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Summary
Background The protective immunity against omicron following a BNT162b2 Pfizer booster dose among elderly  eClinicalMedicine
individuals (ie, those aged >G65 years) is not well characterised. 2022;51: 101576
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https://doi.org/10.1016/j.

Methods In a community-based, prospective, longitudinal cohort study taking place in France in which 75 residents o
eclinm. 101576

from three nursing homes were enrolled, we selected 38 residents who had received a two-dose regimen of mRNA
vaccine and a booster dose of Pfizer BNT162b2 vaccine. We excluded individuals that did not receive three vaccine
doses or did not have available sera samples. We measured anti-S IgG antibodies and neutralisation capacity in sera
taken 56 (28-68) and 55 (48-64) days (median (range)) after the 2" and 3™ vaccine doses, respectively. Antibodies
targeting the SARS-CoV-2 Spike protein were measured with the S-Flow assay as binding antibody units per millili-
ter (BAU/mL). Neutralising activities in sera were measured as effective dilution 50% (ED50) with the S-Fuse assay
using authentic isolates of delta and omicron BA.1.

Findings Among the 38 elderly individuals recruited to the cohort study between November 23", 2020 and April
29'™, 2021, with median age of 88 (range 72-101) years, 30 (78.95%) had been previously infected with SARS-CoV-2.
After three vaccine doses, serum neutralising activity was lower against omicron BA.1 (median EDs50 of 774.5, range
15.0-34660.0) than the delta variant (median ED50 of 4972.0, range 213.7-66340.0), and higher among previously
infected (ie, convalescent; median EDs50 against omicron: 1088.0, range 32.6-34660.0) compared with infection-
naive residents (median ED5o0 against omicron: 188.4, range 15.0-8918.0). During the French omicron wave in
December 2021-January 2022, 75% (6/8) of naive residents were infected, compared to 25% (7/30) of convalescent
residents (P=o.o114). Anti-Spike antibody levels and neutralising activity against omicron BA.r after a third
BNT162b2 booster dose were lower in those with breakthrough BA.1 infection (n=13) compared with those without
(n=25), with a median of 1429.9 (range 670.9-3818.3) BAU/mL vs 2528.3 (range 695.4-8832.0) BAU/mL (P=0.029)
and a median ED50 of 281.1 (range 15.0-2136.0) vs 1376.0 (range 32.6-34660.0) (P=0.0013), respectively.
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Interpretation This study shows that elderly individuals who received three vaccine doses elicit neutralising antibod-
ies against the omicron BA.1 variant of SARS-CoV-2. Elderly individuals who had also been previously infected
showed higher neutralising activity compared with naive individuals. Yet, breakthrough infections with omicron
occurred. Individuals with breakthrough infections had significantly lower neutralising titers compared to individu-
als without breakthrough infection. Thus, a fourth dose of vaccine may be useful in the elderly population to
increase the level of neutralising antibodies and compensate for waning immunity.

Funding Institut Pasteur, Fondation pour la Recherche Médicale (FRM), European Health Emergency Preparedness
and Response Authority (HERA), Agence nationale de recherches sur le sida et les hépatites virales — Maladies
Infectieuses Emergentes (ANRS-MIE), Agence nationale de la recherche (ANR), Assistance Publique des Hopitaux
de Paris (AP-HP) and Fondation de France.

Copyright © 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Research in context

Evidence before this study

Compared to the general population, elderly individuals
have a decreased response to vaccination, an increased
risk of severe forms of COVID-19 and an accelerated
waning of their antibody levels. The omicron variant of
SARS-CoV-2 has been associated with decreased vac-
cine efficacy, most likely due to its capacity to escape
antibody neutralisation. On December 2021 and Janu-
ary 2022, we searched in Pubmed, BiorXiv and MedrXiv
for studies analysing the neutralisation activity of sera
from elderly individuals against omicron. We observed
that there was little information available.

