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Abstract

Background Healthcare workers (HCWs) face high occupational exposure to SARS-CoV-2 and are a priority group
for vaccination. Both natural infection and vaccination—individually or combined as hybrid immunity—confer
protection against SARS-CoV-2 infection. This study aimed to evaluate the protection conferred by hybrid, infection-
induced, and booster vaccine-induced immunity against laboratory-confirmed SARS-CoV-2 infections in HCWSs dur-
ing the circulation of three pandemic and one post-pandemic Omicron sublineages.

Methods We conducted a prospective cohort study of HCWs from 18 hospitals across nine European countries.
Participants underwent RT-PCR testing at enrolment and during weekly or fortnightly follow-ups. The study period
was divided based on dominant Omicron sublineage circulation: BA.1/2 (Dec 16, 2021-Jun 1, 2022), BA.4/5/BQ.1T (Jun
2-Dec 31, 2022), BA2/XBB (Jan 1-May 2, 2023), and post-pandemic XBB.1.5/BA.2.86 (Sep 1, 2023-May 21, 2024). Par-
ticipants were classified into four groups: hybrid (prior infection and recent booster vaccination 7-179 days), infection-
induced (prior infection, no recent vaccination), vaccine-induced immunity (recent booster vaccination, no prior
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infection), and a reference group (no prior infection, no recent booster vaccination). Adjusted hazard ratios (@aHRs)
for infection were estimated using Cox regression, adjusting for hospital, age, sex, chronic condition, and patient-
facing role.

Results A total of 3 133 HCWs were included: 2572 (82%) female, 1734 (55%) aged 40-59, and 563 (29%) with > 1
chronic condition. Hybrid immunity showed significant protection during BA.1/2 (aHR=0.37, 95%Cl 0.21-0.63),
BA.4/5/BQ.1 (aHR=0.36, 95%Cl 0.22-0.58), and XBB.1.5/BA.2.86 (aHR=0.53, 95%Cl 0.37-0.74) periods. Infection-
induced immunity was protective across all periods, most during BA.1/2 (aHR=0.26, 95%C| 0.12-0.53), and least dur-
ing BA.2/XBB (@HR=0.66, 95%Cl 0.36-1.22). Vaccine-induced immunity alone offered limited protection during BA.1/2
(@aHR=0.72, 95%Cl 0.49-1.06) and BA.4/5/BQ.1 (aHR=0.77, 95%Cl 0.50-1.19), with wide confidence intervals suggest-
ing low statistical significance.

Conclusions Hybrid and infection-induced immunity groups were more protected against infection caused by ear-
lier Omicron sub-lineages and more protected than vaccination alone, which had no significant protective effect.
These findings highlight the need for adaptive public health strategies, including timely vaccine updates and under-
standing of prior SARS-CoV-2 infection to inform COVID-19 vaccination policies for HCWs in the post-pandemic era.

Keywords Hybrid immunity, Healthcare workers, Prospective cohort study, COVID-19 vaccination, Omicron variant
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Background

Vaccination against the coronavirus disease 2019
(COVID-19) and natural infection caused by the severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
can each induce immunological protection against SARS-
CoV-2 infection. The combined protection is known as
hybrid immunity. High incidence of SARS-CoV-2 infec-
tions alongside vaccination efforts has led to a substantial
proportion of the population acquiring hybrid immunity
at different times during pandemic and post-pandemic
waves [1, 2].

Healthcare workers (HCWs) have been prioritised for
COVID-19 vaccination in most past COVID-19 vac-
cination campaigns in Europe, including during the
post-pandemic era. Targeting HCWs aimed at reducing
disease burden due to their heightened risk of occupa-
tional exposure, safeguard essential services, and prevent
onward transmission to patients who may be at higher
risk of severe COVID-19 outcomes [3-7].

In the initial phase after COVID-19 vaccine introduc-
tion, primary course vaccination campaigns utilised
vaccines that had been developed against the original
SARS-CoV-2 virus. Although these vaccines offered high
and long-lasting protection against severe disease [8],
their protection against infection was good but short-
lived [3, 4], which was reduced by the emergence of new
variants [4, 5]. In the context of limited vaccine supply
in 2021, several European countries adopted single-dose
and extended-interval strategies for individuals with
recent prior SARS-CoV-2 infection(s), supported by evi-
dence that hybrid immunity offered robust protection [4].
With the emergence of the Omicron variant in late 2021,
COVID-19 booster doses were mainly recommended

