STROBE Statement—checklist of items that should be included in reports of observational studies

	
	Item No.
	Recommendation
	Page 
No.
	Relevant text from manuscript

	Title and abstract
	1
	(a) Indicate the study’s design with a commonly used term in the title or the abstract
	1
	Title: Hybrid, infection- and vaccination-induced protection against laboratory-confirmed SARS-CoV-2 infection in a European multi-centre prospective cohort of healthcare workers, 2021–2024”

Abstract: We conducted a prospective cohort study of HCWs from 18 hospitals across nine European countries

	
	
	(b) Provide in the abstract an informative and balanced summary of what was done and what was found
	3
	See the “methods” and “results” in the abstract

	Introduction
	

	[bookmark: bookmark=id.luyxv9k8qupn][bookmark: bookmark=id.2ka1esh67r2g]Background/rationale
	2
	Explain the scientific background and rationale for the investigation being reported
	6
	Real-world evidence on infection-induced and hybrid immunity, especially in the post-pandemic era, remains limited [11–14], particularly among HCWs during Omicron 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.

	Objectives
	3
	State specific objectives, including any prespecified hypotheses
	6
	We measured the effect of hybrid, infection or vaccine-induced immunity against SARS-CoV-2 infection during 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
	

	Study design
	4
	Present key elements of study design early in the paper
	6
	Methods: This study was embedded in the multi-centre dynamic prospective cohort among HCWs recruited from 18 hospitals in nine European countries

	Setting
	5
	Describe the setting, locations, and relevant dates, including periods of recruitment, exposure, follow-up, and data collection
	6-9
	“Methods” first paragraph, “study procedures” section, “exposure and outcome definitions” section, “sub-lineage predominance analysis periods” section

	Participants
	6
	(a) Cohort study—Give the eligibility criteria, and the sources and methods of selection of participants. Describe methods of follow-up
Case-control study—Give the eligibility criteria, and the sources and methods of case ascertainment and control selection. Give the rationale for the choice of cases and controls
Cross-sectional study—Give the eligibility criteria, and the sources and methods of selection of participants
	6, Figure S1
	“Methods” first paragraph: All HCWs from study hospitals were invited to participate, irrespective of their job role [14]. Hospitals participated according to their availability, and HCWs committed to a minimum three-month follow-up (Figure S1).

	
	
	(b) Cohort study—For matched studies, give matching criteria and number of exposed and unexposed
Case-control study—For matched studies, give matching criteria and the number of controls per case
	N/A
	

	Variables
	7
	Clearly define all outcomes, exposures, predictors, potential confounders, and effect modifiers. Give diagnostic criteria, if applicable
	8,9-10
	“Exposures and outcome definitions” section and “statistical analysis” sections for potential confounders/effect modifiers. See “Study procedures” and “Sub-lineage predominance analysis periods” sections for the diagnostic criteria.

	[bookmark: bookmark=id.qythjnpzjowp][bookmark: bookmark=id.uirue6wk1tty]Data sources/ measurement
	[bookmark: bookmark=id.un3i82xoon2d]8*
	 For each variable of interest, give sources of data and details of methods of assessment (measurement). Describe comparability of assessment methods if there is more than one group
	7
	Please see “Study procedures” section

	Bias
	9
	Describe any efforts to address potential sources of bias
	7-8, 10
	“Exclusion criteria” section 
In this analysis, we also excluded the following participants: 1) immunocompromised individuals 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 considered that these HCWs represent a specific population with potentially different demographic, professional, or behavioural characteristics).
[bookmark: bookmark=kix.e41foxi9as6s]“Statistical analysis” section 
Cox regression was performed using study time as the time scale and a complete case approach.

	Study size
	10
	Explain how the study size was arrived at
	6
	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 [14]. Hospitals participated according to their availability, and HCWs committed to a minimum three-month follow-up (Figure S1).
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	[bookmark: bookmark=id.f5zphaphat14][bookmark: bookmark=id.nbdb01760v2q]Quantitative variables
	11
	Explain how quantitative variables were handled in the analyses. If applicable, describe which groupings were chosen and why
	10      
	“Statistical analysis” section: The decision to include age categories or splines, and the number of knots, was based on the Akaike Information Criterion.

