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ARTICLE INFO ABSTRACT

Artic{e history: Objectives: This study aimed to compare antibody trajectories among individuals with SARS-CoV-2 hybrid
Received 22 February 2024 and vaccine-induced immunity.

Revised 22 May 2024 Methods: Danish adults receiving three doses of BTN162b2 or mRNA-1237 were included prior to first

Accepted 22 May 2024 vaccination (Day 0). SARS-CoV-2 anti-spike IgG levels were assessed before each vaccine dose, at Day 90,

Day 180, 28 days after 3rd vaccination (Day 251), Day 365, and prior to 4th vaccination (Day 535). SARS-

Keywords: CoV-2 PCR results were extracted from the national microbiology database. Mixed-effect multivariable

SARS-CoV-2 linear regression investigated the impact of hybrid-immunity (stratified into 4 groups: no hybrid immu-

\"/‘ybr_‘d Immunity nity, PCR+ prior to 3rd dose, PCR+ after 3rd dose and before Day 365, PCR+ after Day 365) on anti-spike
accines

IgG trajectories.

Results: A total of 4,936 individuals were included, 47% developed hybrid-immunity. Anti-spike IgG in-
creases were observed in all groups at Day 251, with the highest levels in those PCR+ prior to 3rd
dose (Geometric Mean; 535,647AU/mL vs. 374,665AU/mL with no hybrid-immunity, P<0.0001). Further
increases were observed in participants who developed hybrid immunity after their 3rd dose. Anti-spike

Anti-spike IgG
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IgG levels declined from Day 251-535 in individuals without hybrid-immunity and in those who devel-
oped hybrid-immunity prior to their 3rd dose, with lower rate of decline in those with hybrid-immunity.
Conclusion: Hybrid-immunity results in higher and more durable antibody trajectories in vaccinated in-

dividuals.

© 2024 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.

This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction

National vaccine campaigns were instrumental in transitioning
to long-term management of COVID-19. In addition, the dominance
of viral escape variants, such as Omicron (B.1.1.529), with increased
transmissibility [1,2] resulted in a large proportion of the global
vaccinated population being infected with SARS-CoV-2 and a sig-
nificant proportion of vaccinated individuals have thus acquired
hybrid immunity.

Following completion of the two-dose primary vaccine sched-
ules, several studies reported waning immunity [3-6] or only ob-
served a sustained response in those with previous infection [7].
This led to the introduction of 3rd vaccine doses (booster), and
subsequently bivalent vaccines targeted at the circulating domi-
nant strain [8]. However, while it is widely accepted that the cur-
rent vaccines against SARS-CoV-2 significantly reduce morbidity
and mortality, the durability of vaccine protection and the impact
of hybrid immunity is still not fully understood.

Early studies suggested that natural immunity could be longer
lasting than vaccine-induced immunity alone [9,10]. Higher im-
mune response has previously been reported with hybrid im-
munity, either based on SARS-CoV-2 infection prior to receiving
the 1st dose of vaccine [11,12], or after vaccination [13,14]. More
recently a systematic review and meta-analysis looking at protec-
tive effectiveness of hybrid immunity against the Omicron vari-
ant found rapidly waning immunity against infection but persist-
ing protection against severe disease and hospitalisation [15]. The
review suggested that people with hybrid immunity may not re-
quire booster vaccines as frequently as those with only vaccine-
induced immunity [16]. However, subgroups at increased risk of
severe disease, such as older individuals, those with multiple co-
morbidities or immunosuppression were not the focus of this
study [17].

The Danish National Cohort Study of Effectiveness and Safety of
SARS-CoV-2 Vaccines (ENFORCE) is a phase 4 observational study
of adults who received a SARS-CoV-2 vaccine. Participants were
followed for two years with antibody measurements collected at
regular intervals. Enrolment for ENFORCE was specifically targeted
to include a high proportion of older individuals and those at in-
creased risk of severe SARS-CoV-2 [18] and so provides an opportu-
nity to study hybrid immunity in target-populations for future vac-
cine strategies. We therefore aimed to compare antibody-response
in individuals with hybrid and vaccine-induced immunity in EN-
FORCE.

Methods

ENFORCE is a non-randomized, parallel group, open label, ob-
servational study of people who received a SARS-CoV-2 vaccine as
part of the Danish Vaccination program [5,18]. Adults (aged>18
years) with a scheduled appointment for SARS-CoV-2 vaccination
were invited to participate in the study and enrolled prior to re-
ceiving their 1st vaccination. Enrolment into the study began in
February 2021 and was completed in August 2021.

