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Abstract

We assessed the seroepidemiology of SARS-CoV-2 infection and the incidence of coronavi-
rus disease 2019 (COVID-19) before and during the rollout of COVID-19 vaccines, in a pro-
spective observational cohort study on healthcare workers (HCWs) in a large tertiary
hospital in Mainz, Germany. Antibody status was assessed during six visits between Sep-
tember 2020 and February 2022. Self-reported symptoms were collected using a smart-
phone application; symptomatic HCWs were tested using real-time polymerase chain
reaction (RT-PCR) assays for SARS-CoV-2. Rates of virologically confirmed and severe
COVID-19 were estimated using the U.S. Food and Drug Administration (FDA) and Coali-
tion for Epidemic Preparedness Innovations (CEPI) case definitions, respectively, and were
contrasted to background community transmission and circulating SARS-CoV-2 variants. A
total of 3665 HCWSs were enrolled (mean follow-up time: 18 months); 97 met the FDA defini-
tion of virologically confirmed COVID-19 (incidence rate (IR) 2.3/1000 person-months
(PMs), one severe case). Most cases reported >2 symptoms, commonly, cough and anos-
mia or ageusia. Overall, 263 individuals seroconverted (IR 6.6/1000 PMs—2.9 times the
estimated IR of COVID-19), indicating many cases were missed, either due to asymptom-
atic infections or to an atypical presentation of symptoms. A triphasic trend in anti-SARS-
CoV-2 seroprevalence and seroconversion was observed, with an initial increase following
the rollout of COVID-19 vaccines, a two-fold decline six months later, and finally a six-fold
increase by the end of the study when Omicron was the dominant circulating variant.
Despite the increase in infection rates at the end of the study due to the circulation of the
Omicron variant, the infection and disease rates observed were lower than the published
estimates in HCWSs and rates in the general local population. Preferential vaccination of
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HCWs and the strict monitoring program for SARS-CoV-2 infection are the most likely rea-
sons for the successful control of COVID-19 in this high-risk population.

Introduction

In December 2019, the novel coronavirus SARS-CoV-2 was isolated from a cluster of patients
presenting with pneumonia and who had epidemiological links to a seafood and wet animal
market in Wuhan, Hubei Province, China [1]. The World Health Organization (WHO) desig-
nated the disease caused by SARS-CoV-2 as COVID-19, and on 12 March 2020, it was
declared a pandemic [2]. As of 14 July 2022, more than 555 million cases were confirmed glob-
ally, and the number of deaths exceeded 6.3 million [3]. In Europe, more than 233.5 million
confirmed cases and more than 2 million deaths were reported, of which 12.4% and 7.1% were
reported in Germany, respectively [3].

Globally, multiple SARS-CoV-2 variants have been identified by genomic sequencing, and
these have been classified as variants of concern (VOCs) according to their potential threat of
increased transmission, severity, or immune escape. To date, five variants have been defined as
VOCs—Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), Delta (B.1.617.2), and Omicron
(B.1.1.529) [4]. Additionally, seven subvariants of the Omicron VOC are currently listed by
the WHO as lineages under monitoring (LUM), including subvariants BA.2 and BA.5. Early
data showed that all VOCs carried a higher risk of hospitalization, intensive care unit (ICU)
admission, and death than the wild-type virus, and that variants Beta and Delta carried a much
higher risk of these outcomes than the other variants [5]. However, the risk of severe outcomes
was later shown to be substantially lower for Omicron than for Delta, albeit with significant
variation with age [6]. Recent data from the Robert Koch Institute (RKI) in Germany indicate
that since 2021, three VOCs were dominant in Germany: Alpha (weeks 8 to 24, 2021), Delta
(weeks 24 to 51, 2021), and Omicron (week 52,2021 to date) [7].

A variety of mitigation measures have been introduced to prevent the collapse of health sys-
tems, including efforts to control transmission, healthcare-focused measures, and economic
support policies [8]. However, mitigation measures cannot be sustained for extended periods
given their economic implications. Currently, the number of available drug treatments for
COVID-19 is limited and the need for more effective ones remains. Meanwhile, evidence con-
tinuously emerges from randomized clinical trials on existing and new treatments, and recom-
mendations are dynamically updated [9]. Therefore, even if vaccine effectiveness against
different SARS-CoV-2 variants varies [10], vaccines are the cornerstone to overcoming this
global pandemic, and the development of variant-updated vaccines is ongoing [11]. As mass
vaccination programs are implemented worldwide, data analyzing their effects are urgently
needed to provide a better understanding and assessment of such endeavors. As of 14 July
2022, there are 40 approved COVID-19 vaccines, 11 of which have been granted emergency
use authorization [12]. In Germany, COVID-19 vaccination started at the end of December
2020 with the prioritization of high-risk groups, including HCWs. The European Medicines
Agency and Paul Ehrlich Institute (PEI) approved vaccines during the study period were
Comirnaty® (including vaccines with reduced dose and variant-specific vaccines), Jcovden®
(COVID-19 Vaccine Janssen), Nuvaxovid® (NVX-CoV2373), Spikevax® (COVID-19 Vac-
cine Moderna, including vaccines with reduced dose and variant-specific vaccines) and Vax-
zevria® (COVID-19 Vaccine Astra-Zeneca). More than 76% of the German population were
tully vaccinated by 14 July 2022, and more than 61% received one booster dose or more [13].
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Individual risk factors for a severe course of COVID-19 have been widely discussed. Diabe-
tes mellitus, arterial hypertension, obesity, and cardiovascular or pulmonary disease are associ-
ated with higher morbidity and mortality rates in patients with SARS-CoV-2 infection [14-
16]. Especially, disorders of the cardiovascular systems such as arterial hypertension were
noted more frequently in severe COVID-19 patients compared to non-severe patients [17].
Similarly, a higher risk of disease progression to severe COVID-19 of patients with asthma and
chronic obstructive pulmonary disease is discussed [18, 19]. Certain types of immunodefi-
ciency were shown to increase the risk for severe COVID-19 [20]. Even associations with thy-
roid disease are described for the novel coronavirus [21]. Most of these are not only mere
statistical associations but seem to be mediated by preexisting pro-inflammatory conditions
[16, 21, 22]. Besides individual risk factors, the understanding of virus transmission and infec-
tion epidemiological data is pivotal in fighting a pandemic disease.