regardless of prior SARS-CoV-2 infections [5], first
using the original vaccines, and later the updated for-
mulations [6]. In European Union (EU) member states,
a first booster dose was recommended in the latter half
of 2021, and a second booster dose for high-risk groups,
including HCWs, in the spring of 2022 [6]. During the
autumn 2022 campaign, the vaccination strategy shifted
from regular booster doses to seasonal vaccination of
prioritised vulnerable and high-risk groups regardless of
the number of previous doses [6]. After advice from the
European Medicines Agency (EMA), the European Com-
mission authorised the bivalent mRNA COVID-19 vac-
cines containing the original and the Omicron BA.1 or
BA.4/5 strains in August-September 2022. These were
then rolled out throughout the autumn 2022 campaign
[7]. During the autumn 2023 vaccination campaign in
the EU and after WHO ended the COVID-19 as a Public
Health Emergency of International Concern (PHEIC) on
May 5, 2023 [9], the monovalent Omicron XBB.1.5 vac-
cine became available [10], and several countries reim-
plemented extended-interval strategies for individuals
with recent prior SARS-CoV-2 infections [6].

Real-world evidence on infection-induced and hybrid
immunity, especially in the post-pandemic era, remains
limited [11-14], particularly among HCWs during Omi-
cron waves (characterised by high transmissibility and
lower severity). Understanding the evolution of hybrid,
infection- and booster vaccination-induced protection
is crucial for further developing COVID-19 vaccination
policies. Within the framework of the Vaccine Effective-
ness Burden and Impact Studies (VEBIS) project [15],
we measured the effect of hybrid, infection or vaccine-
induced immunity against SARS-CoV-2 infection during
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BA.1/2, BA.4/5/BQ.1, BA.2/XBB, and XBB.1.5/BA.2.86
Omicron sub-lineage predominant circulation periods,
among HCWs from a cohort study who had completed
the primary vaccination course.

Methods

This study was embedded in the multi-centre dynamic
prospective cohort among HCWs recruited from 18
hospitals in nine European countries (Croatia, Estonia,
Ireland, Italy, Latvia, Poland, Portugal, Romania, and
Spain). All HCWs from study hospitals were invited to
participate, irrespective of their job role [15]. Hospitals
participated according to their availability, and HCWs
committed to a minimum 3-month follow-up (Addi-
tional file 1: Figure S1). In this analysis, we included
HCWs who participated during the predominant cir-
culation of Omicron sub-lineages: from 16 December
2021 to 2 May 2023 (pandemic Omicron period char-
acterised by the predominant circulation of BA.1/2,
BA.4/5/BQ.1, BA.2/XBB sublineages) and from 1 Sep-
tember 2023 to 21 May 2024 (post-pandemic Omicron
period, characterised by the predominant circulation of
XBB1.5/BA.2.86 sublineages) (Additional file 1: Figure
S1).

Study procedures
HCW completed a questionnaire at enrolment, gath-
ering information on demography, clinical history
(including vaccination history, prior SARS-CoV-2
infection) and occupational and community behaviour.
Weekly follow-up questionnaires gathered updates on
vaccination status, possible professional and personal
exposures to SARS-CoV-2 and if diagnosed with SARS-
CoV-2 infection outside of the study. Vaccination infor-
mation was validated using available data sources at
the site level: electronic records, vaccination registries,
occupational health registries, vaccination certificates.
Participants provided specimens for reverse transcrip-
tion polymerase chain reaction (RT-PCR) testing at enrol-
ment and follow-up through either weekly saliva (n=4
sites) or weekly (n=8 sites) or fortnightly (n=6 sites)
naso- and/or oropharyngeal specimens (according to the
procedures at the site level), to ascertain cases of SARS-
CoV-2 infection. Confirmatory RT-PCR testing was also
conducted when participants (1) reported a positive
SARS-CoV-2 test outside of the study (initially reported
as RT-PCR test, antigen detection rapid diagnostic test
[AgRDT], Computerised Tomography scan [CT scan] or
self-reported diagnostic), (2) reported COVID-19 com-
patible symptoms, or (3) reported close contact with an
individual who tested positive for SARS-CoV-2 in the pre-
vious 14 days. Participating HCWs also provided blood
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samples for serology testing, antibodies to the nucleocap-
sid protein [anti-N] and spike protein [anti-S].

Exclusion criteria

HCWs who did not respond to an enrolment or any
regular follow-up questionnaires, and those with miss-
ing or incompatible information on age, sex, or vacci-
nation status, were excluded from analyses (Additional
file 1: Figure S2). In this analysis, we also excluded the
following participants: (1) immunocompromised indi-
viduals due to specific recommendations on primary
course vaccination, (2) those with serologic evidence of
infection during the study (in 4 sites) not concordant
with the virology testing (i.e., positive anti-N following
a negative anti-N test, in the absence of a positive RT-
PCR test), (3) those not contributing to person-time in
an analysis period, (4) those with missing information
on prior infection (status and/or date) at enrolment,
(5) those with person-time contribution of less than
60 days after a SARS-CoV-2 prior infection, and (6)
those unvaccinated or partially vaccinated (we consid-
ered that these HCWs represent a specific population
with potentially different demographic, professional, or
behavioural characteristics).