Study visit

Included in this analysis were the first five main scheduled
study visits, O to 14 days prior to 1st vaccination, O to 5 days prior
to 2nd vaccination, and then at Day 90 (+/- 14 days), Day 180
(+/- 14 days), and Day 365 (+/- 14 days) after the 1st vaccination.
Participants were also invited for two additional study visits each
time they received an additional SARS-CoV-2 vaccine, one imme-
diately (0 to 8 days) prior to the booster vaccination and one 28
days (+/- 8 days) after.

Data sources

At enrolment information was collected including age, sex, and
whether they belonged to one of the Danish Health Authorities tar-
geted vaccination priority groups. Additionally, the Danish Vaccine
Registry (DDV) provided information on the dates and type of each
SARS-CoV-2 vaccine received, dates and results of all SARS-CoV-2
antigen and PCR tests were collected from the Danish Microbiology
Database (MiBa), and the Danish National Patient Registry provided
information on all hospital contacts, including dates of diagnoses.

Serology

Serology samples were collected at each study visit and anal-
ysed through two assays. Antibody levels against the total Spike
IgG and the Nucleocapsid for the wild-type strain were assessed
using a multiantigen serological assay (Meso Scale Diagnostics LLC,
Maryland, USA) at the Department of Infectious Diseases, Aarhus
University Hospital. The presence of SARS-CoV-2 spike antibodies
was also measured using an ELISA-based assay (Beijing Wantai Bi-
ological Pharmacy Enterprise Co., Ltd., Beijing, China) by Statens
Serum Institut in Copenhagen.

Statistical analysis

ENFORCE participants were included who had received three
doses of either BTN162b2 or mRNA-1237 prior to their Day 365
study visit, since this was the minimum recommended number of
doses in Denmark.

Each participant was followed until either their last study visit
before the 4th vaccine dose or administrative censoring date (23rd
February 2023).

To investigate the effect of hybrid immunity on participants’ to-
tal spike IgG trajectories, the cohort was stratified into four inde-
pendent groups based on the timing of their first positive SARS-
CoV-2 PCR test and the scheduled ENFORCE study visits:

1. No positive PCR test during follow-up (PCR-). No hybrid immu-
nity.

2. At least one positive PCR test prior to the 3rd dose. This in-
cluded both breakthrough infections and those who had tested
positive prior to receiving any SARS-CoV-2 vaccinations (PCR+
before 3rd Vax).
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3. At least one positive PCR test after the 3rd vaccine dose and
prior to the sample collection on Day 365 (PCR+ after 3rd Vax
& before Day 365).

4. At least one positive PCR test after the Day 365 study visit and
prior to receiving a 4th vaccine dose at Day 535 (PCR+ >3rd
Vax & Day 365).

Data on PCR testing was extracted from the national database
and participants were not required to undergo any additional PCR
testing as part for the study. Participants with a positive PCR test
both before and after their 3rd dose, and participants who met our
definition of seroconversion but had no record of a positive PCR
test during the study period were excluded from the analysis. Se-
roconversion was assessed at each study visit and defined as an
anti-nucleocapsid 1gG>3000 AU/mL and >2 fold higher than the
pre-vaccination level [19]. SARS-CoV-2 PCR testing was freely avail-
able in Denmark with individuals testing positive via antigen test
recommended to confirm results via PCR.

Participant demographics at study enrolment (prior to 1st vac-
cine dose) were summarized overall and by hybrid immunity sta-
tus.

Mixed effect multivariable linear regression modelling was used
to investigate the changes in anti-spike IgG levels over time and
the impact of hybrid immunity. Models were adjusted for poten-
tial confounding variables selected a priori. These included age
(natural cubic spline 3 knots, years), sex, vaccine type (BTN162b2,
mRNA-1237), Charlson Comorbidity Index (CCI score), vaccine pri-
ority group (increased risk, general population), study time (linear
spline with knots at 30, 91, 182, 251, 365 and 535 days correspond-
ing to the planned time of study visits). The CCI score was calcu-
lated at enrolment based on ICD10 codes reported in the Danish
National Patient Registry [20,21]. The definition of increased risk
vaccine priority group is provided in the Supplementary Material.

