a), May-July 2020 (Northstone et al., 2020b), October 2020 (Northstone et al., 2021),
November 2020-March 2021 (approximating first round of antibody testing, Q2) (Smith et al., 2021),
and July-December 2021.

Details of variables collected through cohort-specific pandemic questionnaires are provided in
Supplementary file 1. Questions included self-reported SARS-CoV-2 infection and symptoms, results
of SARS-CoV-2 testing, and vaccination status (date, dose number, manufacturer/brand) once the
UK SARS-CoV-2 vaccination programme had commenced (8 December 2020). Questions made no
distinction between pre-planned third vaccination for high-risk individuals and third vaccination given
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as part of the wider community ‘booster’ campaign — as such we refer to third vaccination or triple-
vaccinated individuals throughout. By virtue of the national vaccination roll-out policy (tiered by age
and at-risk status), at Q2 participants may have received nought, one, or two vaccination doses; by Q4
some individuals had received a third dose.

As questionnaires were cohort-specific, assessed variables were not completely uniform (both
question wording and collected data). Details for comparison are shown in Supplementary file 1.

SARS-CoV-2 antibody testing

Q2 testing in TwinsUK and ALSPAC occurred along with an additional nine UK-based longitudinal
studies who collected samples in unison as part of the UK National Core Studies Longitudinal Health
& Wellbeing (NCS-LH&W) programme (University College London, 2022). Additional cohort-specific
details and results for ALSPAC and Extended Cohort for E-health, Environment and DNA (EXCEED)
are provided elsewhere (Lee et al., 2021; Major-Smith et al., 2021). Data availability in cohorts
limited analysis to TwinsUK and ALSPAC.

For TwinsUK antibody testing in Q2 and Q4, invitation criteria were based on availability of email
addresses and/or completion of previous COVID-19 questionnaires. ALSPAC invitation criteria are
given in detail elsewhere (Major-Smith et al., 2021). For both cohorts, participants received finger-
prick blood sample collection kits via post. Blood sample collection was self-administered. Samples
were sent via post to either Pura Diagnostics or Eurofins County Pathology (partner laboratories of
Thriva Ltd), who assayed samples and shared results with TwinsUK and ALSPAC. Quantitative 1gG
anti-Spike SARS-CoV-2 antibody levels and qualitative IgG anti-Nucleocapsid antibody status were
assayed using CE-marked capillary blood Roche Elecsys Anti-SARS-CoV-2 immunoassays (Roche,
2021). Quantitative anti-Spike results were given in units per millilitre (U/mL), with a quantitative range
of 0.4-250 U/mL for Q2 testing. For Q4 testing, samples were diluted to give an expanded quantita-
tive range of 0.4-25000 U/mL, allowing quantitative discernment for higher levels at this timepoint.
Tests had a positive threshold of 0.8 U/mL. One U/mL is equivalent to 1 unit of WHO standardised
unit, binding antibody units per millilitre (BAU/mL) (WHO international standard: 20/136 NIBSC,
2020). Thus, we have quoted results in BAU/mL to aid comparison across studies. Anti-Nucleocapsid
results were qualitative, with a positive result for a value greater than a cut-off unit = 1.

Additional antibody testing was also undertaken in-house for TwinsUK samples between April 2020
and April 2021. Quantitative enzyme-linked immunosorbent assay (ELISA) testing anti-Nucleocapsid
and anti-Spike antibody levels were performed using previously published methods (Seow et al.,
2020). These data were used to determine serology-based infection status prior to Q2 antibody
testing.

Identification of SARS-CoV-2 infection
Assessment of prior SARS-CoV-2 infection, at time of antibody testing

Prior SARS-CoV-2 infection was classified with three distinct variables derived from self-reported
questionnaire data or serological testing.

1. 'SARS-CoV-2 infection status (self-reported)’: derived solely from self-reported COVID-19 infec-
tion and testing questionnaire data. The classification was primarily derived from responses
to ‘Do you think that you have or have had COVID-19?" in prior questionnaires. Classification
options are given below:

Confirmed case: 'Yes, confirmed by a positive test'.

. Suspected case: 'Yes, suspected by a doctor but not tested'.

Suspected case: 'Yes, my own suspicions’.

. Unsure (TwinsUK only): ‘Unsure’.

. No: ‘No’. In TwinsUK questionnaires only, individuals were also asked to self-report any posi-
tive COVID-19 tests. Infection status of individuals who self-reported a positive test was
classified as a confirmed case, irrespective of their answer to the question above.

2. 'SARS-CoV-2 infection status (serology-based)’: derived from laboratory serological testing
(Q2 [TwinsUK and ALSPAC], Q4 [TwinsUK only], and/or other within-cohort testing [TwinsUK
only]), informed by self-reported vaccination status. We followed Centers for Disease Control
and Prevention guidance on interpretation of anti-Nucleocapsid and anti-Spike results while
accounting for vaccination status (CDC, 2021) as follows:

® Q0T
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a. Evidence of SARS-CoV-2 infection: A positive anti-Nucleocapsid result at any time or a posi-
tive anti-Spike result prior to vaccination.

b. No evidence of SARS-CoV-2 infection: Negative anti-Nucleocapsid and anti-Spike result
prior to vaccination, or negative anti-Nucleocapsid and positive anti-Spike result following
vaccination (anti-Spike antibody assumed to be generated by vaccination).

3. 'Anti-Nucleocapsid antibody status’: derived solely from laboratory serological testing (from Q2

or Q4 testing only). The classification was as follows:

a. Positive: Positive anti-Nucleocapsid test result at Q2 or Q4 testing.

b. Negative: Negative anti-Nucleocapsid test result at Q2 or Q4 testing.