	[bookmark: bookmark=id.bbw8trglvvv2]Statistical methods
	12
	(a) Describe all statistical methods, including those used to control for confounding
	9-10
	“Statistical analysis” section: 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 hazards assumption. We calculated unadjusted and adjusted HR (aHR), including hospital as a stratification factor, to account for site-specific variation. We adjusted the 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 decision to include age categories or splines, and the number of knots, was based on the Akaike Information Criterion.

	
	
	(b) Describe any methods used to examine subgroups and interactions
	7, 10
	See section “Sub-lineage predominance analysis periods”
In the “Statistical analysis” section: Multiple comparisons between treatment levels were performed using Tukey’s method. Adjusted p-values and confidence intervals were reported for pairwise contrasts.

	
	
	(c) Explain how missing data were addressed
	
	“Exclusion criteria” section: HCWs who did not respond to an enrolment or any regular follow-up questionnaires, and those with missing or incompatible information on age, sex, or vaccination status, were excluded from analyses (Figure S2).
Statistical analysis section: Cox regression was performed using study time as the time scale with a complete case approach. 

	
	
	(d) Cohort study—If applicable, explain how loss to follow-up was addressed
Case-control study—If applicable, explain how matching of cases and controls was addressed
Cross-sectional study—If applicable, describe analytical methods taking account of sampling strategy
	10-11
	“Statistical analysis” section: Follow-up was censored at the earliest of: 1) RT-PCR confirmed SARS-CoV-2 infection (primary outcome), 2) loss to follow-up (as reported or as defined below), or 3) the end of the Omicron circulation period (as defined above).
We excluded person-time during the gaps in virology 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.

	
	
	(e) Describe any sensitivity analyses
	N/A
	

	Results

	Participants
	[bookmark: bookmark=id.xfr9xlmdso01]13*
	(a) Report numbers of individuals at each stage of study—eg numbers potentially eligible, examined for eligibility, confirmed eligible, included in the study, completing follow-up, and analysed
	11
	The cohort counted 4 431 HCWs from nine countries; 3 327 HCWs participated in the pandemic Omicron period, and 1 477 in the post-pandemic Omicron period. After applying exclusion criteria (Figure S2), 3 133 (70%) HCWs contributed person-time to the analysis in at least one Omicron sub-lineage predominant period: 1 603 HCWs during BA.1/2, 1 526 during BA.4/5/BQ.1, 1 026 during BA.2/XBB, and 1 131 during XBB.1.5/BA.2.86. The median follow-up time was 152 days (Interquartile range [IQR: 79–204]), with 7% of HCWs lost to follow-up over the entire period.

	
	
	(b) Give reasons for non-participation at each stage
	Figure S2
	Included in Figure S2 from Supplementary material 

	
	
	(c) Consider use of a flow diagram
	Figure S2
	See Figure S2 from Supplementary material 

	[bookmark: bookmark=id.d5knoqcz5ogc][bookmark: bookmark=id.2mqa988f8kyl]Descriptive data
	[bookmark: bookmark=id.rhxazuoojrcz]14*
	(a) Give characteristics of study participants (eg demographic, clinical, social) and information on exposures and potential confounders
	Table 1-2, Table S1
	Included in Table 1 and 2, as well as Table S1 from supplementary material

	
	
	(b) Indicate number of participants with missing data for each variable of interest
	Table 2
	Included in Table 2

	
	
	(c) Cohort study—Summarise follow-up time (eg, average and total amount)
	11, Table 3
	The median follow-up time was 152 days (Interquartile range [IQR: 79–204]), with 7% of HCWs lost to follow-up over the entire period.

	Outcome data
	[bookmark: bookmark=id.aatcmblp3ygc]15*
	Cohort study—Report numbers of outcome events or summary measures over time
	15, Table 2
	Please see the section “description of SARS-CoV-2 infections”

	
	
	Case-control study—Report numbers in each exposure category, or summary measures of exposure
	N/A
	

	
	
	Cross-sectional study—Report numbers of outcome events or summary measures
	N/A
	

	Main results
	16
	(a) Give unadjusted estimates and, if applicable, confounder-adjusted estimates and their precision (eg, 95% confidence interval). Make clear which confounders were adjusted for and why they were included
	Table 3, Figure 1
	Included in Table 3 (unadjusted and adjusted estimates), Figure 1 (adjusted estimates