The predicted geometric mean antibody levels at each study
visit for the four immunity groups were then plotted graphically
together with the 95% confidence intervals at the median time of
each study visit (calculated as the median number of days from
the 1st vaccine dose). Having a linear spline in the model as a
covariate allowed us to estimate the average change per day for
all periods between knots, which is approximately the change be-
tween subsequent study visits. As the average change is estimated
as linear for logarithmic antibody level, this corresponds to a con-
stant relative change per day in median antibody level. The trends
were compared using a t-test with small-sample degrees of free-
dom adjustment by expressing their differences as a parameter on
the log-scale and testing whether it was zero using Rubin’s formula
for computing the overall estimate across imputed datasets and its
standard error [22].

All analysis was performed using STATA 17.0 [23].

Results

A total of 4,936 (70.8%) participants were included in the anal-
ysis out of 6,972 participants enrolled in ENFORCE (Supplementary
Figure 1).

The majority (n=2,966, 60.1%) received 3 doses of BTN162b2
vaccine with the remainder (n=1,970, 39.9%) receiving 3 doses
of mRNA-1237. The median age was 64 years (IQR 54-75) and
54.8% (n=2,706) were female (Table 1). Almost half of the cohort
(n=2,320, 47.0%) developed hybrid immunity (groups 2-4). The ma-
jority (n=1,821, 78.5%) first tested positive for SARS-CoV-2 after the
3rd dose and prior to their Day 365 study visit.

Table 2 gives an overview of the number of participants who
completed each study visit and the timing of visits. The 4,936 par-
ticipants provided a total of 28,945 anti-spike IgG measurements
(median 6 measurements (IQR: 5-7) per participant). The median
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time from 1st vaccine dose to last study visit was 369 days (IQR:
357-515), as only 37% of participants had a Day 535 visit.

Antibody trajectories in the whole cohort

Figure 1 shows the geometric means for the total spike IgG at
each study visit for the cohort overall. An increase in total spike
IgG level following the first two vaccine doses was observed, with
the first peak in antibody levels measured at Day 90. A decline in
antibodies was then observed from Day 90-180. This decline was
estimated to be 23% per 30 days (95% CI 22-24%).

Figure 1 also clearly shows the effects of the 3rd dose, where
a large increase in total spike IgG levels was observed from Day
222 (immediately prior to the 3rd dose) to Day 251 (28 days after
the 3rd dose) to a level almost 2.5 times higher than at Day 90
(after receiving 2 vaccine doses) (Geometric Mean Ratio [GMR] 2.5
Day 251 vs Day 90 95% CI: 2.37-2.61). Following the Day 251 study
visit, a decline in total spike IgG levels was then observed to Day
535 (immediately prior to the 4th dose), but this remained higher
than the peak observed at Day 90, when individuals had received
only two doses (GM 293,003 AU/mL (95% CI 276,651-310,320) Day
535 vs GM 163,995 AU/mL (95% CI 157,381-170,886) Day 90).

Antibody trajectories considering hybrid immunity

Considering the impact of hybrid immunity on the antibody tra-
jectories, Figure 2 shows the predicted total spike IgG levels from
the multivariable mixed linear regression model, stratified by the
four different hybrid immunity groups. A similar figure using the
raw data instead of the predicted geometric mean levels is pro-
vided in the supplementary material (Figure S2) with consistent
results.

From Day 0-251, each group followed similar trajectories after
two vaccine doses. However, participants who developed hybrid
immunity in this early period had the highest antibody levels and
while a large increase in anti-spike IgG was observed in all groups
following the 3rd dose (Day 251), the highest antibodies were still
observed in those with hybrid immunity prior to their 3rd dose
(GM 535,647AU/mL, 95% CI 447,367-641,347).

Following Day 251 the antibody trajectories started to diverge.
For those with no hybrid immunity and those who developed hy-
brid immunity in the early period prior to their 3rd dose a de-
cline in anti-spike IgG was observed from Day 251-535. However,
even at Day 535, anti-spike IgG levels for those who developed hy-
brid immunity early remained higher than for those with no hy-
brid immunity (GM 341,858 AU/mL (95% CI 272,268-429,235) vs.
GM 138,569AU/mL (95% CI 126,805-151,425)). In contrast, an initial
increase in anti-spike IgG was observed from Day 251-365 for indi-
viduals who developed hybrid immunity during this same period,
followed by a decline from Day 365-535. Finally, for those who de-
veloped hybrid immunity after Day 365, an initial decline in total
spike IgG was observed from Day 251-365, followed by a subse-
quent increase in the period when hybrid immunity occurred (Day
365-535).