Exposures and outcome definitions

We defined the following exposure groups: (1) hybrid
immunity (+/+) HCWs that reported at least one
prior SARS-CoV-2 infection (>60 days) and recent
(7-179 days) booster vaccination regardless of whether
the infection occurred before or after vaccination, and
the number of doses of vaccine received; (2) infection-
induced immunity (+/-): prior infection with waned vac-
cination (>180 days); (3) vaccination-induced immunity
(=/4+) of no prior infection with recent (7179 days) vac-
cination; and the reference group (—/—) of no prior infec-
tion and waned vaccination (>180 days). We assumed
HCWs vaccinated > 180 days ago as no longer exhibiting
vaccine-induced immunity (“waned vaccination”) [8].

HCWs were considered as having completed booster
vaccination if>7 days had elapsed from receipt from the
first or the second booster dose. We discarded person-
time immediately after vaccination (0-6 days following
booster uptake).

We defined a SARS-CoV-2 reinfection as an infection
occurring at least 60 days after a preceding infection.
We discarded person-time immediately after infection
(0—60 days post-symptom-onset and/or the swab date of
a positive test if no symptoms were reported) [16]. Prior
infection status was ascertained at the beginning of the
person-time contribution for each analysis period. The
sources of information considered were as follows: (1)
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Pre-enrolment infections documented in the enrolment
or re-enrolment questionnaires (self-reported and vali-
dated by clinical monitors where possible), (2) RT-PCR
confirmed infection detected within the study but before
the start of the analysis period, (3) RT-PCR confirmed
infection detected outside the study and documented in
the follow-up questionnaires before the start of the anal-
ysis period. The prior infection status was updated when
a participant re-entered the study following an infection.

For all analyses, the primary outcome was RT-PCR-
confirmed SARS-CoV-2 infection or re-infection regard-
less of symptoms.

Sub-lineage predominance analysis periods

We defined the predominant SARS-CoV-2 sub-lineage
periods (>75%) by comparing the percentage over time
for each circulating sub-lineage across participating
countries, using national data reported to the European
Respiratory Virus Surveillance Summary (ERVISS) [17].
We grouped time consecutive Omicron sublineages fol-
lowing an operational clustering approach based on lin-
eage relationships, and epidemiological importance.
We defined the following periods during the pandemic
period: Omicron BA.1/2 from 16 December 2021 to
1 June 2022 (first Omicron wave), Omicron BA.4/5/
BQ.1 from 2 June 2022 to 31 December 2022 (vari-
ants descendants of the same branch, causing the sec-
ond Omicron wave), and Omicron BA.2/XBB from 1
January 2023 to 2 May 2023 (XBB—derived from BA.2,
causing the third Omicron wave). The second analy-
sis period included post-pandemic Omicron XBB.1.5/
BA.2.86 (comprising JN.1) from 1 September 2023 to 21
May 2024 (Additional file 1: Figure S3). We defined this
period as post-pandemic, marking the end of COVID-19
as a PHEIC and the start of seasonal evaluation of vac-
cine effectiveness.

Statistical analysis

We used Cox proportional hazards models to estimate
hazard ratios (HR) for each exposure group compared to
the reference group defined above. We classified HCWs
in time-varying exposure groups according to changes in
vaccination status and prior infection. Consequently, a
single participant may have contributed person-time to
multiple exposure categories.

Cox regression was performed using study time as the
time scale and a complete case approach. We used the
Schoenfeld residual test to check the proportional haz-
ards assumption. We calculated unadjusted and adjusted
HR (aHR), including hospital as a stratification factor
to account for site-specific variation. We adjusted the

Page 4 of 12

multivariable regression model using a priori chosen
covariates: age, sex, presence of at least one underlying
chronic condition (yes/no) and whether the participant’s
occupational role was patient-facing (yes/no). The deci-
sion to include age categories or splines, and the number
of knots, was based on the Akaike Information Criterion.

Multiple comparisons between treatment levels were per-
formed using Tukey’s method. Adjusted p-values and confi-
dence intervals were reported for pairwise contrasts [18].

Person-time contribution began at the later of the start
of each sub-lineage circulation period or the participant’s
enrolment date. Follow-up was censored at the earliest
of: (1) RT-PCR confirmed SARS-CoV-2 infection (pri-
mary outcome), (2) loss to follow-up (as reported or as
defined below), or (3) the end of the Omicron circulation
period (as defined above). Exposure groups were reclassi-
fied according to changes in prior infection and vaccina-
tion over time.