From these variables, distinct measures of the proportion of individuals with evidence of prior
SARS-CoV-2 infection, or ‘natural infection’, at time of Q2 and Q4 testing were quantified within both
cohorts.

Thus, ‘SARS-CoV-2 infection status (self-reported)’ and ‘SARS-CoV-2 infection status (serology-
based)’ variables identify individuals with any history of SARS-CoV-2 infection (who are not necessarily
seropositive for anti-Nucleocapsid antibodies at time of testing), while ‘Anti-Nucleocapsid antibody
status’ assesses the contemporaneous level of infection-induced antibody response.

Assessment of post-vaccination SARS-CoV-2 infection

For analysis of variables associated with post-vaccination SARS-CoV-2 infection (performed within
TwinsUK only), individuals with post-vaccination SARS-CoV-2 infections were identified using the
following criteria:

1. A 'suspected case’ or ‘confirmed case’ from ‘SARS-CoV-2 infection status (self-reported)’ vari-
able at Q4 testing, with symptoms commencing after first vaccination. Infection and vaccination
dates obtained from COVID-19 questionnaires.

2. A ‘confirmed case’ from ‘SARS-CoV-2 infection status (self-reported)’ variable at Q4 testing,
with a self-reported positive antigen test dated after first vaccination. Infection and vaccination
dates obtained from COVID-19 questionnaires.

3. A positive SARS-CoV-2 anti-Nucleocapsid result at Q4 testing after previous negative anti-
Nucleocapsid results up to and including Q2, for individuals vaccinated at least once at Q2. The
approximate date of infection is unknown for individuals who meet this criterion only.

Individuals meeting one or more of these criteria were considered as having post-vaccination
infection. Individuals who did not meet any of these criteria were considered as controls (i.e., no
post-vaccination infection). Individuals must have participated in TwinsUK Q4 antibody testing and/or
concurrent COVID-19 questionnaire for post-vaccination infection to be determinable and for inclu-
sion as controls or cases.

Phenotypic data list

Variables from antibody testing and pandemic questionnaire data were supplemented with pre-
pandemic socio-demographic and health variables for TwinsUK and ALSPAC analyses (details in
Supplementary file 1). A full list of variables considered in analyses is given in Table 1.

Statistical analyses

Descriptive analysis of antibody levels after first, second, and third
vaccination

Median, interquartile range, 10th and 5th percentile antibody levels were produced for univariate
splits of adjustment and exposure variables listed in Table 1. Differences in median antibody levels
(per Results) were tested using a two-sided Mann-Whitney U-test (Mann and Whitney, 1947). Trend

in median antibody level versus number of weeks post-vaccination was tested using the Mann-Kendall
trend test (Mann, 1945; Kendall, 1975).

Association between SARS-CoV-2 infection and socio-demographic
variables

Associations between SARS-CoV-2 infection, quantified from SARS-CoV-2 infection status (self-
reported), SARS-CoV-2 infection status (serology-based), and anti-Nucleocapsid antibody status, and
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Variables marked with an asterisk were outcome variables in logistic regression analyses; all other
variables were adjustment or exposure variables. Variables only available in TwinsUK are notated as

[TUK], and those only in ALSPAC as [ALSPAC].
Variable group

Variable

Antibody levels

Anti-Spike level*

Socio-demographic

Age

Sex

Ethnicity

Local area deprivation (index of multiple deprivation, IMD
[using national IMD rank decile/quintile]) (GOV.UK, 2019,
Northern Ireland Statistics and Research Agency,
2017, Gov.scot, 2020, GOV.WALES, 2021)

Rural-urban classification [TUK] (GOV.UK, 2022a)
Highest educational attainment

Employment status

COVID-19 infection

SARS-CoV-2 infection status (self-reported)
SARS-CoV-2 infection status (serology-based)
Anti-Nucleocapsid antibody status
Post-vaccination SARS-CoV-2 infection [TUK]*

CQOVID-19 vaccination

Brand/manufacturer of first/second/third vaccination
Number of weeks between first/second/third vaccination
and antibody sampling

Health indicators

Body mass index

Frailty index [TUK] (derived following Searle et al., 2008)
Frailty (PRISMA-7 assessment; Raiche et al., 2008)
[ALSPAC]

Self-reported advised as on ‘Shielded Patient List’
Self-rated health (5-point scale from ‘poor’ to ‘excellent’)
Prescribed immunosuppressant medication [TUK]
Self-reported immunocompromised [ALSPAC]

Anxiety (hospital anxiety and depression assessment
scale (HADS) [TUK] Zigmond and Snaith, 1983, or 7-item
generalised anxiety disorder scale (GAD-7) [ALSPAC]
Spitzer et al., 2006, assessment)

Depression (HADS [TUK] or short mood and feelings
questionnaire (SMFQ) [ALSPAC] Turner et al., 2014
assessment)

Number of comorbidities from: anxiety/depression,
diabetes, cancer, hypertension, heart disease

Individual comorbidities

Anxiety

Arthritis (any) [TUK]
Asthma

Atrial fibrillation [TUK]
Cancer (any)
Depression

Diabetes (any)

Heart disease

High cholesterol [TUK]
Hypertension

Lung disease
Osteoporosis [TUK]
Rheumatoid arthritis [TUK]
Stroke [TUK]

Comorbidity domains

Cardiac disease [TUK]

Cardiac risk factors [TUK]
Neurological disease

Subjective memory impairment [TUK]
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age, sex, ethnicity, local area deprivation, and rural-urban classification were tested using the chi-
square test of independence.