To compare these changes across time periods and hybrid im-
munity groups, we calculated the relative change in antibody lev-
els between each of the study visits as a percentage change per
30 days (Table 3). The first decline in antibodies during Day 90-
180 after the initial peak following the 2nd dose was estimated to
be similar for those with no hybrid immunity (23% per 30 days)
and those who later developed hybrid immunity either during Day
251-365 (24%) or after Day 365 (24%), whereas a lower rate of de-
cline was observed in those who already had hybrid immunity dur-
ing this period (13%), P=0.0001. We also estimated a slightly lower
rate of decline from Day 251-365 (3% vs. 8% per 30 days, P=0.07)
and from Day 365-535 (5% vs. 11% per 30 days, P=0.003) in those
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Characteristics of participants at enrolment stratified by their hybrid immunity status at their last study visit.

Total Never PCR positive Positive prior to Positive after 3rd dose, Positive after 1
3rd vaccine dose prior to 1 year visit year visit
Total (n, % of 4,936 (100) 2,616 (53.0) 288 (5.8) 1,821 (36.9) 211 (4.3)
total)
Age group <50 818 (16.6) 369 (14.1) 78 (27.1) 361 (19.8) 10 (4.7)
50-64 1,737 (35.2) 819 (31.3) 124 (43.1) 717 (39.4) 77 (36.5)
>65 2,381 (48.2) 1,428 (54.6) 86 (29.9) 743 (40.8) 124 (58.8)
Sex Female 2,706 (54.8) 1,393 (53.3) 165 (57.3) 1,028 (56.5) 120 (56.9)
Male 2,230 (45.2) 1,223 (46.8) 123 (42.7) 793 (43.6) 91 (43.1)
Vaccine received BTN162b2 2,966 (60.1) 1,699 (65.0) 158 (54.9) 992 (54.5) 117 (55.5)
mRNA-1237 1,970 (39.9) 917 (35.1) 130 (45.1) 829 (45.5) 94 (44.6)
Danish vaccine Increased risk 1,247 (25.3) 767 (29.3) 50 (17.4) 377 (20.7) 53 (25.1)
priority group
General 3,689 (74.7) 1,849 (70.7) 238 (82.6) 1,444 (79.3) 158 (74.9)
population
Charlson None 3,503 (71.0) 1,720 (65.8) 235 (81.6) 1,395 (76.6) 153 (72.5)
comorbidity index
Mild (1-2) 1,192 (24.2) 722 (27.6) 45 (15.6) 373 (20.5) 52 (24.9)
Moderate (3+) 241 (4.9) 174 (6.7) 8 (2.8) 53 (2.9) 6(2.8)

Date first PCR
positive

(median, range) - -

July 2021 (March
2020-March 2022)

February 2022 (November
2021- June 2022)

July 2022 (March
2022-October
2022)

IQR: Interquartile range.

Table 2
Overview of the study visits completed during follow-up.

Study visit Day Study visit description Number contributing total Days from 1st vaccination to Date of study visit (median,
number Spike IgG results (N, %) study visit (median, IQR) range)
1 0 Enrolment (prior to 1st 4,936 (100) 0 (-2 to 0) April 2021 (February
vaccine dose) 2021-August 2021)
2 28 Prior to 2nd vaccine dose 4,630 (93.80) 28 (21 to 35) May 2021 (March 2021-August
2021)
3 90 Three months after 1st 4,462 (90.40) 92 (89 to 96) July 2021 (May
vaccine dose 2021-December 2021)
4 180 6 months after 1st vaccine 4,108 (83.23) 182 (179 to 186) October 2021 (August
dose 2021-March 2022)
3X 222 Prior to 3rd vaccine dose 1,794 (36.35) 222 (208 to 232) December 2021 (October
2021-April 2022)
3Xc 251 28 days after 3rd vaccine 3,257 (66.00) 251 (237 to 262) January 2022 (October
dose 2021-September 2022)
5 365 1 year after 1st vaccine 3,936 (79.74) 364 (360 to 370) April 2022 (February
dose 2022-September 2022)
4X 535 Prior to 4th vaccine dose 1,822 (36.91) 532 (508 to 554) October 2022 (February

2022-February 2023)

with hybrid immunity prior to their 3rd vaccine compared to those
with no hybrid immunity. Among those with no hybrid immunity,
the rate of decline following the 3rd dose was lower than the de-
cline observed after only two doses (23% per 30 days during Day
90-180, 8% during Day 251-365, P<0.0001).