We excluded person-time during the gaps in virol-
ogy testing (28 days between two tests if any follow-up
questionnaire was completed, or 42 days if at least one
questionnaire was completed). If the participant did not
undergo virological testing after this elapsed time, we
considered them as lost to follow-up.

All analyses were conducted using R version 4.1.3, the
models and multiple comparisons were implemented
using the “survival” and “multcomp” packages.

This observational study was conducted and reported
in accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) guide-
lines (Additional file 2).

Results

The cohort counted 4431 HCWs from nine countries;
3327 HCWs participated in the pandemic Omicron
period, and 1477 in the post-pandemic Omicron period.
After applying exclusion criteria (Additional file 1: Figure
S2), 3133 (70%) HCWs contributed person-time to the
analysis in at least one Omicron sub-lineage predominant
period: 1603 HCWs during BA.1/2, 1526 during BA .4/5/
BQ.1, 1026 during BA.2/XBB, and 1131 during XBB.1.5/
BA.2.86. The median follow-up time was 152 days (Inter-
quartile range [IQR 79-204]), with 7% of HCWs lost to
follow-up over the entire period.

Among the 3133 HCWs included in the analysis, 2572
(82%) were female, 1734 (55%) aged 40-59 years, 567 (18%)
reported one or more chronic conditions, and 2266 (72%)
engaged in patient-facing interaction with 2087 (67%) in a
clinical role as nurses and medical doctors. Demographic
characteristics of HCWs were generally comparable across
the different analysis periods, except for fewer HCWs with
patient-facing roles participating during Omicron BA.2/
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Table 1 Demographic characteristics of participant HWC at the start of each Omicron sub-lineage predominant circulation period,
multi-centre VEBIS HCW COVID-19 vaccine effectiveness study, 16 Dec 2021-21 May 2024

Omicron BA.1/2 Omicron BA.4/5/BQ.1 Omicron BA.2/XBB Omicron
XBB.1.5/
BA.2.86
N=1603 N=1526 N=1026 N=1131
Age groups
18-39 548 (34%) 497 (33%) 346 (34%) 366 (32%)
40-59 900 (56%) 879 (58%) 591 (58%) 668 (59%)
>60 155 (10%) 150 (10%) 89 (9%) 97 (9%)
Sex
Female 1293 (81%) 1249 (82%) 882 (86%) 944 (83%)
Male 310 (19%) 277 (18%) 144 (14%) 187 (17%)
Occupation
Medical Doctors 302 (19%) 256 (17%) 199 (19%) 189 (17%)
Nurses/nurse assistants 808 (50%) 723 (47%) 418 (41%) 488 (43%)
Laboratory 89 (6%) 95 (6%) 41 (4%) 57 (5%)
Administration/Reception 171 (11%) 196 (13%) 173 (17%) 172 (15%)
Ancillary 36 (2%) 37 (2%) 37 (4%) 45 (4%)
Other 197 (12%) 219 (14%) 158 (15%) 180 (16%)
Facing Patients
Yes 1197 (75%) 1076 (71%) 700 (68%) 751 (66%)
No 406 (25%) 450 (29%) 326 (32%) 380 (34%)
Number of chronic conditions
One 199 (12%) 200 (13%) 141 (14%) 130 (11%)
Two or more 93 (6%) 97 (6%) 71 (7%) 69 (6%)
None 1311 (82%) 1229 (81%) 814 (79%) 932 (82%)

Participants were characterised at the onset of their person-time contribution to each analysis period
Countries contributing to BA.1/2 (EE, ES, HR, IE, IT, LV, PT), BA.4/5/BQ.1 (EE, ES, HR, IE, LV, PL, PT), BA.2/XBB (EE, IE, LV, PT, RO, ES), XBB1.5/BA.2.86 (EE, IE, IT, LV, PT, RO, ES)

Omicron sub-lineage predominant circulation periods

COVID-19 coronavirus disease 2019, HCWs Healthcare workers, VEBIS Vaccine Effectiveness Burden and Impact Studies

XBB and XBB.1.5/BA.2.86 periods, compared with Omi-
cron BA.1/2 (p-value 0.001) (Table 1).

Description of prior SARS-CoV-2 infection and booster
vaccination during the Omicron sub-lineage predominant
circulation periods

Throughout all Omicron periods, the proportion of
HCWs in the hybrid immunity exposure group ranged
from 14 to 29%. The highest proportion was observed at
the beginning of the BA.2/XBB period. The proportion
of HCWs in the infection-induced immunity exposure
group increased from 12% at the beginning of the BA.1/2
period to 74% at the beginning of the XBB.1.5/BA.2.86
period. Conversely, the proportion of HCWs with vac-
cination-induced immunity exposure group decreased
from 59 to 2% over the same periods (Table 2). Among
HCWs with information on the timing of previous infec-
tion, the proportion of HCWs with a recent prior infec-
tion (60—180 days) also decreased, from 54% at the start

of the BA.4/5/BQ.1 period to 18% at the start of the
XBB.1.5/BA.2.86 period.

