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Abstract

Background SARS-CoV-2 breakthrough infections (BI) after vaccine booster dose are a relevant public health issue.
Methods Multicentric longitudinal cohort study within the ORCHESTRA project, involving 63,516 health workers (HW)
from 14 European settings. The study investigated the cumulative incidence of SARS-CoV-2 BI after booster dose and its
correlation with age, sex, job title, previous infection, and time since third dose.

Results 13,093 (20.6%) BI were observed. The cumulative incidence of BI was higher in women and in HW aged < 50 years,
but nearly halved after 60 years. Nurses experienced the highest BI incidence, and administrative staff experienced the
lowest. The BI incidence was higher in immunosuppressed HW (28.6%) vs others (24.9%). When controlling for gender,
age, job title and infection before booster, heterologous vaccination reduced BI incidence with respect to the BNT162b2
mRNA vaccine [Odds Ratio (OR) 0.69, 95% CI 0.63-0.76]. Previous infection protected against asymptomatic infection
[Relative Risk Ratio (RRR) of recent infection vs no infection 0.53, 95% CI 0.23—1.20] and even more against symptomatic
infections [RRR 0.11, 95% CI 0.05-0.25]. Symptomatic infections increased from 70.5% in HW receiving the booster dose
since < 64 days to 86.2% when time elapsed was > 130 days.

Conclusions The risk of BI after booster is significantly reduced by previous infection, heterologous vaccination, and older
ages. Immunosuppression is relevant for increased BI incidence. Time elapsed from booster affects BI severity, confirming
the public health usefulness of booster. Further research should focus on BI trend after 4th dose and its relationship with
time variables across the epidemics.
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Abbreviations BMI Body mass index
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1 Introduction

The vaccination campaign against SARS-CoV-2 started at
the end of 2020 and showed high effectiveness in prevent-
ing infection and severity of disease in subjects who had
received a complete vaccination course [1-4]. However,
the protection against infection may wane, in particular
after the surge of the variant of concerns [5]; therefore, as
of autumn 2021, the World Health Organization recom-
mended a booster dose to the general population, giving
priority to older and immunocompromised people, as well
as health workers (HW) [6].

The Omicron variant first appeared in November 2021
in South Africa and quickly spread around the world.
Chenchula et al. analysed 27 studies, which evaluated the
effectiveness of booster dose compared to none or primary
course only [5]. The results confirmed that the protection
of the primary course against infection waned to 33% dur-
ing the Omicron wave, as well as the risk of reinfection in
subjects previously infected with the original viral strain
increased compared to those who had been infected with
the Delta and Beta variants. On the other hand, subjects
vaccinated with booster doses were 81% less likely to
be hospitalized than those unvaccinated. Furthermore,
the neutralizing efficiency against Omicron increased by
1.4-100 times after administering the third dose, although
it remained much lower than that against the Delta variant.
The booster dose administration also revealed improved
effectiveness in preventing symptomatic cases from Omi-
cron and Delta variants [5]. These results were confirmed
in the meta-analysis by Meggiolaro et al. [7].

Indeed, compared to unvaccinated, the risk of Omicron
symptomatic infection was 24% and 69% lower in sub-
jects who had undergone primary vaccination or also a
booster dose, respectively. The risk reduction was larger
for hospitalization, but the difference between people
receiving primary vaccination alone and the booster dose
persisted (50% and 88%, respectively). Moreover, the pro-
tective effect of the primary course against symptomatic
infection decreased faster than against hospitalization. On
the other hand, no decay was reported for effectiveness
five months after the booster dose administration [7]. In
a short-term follow-up study (median 39 days), carried
out on 1,928 HW, tested for SARS-CoV-2 with RT-PCR
every 14 days, an Adjusted Hazard Ratio (AHR) of 0.07
was reported comparing booster immunized vs no booster
immunized. No relevant differences were found in symp-
tomatic and asymptomatic infections (AHR =0.07 and
0.008, respectively) [8]. In contrast, a large population
study with longer follow-up reported that the booster dose
effectiveness decreases over time. Indeed, the relative vac-
cine effectiveness for symptomatic infection diminished
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from 41.4% 7-30 days after the administration to 12.2%
over 120 days later. The decline was more complete for
mild disease (from 7.9% to negative values) than moder-
ate (from 56.0 to 27.1%) or severe (from 80.9 to 63.4%)
diseases [9]. A previous study in the ORCHESTRA Pro-
ject investigated SARS-CoV-2 infection risk factors among
primary-course vaccinated HW [4]. Results showed that
the risk of infection varied before and after the vaccina-
tion. Indeed, nurses and other workers involved in patients’
care were at higher risk before the vaccination, while no
significant differences were highlighted after vaccination.