A large prospective cohort study in the UK and USA including persons who self-reported a
positive COVID-19 test during the first wave (March to April 2020) estimated that HCWs had
at least a three times higher risk of SARS-CoV-2 infection than the general population [23].
This occupational group is at increased risk of infection given their exposure to both hospital-
ized COVID-19 patients and community transmission [24]. Additionally, subclinical infec-
tions were shown to be significant, with up to 40% of SARS-CoV-2 infected HCWs being
asymptomatic at the time of screening [25]. Although HCWs are considered a priority group
for COVID-19 vaccines, vaccine hesitancy remains a significant challenge for ongoing immu-
nization programs [26].

Given the rapidly changing situation and the urgent need to accelerate the licensing of effi-
cacious candidate vaccines against SARS-CoV-2 infection, the present study aimed to assess
virologically confirmed COVID-19 disease and infection-induced seroconversion in a cohort
of HCWs at a tertiary care center in Germany before and during the rollout of COVID-19 vac-
cines. As SARS-CoV-2 variants keep evolving and novel viral infections may emerge in the
future, our study provides urgently needed data on the effects of mass vaccine rollout in a pan-
demic setting. Healthcare workers who participated in our study were invited to be enrolled in
a phase III COVID-19 vaccine trial (CureVac SE; ClinicalTrials.gov identifier: NCT04674189).
The present study was aligned with the trial to provide additional controls for the exploratory
efficacy analyses thereof.

Materials and methods
Study design, setting, and period

This was a prospective, observational, cohort study at the University Medical Centre of Mainz,
Germany (UM Mainz), carried out between August 2020 and February 2022.

Study population, inclusion, and exclusion criteria

A previous observational SARS-CoV-2/COVID-19 study conducted among the HCWs at UM
Mainz, during spring 2020 ('CovidPreventMainz’' (CPM)) had enrolled a convenience sample
of 3500 HCWs. Those individuals were the first to be offered enrollment in the present study
and the initial targeted sample size of the present study was the same as in the 'CPM study i.e.,
3500. After offering those individuals enrollment, other HCW's and medicine/dentistry stu-
dents at UM Mainz were offered participation. These individuals, who were all above the age
of 18 years, and who agreed to sign an informed consent form (ICF) were eligible for enroll-
ment, which took place between August-October 2020. No exclusion criteria were defined.
Approximately 35% of the present study population transferred into the COVID-19 vaccine
trial from January 2021 onward.
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Definitions

A positive serostatus was defined as testing positive for anti-SARS-CoV-2 IgM and/or IgG
antibodies, whereas a negative serostatus was defined as testing negative for both antibodies.
Seroconversion was defined as a seronegative test at baseline and/or any of the follow-up visits,
followed by a seropositive test. For the analyses of seroprevalence and seroconversion, a dis-
tinction was made between infection-specific serostatus, as defined by anti-nucleocapsid (anti-
N) SARS-CoV-2 IgG antibodies, and vaccine-induced serostatus, as defined by anti-spike pro-
tein (anti-S) SARS-CoV-2 antibodies. However, the latter was still considered suggestive of
infection-induced positive serostatus up to follow-up visit 3, given that COVID-19 vaccines
were not authorized before that time. The definition of infection-induced positive serostatus at
visits 4—6 was restricted to participants having only SARS-CoV-2 anti-N IgG antibodies,
which are not elicited by vaccination.

Virologically confirmed COVID-19 disease was defined according to the U.S. FDA guid-
ance as an acute illness with a positive SARS-CoV-2 RT-PCR test result and at least one symp-
tom suggestive of COVID-19 (S1 Table). Secondary outcomes included the rates of COVID-
19 disease based on the more specific CEPI case definitions for suspected COVID-19 disease
and severe COVID-19 disease (S1 Table). The FDA, CEPI, and severe disease case definitions
were chosen to be the same as those used in the anticipated vaccine trial (NCT04674189). A
single episode of COVID-19 disease was defined by symptoms occurring between four days
before the index RT-PCR test and four days after the last confirmatory RT-PCR test.

Description of data collection

Study participants attended one baseline (visit 1) and five follow-up visits (visits 2-6), during
which data on demographics, occupational information, risk factors, occurrence of any previ-
ous SARS-CoV-2 infection, and COVID-19 vaccination were collected (52 Appendix). Partici-
pants were asked to indicate any disorder of the airways and/or lung, disorders of the
cardiovascular system, or any immune deficiency. This did include a variety of diseases such as
arterial hypertension, cardiovascular disease, asthma, or chronic obstructive pulmonary dis-
ease. Participants were not asked to provide further detail regarding their medical history or
specify any reported disorders. After visit 1, the first three follow-up visits (visits 2-4) were
scheduled every 6 weeks +14 days, and the 5™ and 6" visits were planned after 211 (7 days)
and 393 days (21 days) after visit 3, respectively, to match the schedule in the vaccine trial
(NCT04674189). Serum samples were collected at baseline and at all follow-up visits

(S3 Table) for serological two-step testing: first, anti-N SARS-CoV-2 IgG antibodies were
assayed using ARCHITECT®) i2000SR by Abbott Laboratories (test sensitivity 100% and spec-
ificity 99.6%), and if positive or borderline-positive, samples were re-tested using Elecsys®
Anti-N SARS-CoV-2 IgG/IgM by Roche Diagnostics (test sensitivity 99.5% and specificity
99.8%). The regimen for testing anti-S SARS-CoV-2 antibodies was adapted following the
COVID-19 vaccine rollout to distinguish between vaccine-induced and infection-induced
immunities, as shown in S4 Table.