Among individuals with recent vaccination, the time
since the last booster vaccination was longer during the
BA.4/5/BQ.1 period (median 166 days; range 7-179)
and shorter during the BA.2/XBB period (median
77 days; range 7-176). Time since booster vaccination
was similar among those with and without prior infec-
tion (data not shown).

The time since the last infection was shorter dur-
ing the BA.4/5/BQ.1 period (median 204 days; range
60-999) and longer during the XBB.1.5/BA.2.86 period
(median 542 days; range 60—1371) (Table 2).

Among those with waned vaccination, the time since
last vaccination was shortest during BA.4/5/BQ.1
(median 222 days; range 180-698) and longest during
XBB.1.5/BA.2.86 (median 700 days; range 213-1095).
Similarly, the time since prior infection was shorter
during BA.1/2 (median 312 days; range 60—1453) and
longer during XBB.1.5/BA.2.86 (median 477 days; range
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Table 2 Description of exposure groups at the start of each Omicron sub-lineage predominant circulation period, multi-centre VEBIS

HCW COVID-19 vaccine effectiveness study, 16 Dec 2021-21 May 2024
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Omicron BA.1/2  Omicron BA.4/5/BQ.1

Omicron BA.2/XBB Omicron XBB.1.5/BA.2.86

Exposure N=1603
(+/+) Hybrid immunity 271 (17%)
(+/-) Infection-induced immunity 86 (12%)
(—/+) Vaccination-induced immunity 949 (59%)
(—=/-) No prior infection and waned vaccination 97 (12%)

Recent prior SARS-CoV-2 infection N=457
Yes (60-180 days) 216 (47%)

No (> 180 days) 225 (49%)

Missing 16 (4%)
Time since last booster vaccination (7-179 days) N=1220

Days (median, range) 36 (7-179)
Time since last booster vaccination (> 180 days) N=383

294 (180-484)

Time since last prior SARS-CoV-2 infection N=271
(recent vaccination 7-179 days)

Days (median, range)

Days (median, range) 347 (60-817)

Time since last prior SARS-CoV-2 infection N=186
(waned vaccination > 180 days)
Days (median, range) 112 (60-799)

N=1526 N=1206 N=1131
240 (16%) 296 (29%) 158 (14%)
640 (42%) 530 (52%) 834 (74%)
201 (13%) 86 (8%) 23 (2%)
445 (29%) 114 (11%) 116 (10%)
N=880 N=826 N=950
474 (54%) 191 (23%) 173 (18%)
329 (37%) 565 (68%) 776 (82%)
77 (9%) 70 (8%) 1(0%)
N=441 N=382 N=139
166 (7-179) 77 (7-176) 35(7-172)
N=1085 N=644 N=950
222 (180-698) 427 (182-811) 700 (213-1095)
N=240 N=296 N=158

204 (60-999)
N=640

140 (60-905)

294 (60-1050)
N=530

262 (60-1134)

542 (60-1371)
N=834

477 (60-1453)

COVID-19 coronavirus disease 2019, HCWs healthcare workers, SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2, VEBIS Vaccine Effectiveness Burden and

Impact Studies

60-1453) (Table 2). Time since vaccination booster was
similar among those with and without prior infection
(data not show).

Additionally, at the start of the BA.1/2 period, 94% of
individuals with recent vaccination had received their
first booster dose as their last dose, and 76% had received
the Comirnaty monovalent original (Pfizer/BioNTech)
vaccine. By contrast, at the start of the XBB.1.5/BA.2.86
period, 63% had received a third booster dose as their last
dose, and 83% had been vaccinated with the Comirnaty
Omicron XBB1.5 adapted monovalent (Pfizer/BioNTech)
vaccine (Additional file 3: Table S1).

During the study period, the percentage of asympto-
matic prior infection ranged from 1 to 15% and the num-
ber of HCWs reporting multiple infections increased
from 12 to 30% (2 infections) and from 0 to 12% (3 infec-
tions or more) (Additional file 3: Table S1).