The full results of the mixed linear model are given in supple-
mentary Table S2. In addition to hybrid immunity status, older par-
ticipants, and males were found to have lower predicted mean to-
tal spike IgG levels. Furthermore, individuals with moderate/severe
Charlson Comorbidity Index had 32% lower mean total spike IgG
levels compared to those with no comorbidities (95% CI 0.60-
0.77, P<0.0001), and those in the increased risk vaccine priority
group had 40% lower mean total spike IgG levels (95% CI 0.56-0.64,
P<0.0001) compared to the general population group and indepen-
dent of hybrid immunity status. Participants who received 3 doses
of mRNA-1237 were predicted to have higher mean total spike IgG
levels than those receiving BTN162b2.

Discussion

ENFORCE is uniquely positioned to investigate hybrid immunity
due to both pre-vaccination infection and breakthrough infections
in a large cohort with a significant proportion of older and high-
risk individuals. Among individuals receiving three doses of mRNA

vaccine against SARS-CoV-2, hybrid immunity was found to have
an important role in antibody trajectories. Those with hybrid im-
munity were observed to have significantly higher antibody levels
compared to those with only vaccine-induced immunity. Further,
the observed decline in antibody levels following a peak, either
from a vaccine booster dose or from a new infection, was lower
in those with hybrid immunity.

The relative higher antibody levels after hybrid immunity re-
mained up to 535 days after the 1st vaccine dose and were seen
even in the group who were infected with SARS-CoV-2 prior to
their 3rd vaccine dose. The reasons for this are not fully under-
stood but others have speculated that prior SARS-CoV-2 infection
enhances and reshapes the spike protein specific memory induced
by vaccination [24,25]. The type of antigen exposure [26], particu-
larly during the first infection [27], may also be important for the
hybrid immune response. The majority of infections in our cohort
occurred in early 2022 and after the 3rd vaccine dose, at a time
when the Omicron variants were dominant in Demark [28] which
has been shown to result in a higher immune response than earlier
variants [26,29].

Despite a decline in antibody levels following the 3rd vaccine
dose, antibody levels remained high in those without hybrid im-
munity and the rate of decline was lower than following the first
two doses. This supports findings from previous studies that the
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Figure 1. Antibody trajectories in adults receiving three doses of mRNA vaccine. Plotted as the geometric means (GM) for the total spike IgG measured at each study visit
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Figure 2. Antibody trajectories in adults receiving three doses of mRNA vaccine stratified by hybrid immunity status. Plotted as the predicted geometric means (GM) for
the total spike IgG measured at each study visit together with 95% confidence intervals (CI) from the mixed linear regression model, also adjusted for age, sex, Charlson
Comorbidity Index, and Danish vaccine priority group. PCR-: No positive PCR test during follow-up (N=2620); PCR+ before 3rd Vax: At least one positive PCR test prior to
receipt of a 3rd vaccine (N=287); PCR+ after 3rd Vax and before Day 365: At least one positive PCR test after receiving a 3rd vaccine dose and prior to Day 365 (N=1820,
including 160 (8.8%) individuals who tested positive after their 3rd dose but prior to their Day 251 study visit); PCR+ after 3rd Vax & Day 365: At least one positive PCR
test after the Day 365 and prior to receiving a 4th vaccine dose at Day 535 (N=209).

durability of response following the 3rd vaccine dose is greater
than after only two doses [30,31]. With high-risk individuals now
receiving more than three vaccine doses, it will be important to in-
vestigate if durability continues to increase with each subsequent
dose or new infection. However, the scaling back of national testing
strategies will make it challenging for future studies to determine
the timing of newer SARS-CoV-2 infections to the same degree as

in this study which was conducted when testing was freely avail-
able and widespread across Denmark.