In addition, self-reported data on symptoms suggestive of COVID-19 disease were collected
via a mobile phone application (TrialPal®), Integra IT), first daily until alignment with the
vaccine trial (i.e., up to visit 4) and twice weekly thereafter. The minimum compliance crite-
rion for COVID-19 symptom reporting was once every two weeks. All study participants
received automated push notifications as reminders, and those with multiple missing reports
were contacted by the study site to ensure adherence. Participants who reported cough, short-
ness of breath, chills, smell or taste dysfunction, or fever (defined as a body
temperature > 37.8°C) were then screened by trained study personnel using scripted phone
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interviews to establish eligibility for virological confirmation. Eligible study participants were
then invited to the study site for SARS-CoV-2 RT-PCR testing using self-collected nasopha-
ryngeal swab samples. RT-PCR testing was performed using the Cobas-SARS-CoV-2 test
(Roche), a single-well, dual-target PCR assay that includes both specific detection of SARS--
CoV-2 and pan-Sarbecovirus detection for the Sarbecovirus subgenus family (which includes
SARS-CoV-2). Testing was performed on the fully automated Cobas-6800/8800 Systems
(Roche) according to the manufacturer’s instructions. Next, an algorithm was applied using
the index test result (S1 Fig). Briefly, participants who tested positive for SARS-CoV-2 were
interviewed to collect data, including data on the clinical course and outcome. Follow-up tests
were scheduled after 21 days, then weekly until resolution, which was defined as two consecu-
tive negative RT-PCR tests. Similarly, those who initially tested negative for RT-PCR were
invited for a confirmatory test 24 hours after the index test.

Protocol amendments

During the study period, the study protocol was amended three times and the ICF with the
participants’ information sheet was amended twice, mostly to align the study with the vaccine
trial. In brief, the first protocol amendment allowed for the inclusion of medicine and dentistry
students, while the second and third amendments included an extension of the study period,
the addition of two visits, and the specification of additional data collection about COVID-19
vaccination.

Statistical analysis

We used descriptive statistics to summarize the demographic characteristics of the study popu-
lation at visit 1. Seroprevalence at each visit was calculated as the percentage of participants
who were seropositive divided by the total number at that visit. Seroconversion at each visit
was calculated as the percentage of participants who had seroconverted at that visit divided by
the total number of subjects at that visit who had been seronegative at the previous visit. The
corresponding 95% confidence intervals (Cls) for seroprevalence and seroconversion were
estimated using the Clopper-Pearson interval exact method [27]. To account for diagnostic
misclassification, which can happen when diagnostic test characteristics (i.e., sensitivity and/or
specificity) are less than 100%, we used the Bayesian approach proposed by Speybroeck et al.
[28] to estimate the ‘true’ prevalence from the apparent ‘prevalence’. This approach was imple-
mented in the truePrev function from the prevalence package in R. The IRs (per 1000 PM) of
virologically confirmed COVID-19, including severe disease, were estimated as the number of
confirmed cases divided by the total person-time at-risk. The person-time at-risk was calcu-
lated as the total follow-up time from baseline to end of study for participants without
COVID-19 and from baseline to the date of virological confirmation of COVID-19 disease.
The corresponding 95% Cls for the IR were computed using Garwood’s method [29]. A signif-
icance level of 5% was used for all analyses. All statistical analyses were carried out using R sta-
tistical software (R-4.0.4) [30].

Ethical approval

The study was approved by the Independent Ethics Committee of the Medical Association of
Rhineland-Palatinate (Landesirztekammer Rheinland-Pfalz), and all methods were in accor-
dance with the Declaration of Helsinki. All study participants signed an ICF in German prior
to participation. All signed and dated ICFs were available for verification by the study
monitors.
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Study protocol registration

The study was registered in the European Union’s electronic register of Post-Authorization
Studies (EU PAS register number EUPAS37174).

Results
Study enrollment and follow-up

A total of 3665 HCWSs were enrolled in the study between August and October 2020 (S2A Fig).
The study participants contributed about 40,000 PMs of follow-up, with a mean follow-up
duration of approximately 12 months (median of 16.5 months, interquartile range (IQR) 4.8-
17.4 months). The schedule of visits and number of subjects in each visit is shown in S2 Table.
Participants who transferred to the vaccine trial, or discontinued for other reasons, had rela-
tively shorter durations of follow-up. A total of 1227 subjects discontinued from the CPMpre-
vac study (S6 Table). The main reason for study discontinuation was switching to the vaccine
trial (66.6%), mostly between January and February 2021 (S2B Fig). The remaining reasons
included lost to follow-up’ (n = 263, 21.4%), other reasons (n = 87, 7.1%), and withdrawal of
participation (n = 57, 4.6%).

Study population

The mean age of participants at enrollment was 39 years; more than 70% were younger than
50 years and more than 75% were females (Table 1). Nurses, doctors, and medical students
represented 29.5%, 14.4%, and 16.6% of the study participants, respectively. Approximately
15% of participants were current or former smokers, ~17% had chronic lung and/or heart dis-
ease, ~14% reported they had work-associated direct contact with confirmed COVID-19 cases,
and 10% reported contact with possible cases. There were no significant differences between
participants who had a regular study end and those who discontinued, and the risk factor pro-
file of the study population remained relatively unchanged throughout the study (Table 1).

COVID-19 vaccine uptake

Between December 2020 and the study end (February 2022), 67.2% (2070/3082) of participants
with complete follow-up and/or available vaccination data reported having received at least
one dose of an authorized COVID-19 vaccine. Among 2438 subjects with complete follow-up,
1930 participants (79.2%) received at least one vaccination dose. Among these, 96.7% (1870/
1930) and 81.8% (1578/1930) received at least two doses and three doses, respectively (Fig 1).
The highest coverage of primary vaccination was reached by July 2021; COVID-19 vaccine
boosting started in mid-2021, and its peak uptake was reached in January 2022. There were no
significant differences in baseline characteristics between participants who were fully vacci-
nated, partially vaccinated, and unvaccinated, except for slightly older participants and slightly
more males in the latter two groups (S7 Table).