Logistic regression analyses

Within TwinsUK only, univariable and multivariable logistic regression were used to test associations
between an outcome of post-vaccination SARS-CoV-2 infection and exposure variables related to:
Q2 anti-Spike antibody levels; socio-demographics; COVID-19 infection; COVID-19 vaccination.
In TwinsUK and ALSPAC, multivariable logistic regression was also performed to test associations
between the outcome of low anti-Spike antibody levels (as defined below) after each round of vacci-
nation (after first and second vaccinations for both TwinsUK and ALSPAC, and after third vaccination
for TwinsUK only) and all exposure variables previously listed.

Each model included the outcome variable, a single exposure variable of interest, and a set of
adjustment variables. Individual exposure variables of interest were tested in sequence, fitting a sepa-
rate logistic regression model for each combination of outcome, adjustment, and exposure variables.
Only individuals with complete data for the given model were included. For each categorical vari-
able within logistic regression models, reference categories were chosen based on the normative,
modal, maximum or minimum value/category, as appropriate (reference categories given in Supple-
mentary file 1). Within TwinsUK models only, the HC3 estimator of logistic regression coefficient
standard errors was used to account for heteroskedasticity (which biases conventional standard errors
in analysis of related twin-pairs; Hayes and Cai, 2007, statsmodels, 2021; Farbmacher and Kégel,
2017). (Two-sided) p-values were corrected for multiple testing using the Benjamini/Hochberg p-value
adjustment (Benjamini and Hochberg, 1995).

An outcome of post-vaccination SARS-CoV-2 infection was identified using the criteria previously
described. An a priori outcome of ‘low anti-Spike antibody levels’ was defined relatively within each
group stratified by vaccination status (single-, double-, triple-vaccinated within TwinsUK, and single-,
double-vaccinated within ALSPAC) and assigned to individuals in the lowest 10% of anti-Spike anti-
body levels. As such the anti-Spike threshold value used to define low levels varied between models.
Most double-vaccinated individuals at Q2 testing had antibody levels above the upper assay limit of
250 BAU/mL (TwinsUK: 92%, ALSPAC: 92%). Thus, a threshold of <250 BAU/mL was used instead
of 10% to identify low antibody levels after second vaccination at Q2 testing, corresponding to the
lowest 8% in both TwinsUK and ALSPAC. In total, for each exposure variable, there were four TwinsUK
models and two ALSPAC models.

Multivariable models testing association between post-vaccination SARS-CoV-2 infection and anti-
Spike antibody levels used the following sets of adjustment variables: (1) number of weeks since
most recent vaccination; (2) age, sex, number of weeks since most recent vaccination. Multivariable
models testing association between post-vaccination SARS-CoV-2 infection and socio-demographic
variables used the following sets of adjustment variables: (1) age; (2) age, SARS-CoV-2 infection status
(serology-based); (3) age, sex, SARS-CoV-2 infection status (serology-based). Multivariable models
testing associations with low anti-Spike antibody levels used the following set of adjustment vari-
ables: age, sex, most recent vaccine received, and number of weeks since most recent vaccination.
Adjustment variables were chosen based on relatively large effects observed in preliminary descrip-
tive analysis.

Twin-pair analyses

To assess the relationship between zygosity and relatedness on variation in antibody levels between
pairs of individuals after third vaccination within TwinsUK, antibody level differences were calculated
for all pairs of MZ and DZ twins, and within all combinations of non-related pairs. The difference
between the resulting median pair differences within MZ, DZ, and non-related pairs were tested using
the two-sided Mann-Whitney U-test.

For variables associated with low antibody levels (from logistic regression analyses), within-twin-
pair associations with unadjusted anti-Spike antibody levels after third vaccination were tested using
‘within-between’ generalised linear mixed effects models. Such models implicitly control for pair-
specific shared genetic and environmental factors by design and are commonly used in twin-pair
studies as described elsewhere (Carlin et al., 2005). The pseudonymised family identifier variable
was fitted as a random effect, allowing intercept to vary for each twin-pair. For the exposure variable
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of interest, twin-pair mean values and difference-to-twin-pair-mean values were calculated and both
included as ‘between-pair’ and ‘within-pair’ variables in models, respectively. Age, sex, number of
weeks since third vaccination, brand of vaccine received for third vaccination, and SARS-CoV-2 infec-
tion status (serology-based) were also included in models as adjustment variables. For each exposure
variable, separate models were fitted for MZ and DZ twin-pairs. Differences between ‘between-pair’
and ‘within-pair’ coefficients were tested using a Wald test. Unpaired single twins and individuals
without data for all variables were excluded from the given model.

Software

TwinsUK analyses were performed using python v3.8.8 (Van Rossum and Drake, 2009) and pack-
ages: numpy v1.20.1, pandas v1.2.4, statsmodels v0.12.2, scipy v1.6.2, scikit-learn v0.24.1, matplotlib
v3.3.4, pymannkendall v1.4.2, seaborn v0.11.1. ALSPAC analyses were performed using python v3.9.7
and packages: numpy v1.20.3, pandas v1.3.4, matplotlib v3.4.3, and seaborn v0.11.2, and R v4.1.2 (R
Development Core Team, 2021) and packages: plyr v1.8.6, dplyr v1.0.7, and broom v0.7.11.