While there was no association between age and inci-
dence before vaccination, vaccine administration appeared
more protective as age increased. Lastly, previous infected
HW had an Odds Ratio (OR) of 0.43 compared to SARS-
CoV-2 naive HW [10]. Vivaldi et al., in a large prospective
population-based study, identified risk factors for SARS-
CoV-2 infection after primary and booster vaccinations.
They found a lower risk of breakthrough infections (BI)
in fully vaccinated workers, previously infected, aged over
65, and employed in frontline health or social care. Previ-
ous infection and older age were confirmed as protective
factors in boosted participants, while heterogeneous vac-
cination versus BNT16b2b2 administration increased the
risk both in the primary course and booster dose settings
[11].

The aim of this study is to analyse the incidence of
SARS-CoV-2 BI, both symptomatic and asymptomatic,
after booster dose and their demographic, occupational
and clinical determinants, among a large multicentric
European cohort involving over 60,000 HW.

2 Materials and Methods
2.1 Design and Setting

A multicentre retrospective cohort study of HW from 14
European centres involved in the ORCHESTRA project
was performed [12]. Data were collected from various
healthcare settings (University Hospital, Primary health-
care centres, and nursing homes), in Germany (Munich),
Italy (Bari, Bologna, Brescia, Modena, Padua, Perugia,
Torino, Trieste, and Verona), Romania, Slovakia, and
Spain (Northern Barcelona and Oviedo). This study was
reported according to the STROBE (Strengthening the
Reporting of Observational Studies in Epidemiology)
guidelines [13]. The follow-up started 14 days after the
booster dose, administered from September 2021 to the
17th of May 2022, and ended on the 31st of May 2022
or at the time of BI. The median follow-up was 176 days
(p25—p75 =165-195 days).
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2.2 Vaccination, Case Definition, and Inclusion
Criteria

HW enrolled in a continuous follow-up since the pandem-
ic's beginning was included.

Booster vaccination was defined as a complete primary
vaccination series followed by a further dose at least
six months later [14]. The inferential analysis was con-
ducted on HW that had received, from September 2021
to June 2022, the booster dose of BNT162b2 (Pfizer-
BioNTech), mRNA-1273 (Moderna), ChAdOx1 nCoV-
19 (Oxford—AstraZeneca), and Ad26.COV2.S (Johnson).
Both homologous boosters (same as the primary vaccine)
and heterologous boosters (different from the primary vac-
cine) in fully vaccinated recipients were considered. In this
study, the homologous booster included only BNT162b2
vaccine doses.

BI post-booster dose was defined as PCR-detected SARS-
CoV-2 infection, occurring after the vaccine booster dose. BI
after the booster dose included all COVID-19 infections at
least 14 days after the booster dose, following the definition
of BI after full vaccination previously used [4].

2.3 Outcome and Data Collection

The incidence of SARS-CoV-2 BI post-booster dose and the
main characteristics of infected subjects (sex, age, job title,
previous infections, comorbidities, and body mass index—
BMI) were investigated. Clinical and laboratory data were
collected using a standardized data collection form.

SARS-CoV-2 infection was diagnosed by positive real-
time reverse-transcriptase polymerase chain reaction (RT-
PCR), performed using various commercially available
assays in different clinical laboratories. Each centre adopted
a different and variable timing for screening programmes
through nasopharyngeal swabs except for Padua Hospital
(which adopted RT-PCR on saliva samples since the begin-
ning of 2022) [15] and Munich healthcare settings (which
assessed self-reported RT-PCR-confirmed infections by
questionnaire and web-app), according to epidemiological
contexts and local regulations.