Seroepidemiology of SARS-CoV-2 infection

Seroprevalence. Of 3663 HCWSs with available baseline serological data, 99 (2.7%; 95%
CI: 2.2%-3.3%) were seropositive for anti-SARS-CoV-2 IgM and/or IgG antibodies (Table 2).
Adjusting for diagnostic misclassification resulted in slightly lower seroprevalence estimates.
Between visits 1 and 3, the seroprevalence rate increased from 2.7% to 4.3% and then doubled
at visit 4, which coincided with the rollout of COVID-19 vaccines at UM Mainz. At visit 5, the
seroprevalence rate reached more than 91%, consistent with the high vaccination coverage
(Fig 1). However, the seroprevalence decreased to 14.4% at visit 6, the last follow-up visit. The
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Table 1. Baseline characteristics, including demographics and COVID-19 disease risk factors, among healthcare workers at Universititsmedizin Mainz, Germany.

Characteristics Category All participants at enrollment | Completed study | Discontinued study | p-value
(N = 3665) (N = 2438) (N =1227)
n (%) n (%) n (%)

Age group (years) 17-29 1110 (30.3) 756 (31.0) 354 (28.9) 0.99
30-39 898 (24.5) 585 (24.0) 313 (25.5)
40-49 601 (16.4) 415 (17.0) 186 (15.2)
50-59 720 (19.6) 465 (19.1) 255 (20.8)
60-80 336 (9.2) 217 (8.9) 119 (9.7)

Sex Female 2761 (75.3) 1885 (77.3) 876 (71.4) 0.63
Male 901 (24.6) 551 (22.6) 350 (28.5)
Other 3(0.1) 2(0.1) 1(0.1)

Occupational group Doctor 529 (14.4) 358 (14.7) 171 (13.9) 0.27
Nurse 1083 (29.6) 816 (33.5) 267 (21.7)
Student 608 (16.6) 383 (15.7) 225 (18.3)
Other 1445 (39.4) 881 (36.1) 564 (46.0)

Smoker* No 3110 (84.9) 2061 (84.5) 1049 (85.5) | 0.99
Yes 552 (15.1) 376 (15.4) 176 (14.3)

Disorders of airways and/or lung ** No 3315 (90.5) 2193 (90.0) 1122 (91.4) 0.90
Yes 344 (9.4) 241 (9.9) 103 (8.4)

Disorders of cardiovascular system™** No 3362 (91.7) 2235(91.7) 1127 (91.9) 1.00
Yes 301 (8.2) 202 (8.3) 99 (8.1)

Immune deficiency**** No 3568 (97.4) 2360 (96.8) 1208 (98.5) 0.76
Yes 94 (2.6) 76 (3.1) 18 (1.5)

Direct care for SARS-CoV-2 patients No 3132 (85.5) 2027 (83.1) 1105 (90.1) 0.22
Yes 528 (14.4) 407 (16.7) 121 (9.9)

Aware of contact with a possible SARS-CoV-2 patient No 3296 (89.9) 2176 (89.3) 1120 (91.3) 0.81
Yes 369 (10.1) 262 (10.7) 107 (8.7)

Possibly been in a region with known SARS-CoV-2 No 94 (2.6) 76 (3.1) 18 (1.5) 0.76
transmission++ Yes 3568 (97.4) 2360 (96.8) 1208 (98.5)

Swab/follow-up test for SARS-CoV-2 prior to the study+++ No 2501 (68.2) 1645 (67.5) 856 (69.8) 0.84
Yes 1161 (31.7) 791 (32.4) 370 (30.2)

*:3, 1, and 2 participant(s) with missing information regarding smoking status, respectively for all participants, regular end participants, and discontinued participants.

**: 6, 4, and 2 participants with missing information regarding disorders of airways and/or lungs, respectively for all participants, regular end participants, and

discontinued participants.

*#%:2, 1, and 1 participant(s) with missing information regarding disorders of cardiovascular system, respectively for all participants, regular end participants, and

discontinued participants.

%, 3, 2, and 1 participant(s) with missing information regarding immune deficiency, respectively for all participants, regular end participants, and discontinued

participants.

+: 5,4, and 1 participant(s) with missing information regarding direct care for COVID-19 patients, respectively for all participants, regular end participants, and

discontinued participants.

++: 3,2, and 1 participant(s) with missing information regarding possibly been in a region with known SARS-CoV-2 transmission, respectively for all participants,

regular end participants, and discontinued participants.

+++: 3,2, and 1 participant(s) with missing information regarding swab/follow-up test for SARS-CoV-2 prior to the study, respectively for all participants, regular end

participants, and discontinued participants.

https://doi.org/10.1371/journal.pone.0294025.t001

seroprevalence at visit 3 was different between different age groups (S8 Table, panel A) with
significantly higher seroprevalence among those aged less than 30 years old, compared to the
other age groups. A similar pattern was observed at visit 4 in both vaccinated and unvaccinated
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Fig 1. COVID-19 vaccine uptake among healthcare workers at Universititsmedizin Mainz, Germany.

https://doi.org/10.1371/journal.pone.0294025.9001

participants (S8 Table, panel B). Moreover, the seroprevalence was significantly lower in the
older age groups (50-59 and > 60 years old), compared to the two younger age groups. At visit
5, the seroprevalence was not different between age groups, but was significantly higher in
unvaccinated males compared to unvaccinated females (S8 Table, panel C).

To separate infection-induced antibody response from vaccine-induced antibody response,
the seroprevalence for anti-N and anti-S SARS-CoV-2 antibodies in visits 4-6 are presented
separately in Table 3. The seroprevalence of anti-N antibodies first decreased from 1.3% to
0.4% between visits 4 and 5 i.e., a more than 3-fold decrease, and then increased from 0.4% to
6.2% between visits 5 and 6 (more than 15-fold). This increase in SARS-CoV-2 infection rates

Table 2. Crude and adjusted seroprevalence of anti-SARS-CoV-2 antibodies at scheduled visits 1-6.