Results

Cohort characteristics

Antibody levels were measured in 9361 individuals at two timepoints — 4256 individuals from TwinsUK
and 4622 individuals from ALSPAC during April and May 2021 (referred to throughout as Q2 [calendar
year quarter 2] testing), and 3575 individuals from TwinsUK in follow-up testing from November 2021
to January 2022 (referred to throughout as Q4 [quarter 4] testing). Response rates, as the percentage
who returned sample after consenting and being sent a sample collection kit, were as follows: TwinsUK
Q2: 87%, TwinsUK Q4: 80%, ALSPAC Q2: 79%. Flow charts showing identification of analysis samples
are given in Figure 1—figure supplements 1-3. Results of antibody testing and selected charac-
teristics are summarised in Table 2 (with extended characteristics given in Supplementary file 2).
Consistent with the tiered UK vaccination campaign, individuals who had received more vaccinations
at either timepoint were older, more likely to be on the UK ‘Shielded Patient List' (GOV.UK, 2022b),
and had lower self-rated health, compared with those with fewer vaccinations. Participants were
predominantly female and the vast majority were of white ethnicity in both cohorts, consistent with
the broader composition of both cohorts. Prevalence of SARS-CoV-2 infection differed according to
the measure of infection, either from self-report or from serological testing, and varied by vaccination
status, socio-demographic variables, and between the two timepoints examined (Table 2, Supple-
mentary file 3, Figure 1—figure supplement 4).

Antibody levels after first, second, and third vaccination
Considering firstly data from Q4 testing undertaken within TwinsUK only, cross-sectional antibody
levels following third vaccination were much greater and more sustained, with less inter-individual
variability, compared to levels for those with fewer vaccinations. The median anti-Spike antibody
levels in individuals who had received a third vaccination (unadjusted for time since vaccination) were
over 10-fold higher than for individuals after second vaccination: 13700 BAU/mL after third vaccina-
tion, 1300 BAU/mL after second vaccination, 50 BAU/mL after first vaccination (Figure 1, detailed
univariable splits of anti-Spike levels given in Supplementary file 4). There were also large increases in
absolute levels for individuals at the bottom of the antibody level distribution after third vaccination,
with 90% having level greater than 5000 BAU/mL, close to the estimated 6000 BAU/mL threshold esti-
mated to confer partial protection against the omicron variant (Dimeglio et al., 2022b). The antibody
level distribution after third vaccination was relatively narrower compared with earlier vaccination
(median:IQR ratios of 0.54, 0.27, and 0.89 among Q2 single-vaccinated, Q4 double-vaccinated, and
Q4 triple-vaccinated sub-samples, respectively), with smaller scale-factor differences between those
with median and lowest levels (median:10th percentile ratios of 5.6, 11.8, and 2.7 among Q2 single-
vaccinated, Q4 double-vaccinated, and Q4 triple-vaccinated sub-samples, respectively).

Considering antibody levels versus time since vaccination: within TwinsUK Q4 results, median anti-
body levels up to 16 weeks since third vaccination were highest in individuals sampled 2-3 weeks after
vaccination (median: 24600 BAU/mL, n=203) (Figure 2). Although median antibody levels decreased
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Figure 1. Anti-Spike antibody levels stratified by cohort and vaccination status at Q2 and Q4 antibody testing. Dot and box plots showing distribution
of anti-Spike antibody levels within Avon Longitudinal Study of Parents and Children (ALSPAC) and TwinsUK, for those not vaccinated or individuals
single-, double- or triple-vaccinated at time of sampling. Data shown for individuals sampled at least 4 weeks after first vaccination, and at least 2 weeks
after second or third vaccination to allow time for antibody generation. Length of box plot whiskers are limited to 1.5 times the interquartile range. Red
lines show 10th percentile levels. Assay upper limit is shown by black dotted lines, with 0.4-250 BAU/mL range for Q2 results and 0.4-25000 BAU/mL for
Q4 results, with a positive threshold of 0.8 BAU/mL. Percentage of values above assay upper limit is given on right side of plots.

The online version of this article includes the following figure supplement(s) for figure 1:
Figure supplement 1. Flow chart showing identification of analysis samples from Q2 antibody testing within TwinsUK.
Figure supplement 2. Flow chart showing identification of analysis samples from Q4 antibody testing within TwinsUK.

Figure supplement 3. Flow chart showing identification of analysis samples from Q2 antibody testing within Avon Longitudinal Study of Parents and
Children (ALSPAC).

Figure 1 continued on next page
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Figure supplement 4. SARS-CoV-2 infection prevalence by socio-demographic factors in TwinsUK.

between 2 and 8 weeks after third vaccination, there was no evidence of further decline between 8
and 16 weeks (Mann-Kendall trend test in median levels at 8+ weeks, p=0.60), and high absolute
levels of antibodies were sustained (8+ weeks median = 9200 BAU/mL [IQR: 5800-16000 BAU/mL],
n=519). These cross-sectional trends in median antibody levels versus time since third vaccination
persisted when stratifying by age and other variables. Similarly, for individuals sampled 13-33 weeks
after second vaccination, longer time since vaccination was also associated with lower antibody levels.

From Q2 results, antibody levels peaked at 9 weeks after first vaccination in both TwinsUK and
ALSPAC. After second vaccination, median levels breached the 250 BAU/mL assay limit from 2 weeks
onwards, precluding further time assessment.

Factors associated with recorded post-vaccination infection in TwinsUK
Given the large variability in antibody response after first vaccination (Figure 1), we investigated
whether a lower antibody response after first vaccination associated with post-vaccination ‘break-
through’ infection, as evidenced by self-report (suspected or confirmed case) and/or serological
testing (positive anti-Nucleocapsid test after vaccination). Within TwinsUK, post-vaccination SARS
CoV-2 infection (between first vaccination and Q4 testing) was recorded in 276 of 2993 (9.2%) indi-
viduals (further details related to post-vaccination infection given in Supplementary file 5). Among
those tested at Q2 while single-vaccinated, individuals with lower antibody levels had increased risk of
subsequent infection over the next 6-9 months (Table 3). After controlling for age, sex, and number
of weeks since vaccination, those with anti-Spike levels in the lowest 80% within the sample, <164
BAU/mL, had two- to threefold odds of post-vaccination infection than those in the highest quintile,
>164 BAU/mL, with those in the lowest quintile, <18 BAU/mL, having the largest effect size (OR =
2.9[95% ClI: 1.4-6.0], p=0.02). Odds of post-vaccination infection was also found to be lower in older
age groups (e.g., 80+ versus 18-49, OR = 0.18 [95% CI: 0.07-0.44], p=0.002), those with serological
evidence of SARS-CoV-2 infection prior to Q2 testing versus those without (OR = 0.46 [95% Cl: 0.32-
0.67], p=0.0009), and for those who were retired versus employed (OR = 0.49 [95% CI: 0.33-0.74],
p=0.01) (full multivariable results in Supplementary file 6).