2.4 Statistical Analysis

The significance of the association between 3-dose vacci-
nation and potential determinants was investigated by chi-
square test or Fisher’s exact test for categorical variables
and by 1 test for continuous variables. The following deter-
minants were considered: gender (men/women), age class
(<30, 30-39, 4049, 50-59, > 60 years), job title (physician,
nurse, other HW, technician, administrative), comorbidities

and in particular immunodepression (yes/no), centres and
BMI (in kg/m?).

Cumulative incidence of BI was computed with the cor-
responding 95% confidence interval (CI), calculated by the
Clopper—Pearson method. Significance of the association
between BI and potential determinants was evaluated by a
chi-square test. The main determinants considered were gen-
der, age classes, job title, previous infection (No, yes before
1st dose, yes after 1st dose and before booster dose), type
of vaccines (homologous, heterologous, other), and comor-
bidities (yes/no). Of note, information on comorbidities was
available on 26.8% of HW (n=17,020).

Multivariable analysis was accomplished by a two-level
logistic regression model, where SARS-CoV-2 infection
after the booster dose, coded as yes/no, was the response
variable, and sex, age classes, job title, previous infection,
and type of vaccine administered were the potential deter-
minants. In subsequent analysis, BI were coded in three lev-
els (none, asymptomatic and symptomatic), and the same
determinants, also including immunodepression, were inves-
tigated by a two-level multinomial logistic regression model
[16].

In addition, it was verified whether the presence of symp-
toms during BI was affected by the time elapsed between
the booster dose of vaccine and BI onset. A chi-square for
trend was used to evaluate the significance of the associa-
tion between symptoms (yes/no) and time lag, coded in
quartiles (14-63, 64-93, 94-130, and 131-238 days). In
addition, multivariable analysis was accomplished by a two-
level logistic regression model. Symptoms (yes/no) during
BI were the response variable, time lag was the explanatory
variable, while sex, age classes, job title, previous infection,
and type of vaccine were included as potential confounders.
Of course, the latter analysis was restricted to HW with BI.

Results were synthesized through the OR for logistic
models and through the relative risk ratios (RRR) for the
multinomial model. In two-level models, level-1 units were
HW, who in turn were nested into participating centres
(level-2 units). The level of statistical significance was set at
5%, and CI were calculated at 95%. Statistical analyses were
performed using STATA software, release 17.0 (StataCorp,
College Station, TX, USA).

3 Results

3.1 Population Under Study

The present study considered 80,463 HW, enrolled in 14
healthcare settings (Table 1S). Analysis of determinants was
carried out on 63,516 (78.9%) HW vaccinated with booster

dose. The proportion of HW administered the booster dose
was higher in men than women, in people younger than
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60 years, in nurses, and in people with comorbidities. The
proportion of booster dose administration peaked in immu-
nosuppressed HW (92%). A large variability in vaccination
was observed across centres, as the proportion of booster
dose administration ranged from 31.1% in Oviedo (Spain)
to 99.3% in Munich (Germany) (Table 1).

As regards type of vaccine, most HW (n=54,710,
87.5%) received BNT162b2 (Pfizer-BioNTech) and
10.9% (n=6826) different types of vaccine (heterologous

vaccine). A negligible proportion received other types of
vaccine: 1.5% (n=943) mRNA-1273 (Moderna), 0.03%
(n=16) ChAdOx1 nCoV-19 (Oxford—AstraZeneca),
0.005% (n=3) Ad26.COV2.S (Johnson) (Table 2S).

The study population of 63,516 HW was mainly rep-
resented by the Italian cohorts (88.3%). Most HW were
female 44,124 (69.5%). Nurses (n=19,444; 34.7%) and
physicians (n=17,209; 30.7%) were the most prevalent
job titles.