Visit 1 (baseline) Visit 2 Visit 3 Visit 4 Visit 5 Visit 6

Total participants with serostatus data 3663 3615 3541 3275 2104 1880
Total participants with positive™ serostatus 99 119 152 374 1919 271
Crude seroprevalence % [95% CI] 2.7 33 4.3 11.4 91.2 14.4
[2.2;3.3] [2.7;3.9] [3.6; 5.0] [10.4; 12.6] [89.9; 92.4] [12.9; 16.1]

Adjusted™* seroprevalence % [95% CI] 1.9 2.5 3.5 10.7 91.1 13.8
[1.8;2.1] [2.3;2.7] [3.3;3.8] [10.4; 11.1] [90.7; 91.5] [13.2; 14.3]

CI: confidence interval.

* Positive serostatus is defined as being seropositive for SARS-CoV-2 anti-N and/or anti-S antibodies. The latter does not differentiate infection-induced immunity from

vaccine-induced immunity in the context of COVID-19 mRNA vaccines.

** Adjusted for the sensitivity and specificity of the test.

https://doi.org/10.1371/journal.pone.0294025.t002
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Table 3. Anti-SARS-CoV-2 anti-N IgG and anti-S seroprevalence at scheduled visits 4, 5 and 6.

Anti-N only* Anti-S only**

Total number of participants with positive | Crude seroprevalence % | Total number of participants with positive anti-S | Crude seroprevalence %

anti-N IgG but with negative anti-S IgG or IgM [95% CI] IgG or anti-S IgM but with negative anti-N IgG [95% CI]

Visit 4 42 1.3[0.9; 1.7] 268 8.2(7.3;9.2]
N = 3275

Visit 5 9 0.4 [0.2; 0.8] 1864 88.6 [87.2; 89.9]
N=2104

Visit 6 117 6.2 [5.2;7.4] 127 6.8 [5.7; 8.0]
N = 1880

CI: confidence interval.
* Positive serostatus for anti-N IgG only.

** Positive serostatus for anti-S IgG/IgM only.

https://doi.org/10.1371/journal.pone.0294025.t003

toward the end of the study corresponds with the circulation of the highly transmissible VOC
Omicron. The seroprevalence of anti-S antibodies increased from 8.2% to 88.6%, i.e., more
than 10-fold, between visits 4 and 5, which is consistent with the high COVID-19 vaccine
uptake in the study population, and then decreased from 88.6% to 6.8% i.e., 13-fold, between
visits 5 and 6.

Seroconversion. The overall seroconversion rate during the study period was estimated to
be 6.6 per 1000 PMs (95% CI: 5.8-7.5) (Table 4). Between visits 1-3, the seroconversion rate
increased from 7.9 to 12.3 per 1000 PMs (i.e., a 1.6-fold increase). The rate then decreased by a
factor of 7.2 between visits 3 and 5, the period during which COVID-19 vaccination was rolled
out and reached peak uptake. However, the seroconversion rate again increased five-fold
between visits 5 and 6 (from 1.7 to 8.5 per 1000 PMs). Except for age, participants who sero-
converted for anti-N IgG antibodies were similar in terms of baseline characteristics to those
who did not seroconvert throughout follow-up (S5 Table).

Table 4. SARS-CoV-2 seroconversion rates at scheduled visits 2 to 6.

Anti-N IgG Anti-N IgG** Anti-S IgM at visits 2-3, and/or anti-N IgG at visits
and/or 2-6
anti-S IgM

Visit 2 Visit 3| Visit4| Visit5 Visit 6 Overall
Population at risk* 3564 3496 3448 3169 2049 NA
Total participants who seroconverted 36 53 32 19 123 263%*%*
Median follow-up time (months) 1.2 1.2 1.4 4.8 7.9 14
Total follow-up (person-months) 4,512 4,299 4,963 | 11,485 14,522 39,781
Seroconversion rate (per 1000 person-months) [95% 8.0 12.3 6.5 1.7 8.5 6.6
CI] [5.6; [9.2; [4.45 [1.05 [7.0; [5.8;7.5]

11.1] 16.1] 9.1] 2.6] 10.1]

CI: confidence interval.
* Total number of subjects with negative serostatus at previous visit.
** At visits 4-6, seroconversion was restricted to positive anti-N IgG antibodies, which are specific for infection-induced immune response and, therefore, not subject to

vaccine-induced immune response. Since COVID-19 vaccines were not yet available during visits 2-3, seroconversion was also defined as having positive anti-S IgM

antibodies.
*#* 255 participants seroconverted for anti-N IgG (at visits 2-6) and/or anti-S IgM (at visits 2-3), of whom eight seroconverted twice. Hence, there were 263

seroconversion events in total.

https://doi.org/10.1371/journal.pone.0294025.t1004
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Table 5. Incidence rates for symptomatic and severe COVID-19 disease, using FDA and CEPI case definitions.

FDA case definition

Virologically confirmed COVID-19 Severe COVID-19
Population at risk 3670 3670
Number of RT-PCR positive cases 97 1
Cumulative incidence per 1000 participants 26.43 0.27
[95% CI] [21.48; 32.15] [0.01; 1.52]
Total person-time at-risk (person-months) 41,410 42,308
Incidence rate per 1000 person-months 2.34 0.02
[95% CI] [1.90; 2.86] [0.00; 0.13]

CI: confidence interval

https://doi.org/10.1371/journal.pone.0294025.t005

COVID-19 disease

CEPI case definition

Virologically confirmed
COVID-19

3670
65

17.71
[13.70; 22.52]

41,653

1.56
[1.20; 1.99]

Severe
COVID-19

3670
0

0.00
[0.00; 1.00]

42,322

0.00
[0.00; 0.00]

Incidence. A total of 104 study participants tested positive for SARS-CoV-2 at UM Mainz,
of whom 97 met the FDA definition of virologically confirmed symptomatic COVID-19 case
(Table 5). The cumulative incidence and incidence density rates, based on the FDA definition,
were 26.5 per 1000 participants and 2.3 per 1000 PMs, respectively. Slightly lower estimates
were obtained using the more specific CEPI case definition (Table 5). Broadly, RT-PCR posi-
tive samples were clustered around three main peaks: the first peak coincided with follow-up
visits 2-3 (i.e., pre-COVID-19 vaccination, around October and December 2020), the second
peak was between visits 5 and 6; and the third peak was around the last visit around January-
February 2022, i.e., about one year after COVID-19 vaccination (Fig 2). Of the 104 participants
who had a positive RT-PCR result, one met the FDA definition of virologically confirmed
severe COVID-19 and none met the CEPI case definition for severe disease (Table 5).