Factors associated with lower antibody levels within TwinsUK and
ALSPAC

We tested for associations with having lower antibody levels after each round of vaccination. Lower
antibody levels were defined as the lowest 10% within each sub-sample of cohort, testing round and
vaccination status (<250 BAU/mL threshold corresponding to lowest 8% in both TwinsUK and ALSPAC
used for Q2 double-vaccinated sub-samples where assay limit did not allow lowest 10% to be iden-
tified). Relative thresholds were used rather than absolute values due to the variation in reported
thresholds between studies and for different SARS-CoV-2 variants, while the more general principal
that antibody levels are inversely correlated with risk of infection has remained consistent throughout
the COVID-19 pandemic. Increased odds of lower antibody levels were consistently observed across
multiple vaccination rounds in TwinsUK and/or ALSPAC (Figure 3) for the following health-related
variables:

1. Those advised as being on the UK ‘Shielded Patient List" (NHS Digital, 2021; NHS Digital,
2022). For example, for lowest 10% after first vaccination, TwinsUK: (OR = 4.0, [95% CI: 2.2-7 4],
p=0.0001), ALSPAC: (OR = 4.1, [95% ClI: 1.8-9.5], p=0.02).

2. Those with poorer self-rated health. For example, for lowest 10% after first vaccination in
TwinsUK: (OR = 1.4, [95% Cl: 1.1-1.6], p=0.02), for a -1 step on an ordinal 1-5 (poor-excellent)
scale.

3. Those with indicators of immunosuppression. For example, for lowest 10% after second vaccina-
tion in TwinsUK: (OR = 4.2, [95% Cl: 1.9-9.5], p=0.006), or for lowest 10% after first vaccination
in ALSPAC: (OR = 6.2, [95% CI: 2.7-14.5], p=0.001).

Results for all exposure variables are presented Supplementary file 7.
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Figure 2. Anti-Spike antibody levels versus time since most recent vaccination, stratified by cohort and vaccination status at Q2 and Q4 antibody

testing. Dot and box plots showing distribution of anti-Spike (anti-S) antibody levels within unvaccinated, single-, double- and triple-vaccinated

individuals within Avon Longitudinal Study of Parents and Children (ALSPAC) (Q2 testing) and TwinsUK (Q2 and Q4 testing), plotted against the number
of weeks since most recent vaccination at time of sampling. Length of box plot whiskers are limited to 1.5 times the interquartile range. Red lines show

Figure 2 continued on next page
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Figure 2 continued

10th percentile levels. Assay upper limit is shown by black dotted lines, with 0.4-250 BAU/mL range for Q2 results and 0.4-25000 BAU/mL for Q4 results,
with a positive threshold of 0.8 BAU/mL. X-axes are limited to weeks with results for five or more individuals, noting TwinsUK Q4 second vaccination sub-
plot begins at 13 weeks since vaccination.
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Individuals in both cohorts who received the AZD1222 (Oxford/AstraZeneca) vaccine versus
BNT162b2 (Pfizer BioNTech) were more likely to have lower antibody levels after first vaccination
(for lowest 10% in TwinsUK: (OR = 3.1, [95% ClI: 1.5-6.4], p=0.02), and ALSPAC: (OR = 3.2, [95% CI:
1.4-7.7], p=0.09)), and second vaccination (for lowest 8% in TwinsUK Q2: (OR = 3.0, [95% ClI: 1.4-6.2],
p=0.03), TwinsUK Q4: (OR = 45.7, [95% Cl: 5.6-372], p=0.001), and ALSPAC: (OR = 20.3, [95% ClI:
6.4-64.7], p=0.0001)). However, receiving AZD1222 at second vaccination was not associated with
lower antibody levels after third vaccination in TwinsUK (for lowest 10%, (OR = 1.1, [95% Cl: 0.8-1.6],
p=0.8)). Those with longer time since vaccination at time of sampling had increased odds of lower
antibody levels after second and third vaccination, while individuals sampled later after first vacci-
nation had decreased odds of lower antibody levels. Lower likelihood of lower antibody levels was
seen across multiple rounds of vaccination within TwinsUK for those with evidence of SARS-CoV-2
infection prior to antibody testing, either through serological testing (e.g., outcome: lowest 10% after
third vaccination (OR = 0.45, [95% Cl: 0.28-0.71], p=0.004)) or self-reported confirmed cases (e.g.,
outcome: lowest 10% after third vaccination (OR = 0.25, [95% CI: 0.13-0.45], p=0.0001)), but not for
self-reported suspected cases.

Less consistent associations (i.e., not observed across more than one round of vaccination) with
increased likelihood of lower antibody levels were seen in TwinsUK for several other variables: very
frail, high multimorbidity (three or more of five selected comorbidities), rheumatoid arthritis, employ-
ment status of permanently or long-term sick or disabled, and lower educational attainment (Supple-
mentary file 7). No clear associations with lower antibody levels were seen with age, sex, or BMI in
either TwinsUK or ALSPAC.