Table 1 Sample characteristics
comparing booster-dose

Booster dose vaccinated ~ Not receiving booster dose P value

- (n=63,516) (n=16,947)
vaccinated health workers
versus those who had not Gender 0.002
received a booster dose Men 19,344 (79.6%) 4,950 (20.4%)
Women 44,124 (78.6%) 11,984 (21.4%)
Age <0.001
<30 8,188 (81.3%) 1,882 (18.7%)
30-39 14,187 (79.0%) 3,781 (21.0%)
40-49 13,239 (79.6%) 3,399 (20.4%)
50-59 18,944 (81.5%) 4,305 (18.5%)
>60 8,958 (71.5%) 3,580 (28.6%)
Job title <0.001
Physicians 17,209 (83.6%) 3,382 (16.4%)
Nurse 19,444 (86.1%) 3,131 (13.9%)
Other Health Workers 9,333 (82.6%) 1,968 (17.4%)
Technicians 5,530 (85.0%) 976 (15.0%)
Administrative 4,462 (83.6%) 874 (16.4%)
Comorbidity <0.001
No 14,191 (65.9%) 7,353 (34.1%)
Yes 2,829 (79.6%) 726 (20.4%)
Immunodepression <0.001
No 13,526 (85.3%) 2340 (14.7%)
Yes 688 (92.0%) 60 (8.0%)
Centre <0.001
Turin 9,816 (91.3%) 932 (8.7%)
Brescia 8,212 (92.2%) 691 (7.8%)
Verona 5,535 (86.8%) 842 (13.2%)
Padua 6,548 (76.9%) 1,963 (23.1%)
Trieste 6,096 (76.6%) 1,863 (23.4%)
Modena 5,003 (95.0%) 264 (5.0%)
Bologna 7,054 (92.9%) 543 (7.2%)
Perugia 2,191 (57.6%) 1,614 (42.4%)
Bari 5,641 (91.0%) 555 (9.0%)
Oviedo 2,559 (31.1%) 5,667 (68.9%)
Northern Barcelona 513 (60.5%) 335 (39.5%)
Munich 3,259 (99.3%) 23 (0.7%)
Slovakia 500 (46.6%) 572 (53.4%)
Romania 589 (35.2%) 1,083 (64.8%)
BMI (kg/m?), median, p25-p75 23.4 (21.1-26.4) 24.5 (21.9-27.8) <0.001

P values were computed by the Fisher’s exact test or chi-square test for categorical variables and Wil-
coxon—-Mann—Whitney rank-sum test for BMI
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3.2 Determinants of Breakthrough Infection After
the Booster Dose

In the 14 centres, 13,093 HW had BI after booster dose
vaccine, yielding a cumulative incidence of 20.6% (95% CI
20.3-20.9%). Cumulative incidence was the highest in Slo-
vakia 29.0% (95% CI 25.1-33.2%) and in Northern Italy:
31.1% (95% CI 29.9-32.3%) in Verona, 29.7% (28.6-30.8%)
in Padua, and 28.9% (27.8-30.0%) in Trieste (Table 1S).

The association between main demographic and clinical
characteristics and BI after the booster dose is presented in
Table 2.

BI were more frequently recorded in women than
men. The cumulative incidence of BI was higher in HW
aged < 50 years, decreased in the age class 50-59 years,
and nearly halved after 60 years. As regards job title, nurses
experienced the highest incidence of BI and administra-
tive staff the lowest. The risk decreased from 21.1% in HW
without previous SARS-CoV-2 infection, to 16.6% in HW
infected before the 1st dose, and further to 12.3% in those
infected after the 1st dose but before the booster one. As
regards type of vaccine, the risk of BI was the highest in HW
administered BNT162b2 mRNA vaccine, and the lowest in
those administered heterologous vaccination. Cumulative
incidence of BI was higher in immunosuppressed HW than
in the other HW.