Description of SARS-CoV-2 infections

Throughout the different pandemic and post-pandemic
periods, 959 PCR-confirmed SARS-CoV-2 infections
were detected, of which 570 (59%) were symptomatic,
and 919 (96%) were identified through the study. No
infection events detected within the study and included
in this analysis required hospitalisation due to COVID-
19. Among HCWs with information available, 377/897
(42%) reported a contact with a COVID-19 case, 286

(76%) contact in the hospital within the previous 14 days,
41 (11%) in the community, and 50 (13%) in both. Of all
infections, 315 (33%) occurred during BA.1/2, 305 (32%)
during BA.4/5/BQ.1, 122 (13%) during BA.2/XBB, and
217 (23%) during XBB1.5/BA.2.86 Omicron sub-lineage
predominant circulation periods. Of all HCWs infected,
6 (7%) had multiple infections during the study period.

Hybrid, infection-, and vaccination-induced immunity
During the BA.1/2 and BA.4/5/BQ1 Omicron sub-line-
age periods, the aHRs of infection in the hybrid immu-
nity exposure group were 0.37 (95% confidence interval
[CI] 0.21-0.63) and 0.36 (95%CI 0.22—-0.58), respectively.
Among HCWs from the infection-induced immunity
exposure group, the aHR was 0.26 (95%CI 0.12-0.53)
during BA.1/2 and 045 (95%CI 0.34-0.59) during
BA.4/5/BQ.1. In the vaccine-induced immunity exposure
group, the aHRs were 0.72 (95%CI 0.49-1.06) and 0.77
(95%CI 0.50—1.19) for the same periods (Table 3, Fig. 1).

During the BA.2/XBB Omicron pandemic period,
the aHR of infection in the hybrid immunity exposure
group was 0.91 (95%CI 0.45-1.85), while in the infec-
tion-induced immunity exposure group was 0.66 (95%CI
0.36—1.22). In addition, the aHR of the vaccine-induced
immunity exposure group was aHR of 2.05 (95%CI 0.96—
4.40) (Table 3, Fig. 1).
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Table 3 Hybrid, prior SARS-CoV-2 infection and COVID-19 vaccination protection against PCR-confirmed SARS-CoV-2 infection during
the Omicron sub-lineage predominant circulation, multi-centre VEBIS HCW COVID-19 vaccine effectiveness study, 16 Dec 2021-21

May 2024
Person-days Events HR HR (95% ClI) aHR aHR (95% Cl)

Omicron BA.1/2

(=/-) No prior infection and waned vaccination 11,848 42 Ref Ref Ref Ref

(+/+) Hybrid immunity 24,137 38 0.38 0.22-0.65 037 0.21-0.63

(+/-) Infection-induced immunity 12,145 10 0.27 0.13-0.55 0.26 0.12-0.53

(=/4) Vaccination-induced immunity 76,135 225 0.73 0.50-1.08 0.72 0.49-1.06
Omicron BA.4/5/BQ.1

(=/-) No prior infection and waned vaccination 32913 120 Ref Ref Ref Ref

(+/+) Hybrid immunity 16,758 25 0.36 0.22-0.59 0.36 0.22-0.58

(+/-) Infection-induced immunity 73,957 131 046 0.35-0.60 045 0.34-0.59

(=/4) Vaccination-induced immunity 8741 29 0.78 0.50-1.22 0.77 0.50-1.19
Omicron BA.2/XBB

(=/-) No prior infection and waned vaccination 7670 19 Ref Ref Ref Ref

(+/+) Hybrid immunity 21,895 31 0.96 0.50-1.86 091 0.45-1.85

(+/-) Infection-induced immunity 39,738 54 0.69 0.39-1.24 0.66 0.36-1.22

(—/4) Vaccination-induced immunity 6522 18 1.96 0.91-4.23 2.05 0.96-4.40
Omicron XBB.1.5/BA.2.86

(=/=) No prior infection and waned vaccination 13,564 40 Ref Ref Ref Ref

(+/4) Hybrid immunity 23474 25 0.51 0.30-0.87 051 0.30-0.87

(+/-) Infection-induced immunity 92,006 143 0.54 0.38-0.76 0.53 0.37-0.74

(—/+) Vaccination-induced immunity 4545 9 1.12 0.49-2.55 1.11 0.49-2.53

Adjusted models (age, sex, hospital, age, sex, any chronic condition, and patient-facing roles)

aHR adjusted hazard ratios, Cl confidence interval, HCWs healthcare workers, HR hazard ratios, PCR polymerase chain reaction, Ref reference group, SARS-CoV-2 Severe
Acute Respiratory Syndrome Coronavirus 2, VEBIS Vaccine Effectiveness Burden and Impact Studies

During the XBB.1.5/BA.2.86 Omicron post-pandemic
period, the aHR of infection in the hybrid immunity
exposure group was 0.51 (95%CI 0.30-0.87), and 0.53
(95%CI 0.37-0.76) in the infection-induced immunity
exposure group. Finally, the aHR of the vaccination-
induced immunity exposure group was 1.11 (95%CI
0.49-2.53) (Table 3, Fig. 1).