This study adds to the findings from a recent systematic review
looking at the protective effectiveness of hybrid immunity against
the Omicron variant [15] which suggested that people with hybrid
immunity may not need booster vaccines as frequently as those
with only vaccine-induced immunity [16]. Our study contains a
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Table 3
Estimated change in total Spike IgG between each study visit.
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Number of
doses received

Observation period description

Estimated percentage change per 30 days (95% CI)

Never PCR positive

Positive prior to 3rd Positive after 3rd dose
dose and before Day 365

Positive after Day 365

Day 0 (immediately to prior 1st 1
dose) to Day 28 (immediately

prior to 2nd dose)

Day 28 (immediately prior to 2nd 2
dose) to Day 90

Day 90 to Day 180 2
Day 180 to Day 222 (immediately 2
prior to 3rd dose)

Day 222 (immediately prior to 3rd 3
dose) to Day 251 (28 days after

33,644 (31,633,
35,783)

156 (149, 163)

-23 (-25, -22)
-10 (-16, -4)

634 (567, 708)

3rd dose)

Day 251 (28 days after 3rd dose) 3 -8 (-9, -6)

to Day 365

Day 365 to Day 535 (immediately 3 -11 (-13, -10)

prior to 4th dose)

12,040 (10,006 14,483) 53,688 (49,960, 47,170 (38,224,

57,693) 58,203)

56 (43, 69) 137 (129, 144) 162 (138, 187)
-13 (-18, -8) 24 (-25, -22) -24 (-29, -19)
70 (45, 100) -14 (-20, -8) -25 (-37, -11)
39 (10-76) 618 (554, 689) 771 (582, 1,013)
-3(8,2) 5(3,7) -11 (-16, -6)

-5 (-9, 1) -1(-3,0) 11 (7, 14)

high proportion of high-risk individuals, which were not the fo-
cus of the systematic review. Data from our cohort indicates that a
lower portion of these individuals at higher risk of severe COVID-
19 had developed hybrid immunity. In part, this may be due to dif-
ferent behaviour patterns with less exposure because of increased
concern over developing severe disease. Furthermore, our model
predicted individuals with a higher number of comorbidities to
have lower levels of antibodies independent of hybrid immunity
status. This is consistent with what has previously been observed
in both the ENFORCE cohort [5] and other studies [6], with studies
also reporting faster waning of antibodies among older individuals
[30]. Thus, the findings from this study support vaccine strategies
targeting subsequent booster doses to these older and high-risk in-
dividuals, that are less likely to have hybrid immunity.

Our study has several strengths. We had nationwide data collec-
tion for all SARS-CoV-2 PCR tests conducted in Denmark, a coun-
try which had one of the highest rates of PCR testing globally
during the pandemic [28]. Additionally, unlike some other stud-
ies, the inclusion of anti-nucleocapsid data allowed us to separate
those who may have had an asymptomatic infection without be-
ing tested for SARS-CoV-2 and those who may have tested positive
only via SARS-CoV-2 antigen testing from the no hybrid immunity
group (PCR-). As there is no consensus on the definition for se-
roconversion based on anti-nucleocapsid measurements we opted
to exclude these individuals from our analysis. This strengthened
our classifications of hybrid and vaccine-induced immunity and re-
duced the risk of detection bias or misclassifications.

Some limitations should also be considered. The figures pre-
sented in this study show the geometric mean levels of antibody
response across each of the immunity groups. However, within
these groups there remains a small proportion of individuals with
poor vaccine-response (hypo-responders). Additionally, some indi-
viduals with hybrid immunity may have been given monoclonal
antibodies as part of their treatment, possibly leading to higher
antibody levels. Whilst this treatment was initially offered to all
risk groups it was later restricted to only high-risk individuals and
therefore, we expect this to have had little impact on the mean
antibody levels. Further, this study focused on the total spike IgG
measured against the wild-type strain and assessed waning immu-
nity based on the changes in total spike IgG over time, and we
did not investigate vaccine effectiveness for subsequent risk of re-
infection or severe disease. We also noted the peak antibody re-
sponse among all three hybrid immunity groups was very simi-
lar and maybe due to the levels reaching the maximum detectable
limit of the assay.

In conclusion, this study found that hybrid immunity has an
important impact on the antibody trajectories in vaccinated indi-
viduals and thus recent infection should also be considered when
evaluating the need for additional vaccine doses. The current ap-
proach adopted by many countries of targeting booster vaccine
programs at older and other high-risk individuals seems well justi-
fied. However, there may be other individuals with no prior infec-
tion who could also benefit from additional vaccine doses.
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