Twin-pair analysis in TwinsUK after third vaccination
Within TwinsUK, pairs of identical MZ twins showed smaller average intra-pair anti-Spike antibody
level differences after third vaccination versus non-identical DZ twin-pairs (median twin-pair difference

Table 3. Association between post-vaccination infection and anti-Spike antibody levels within
TwinsUK.
Logistic regression model results, testing association between post-vaccination infection, and Q2
anti-Spike antibody levels in single-vaccinated individuals within TwinsUK. Reference category
was a Q2 antibody level in quintile 5 (highest 20%). Results present odds ratios, unadjusted 95%
confidence intervals, and p-values adjusted for multiple testing.
Adjusted for:
Age, sex,
weeks since
Adjusted for: Weeks vaccination

Unadjusted since vaccination OR (95% ClI),
OR (95% Cl), p-value OR (95% Cl), p-value p-value

Post-vaccination infection

Q2 antibody level incidence rate (%)

Quintile 1 (lowest

20%): 3.23 (1.58-6.58), 2.85(1.39-5.86), 2.93(1.42-
0.4-18 BAU/mL 32/233 (13.7%) p=0.009 p=0.03 6.04), p=0.02
Quintile 2: 18-40 1.97 (0.92-4.21), 2.04 (0.94-4.43), 2.15(0.99-
BAU/mL 20/226 (8.8%) p=0.11 p=0.08 4.68), p=0.06
Quintile 3: 40-73 1.95(0.92-4.15), 2.26 (1.04-4.92), 241 (1.11-
BAU/mL 21/239 (8.8%) p=0.11 p=0.06 5.27), p=0.04
Quintile 4: 73-164 2.04 (0.96-4.33), 2.39 (1.10-5.22), 2.55(1.17-
BAU/mL 21/230 (9.1%) p=0.11 p=0.06 5.58), p=0.04
Quintile 5 (highest
20%): =164 BAU/mL
(reference) 11/234 (4.7%) 1.00 1.00 1.00
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Figure 3. Associations with low relative anti-Spike antibody levels within TwinsUK and Avon Longitudinal Study of Parents and Children (ALSPAC). Odds
ratios with unadjusted 95% confidence intervals for selected exposure variables, testing associations with low anti-Spike antibody levels, for sub-samples
of TwinsUK (purple circles) and ALSPAC (red diamonds) individuals tested in Q2 or Q4, while single-, double-, or triple- vaccinated. Low antibody levels
were defined as the lowest 10% within the given sub-sample, except for ALSPAC and TwinsUK Q2 double-vaccinated sub-samples where lowest 8% is
used due to assay upper limit. Each point estimate originates from a distinct multivariate logistic regression model, including the exposure variable of
interest and adjustment variables of age, sex, name of most recent vaccine received and weeks since most recent vaccination. Note x-axis ranges on
sub-plots vary, and vaccine received panel uses a logarithmic x-axis. Odds ratio = 1 is indicated with a dashed black line.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Antibody level differences after third vaccination between related twins and non-related pairs.

= 5000 BAU/mL versus 6800 BAU/mL, p=0.0002 for MZ versus DZ), while differences between pairs
of non-related individuals were largest (median difference = 7900 BAU/mL, p<0.0001 for MZ versus
non-related) (Figure 3—figure supplement 1, Supplementary file 8).

Generalised linear mixed effects regression models of MZ and DZ twin-pairs were performed
with anti-Spike antibody levels after third vaccination as the dependent variable, to further test the
persistence of associations between shielding status and antibody levels when shared genetics and
early life factors were taken into account. Within MZ twin-pairs discordant for ‘Shielded Patient List’
status, twins on the ‘Shielded Patient List’ (within-pair regression coefficient: -3700 BAU/mL, [95% ClI:
—-6500, -880 BAU/mL], p=0.01) had lower antibody levels after third vaccination than their co-twin
(Supplementary file 9). Between-pair associations with antibody levels were also observed for self-
rated health, frailty index, and highest educational attainment, but within-pair coefficients were not
significant (Supplementary file 9).

Cheetham et al. eLife 2023;12:€80428. DOI: https://doi.org/10.7554/eLife.80428

17 of 27


https://doi.org/10.7554/eLife.80428

e Llfe Research article

Epidemiology and Global Health | Medicine

Discussion

In this study we used SARS-CoV-2 anti-Nucleocapsid and anti-Spike antibody testing, and question-
naire data collected at multiple timepoints during and before the COVID-19 pandemic, to investigate
associations with antibody response to vaccination in TwinsUK and ALSPAC longitudinal population-
based cohorts.

Firstly, we observed large non-linear increases in antibody levels between first, second, and third
vaccination, both at the median and 10th percentile levels where risk of infection is heightened,
with a relatively narrowed antibody level distribution after third vaccination producing a more even
response across the sampled population. Secondly, individuals with lower levels of anti-Spike anti-
bodies following first vaccination were at higher risk of future SARS-CoV-2 infection at any subsequent
time, including after further vaccinations, providing further indication of anti-Spike antibody levels as
a correlate of protection. Thirdly, the following groups all had higher odds of having lower antibody
levels following vaccination: those on the UK ‘Shielded Patient List’; those with lower self-rated health;
those who received AZD1222 (Oxford/AstraZeneca) vaccine for first and second vaccination; those
sampled at longer time since second vaccination and third vaccination; those prescribed immuno-
suppressant medication (in TwinsUK) or with self-reported immunosuppression (in ALSPAC). These
findings were consistent across multiple rounds of vaccination and/or in both cohorts. Individuals
with evidence of SARS-CoV-2 infection prior to sampling were less likely to have lower antibody
levels, consistent with previous studies that postulating that the quantity and quality of antibody
response were linked to the total number of exposures to SARS-CoV-2 (Walls et al., 2022; Bates
et al., 2022). Finally, in analyses exploiting the twin-pair design of the TwinsUK cohort, we found
that genetic factors influenced antibody level variation (considered only after third vaccination), with
smaller differences in antibody levels within genetically identical MZ pairs compared with DZ pairs.
Twin-pair regression models showed that association between antibody levels and ‘Shielded Patient
List’ status was independent of genetic and other shared factors, after explicit adjustment for key
vaccination and infection variables.