Added value of this study

Here, we show that a booster dose of the Pfizer
BNT162b2 vaccine increases SARS-CoV-2 specific anti-
body levels and is required to elicit neutralising antibod-
ies against omicron in the elderly population naive to
SARS-CoV-2 infection. Elderly individuals with a history
of COVID-19 have higher antibody levels compared to
non-convalescents, and their sera are capable of neu-
tralising omicron already after the second dose of the
primary vaccine series. Nevertheless, we observed
breakthrough infections with omicron after the booster
dose, more frequently in the elderly individuals with
lower levels of anti-Spike antibodies and with a lower
capacity to neutralise omicron.

Implications of all the available evidence

Overall, our data show that elderly individuals are at risk
of omicron infection even after a booster dose, potentially
due to the considerable immune escape of this variant.
Elderly individuals with previous COVID-19 infection have
a stronger immune response, but their antibody levels
will likely decline over time. Thus, a fourth dose of vaccine
may be useful in the elderly population to further increase
the level of SARS-CoV-2 specific antibodies and compen-
sate for the waning of immunity.

Introduction

The neutralisation capacity of sera from vaccinated or pre-
viously infected (i.e., convalescent) individuals against the
omicron (B.r.r.529) (BA.1) variant of SARS-CoV-2 has
been well studied among several population groups, and
has been shown to be lower against omicron compared
to other variants."” " Information on the vaccine efficacy
and the neutralisation capacity of sera from elderly indi-
viduals against omicron is more limited,” '® despite
decreased immunogenicity, increased risk of severe forms
of disease and accelerated waning of immunity in this
population.”” " Here, we evaluated the capacity of a
booster dose of BNT162b2 to elicit neutralising antibodies
against omicron BA.1 and examined levels of humoral
immunity before omicron breakthrough infections
among residents living in nursing homes.

Methods

Clinical investigation
Thirty-eight residents from three nursing homes were
recruited from the Covid-Oise study. Their baseline
characteristics are depicted in Supplementary Table 1.
This community-based cohort (NCTo4644159) started
on November I3th 2020 and is ongoing. It comprises
four sessions of epidemiological data and biological
specimen collection. Inclusion of participants occurred
during the three first sessions, in winter 2020, spring
2021 and winter 2021. The criteria of inclusion was to
live, work and/or study in the area of the city of Crépy-
en-Valois (Oise, France) at the time of study initiation.
No exclusion criteria were applied. The goal of this lon-
gitudinal cohort study is to monitor the immunological
response following SARS-CoV-2 infection and Corona-
virus Disease 2019 (COVID-19) vaccination, in partici-
pants of a wide age range, starting from 5 years old, up
to nursing home residents.

Past infection of the thirty-eight residents included
in the present study was determined based on clinical
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data and detection of SARS-CoV-2 specific antibodies
using two serological assays, as previously
described.***" All sera samples available since inclusion
of the residents in the study were evaluated with both
assays. Detection of past infection relied on anti-Spike
(S) and anti-Nucleocapsid (N) antibodies for pre-vacci-
nation sera, and only on anti-N antibodies for post-vacci-
nation sera.

Sera were obtained two months (median 56 days,
range 28-68 days) after the second dose, and two
months (median 55 days, range 48-64 days) after the
third dose of mRNA vaccine (Figure 1a). 37 out of the 38
residents (97.3%) participated to the first sampling ses-
sion and all participated to the second one (100.0%). All
residents were immunised with BNT162b2 for their
primary series except four who received mRNA-1273.
The two initial doses were received three weeks apart
(median 21 days, range 18-31 days). All residents
received a booster dose of BNT162b2 eight months after
the second dose (median 236 days, range 194-250 days).