Hybrid immunity and infection-induced immunity
were significantly higher than vaccination-induced
immunity during Omicron BA.1/2, BA.4/5/BQ.1, and
BA.2/XBB periods (adjusted p-values<0.05). No signifi-
cant differences were observed during Omicron XBB.1.5/
BA.2.86 period (Additional file 3: Table S2).

Discussion

We estimated the protective effects of prior infection
and recent vaccination, each and combined (i.e. hybrid
immunity effect) against SARS-CoV-2 infection in a
European multi-country HCW cohort, during different
Omicron sub-lineage circulation periods. Our findings
indicate that hybrid immunity conferred high levels of
protection during the early circulation of pandemic Omi-
cron sublineages (BA.1/2 and BA.4/5/BQ.1), and moder-
ate protection during the later Omicron post-pandemic

sublineages (XBB.1.5/BA.2.86). Comparable levels of
protection were observed among HCWs from the infec-
tion-induced immunity exposure group, particularly
during BA.1/2 and XBB.1.5/BA.2.86, although hybrid
immunity offered added benefit during the BA.4/5/
BQ.1 period. These results are partially explained by the
shorter time since prior infection and recent vaccination
in these periods, especially during BA.4/5/BQ.1 circula-
tion. Conversely, our data suggest lower protection dur-
ing the BA.2/XBB period compared with other periods,
with protective effects generally weaker and with wide
and overlapping confidence intervals. This coincided
with possible stronger immune escape of the circulating
variants, and longer average time since last infection and
last booster vaccination.

Higher protection conferred by prior SARS-CoV-2
infection against new infections across the Omicron peri-
ods—regardless of vaccination status—has been docu-
mented in previous studies [11-14, 19-29]. A decline in
the effectiveness of infection-induced immunity during
later Omicron lineages has also been reported [23-25].
This pattern may reflect increasing time since prior infec-
tion across successive variant periods, as observed in our
cohort.
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Exposure groups

BA.1/2 BA.4/5/BQ.1

05 1 15 2

Adjusted Hazard Ratio

BA.2/XBB XBB.1.5/BA.2.86

(+/+) Hybrid 38/42 25/120 31/19 25/40
(+/-) Infection 10/42 131/120 54/19 143/40
(-/+) Vaccination =~ 225/42 29/120 18/19 9/40

Fig. 1 Forest plot, hybrid, prior SARS-CoV-2 infection-induced and COVID-19 vaccination protection against PCR-confirmed SARS-CoV-2

infection during the Omicron predominant circulation periods, multi-centre VEBIS HCW COVID-19 vaccine effectiveness study, 16 Dec 2021-21

May 2024. Yellow indicates hybrid immunity group; blue indicates prior infection with waned vaccination (> 180 days) and grey indicates
vaccination-induced immunity (—/4) of no prior infection with recent (7179 days) vaccination. The reference group is no prior infection and waned
vaccination (=180 days). * Indicates that values 95% confidence intervals truncated in adjusted hazard ratio > 2.5. The table in the figure presents
the number of events for each exposure group and in the reference group. COVID-19: coronavirus disease 2019, HCW: Healthcare workers,
SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2, VEBIS: Vaccine Effectiveness Burden and Impact Studies

Contrary to some studies [11, 14, 19-29], we did not
find clear evidence of an additive effect of recent vaccina-
tion among individuals with prior infection, as most aHR
point estimates in the hybrid immunity exposure group
were lower than those in the infection-induced immunity
group. However, we found a slightly but not statistically
significant stronger effect of hybrid-induced immunity
during the BA.4/5/BQ.1 periods compared with other
periods. In our study, this may be explained by differ-
ences in the timing of vaccination and infection, waning

of immune responses, and the degree of antigenic match
between the vaccine and emerging variants. For exam-
ple, in a previous study [30], we described the overall low
vaccine effectiveness of the second booster dose com-
pared to the first booster during the BA.2/XBB period,
adjusted by prior infection. This is consistent with the
lower effect in the hybrid immunity group in this study,
which we explained by the increased immune evasion of
XBB sub-lineage, immune imprinting, longer time since
vaccination, and a high proportion of HCWs receiving
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the monovalent original vaccine rather than the bivalent
vaccine (original +BA.4/5) [30]. In addition, during the
post-pandemic period, characterised by the predomi-
nant circulation of XBB.1.5 and BA.2.86, the sample size
did not allow the analysis by sublineage using the four
exposure groups. However, the low level of protection
observed in the vaccination-induced immunity group
and therefore in the hybrid immunity group is consist-
ent with our previous work [31] where we reported the
effectiveness of XBB.1.5-adapted vaccine used for sea-
sonal vaccination in autumn 2024 to be 49% (95% CI—8
to 76) before and —11% (95% CI — 84 to 34) after the start
of BA.2.86/JN.1 predominant circulation. We could not
disentangle the effect of emerging sub-lineage circulation
from the waning protection of vaccination [31].