These results were substantially confirmed in multi-
variable analysis. In particular, the risk of BI was largely
decreased by pre-booster dose infection (OR of infection
after 1st dose vs no infection=0.27, 95% CI 0.22-0.33),
older age (OR of > 60 versus 18-29 years=0.37, 95% CI
0.34-0.41) and type of vaccine (OR of heterologous versus
BNT162b2 mRNA vaccination=0.69, 95% CI 0.63-0.76).
Among professions, the risk of BI was the largest in nurses
(OR of nurses versus physicians=1.22, 95% CI 1.15-1.29)
and the lowest among administrative staff (OR=0.81, 95%
CI10.74-0.89) (Fig. 1).

The impact of immunodepression on BI was evaluated on
10,365 HW from 9 centres with available information. When
controlling for gender, age, job title, infection before booster
dose administration, and type of vaccines, the presence of
immunodepression did not significantly affect the risk of BI
(OR 1.09, 95% CI1 0.88-1.34).

3.3 Determinants of Asymptomatic/Symptomatic
Breakthrough Infection

The analysis was carried out on 3100 HW with availa-
ble information on symptoms during BI from 5 centres
(Verona, Padua, Perugia, Northern Barcelona and Slo-
vakia). Overall 2438 HW (78.6%) reported symptomatic
infections. Previous infection was negatively associated
with asymptomatic infection (RRR of old infection vs no

Table 2 Impact of demographic, occupational and clinical character-
istics on the risk of BI

Overall Cumulative P value
sample incidence of BI
(N=63,516) (cases=13,093)
Gender <0.001
Men 19,344 19.5% (3765)
Women 44,124 21.1% (9328)
Age classes <0.001
18-29 8188 25.5% (2091)
30-39 14,187 22.4% (3183)
40-49 13,239 24.2% (3201)
50-59 18,944 18.3% (3460)
>60 8958 12.9% (1158)
Job title <0.001
Physicians 17,209 21.1% (3627)
Nurse 19,444 24.7% (4803)
Other health Work- 9333 21.0% (1958)
ers
Technicians 5530 19.6% (1081)
Administrative 4462 16.2% (721)
Previous infection <0.001
None 57,404 21.1% (12,143)
< 1st dose 4610 16.6% (766)
> 1st dose <booster 1502 12.3% (184)
dose
Type of vaccine <0.001
BNT162b2 54,710 21.7% (11,855)
Heterologous 6826 12.0% (822)
Other 963 20.2% (194)
Comorbidity 0.848
No 14,191 24.6% (3488)
Yes 2829 24.7% (700)
Immunodepression 0.030
No 13,526 24.9% (3367)
Yes 688 28.6% (197)

P values were computed by the Fisher’s exact test or chi-square test
for categorical variables

infection=0.52, 95% CI 0.31-0.85 and RRR of recent
infection=0.53, 95% CI 0.23-1.20) and even more against
symptomatic infections (RRR =0.46, 95% CI 0.35-0.59
and 0.11, 95% CI 0.05-0.25, respectively). With respect to
the BNT162b2 mRNA vaccine, heterologous vaccination
seemed to provide higher protection against symptomatic
infections (RRR =0.66, 95% CI 0.37-1.20), although the
difference was not significant (Fig. 2).

Information concerning hospitalization outcome was
available only for 9/14 centres, and 5539 HW. Among
them, only 3 (0.05%) were hospitalized following a post-
third dose BI.
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3.4 Risk of Symptoms During Bl as a Function
of Time Elapsed from Booster Dose
Administration

The risk of symptoms during BI was directly related to the
time elapsed since booster dose administration: the pro-
portion of symptomatic infections linearly increased from
70.5% (527/748) to 77.2% (594/769), 80.4% (655/815),
86.2% (662/768) when the time lag increased from 14 to
63 days to 64-93 days, 94—-130 days, 131-238 days, respec-
tively (P <0.001). This trend was confirmed in multivari-
able analysis, controlling for gender, age, job title, infection
before booster dose administration, and type of vaccine.
With respect to people in the 1st quartile (lag < 64 days),
the risk progressively increased from the 2nd quartile (OR
1.55, 95% CI 1.21-1.98) to the 3rd quartile (OR 1.95,
1.52-2.51) and nearly tripled in people in the 4th quartile
(117-199 days) (OR 2.76, 2.10-3.64).