a

Elderly individuals

COVID-19
n=30

=
n
©

We also traced breakthrough infections among resi-
dents from the three nursing homes during the French
omicron BA.1 epidemic wave in December 2021-Janu-
ary 2022. These breakthrough infections occurred at a
median (range) of 53 (34-63) days after the second blood
sampling, which was 55 (48-64) days after the booster
dose. Following the first cases recorded in the nursing
homes in December 2021, for whom PCR testing was
motivated by symptoms, all the other residents were
submitted to PCR screening, independently of symp-
toms. When viral load was sufficient, RT-PCR positive
test results were reanalysed with a second round of RT-
PCR screening to identify SARS-CoV-2 variants of con-
cern based on mutations E484K, E484Q and L452R, or
K417N. Presumed omicron infection was defined as
detection of a strain not harboring E484Q/N and L452R
mutations, or harboring the K417N mutation. The indi-
vidual characteristics of the nursing home residents
who developed breakthrough infections are depicted in
Supplementary Table 2. Report of clinical investigation
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Figure 1. Immunogenicity of a booster dose of BNT162b2 vaccine in elderly individuals. (a) Thirty-eight elderly individuals from
three nursing homes, (30 females and 8 males) were included in the analysis. All received a two-dose regimen of mRNA vaccine
(Pfizer BNT162b2; n=34 or Moderna; n=4) and a booster dose (Pfizer BNT162b2; n=38) 8 months apart. Thirty were diagnosed with
COVID-19 prior to their booster dose. (b) Anti-Spike IgGs were measured using the S-Flow assay 2 months after the second dose
and 2 months after the booster dose. Data are provided as Binding Arbitrary Unit per mL (BAU/mL), the standardised WHO unit. The
limit of detection is 3 BAU/mL. Comparisons were performed using the Wilcoxon matched-pairs signed rank test. (c) Neutralisation
of delta and omicron were measured using the live-virus S-Fuse assay 2 months after the second dose and 2 months after the
booster dose. Data are provided as Effective Dilution 50 (ED50), indicating the dilution of serum capable of inhibiting 50% of viral
infection. Green dots indicate individuals with an history of COVID-19 prior to their booster dose of vaccine. Pink dots indicate indi-
viduals with no previous COVID-19. The dashed line indicates the limit of detection. Comparisons were performed using the Wil-

coxon matched-pairs signed rank test.
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was performed in accordance with the Strobe
(STrengthening the Reporting of OBservational studies
in Epidemiology) guidelines.

Laboratory analyses

Antibodies targeting the Spike protein of SARS-CoV-2
were measured with the S-Flow assay (N=75). This assay
uses 2937 cells stably expressing the Spike (S) protein
(GenBank: QHD43416.1; later to refer as 293T-S cells)
and 293T control cells as control to detect anti-Spike
antibodies by flow cytometry.>* Cells were cultivated in
DMEM containing 10% fetal calf serum and 1% Pen-
Strep (ThermoFisher). On the day of the assay, cells
were detached with PBS-EDTA, transferred into U-bot-
tom 96-well plates (50,000 cells per well) and incubated
at 4°C for 30 min with sera (1:300 dilution, unless oth-
erwise specified) in PBS containing 0.5% BSA and
2 mM EDTA. Then, cells were washed with PBS, and
stained using an anti-IgG Fc Alexa Fluor 647 (Jackson
ImmunoResearch). Cells were washed with PBS and
fixed for 10 min using 4% paraformaldehyde (PFA).
Data were acquired on an Attune NxT instrument (Life
Technologies). The sensitivity (95% confidence interval)
is 99.2% (97.7—99.8) and the specificity is 100% (98.5
—100).”> The assay is standardised with WHO interna-
tional reference sera (20/136 and 20/130) and cross-vali-
dated with two commercially available ELISA (Abbott
147 and Beckmann 56) to allow calculation of binding
antibody units per milliliter (BAU/mL).**

Neutralising activities in sera were measured with
the S-Fuse assay using authentic isolates of delta and
omicron. This assay uses U20S-ACE2 GFPi-1o0 and
GFP 11 reporter cells, also termed S-Fuse cells, that
become GFP+ upon infection with SARS-CoV-2.%5°
On the day of the assay, cells were mixed (ratio 1:1) and
plated in pClear 9G-well plate (Greiner Bio-One;
20,000 cells per well). The indicated SARS-CoV-2
strains were incubated with sera for 15 min at room tem-
perature and added to S-Fuse cells. All sera were heat-
inactivated for 3omin at 56 °C before use. Eighteen
hours later, cells were fixed with 4% paraformaldehyde
(PFA), washed and stained with Hoechst (dilution
1:1,000, Invitrogen). All sera were tested in limiting
dilution to determine Effective Dilution 50% (EDs50 or
titer) values. In each well, the number of GFP+ syncytia
was scored with an Opera Phenix high-content confocal
microscope (PerkinElmer). The GFP area and the num-
ber of nuclei were quantified using Harmony software
version 4.9 (PerkinElmer). The percentage of neutrali-
sation was calculated using the number of syncytia as
value with the following formula: 100 x (1 — (value
with serum — value in ‘non-infected’)/(value in ‘no
serum’ — value in ‘non-infected’)). EDso were calcu-
lated with a reconstructed curve using the percentage of
the neutralisation at the different concentrations. Viral
stock were produced on Vero EG6 cells, titrated on Vero