	
	
	(b) Report category boundaries when continuous variables were categorized
	N/A
	

	
	
	(c) If relevant, consider translating estimates of relative risk into absolute risk for a meaningful time period
	N/A
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	Other analyses
	17
	Report other analyses done—eg analyses of subgroups and interactions, and sensitivity analyses
	Table S2
	

	Discussion

	Key results
	18
	Summarise key results with reference to study objectives
	17
	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 Omicron sublineages (BA.1/2 and BA.4/5/BQ.1), and moderate protection during the later Omicron post-pandemic sublineages (XBB.1.5/BA.2.86). Comparable levels of protection were observed among HCWs from the infection-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 circulation. Conversely, our data suggest lower protection during 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.

	Limitations
	19
	Discuss limitations of the study, taking into account sources of potential bias or imprecision. Discuss both direction and magnitude of any potential bias
	19-20
	The main limitation of our study is the small sample size by analysis period, resulting in a lack of precision of the effect estimates and uncertainty in some findings. Caution is warranted in interpreting differences due to overlapping intervals and possible heterogeneity between sites in pairwise comparisons, and in generalising these findings. Furthermore, the limited sample size restricted our ability to estimate with precision the effects of prior infections and vaccination type, vaccination at different times, specific linages, and to control for other potential confounders. Nonetheless, although the number of HCWs recruited was small in some sites during certain sub-lineage predominant circulation periods, the study participants were representative of HCWs 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 participants and asymptomatic SARS-CoV-2 infections, potentially leading to the misclassification of those reporting ‘no prior infection’, and overestimation of the effect in these groups if differential effects among vaccinated and unvaccinated. 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 conducted viral sequencing, we used national-level data available in ERVISS as a proxy for all sites, since the available data was insufficient to define sub-lineage predominance periods by site.

	Interpretation
	20
	Give a cautious overall interpretation of results considering objectives, limitations, multiplicity of analyses, results from similar studies, and other relevant evidence
	17-19
	Higher protection conferred by prior SARS-CoV-2 infection against new infections across the Omicron periods—regardless of vaccination status—has been documented in previous studies [11–14,18–28]. 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 infection across successive variant periods, as observed in our cohort. 
Contrary to some studies [11,14,18–22,24–27], we did not find clear evidence of an additive effect of recent vaccination 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 differences in the timing of vaccination and infection, waning of immune responses, and the degree of antigenic match between the vaccine and emerging variants. For example, in a previous study [29], we described the overall low vaccine effectiveness of the second booster dose compared 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 the monovalent original vaccine rather than the bivalent vaccine (original + BA.4/5) [29]. In addition, during the post-pandemic period, characterised by the predominant 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 consistent with our previous work [30] where we reported the effectiveness of XBB.1.5-adapted vaccine used for seasonal 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 [30]. 
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 better protection against severe than against mild disease or reinfection [13,18,31], particularly against severe infections caused by highly evasive variants. Indeed, serological 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 [18,26]. 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 [18,26]. We were unable to evaluate these additional factors in our study.

	Generalisability
	21
	Discuss the generalisability (external validity) of the study results
	19
	Caution is warranted in interpreting differences due to overlapping intervals and possible heterogeneity between sites in pairwise comparisons, and in generalising these findings. Furthermore, the limited sample size restricted our ability to estimate with precision the effects of prior infections and vaccination type, vaccination at different times, specific linages, and to control for other potential confounders. Nonetheless, although the number of HCWs recruited was small in some sites during certain sub-lineage predominant circulation periods, the study participants were representative of HCWs in their sites by vaccination status and clinical role.

	Other information
	

	Funding
	22
	Give the source of funding and the role of the funders for the present study and, if applicable, for the original study on which the present article is based
	22
	This study was funded by the European Centre for Disease Prevention and Control through “Vaccine Effectiveness, Burden and Impact Studies” (VEBIS) Lot 2 “Assessment of COVID-19 and influenza vaccine effectiveness among healthcare workers” framework contract ECDC/2021/017.



*Give information separately for cases and controls in case-control studies and, if applicable, for exposed and unexposed groups in cohort and cross-sectional studies.