Longitudinal antibody testing within TwinsUK at Q4 highlighted the effectiveness of third vacci-
nation at both increasing absolute levels of antibodies and reducing variability in post-vaccination
antibody levels evident after earlier doses. Even among sub-groups associated with having the lowest
antibody levels and/or higher risk of severe COVID-19, such as shielding, frail, and/or immunosup-
pressed individuals, over 75% of individuals had levels above 6000 BAU/mL (Supplementary file
4), the minimum level estimated to give partial protection against omicron BA.1 variant (Dimeglio
et al., 2022b). Moreover, although individuals receiving AZD1222 vaccine (versus BNT162b2 [Pfizer
BioNTech]) were more likely to have lower antibody levels after first and second vaccination, this
disparity was no longer evident after third vaccination, consistent with lower vaccine effectiveness
and increased post-vaccination infection after first or second vaccination following AZD1222 versus
BNT162b2 (UKHSA, 2021, Katikireddi et al., 2022; Stouten et al., 2022), but only minor differences
after third vaccination (UKHSA, 2021; Menni et al., 2022).

Notably, health-related variables associated with lower antibody levels were more general (self-
rated poor health, immunosuppression indicators) and/or collective measures with wide-ranging
criteria (e.g., ‘Shielded Patient List’, very frail, multimorbidity), rather than specific factors such as
individual comorbidities (e.g., rheumatoid arthritis). These more general and collective measures
may contain more specific risk factors for which we did not have data or sufficient sample size to
detect, or could suggest that variation in post-vaccination antibody levels between individuals may
originate from a wide range of variables in combination. Of the several variables associated with
antibody levels, only serology-based evidence of prior SARS-CoV-2 infection was directly associated
(here, negatively associated) with subsequent post-vaccination infection between April-May 2021
and November 2021-January 2022 (majority sampled before the January 2022 UK omicron variant
peak). We found no consistent associations of lower antibody levels with age or employment status,
but a very strong age gradient (lower incidence with older age) and lower likelihood among retired
(versus employed) individuals of post-vaccination infection. These results are consistent with risk of
infection being a complex combination of SARS-CoV-2 case prevalence, individual immune response
to vaccination, and individual level of exposure. Given the relaxation of measures across many coun-
tries, groups previously less exposed, for example, due to shielding guidance, may become more at
risk.
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We also acknowledge limitations of this work. Both TwinsUK and ALSPAC (Generation 0) partic-
ipants are disproportionately older, female, and more likely of white ethnicity, in comparison to the
UK population. Geographically, TwinsUK (based in London) is skewed towards lower deprivation areas
in south east England and ALSPAC (based in Bristol) towards south west England. Consequently,
the generalisability of our findings to non-white UK and international populations, in addition to our
ability to detect associations with smaller effect sizes, is limited. Our analyses are subject to selec-
tion biases due to use of multiple and varying data collections that rely on voluntary participation.
This may cause collider bias and affect findings as outlined elsewhere (Griffith et al., 2020; Munafé
et al., 2018). For example, indicators of poorer health have been associated with lower response to
COVID-19 questionnaires in ALSPAC (Fernandez-Sanlés et al., 2021), which may bias the observed
results. Acknowledging the potential effects of biases, the replication of multiple associations with
lower antibody levels across compositionally varied TwinsUK and ALSPAC cohorts and across multiple
rounds of vaccination support the robustness of our findings. It is these replicated findings that we
chose to discuss primarily.

In conclusion, our results highlight the large boost across the antibody level distribution produced
by third vaccination, and suggest that measurement of anti-Spike antibodies after first SARS-CoV-2
vaccination may have potential use as an early indicator to identify individuals at higher risk of a
future SARS-CoV-2 infection, particularly in the many countries where vaccination roll-out is at an
earlier stage. Individuals who previously met UK ‘Shielded Patient List’ criteria had consistently lower
antibody responses to vaccination than other participants, highlighting the importance of continuing
to inform such individuals of their personal risk of SARS-CoV-2 infection, despite the UK government
decision to end shielding guidance in April 2021 (GOV.UK, 2021). This result should inform prioritisa-
tion of vaccination towards these individuals in any future immunisation campaigns.

Data availability

Data from all analyses presented in figures and tables herein are tabulated and available as a supple-
mentary spreadsheet file. Original antibody test data are available within the UK Longitudinal Linkage
Collaboration upon application (see https://ukllc.ac.uk/apply/). UK LLC houses COVID-19 related
datasets from over 20 UK longitudinal population studies (see https://ukllc.ac.uk/datasets/). Orig-
inal TwinsUK data are available to researchers on application. Access to original TwinsUK data is
managed by the TwinsUK Resource Executive Committee (see https://twinsuk.ac.uk/resources-for-
researchers/access-our-data/) and access to original ALSPAC data via an online proposal system (see
http://www.bristol.ac.uk/media-library/sites/alspac/documents/researchers/data-access/ALSPAC _
Access_Policy.pdf). This is to ensure privacy and protect against misuse. ALSPAC study data were
collected and managed using REDCap electronic data capture tools hosted at the University of Bristol.
REDCap (Research Electronic Data Capture) is a secure, web-based software platform designed to
support data capture for research studies (Harris et al., 2009). The study website contains details
of all the data that is available through a fully searchable data dictionary and variable search tool
on the study website (University of Bristol, 2022). Analysis code is available via GitHub at: https://
github.com/nathan-cheetham/NCS_SARSCOV2_Antibody_Study, (Cheetham, 2023 copy archived at
swh:1:rev:7103349369b7a4f00d6cf73f780283ba86fe8570).
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new data relating to the COVID-19 pandemic, including the COVID-19 questionnaires and antibody
testing.