EG or S-Fuse cells and sequenced to confirm viral line-
ages (GISAID accession ID: EPI_ISL_2029113 and
EPI_ISL_7413964 for delta and omicron BA.1 isolates,
respectively).

Statistical analyses

All continuous variables were described using median
and range. Percentage and P-values were either exact or
rounded to two and five digits, respectively. Proportions
were compared using a Fisher exact test. The BAU/mL
and neutralisation titers of sera were compared before
and after the booster dose using the Wilcoxon matched-
pairs signed rank test. When comparing individuals
with previous COVID-19 to naive individuals a Mann-
Whitney rank test was performed. Comparisons of
BAU/mL and neutralisation in individuals with or with-
out subsequent breakthrough infection were performed
using the Mann-Whitney rank test. No multiple com-
parisons correction was applied. Individuals with miss-
ing data were excluded from paired analysis (Wilcoxon
matched-pairs signed rank test). No sample size calcula-
tion was conducted prior to the study, all individuals
willing to participate were included. Investigators were
not blinded with respect to the origin of the samples
and randomisation was not applicable. All analyses
were performed using Stata (Stata Corp., College Sta-
tion, Texas, USA) or GraphPad Prism 8 (GraphPad
Software, LLC).

Ethical considerations

The COVID-Oise cohort was registered with Clinical-
Trials.gov  (NCTo4644159) and received ethical
approval by the Comité de Protection des Personnes
Nord Ouest IV. A written informed consent was
obtained from all participants enrolled in the cohort,
including those selected for the present study. For the
nursing home residents who did not have full capacity
to sign legal documents, written informed consent was
obtained from their relatives.

Role of the funding source

The funding sources had no role in the study (design,
data collection, data analysis and data interpretation)
and were not involved in the writing of the manuscript
or the decision to submit it for publication. TB, LP, OS
and AF had access to dataset and had final responsibility
for the decision to submit for publication

Results

Among the 38 elderly individuals (30 females and 8
males) enrolled in this cohort study between November
23" 2020 and April 29™ 2021, with a median (range)
age of 88 (72-101) at the final time of sampling, 30
(78.95%) had been previously infected, based on past
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Naive Convalescent

anti-S IgG ED50 delta ED50 omicron anti-S IgG ED50 delta ED50 omicron P values
A B C D E F AvsD BvsE CvsF BvsC EvsF
2nd dose 456 (74-4283) 37(15-3189) 15 (0-138) 3056 (601-17820) 12393 (189-150000) 1113 (15-57403) 0.0001 <0.0001 <0.0001 0.0625 <0.0001
3rd dose 1256 (784-8832) 1243 (214-66340) 188 (15-8918) 2485 (671-7115) 6156 (458-64875) 1088 (33-34660) 0.3316  0.0343 0.0163  0.0078 <0.0001

Table 1: Median (range) anti-Spike IgG and ED50 of neutralisation against delta and omicron.
Pvalues A vs D, Bvs E, Cvs F: Mann-Whitney test; B vs C, E vs F : Wilcoxon test.

clinical history and serological findings (Supplementary
Table 1). 29 residents were infected before the primary
series of vaccination, while for one resident anti-N anti-
bodies, indicating a past infection, were detected in sera
sampled post-primary series and thus the time of infec-
tion could not be estimated due to a lack of prior sam-
ples. Among the 29 infections that occurred before the
primary series, 27 could be dated back to the first SARS-
CoV-2 epidemic wave, with positive serology obtained in
May 2020. The two remaining residents infected before
vaccination had either a positive PCR test in November
2020, or a positive serology in December 2020.