COVID-19 symptoms. Most of the study population (88%) consistently reported symp-
toms throughout the study period every two weeks. Cough was the most common symptom
reported, irrespective of RT-PCR result. Among participants who had a positive RT-PCR test
result, loss of smell or taste was the second most common symptom. Participants with a nega-
tive RT-PCR test result were more likely to report one single symptom, the most common of
which was cough, whereas those who tested positive commonly reported >2 symptoms. The
most common symptom combination among RT-PCR-positive individuals was cough and
loss of smell or taste and was generally of longer duration when compared to RT-PCR-negative

subjects (53 and S4 Figs).

Asymptomatic SARS-CoV-2 infection

Of 260 infection-induced seroconversion events with self-reported symptom data available, 42
(16.2%) did not report any symptoms during the study period. There was no apparent trend in
the percentages of asymptomatic infections relative to follow-up visits, except for the last visit

(visit 6) where the highest percentage of asymptomatic infections was observed.

Discussion

In this prospective cohort study, SARS-CoV-2 infections were assessed in HCWs in a large ter-
tiary hospital in Mainz, Germany. The seroprevalence of anti-SARS-CoV-2 antibodies ranged
from 2.7% to 4.3% prior to the rollout of COVID-19 vaccines, and from 1.3% to 6.2% after roll-
out. Seroconversion induced by natural infection could be distinguished from that induced by
vaccination with or without natural infection by using the results from assays for antibodies
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the pink and blue shaded areas represent the periods when the Delta and Omicron variants were dominant, respectively. (RKI: Robert Koch Institute).

https://doi.org/10.1371/journal.pone.0294025.9002

against the N and S proteins, respectively. Infection-induced seroconversion rates showed a
triphasic trend in SARS-CoV-2 infections, with an increase prior to the rollout of COVID-19
vaccines, followed by a decrease shortly after and then a sharp increase toward the end of the
study. The overall cuamulative incidence of COVID-19 disease in the study population was 26.4
per 1000 population, with three observed peaks in the incidence of positive RT-PCR test
results: the first was around the time of the second wave of the pandemic, and the second and
third peaks coincided with the periods when Delta and Omicron VOCs were dominant,
respectively. In terms of clinical presentation, participants with positive RT-PCR results were
more likely to report two or more symptoms, the most common of which were cough and
smell or taste dysfunction. We estimated the proportion of asymptomatic infections at 16%.
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Seroprevalence and seroconversion

Data from observational studies in HCWs suggest that SARS-CoV-2 seroprevalence varies
across settings [25]. This could reflect differences in study populations, background commu-
nity transmission, dominant VOCs, COVID-19 vaccine uptake, criteria for screening, and
adherence to personal protective equipment. A meta-analysis of studies conducted prior to the
rollout of COVID-19 vaccines reported a pooled seroprevalence in HCWss of 8.7%, with the
rates ranging from 4% in Asia to 12.7% in the US [31]. In Northern Germany, a prospective
study reported a seroprevalence of anti-SARS-CoV-2 IgG antibodies that was comparable to
that found in our study (4.4%) during the same period [32]; however, regions with a high back-
ground rate had a relatively higher seroprevalence, going up to 15.1% [33].

In the present study, a characteristic trend was observed in seroconversion rates relative to
the COVID-19 vaccine rollout in early 2021. Prior to the COVID-19 vaccine rollout, there was
a 1.6-fold increase in the seroconversion rate between September and December 2020. After
the COVID-19 vaccine rollout, infection-specific seroconversion rates, as indicated by anti-N
IgG antibodies, decreased while seroconversion suggesting vaccine-induced immunity (i.e.,
anti-S antibodies) increased up to the summer of 2021. This pattern reversed one year after the
COVID-19 vaccine rollout, a period when the Delta and Omicron VOCs were dominant in
Germany, with a five-fold sharp rise in infection-specific seroconversion while vaccine-
induced anti-S antibodies fell 13-fold (from 88.6% to 6.8%) by the end of the study.

These findings suggest that although COVID-19 vaccines rolled out in the population in
this study were efficacious, the duration of their immune protection was relatively short. A sys-
tematic literature review that assessed the kinetics of anti-SARS-CoV-2 antibodies after the
second dose of a primary cycle of COVID-19 mRNA vaccination showed that the peak
humoral response was reached at 21-28 days following the second dose, after which serum lev-
els progressively fell by 55% to 85% four to six months after vaccination [34]. A longitudinal
study in a large cohort of HCWs in Israel reported that anti-S SARS-CoV-2 IgG titers fell by a
factor of 18.3 six months after receipt of the second vaccine dose of BNT162b2 COVID-19 vac-
cine [35]. The same study showed a strong correlation between anti-S IgG and neutralizing
antibodies, which was dependent on the time since the second dose. Consistently, a significant
waning of COVID-19 vaccine-induced immunity, as measured by vaccine effectiveness (VE),
has been demonstrated throughout the pandemic. Two longitudinal studies of HCWs in the
UK and Finland reported VE decreasing from about 85% to about 50% six months after dose
two [36, 37]. A systematic literature review of 18 studies that were conducted during the Delta
phase of the pandemic (i.e., June-December 2021) showed that irrespective of vaccine brand,
VE against both infection and symptomatic disease decreased by about 20% to 30% after 6
months, although VE against severe disease remained high [38]. The peak infection rate
toward the end of the present study, however, cannot be solely attributed to the waning of vac-
cine-induced immunity, given that Omicron, which has been shown to evade vaccine immu-
nity, was the dominant circulating variant. Neutralization studies have demonstrated a
reduction in neutralizing activity for Omicron in serum specimens obtained from recipients of
two doses of BNT162b2 compared with neutralization activity against early pandemic viruses
[39]. A recent study from the UK showed that, compared with the Delta variant, there was
very limited VE against Omicron five months after the second dose of any vaccine [40]. The
same study showed that although VE increased following booster doses, it then declined ten
weeks after. Given the relatively low percentage of participants (76.5%) in the present study
who reported receiving a COVID-19 vaccine booster compared with those who received the
primary series (>95%), the rise in infection rates toward the end of the study is not surprising.
Nevertheless, the observed increase in infection rates in our population must be considered
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concerning. As these observations can be attributed at least partly to the reduced vaccine effi-
cacy against the Omicron variant, our data fully support the global efforts made to develop
Omicron-based vaccines [41].