In our study, the inclusion of asymptomatic or mild
SARS-CoV-2 infection in the outcome may be a reason
for not observing greater protection in the analysis using
the hybrid immunity exposure group. It is expected that
hybrid immunity or vaccination offers significantly bet-
ter protection against severe than against mild disease or
reinfection [13, 19, 32], particularly against severe infec-
tions caused by highly evasive variants. Indeed, serologi-
cal studies suggest that both infection and vaccination
enhance the humoral and cellular response, leading to a
stronger and more durable immunity, as well as cross-
protection against multiple strains [19, 27]. Furthermore,
the level of protection likely varies with the sequence of
vaccination and prior infection, as well as the number
and type of exposures to different variants and vaccines
[19, 27]. We were unable to evaluate these additional fac-
tors in our study.

The main strength of our study is the long follow-up
period with regular contact (weekly or fortnightly) and
PCR testing, regardless of symptoms. This approach
minimised loss to follow-up and enabled the detection of
asymptomatic and mild infections during each period of
Omicron sub-lineage predominance, reducing the risk of
missed cases. It also improved the completeness of prior
infection data for participants re-entering the study fol-
lowing an infection. Indeed, the information on prior
SARS-CoV-2 infections is particularly important for
studies assessing the effectiveness of COVID-19 vaccines,
as the absence of such data—or unreliable data—can bias
effectiveness estimates, especially if the proportion of
prior infection differs between vaccinated and unvacci-
nated individuals. In addition, stratification by Omicron
sub-lineage predominant circulation period allowed us to
account for temporal changes in vaccine timing and sup-
ply, evolving recommendations and background infec-
tion dynamics factors.

The main limitation of our study is the small sample
size by analysis period, resulting in a lack of precision
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of the effect estimates and uncertainty in some find-
ings. Caution is warranted in interpreting differences
due to overlapping intervals and possible heterogeneity
between sites in pairwise comparisons, and in gener-
alising these findings. Furthermore, the limited sample
size restricted our ability to estimate with precision the
effects of prior infections vaccination type, vaccination at
different times, specific linages, and to control for other
potential confounders. Consequently, the possibility of
residual confounding cannot be discarded. Nonetheless,
although the number of HCWs recruited was small in
some sites during certain sub-lineage predominant circu-
lation periods, the study participants were representative
of HCWss in their sites by vaccination status and clinical
role. Second, as prior infection status is self-reported,
there is a risk of recall bias or underreporting of prior
infections, particularly among newly enrolled partici-
pants and asymptomatic SARS-CoV-2 infections, poten-
tially leading to the misclassification of those reporting
“no prior infection’, and overestimation of the effects in
these groups if differential among vaccinated and unvac-
cinated. Thirdly, we did not consider the serology results
in infection detection as anti-N serology tests could not
be performed in 4/18 sites, although anti-S serology was
performed in all sites. Finally, although some sites con-
ducted viral sequencing, we used national-level data
available in ERVISS as a proxy for all sites, since the avail-
able data was insufficient to define sub-lineage predomi-
nance periods by site.

Conclusions
Our findings highlight the need to re-evaluate the
COVID-19 vaccination strategy for healthcare workers
in the post-pandemic era, as evidence suggests low pro-
tection within 180 days after vaccination, and additional
immunisations in those with prior infection did not con-
fer additional protection against asymptomatic or mild
SARS-CoV-2 infection. However, as evidence also sug-
gests that infection-induced immunity decreased in the
post-pandemic period, and residual protection may be
less effective against immune-evasive emerging sub-line-
ages, considering previous infection when designing vac-
cination campaigns should be done with caution.
COVID-19 vaccination of HCWs continues to be a criti-
cal strategy for preventing severe morbidity and mortal-
ity in this high-risk group, as well as reducing the impact of
illness-related absence on essential services. Relying solely on
infection control practices (ICP) and public health and social
measures (PHSM) to prevent new infections in HCWs is
a strategy that may not adequately protect the health work-
force and health services during a future surge of SARS-
CoV-2 infections. An integrated strategy combining timely
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vaccination with reinforcement of ICP, in periods of high inci-
dence and when a new variant emerges, should still be rec-
ommended for HCWs. Future studies will be needed to assess
immunity in relation to updated formulations, including JN.1-
adapted, KP-adapted, and other subsequent adaptations.
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