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife.80428.sa
Author response https://doi.org/10.7554/elife.80428.sa2

Additional files

Supplementary files
¢ Supplementary file 1. Information on origin of variables used in TwinsUK and Avon Longitudinal
Study of Parents and Children (ALSPAC) analysis.

e Supplementary file 2. Anti-Spike antibody level values and characteristics for individuals from
TwinsUK sampled in Q2 and Q4 antibody collections. Individuals are stratified by vaccination status
at time of sampling. Data shown for individuals sampled at least 4 (2) weeks after first (second or
third) vaccination. The antibody level assay range is 0.4-250 BAU/mL for Q2 results and 0.4-25000
BAU/mL for Q4 results, with a positive threshold of 0.8 BAU/mL. Categories with fewer than five
individuals are suppressed.

¢ Supplementary file 3. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection
prevalence rates, split by selected socio-demographic variables, for TwinsUK Q4 antibody testing
participants. p-Values are generated from chi-square test of independence on cross tabulation

of counts for the socio-demographic variable of interest and all categories (including those not
presented) of the SARS-CoV-2 infection variable.

¢ Supplementary file 4. Anti-Spike antibody levels and weeks since most recent vaccination within
TwinsUK and Avon Longitudinal Study of Parents and Children (ALSPAC) individuals, stratified by
vaccination status at Q2 and Q4 antibody testing, split by various variables. The antibody level
assay range is 0.4-250 BAU/mL for Q2 results and 0.4-25000 BAU/mL for Q4 results, with a positive
threshold of 0.8 BAU/mL.

e Supplementary file 5. Descriptive statistics relating to post-vaccination infections within TwinsUK,
within groups of individuals with varying vaccination status at Q2 and Q4 testing.

* Supplementary file 6. Logistic regression model results, testing for association between post-
vaccination infection and socio-demographic, severe acute respiratory syndrome coronavirus

2 (SARS-CoV-2) vaccination, and SARS-CoV-2 infection variables for TwinsUK individuals

who participated in antibody testing at Q2 and one or both of Q4 antibody testing and Q4
questionnaire, who reported one or more vaccination reported by Q4. Results present odds ratios,
unadjusted 95% confidence intervals, and p-values adjusted for multiple testing. Results based

on fewer than three individuals having post-vaccination infection are suppressed. Variables with
adjusted p-values <0.05 are highlighted in bold.

¢ Supplementary file 7. Logistic regression model results, testing for association with low anti-
Spike antibody levels after first, second, and third severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) vaccination within TwinsUK and Avon Longitudinal Study of Parents and Children
(ALSPAC) at Q2 or Q4 testing. Results present odds ratios, unadjusted 95% confidence intervals,
and p-values adjusted for multiple testing. Results based on fewer than three individuals being in
the low antibody level group are suppressed. Sets of adjustment variables included in addition to
the exposure variable in each model were age, sex, most recent vaccine received and weeks since
most recent vaccination, aside from cases where the effect of adjustment variables were themselves
tested. In these cases, all other adjustment variables within the given set were included in addition
to the adjustment variable being tested. Variables with adjusted p-values <0.05 are highlighted in
bold.

¢ Supplementary file 8. Descriptive statistics of differences in anti-Spike antibody levels between
pairs after third severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) vaccination within
TwinsUK. Pair differences are calculated between all complete pairs of monozygotic (MZ) twins and/
or dizygotic (DZ) twins, and all combinations of non-related pairs.

¢ Supplementary file 9. Results of generalised linear mixed effects models testing association
with anti-Spike antibody levels after third severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) vaccination within and between twin-pairs within TwinsUK. Coefficients with unadjusted
95% confidence intervals and unadjusted p-values are presented. Family structure is included as a
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random effect, allowing intercepts to vary between twin-pairs. Models are adjusted for age, sex,
weeks since third vaccination, third vaccine received, and serology-based infection status. Variables
with (two-sided) p-values <0.05 are highlighted in bold.

e MDAR checklist

Data availability

Data from all analyses presented in figures and tables herein are tabulated and available as a supple-
mentary spreadsheet file. Original antibody test data are available within the UK Longitudinal Linkage
Collaboration upon application (see https://ukllc.ac.uk/apply/). UK LLC houses COVID-19 related
datasets from over 20 UK longitudinal population studies (see https://ukllc.ac.uk/datasets/). Original
TwinsUK data are available to researchers on application. Access to original TwinsUK data is managed
by the TwinsUK Resource Executive Committee (see https://twinsuk.ac.uk/resources-for-researchers/
access-our-data/) and access to original ALSPAC data via an online proposal system (see http://www.
bristol.ac.uk/media-library/sites/alspac/documents/researchers/data-access/ALSPAC_Access_Policy.
pdf). This is to ensure privacy and protect against misuse. ALSPAC study data were collected and
managed using REDCap electronic data capture tools hosted at the University of Bristol. REDCap
(Research Electronic Data Capture) is a secure, web-based software platform designed to support
data capture for research studies (doi:https://doi.org/10.1016/J.JB1.2008.08.010). The study website
contains details of all the data that is available through a fully searchable data dictionary and variable
search tool on the study website (http://www.bristol.ac.uk/alspac/researchers/our-data/). Analysis
code is openly available via GitHub at: https://github.com/nathan-cheetham/NCS_SARSCOV2_Anti-
body_Study (copy archived at swh:1:rev:7103349369b7a4f00d6cf73f780283ba86fe8570).
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