4 Discussion

The occurrence of BI, even after the second dose of SARS-
CoV-2 vaccination, highlighted the urgency of a booster
dose, prioritizing high-risk categories, including HW.

Significant variability was observed across centres in the
proportion of booster dose administration. These differences
could be explained by the different starting periods of the
vaccination campaign in various European countries and
by different legal obligations for HW [17]. Desye reported
that male HW were significantly more likely to accept the
COVID-19 vaccine than female HW [18]. In agreement with
these results, our study found a slightly higher percentage
of vaccinated males than females. At variance with the
current literature reporting a higher percentage of booster
dose administration among physicians, this survey found
a higher percentage of nurses who adhered to vaccination,
compared to other patient care professions. Older age and
comorbidities are risk factors for COVID-19 severity and
poor prognosis [18]. Most HW who consider themselves
at risk for COVID-19 sequelae are more willing to accept
the vaccine. Chew et al. [19] reported that HW willing to
vaccinate were more likely to have the perception that the
pandemic was severe and that the vaccine was safe and
effective. Our results only partly support these findings, as
HW with chronic diseases were indeed more likely to have
accepted the booster dose, while HW aged over 60 years
had the highest percentage of non-vaccinated with booster
doses. Unfortunately, we lack data on risk perception and
motivations for vaccination, which could have enabled us to
further analyse this aspect.

The incidence of BI after the third dose and the trend
in antibody titrations are likely the main markers of the

effectiveness of SARS-CoV-2 vaccination. In this Euro-
pean multicentric cohort of HW receiving the vaccination
against SARS-CoV-2, the overall risk of BI after booster
dose was 20.6% (95% CI 20.3-20.9%), more than tenfold
higher than BI incidence after full vaccination, as reported
in published companion papers also within the framework of
the ORCHESTRA Project [4]. To try to explain this striking
difference we propose two, possibly synergistic, reasons: the
length of the observation period (lag time) and the concomi-
tant pandemic surge during early 2022. The first aspect is
associated with the antibody response to vaccination and
the titration decay, which progresses as one moves away
from the date of vaccination and is intuitively directly pro-
portional to the probability of reinfection. Therefore, short
observation periods are likely associated with a lower inci-
dence of BI as was the case of the observation of BI after
the second vaccine dose. The second aspect is related to
pandemic waves and the spread of variants that may escape
the vaccination effect, which is likely more relevant during
and after the period when the booster dose was administered.
The first studies on BI after booster doses were conducted
among Israeli HW due to the early start of all vaccination
phases in this country (in July 2021) compared to elsewhere
in the world [17]. Among 4,973 HW who received a third
BNT162b2 dose since August 2021, Oster et al. found a
0.7% rate of BI, far less the 21.4% reported among HW
who received only the two-dose regimen, indicating sub-
stantial protection by a third vaccine dose [20]. This finding
was confirmed by another Israelian cohort study by Spitzer
et al., who recorded five SARS-CoV-2 infections occurring
in booster-immunized participants (incidence rate, 12.8
per 100,000 person-days), and 39 occurring in the other
HW (incidence rate, 116.1 per 100,000 person-days) [8].
Of note, the study enrolment occurred in August 2021, and
the median follow-up was quite short, amounting to 39 days
(IQR 35-41 days) for the entire cohort and to 26 days (IQR
21-29 days) for booster-immunized HW. As of December
2021, the Omicron variant spread worldwide, reducing the
effectiveness of the then-available vaccinations developed
against the wild type. The studies conducted in Israel cov-
ered the period August—-November, prior to the spread of
Omicron [8, 20]; this aspect may be behind the marked dif-
ference in the incidence of BI between their studies and our
study. The Omicron variant (B.1.1.529 and associated line-
ages B.1, B1.1, B.2, and B.3) can evade vaccine and natu-
ral immunity due in part to several mutations in the spike
protein region [21]. Useful insights can be obtained from
studies covering BI determinants and regarding vaccination
effectiveness.