Following the second dose of vaccine, anti-Spike IgG
levels were higher among convalescents compared with
naive residents (Table 1 & Figure 1b). The third dose
increased the antibody titers for naive residents to levels
similar to those of the convalescents after 2 doses
(Table 1 & Figure 1b). The EDs50 of neutralisation was
lower against omicron BA.1 compared to delta, and
higher among convalescents compared to naive resi-
dents (Table 1 & Figure 1c). For the eight naive
residents, neutralisation was detectable for only five
(62.50%) and one (12.50%) individuals against delta
and omicron BA.1 after the second dose, respectively.
The number of residents displaying neutralising anti-
bodies increased to eight (100%) against delta and six
(75.00%) against omicron BA.1 after the third dose. All
30 convalescents except one neutralised delta and
omicron after the second and third dose.

In December 2021-January 2022, a large wave of
omicron BA.1 infection spread across France. All of the
three nursing homes reported omicron breakthrough
infections, but only one displayed a large outbreak
across the residents, including some recruited in our
study (see Methods and Figure 2a). Among the 38 resi-
dents included in our study, 13 breakthrough infections
occurred (34.21%), among which 11 were confirmed as
presumed omicron infection based on single nucleotide
polymorphism PCR analysis (see methods and Supple-
mentary Table 2). The viral load detected for the two
other breakthrough infections was not sufficient to
identify mutations of interest. The PCR method used to
detect positive SARS-CoV-2 cases does not allow to dif-
ferentiate BA.1 and BA.2, but the frequency of BA.2 was
low (<5%) at the time of these outbreaks.”” Seventy-five
percent (6/8) of mnaive residents were infected,

www.thelancet.com Vol 51 Month, 2022

compared to 23.33% (7/30) of convalescent (P=0.0114;
two-sided Fisher exact test). We compared anti-Spike
IgG and EDso0 of neutralisation against omicron at the
closest sampling point (corresponding to a median
(range) of 53 (34-63) days before the breakthrough infec-
tions and 55 (48-64) days after the booster dose)
between those who subsequently had a breakthrough
infection or not (Figure 2b). Median titers were lower in
those with compared to those without breakthrough
infection: 1429.9 vs 2528.3 BAU/mL (P=0.0294) for
anti-Spike IgG; and 281.1 vs 1376.0 (P=0.0013) for
EDjso0 against omicron BA.1, respectively. We performed
the same analysis in the nursing home where the virus
circulated the most and where most of the breakthrough
infections among the residents included in our study
were identified (Household A, Figure 2a and 2c). Again,
we observed a trend towards lower BAU/mL, and signif-
icantly lower neutralisation titers against omicron BA.1,
in individuals who had a breakthrough infection com-
pared to those that were uninfected.

Of note, none of the individuals with an EDso titer
above 2136.0 had a breakthrough infection. The break-
through infections were either asymptomatic or pre-
sented with minor symptoms (no fever or respiratory
symptoms), and were considered mild-to-moderate by
the physicians in charge, requiring no hospitalisation or
oxygenotherapy.

Discussion

This study shows lower levels of anti-Spike IgG and
neutralising antibodies against delta and omicron
among naive compared to convalescent nursing home
residents after two doses of mRNA vaccine. A third dose
of BNT162b2 vaccine significantly increased antibody
levels for naive residents and elicited serum neutralis-
ing activity capable of neutralising omicron. This con-
firms the importance of receiving at least three doses of
vaccine to generate a cross-reactive humoral immune
response that covers all VOCs.*® Nevertheless, median
antibody levels and neutralisation titers in naive resi-
dents remained lower than in convalescents, and were
not sufficient to prevent infection with omicron for
most of them. This was particularly the case for those
with the lowest levels of neutralising antibodies, sug-
gesting that a fourth vaccine dose may be useful in this
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Figure 2. Humoral immune response predicts odds of omicron breakthrough infection. (a) Omicron breakthrough infections were
reported in the 3 nursing homes included in the study, including 13 breakthrough infections among our study participants. The number
of individuals included in our study, as well as the number of breakthrough infections among them are indicated for each household (A,
B and Q). We collected sera prior to the outbreaks (median (range) of 53 (49-60) days before the breakthrough infection, corresponding
to 55 (49-59) days after the booster dose) (b) Levels of anti-Spike IgGs and neutralisation of omicron are indicated for individuals from
the three households (A, B and C) having a subsequent confirmed breakthrough infection or not. (c) Levels of anti-Spike IgGs and neu-
tralisation of omicron are indicated for individuals from the household A having a subsequent confirmed breakthrough infection or not.
Data are provided as Binding Arbitrary Unit per mL (BAU/mL) (left) and neutralisation titers (ED50) (right). Comparisons were performed
using the Mann-Whitney rank test. Green dots indicate individuals with an history of COVID-19 prior to their booster dose of vaccine.
Pink dots indicate individuals with no previous COVID-19. The dashed line indicates the limit of detection of the neutralisation assay