Virologically confirmed COVID-19 in the study population

The IR of virologically confirmed COVID-19 in the present study was estimated to be 2.3 per
1000 PMs. Nurses comprized most of the COVID-19 cases in our study compared with other
occupational groups (OR 1.2; 95% CI: 0.8-1.8), with reported direct contact with confirmed
COVID-19 cases. A systematic literature review and meta-analysis of 97 studies on HCWs dur-
ing the first wave of the pandemic showed nurses were most at risk of COVID-19 infection
[25]. Similarly, in a Scandinavian study, nurses had the highest risk of infection, and direct
contact with COVID-19 patients was found to increase the risk for SARS-CoV-2 infection by
more than three-fold [42].

Interestingly, the total number of 263 infection-specific seroconversions, which translates
to a seroconversion rate of 6.6 per 1000 PMs, was 2.9 times higher than the estimated incidence
of virologically confirmed COVID-19. Given that only 16% of those who seroconverted were
asymptomatic, a significant number of symptomatic SARS-CoV-2 infections were likely
missed despite the intense monitoring for symptoms throughout the study. The discrepancy
between seroconversion rates and RT-PCR infection rates in the present study could be due to
the fact that only participants reporting a predefined set of typical symptoms underwent
RT-PCR testing, and thus, atypical presentations may have been missed. The largest percent-
age of symptomatic seroconversions missed by RT-PCR was among participants who serocon-
verted at the last follow-up visit (visit 6), suggesting that participants were less rigorous in
reporting symptoms or there was a shift to atypical disease presentations with the Omicron
variant. A large prospective study in the general population in the UK reported that during the
Omicron prevalence, positive cases reported a shorter duration of symptoms, and they were
2-5 times less likely to report classic symptoms, including loss of taste or smell, compared with
positive cases in the previous Delta-prevalent period [43]. The same study showed that sore
throat was more likely to be reported in the Omicron period than in the Delta period. Sore
throat was not included in the set of symptoms that triggered RT-PCR testing in our study.
These findings indicate that for future non-interventional and interventional COVID-19 stud-
ies, screening for suspected COVID-19 episodes may need to be continuously modified
according to fluctuations in reporting or changes in variant-specific clinical presentation.

Despite the lower-than-expected rate of RT-PCR positivity, the three peaks observed in the
present study were consistent with both data on the background community transmission in
the Rheinland-Pfalz (RP) region, where UM Mainz is located, as well as data on dominant var-
iants in Germany (Fig 2). Pre-COVID-19-vaccine-rollout data indicated a ten-fold increase in
the cumulative incidence of COVID-19 cases in the RP region, from 2.6 to 17.6 per 1000 popu-
lation in September and December 2020, respectively [33]. These rates are consistent with
those observed in the present study, suggesting that HCWs were at equal risk of infection as
the general population. Importantly, only 14.4% of HCWSs reported having direct contact with
SARS-CoV-2-positive patients at enrollment. To prevent SARS-CoV-2 infections among the
workforce of our hospital, thorough screening methods were introduced. All patients receiving
inpatient treatment were tested for SARS-CoV-2 using RT-PCR at our hospital. Patients with
a positive test result who required hospitalization were treated only in designated COVID-19
wards. If possible, treatment was postponed, and patients rescheduled until they had recovered
from their infection. Similarly, patients receiving non-emergency outpatient treatment had to
provide a negative SARS-CoV-2 RT-PCR test result before their consultation. SARS-CoV-2-
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positive patients were rescheduled if feasible. The observed equal risk of infection compared
with the general population underlines that the screening methods introduced at our hospital
did successfully reduce the exposure of our workforce. Following the COVID-19 vaccine roll-
out, the trends in RT-PCR positivity in the present study and the RP region appear to be con-
sistent, apart from two notable differences. First, during April and May 2021, when the Alpha
variant was dominant in Germany, the increase in cases in the RP region was not observed in
our study, which showed a near-flat curve in the study population. This is likely to be the result
of the early rollout of COVID-19 vaccines at UM Mainz. A meta-analysis of 18 studies that
assessed post-vaccination SARS-CoV-2 infection during the Alpha phase estimated a ten-fold
higher pooled incidence of COVID-19 in unvaccinated HCWs compared with fully vaccinated
HCWs [44]. In the present study, the peak uptake of COVID-19 vaccines was reached between
May-July 2021, when the Alpha variant was dominant in Germany. In contrast, COVID-19
vaccine uptake in the general German population was relatively low during the same period
(20%-40%) [45]. Second, although there was an increase in COVID-19 cases in the present
study when the Omicron variant was dominant, the increase was lower than that observed in
the RP region in the general population. This difference could be partly due to a relatively
higher uptake of COVID-19 vaccine boosters in the study population. However, the low anti-S
seropositivity rates at the end of the study suggest waning of vaccine immunity was more likely
to have occurred following the earlier rollout of vaccination in the study population. Thus,
other factors may have contributed to this difference, including undetected Omicron cases
with atypical symptoms, differences in the population age structure, or the sustained imple-
mentation of infection-prevention measures in a tertiary-level healthcare setting. During our
study, all HCWSs had low-threshold access to SARS-CoV-2 testing, which may have led to early
detection and control of new infections.

Symptoms and severity of COVID-19

Most of the virologically confirmed COVID-19-positive episodes comprised two or more
symptoms with varying combinations, which invariably included loss of smell or taste. A sys-
tematic literature review and meta-analysis of 97 studies in HCWs during the first wave of the
pandemic showed anosmia, fever, and myalgia were likely to be associated with COVID-19
[25]. In contrast, individuals with COVID-19-negative episodes in the present study were
more likely to report single symptoms with relatively short durations, the most common of
which was cough. Although the results in this study suggest that active case finding based on
smell or taste dysfunction and cough would help detect most symptomatic SARS-CoV-2 infec-
tions, variant-specific clinical presentations may shift to milder and/or atypical symptoms, as
it was the case with the Omicron variant [43].