Therefore, we also investigated the clinical features of
BI (symptomatic vs asymptomatic) with regard to several
determinants, including previous infection, vaccination
approach (homologous vs heterologous) and time elapsed
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from booster dose administration. In our study, a previous
infection protected against asymptomatic infection and even
more against symptomatic infections. The risk decreased
from 21.1% in HW without previous SARS-CoV-2 infection,
to 16.6% in HW infected before the 1st dose, and further
to 12.3% in those infected after the 1st dose but before the
booster one. These results are consistent with Vivaldi et al.
[11] who, in a large prospective population-based study,
identified risk factors for SARS-CoV-2 infection after pri-
mary and booster vaccinations and found a lower risk of
BI in fully vaccinated previously infected subjects. Similar
results were found by Lin D. et al. [22] and Andeweg et al.
[23]. However, the latter article pointed out that protection
against Omicron BA.1 infection, even from a previous infec-
tion, was much lower compared to Delta. This comment is
coherent with the above remarks about protection through-
out the different pandemic waves. According to the above-
mentioned studies, Altarawneh et al. reported that hybrid
immunity resulting from previous infection and recent
booster vaccination conferred the strongest protection [24].

In our research, heterologous vaccination significantly
decreased the risk of BI more than homologous BNT162b2
(Pfizer-BioNTech) in the whole sample and also reduced
symptomatic infection in a subpopulation analysis, although
not significantly. Comparing our results with the available
literature, we believe that this aspect deserves further inves-
tigation for its implications in guiding current and future
vaccination strategies. Indeed, Meggiolaro et al. [7] reported
no clear advantage between homologous and heterologous
vaccination, particularly on boosting, probably because most
of the appraisals have been conducted on mRNA vaccination
and data on heterologous vaccination are quite sparse. Au
and Cheung conducted a systematic living review and net-
work meta-analysis to evaluate the effectiveness of heterolo-
gous and homologous SARS-CoV-2 vaccine regimens with
and without boosting in preventing COVID-19-related infec-
tion, hospital admission, and death. The authors supported
the evidence that an mRNA booster could be recommended
to supplement any primary vaccine course. Heterologous
and homologous three-dose regimens work comparably well
in preventing COVID-19 infections, even against different
variants.

The effectiveness of three-dose vaccine regimens
against COVID-19-related death remains uncertain [25,
26]. The time elapsed since booster dose administration
can also affect the BI severity, as in the present study the
risk of symptoms during BI linearly and significantly
increased with time elapsed since booster dose admin-
istration both in univariable and multivariable analyses.
In their systematic review and meta-analysis, Meggiolaro
et al. confirmed that a primary vaccination course does not
adequately protect against Omicron because the probabili-
ties of symptomatic infection and related hospitalization
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are nearly 50% for vaccinated compared to unvaccinated.
On the other hand, one additional booster dose decreases
by 69% the risk of symptomatic Omicron infection and by
88% the risk of hospitalization as compared to unvacci-
nated at a maximum follow-up of 5 months. Moreover, the
subgroup analysis does not suggest waning of booster dose
effectiveness after five months. However, the evidence on
long-term effectiveness is still limited. In our research,
we consider only the presence vs. absence of symptoms.
Overall, for all centres with available data, symptomatic
BI were greater. Nearly 80% of SARS-CoV-2 infections
in this cohort were symptomatic, similar to the proportion
observed in other studies of vaccine BI [8]. This finding
can certainly be related to the prevalence of the Omicron
variant, and its high contagiousness and widespread.