(30). The limit of detection of the anti-Spike assay is 3 BAU/mL. Black bars indicate the median.

particularly aged population to prevent infection with
omicron, a variant known for its high immune escape
properties. Recent data suggest that the fourth dose res-
cues antibody titers to the levels obtained after the third
dose, but does not increase cross-reactivity.>® It remains
to determine whether the third dose achieves this kind
of “ceiling of immunity” in elderly individuals, in
whom vaccine immunogenicity is reduced. A fourth
dose will rescue antibody levels and prolong protection,
as demonstrated in recent nation-wide clinical trials.>*?'
Of note, the absence of severe forms of disease in our
omicron-infected group is reassuring, however based on
a small sample size.

Anti-Spike IgG and neutralisation titers were lower
among residents who had breakthough infections com-
pared to those who had not, regardless of COVID-19 his-
tory. However, no antibody level was able to fully
discriminate the two groups and to be used as a corre-
late of protection. This may have to do in part with
the very high escape immunity properties of the omi-
cron variant. Furthermore, blood sampling was done
2 months prior to breakthrough and hence antibody

levels may have varied by the time of actual infec-
tion.

Most previous infections occurred during the first
epidemic wave (February-March 2020), so that the pri-
mary vaccine series performed in early 2021 was able to
boost the production of neutralising antibodies primed
one year earlier, even in this elderly population. This is
reassuring, and reflects the strength of the so-called
hybrid immunity combining the effects of infection and
vaccination.’® Interestingly, among these vaccinated-
convalescent residents, antibody levels were slightly
lower in samples collected two months after the third
dose than in samples collected two months after the sec-
ond dose (Figure 1B and C). This may be explained by
the high levels of antibodies elicited by the first injection
in convalescent individuals. As a result, antibody levels
are already high at the time of the second injection, and
may be further increased by this injection. In contrast,
due to waning of immune responses, the levels of circu-
lating antibodies are low before the booster dose, so that
the levels achieved just after the third dose did not reach
those achieved just after the second dose.
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Our study has limitations. The small sample size
precludes analysis of the characteristics that may further
impact vaccine efficacy, such as sex, preexisting condi-
tions, or ongoing medications. The over-representation
of females among our participants (30 out of 38 individ-
uals) may have also biased our results, as females are
known to differ from males in the induction and wan-
ing of antibodies, in both infection and vaccination
settings.****3* We did not have access to nasopharyn-
geal swabs to measure antibody levels at the site of viral
entry and replication. We were thus unable to link
breakthrough infections to local levels of antibodies,
which might represent a better correlate of protection.
Further studies are needed to determine the contribu-
tion of mucosal immunity on the acquisition of SARS-
CoV-2 and the severity of COVID-19. Lastly, we only
tested BA.1, the initial omicron clade, which was circu-
lating in France at the time of the investigation and was
responsible for the breakthrough infections that
occurred in the nursing homes of the study. It will be
worth examining the neutralisation activity of the sera
against other omicron sub-lineages, such as BA.2,
BA.2.12.1, BA.4 and BA.s, at the next blood sampling of
the same cohort participants.

This study shows that elderly individuals who
received three vaccine doses elicited neutralising anti-
bodies against omicron. Protection against omicron was
increased in those who had been previously infected in
addition to the three vaccine doses, and was associated
with higher neutralisation levels. Thus, our results sug-
gest that a fourth vaccine dose may be useful in the
elderly population to prevent infection, by augmenting
antibody levels and omicron neutralisation.
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