Only one of the COVID-19 cases in our study met the case definition of severe disease (and
this participant (1/97; 1%) was hospitalized). The very low proportion of severe cases in the
present study population may be related to the absence of risk factors for severe COVID-19
disease. In a systematic literature review, a high prevalence of comorbidities in HCWSs (18.4%)
explained a fifteen-fold higher prevalence of hospitalizations for COVID-19 (approx. 15%)
[46], than that of our study. In contrast, in the present study population, only 2.6% of subjects
(94/3670) reported having comorbidities. Additionally, the present study was carried outin a
population with early uptake of COVID-19 vaccines, which were demonstrated to provide
high protection against severe disease—irrespective of circulating variants [38].

Only 16% of the HCWs who seroconverted in our study did not report any symptoms. A
systematic literature review and meta-analysis of 77 studies that were conducted up to Febru-
ary 2021 estimated the pooled percentage of asymptomatic infections in HCWs to be 30%
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(95% CI: 21.1%-38.9%) [47]. The prospective nature of our study, whereby participants were
invited to report symptoms continuously, may have resulted in a higher detection rate of
symptomatic infection. In Spain, two cross-sectional studies reported that between 39% and
49% of seropositive HCW's were asymptomatic, although in the latter study, almost half of the
seropositive HCWs recalled minor symptoms when specifically asked [48, 49]. In contrast, a
national, multi-center, prospective study of Belgian HCWs during the first wave of the pan-
demic (April to December 2020) reported the proportion of asymptomatic SARS-CoV-2 infec-
tions to be 12% [50]. Concerns about introducing infection into the hospital setting, combined
with easy access to testing, are also likely to have motivated higher reporting rates of symp-
toms. Although our low-threshold active surveillance is more sensitive for detecting asymp-
tomatic infections, this approach is resource intensive and may not be suitable in most
settings. For example, we had to test about 34 participants with RT-PCR to detect one
COVID-19-positive participant.

In addition to providing epidemiological information on SARS-CoV-2 infections in the
study population, the present study’s purpose was to facilitate the enrollment of participants
into a phase III clinical vaccine trial. Thus, the protocol was amended to maximize methodo-
logical similarity with the trial, including extending the study duration and adjusting the con-
tent and timing of data collection, e.g., the frequency of self-reported symptoms, RT-PCR
testing algorithm for suspected cases, and COVID-19 vaccination data. However, the relatively
low SARS-CoV-2 infection rates among the participants hindered any formal efficacy analyses
in the trial, and data from our study were not used as an external control group.

Study limitations

Our study has some limitations. First, the sampling method was convenience-based. However,
given the very high participation rate in this study (approximately 40% of all HCWs at UM
Mainz), the study population may not be representative of the overall HCW population at UM
Mainz. Second, the study relied on self-reporting of symptoms, which may have resulted in
recall bias or underreporting. However, the frequency of the reporting and the high awareness
of COVID-19 disease probably reduced the risk of recall bias. To reduce underreporting of
symptoms, the study team received automated alerts for participants who had multiple missing
reports. Our analysis of missing data also suggested that most of the participants were compli-
ant with reporting COVID-19 symptoms throughout the study, with only 3% of the partici-
pants missing the reporting of symptoms on three or more occasions. Third, the study lost
33.5% of its population, primarily due to discontinuation in our study to enroll in a clinical
trial assessing an investigational COVID-19 vaccine. We decided against double reporting in
those subjects to limit the burden on the individual participant and to ensure that the here pre-
sented data are not confounded by placebo or unapproved vaccines. The remaining partici-
pants, who were lost to follow-up or withdrew, account for 8,7% of the study population. This
seems not exceedingly high in a study period of 19 months. Although selection bias cannot be
fully ruled out, the high COVID-19 vaccination coverage among those who remained in our
study suggests similar attitudes toward vaccination to those who discontinued. Fourth, this
study was not designed to assess the potential impact of personal protective equipment, which
is relevant given that most COVID-19 cases in our study reported direct contact with con-
firmed COVID-19 patients. Last, this study was conducted in a high-risk population over a rel-
atively long period, when investigational COVID-19 vaccines were rolled out in a setting of
changing circulating SARS-CoV-2 variants, including the highly transmissible Omicron vari-
ant. Thus, the findings should be interpreted with caution, given the complex interactions
between the host, SARS-CoV-2 variants, and the environment.
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Conclusion

In conclusion, a large sample of HCW's from Mainz was successfully followed up for both
symptomatic and asymptomatic SARS-CoV-2 infections. Infection rates were found to be in
line with or even lower than those observed in the general population, despite the intense fol-
low-up and high exposure rates associated with the professions of the participants. Following
the introduction of COVID-19 vaccination, infection rates were markedly lower than those in
the general population, despite waning antibody levels. This emphasizes the importance of
maintaining non-pharmaceutical interventions in the healthcare setting, particularly in the
context of highly transmissible variants. The rates of asymptomatic infections were relatively
low in our prospective study, which suggests that high detection rates can be achieved with sys-
tematic screening and easily accessible testing. With the rapidly evolving epidemiology of
SARS-CoV-2, continued monitoring of infection rates in at-risk populations is essential. Due
to the early rollout of COVID-19 vaccines under emergency-use authorization at the study
site, the secondary goal of the present study, to provide an external control group for the effi-
cacy analyses in a parallel clinical trial, was only partially achieved. Even though the study pro-
cedures were successfully aligned to the interventional trial and many study participants
successfully enrolled in the trial, the observed COVID-19 disease rates in both this study and
the trial were too low to enable a meaningful vaccine efficacy analysis. The concept, neverthe-
less, warrants consideration in future studies, as the study demonstrated the feasibility of a
rapid adaptation of observational studies in public health emergencies to support the clinical
development of lifesaving interventions.
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