The 9-month observation time covered a period in
which a series of SARS-CoV-2 variants were predomi-
nant in Europe, in particular the Omicron ones, and the
results of this study suggest that boosters continued to
provide protection against severe illness despite viral evo-
lution. On the other hand, no deaths of post-third dose BI
were reported in the present study, and even hospitaliza-
tion was extremely rare (< 0.1%). Regarding this outcome,
Andrews et al. reported that the absolute effectiveness of a
BNT162b2 booster against hospitalization or death ranged
from around 97 to 99% in all age groups irrespective of
the primary course, providing real-world evidence of sub-
stantially increased protection from the booster vaccine
dose against severe disease [27]. According to the meta-
analysis by Flacco et al. [28], vaccinated subjects showed
a significantly lower likelihood of reinfection, as compared
to the unvaccinated. Notably, the results did not change
up to 12 months of follow-up irrespective of the num-
ber of vaccine doses, in studies that adjusted for potential
confounders, adopting different reinfection definitions,
and with different predominant strains. Once re-infected,
vaccinated subjects were also significantly less likely to
develop a severe disease (OR 0.45; 95% CI 0.38-0.54).
The authors reported that their meta-analysis provides
solid evidence of a more robust protection of hybrid vs.
natural immunity, which may persist during Omicron
waves and up to 12 months. Furthermore, the second main
finding by Flacco et al. was the significant reduction of the
risk of hospitalization due to severe COVID-19 that was
observed among the vaccinated subjects, either receiving
one or more doses. Nevertheless, the authors also under-
lined that most of the studies included in the meta-analyses
were carried out before the emergence of Omicron strain.
Therefore, their finding requires confirmation stemming
from more recent data with longer follow-up, as the sig-
nificant increase in the number of reinfections during the
Omicron wave and the consequences on the healthcare
systems still need to be carefully evaluated.
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Further observations may concern other characteris-
tics investigated in this research, such as age, job title and
comorbidities. In line with the former survey and available
literature [4, 11], we found that older age was at lower risk
of post-booster dose BI incidence. As hypothesized in our
previous study, this negative correlation could be possibly
due to increased social contacts as well as to the assign-
ment of younger HW to higher risk wards [10]. Job title
is another frequently investigated determinant in studies of
SARS-CoV-2 infections, especially those on HW. In these
regards, the results are often conflicting, and their interpre-
tation is not always smooth [4, 29]. In this survey, nurses
resulted in the higher risk category for BI. As regards the
role of comorbidities, we found an association between BI
post-booster dose and pre-existing immunodepression.

Future researches should focus on BI after 4th dose and
its determinants, along with their trend and relations with
time variables across the epidemics.

4.1 Strengths and Limitations

Major strengths of the paper are the sample size, the larg-
est—to the best of our knowledge—in the available pub-
lished literature on HW, and the multicentric recruitment.
The size of the study, the representativeness of the case list,
and our inclusion of three of the most widely used vaccines
for primary and booster vaccinations together increase the
generalisability of our findings. This is coupled with a solid
methodology in conducting the research, also supported
by laboratory data from certified laboratory centres. These
aspects lend power to the study and provide good stability
of results and generalizability.

In addition, the time frame of observation was wide and
enabled evaluating the entire time window before the second
booster dose. It is also an ongoing study that will be fol-
lowed by an appraisal of BI after the fourth dose.

The study also has some limitations to be disclosed. Data
lacking on risk perception and motivations for vaccination
can be considered a limitation. The analysis of clinical data
was only conducted on 15% of the population (13,000 HW),
albeit a large one, for which individual data were available.
As regards comorbidity outcome, only data on the presence
or absence were available and, in any case, just for some
centres. This hindered the possibility to evaluate the weight
of this determinant on the incidence of BI. Nevertheless,
immunodepression emerged as a risk factor for BI after
booster dose.

The multicentricity also presented some critical issues,
such as those related to the different screening approaches
in the several centres in terms of the sampling time, which
could lead to an overall underestimation of the incidence of
BI. For the same reason, data on post-dose booster antibody
titrations were also not available.

5 Conclusion

The risk of SARS-CoV-2 BI after the booster dose is sig-
nificantly reduced by previous infection, heterologous vac-
cination and older age. Nurses are at higher risk of infec-
tion among HW, in a context of different findings from the
literature. Immunodepression is associated with increased
BI incidence after the booster dose. The time elapsed from
booster dose administration affects BI severity, confirming
the usefulness of booster doses and its relevance for public
health. Further researches should focus on BI after 4™ dose
and its determinants, along with their trend and relations
with time variables across the epidemics.
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