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Abstract

Purpose Despite the need to generate valid and reliable estimates of protection levels against SARS-CoV-2 infection and
severe course of COVID-19 for the German population in summer 2022, there was a lack of systematically collected popu-
lation-based data allowing for the assessment of the protection level in real time.

Methods In the IMMUNEBRIDGE project, we harmonised data and biosamples for nine population-/hospital-based studies
(total number of participants n=33,637) to provide estimates for protection levels against SARS-CoV-2 infection and severe
COVID-19 between June and November 2022. Based on evidence synthesis, we formed a combined endpoint of protec-
tion levels based on the number of self-reported infections/vaccinations in combination with nucleocapsid/spike antibody
responses (“confirmed exposures”). Four confirmed exposures represented the highest protection level, and no exposure
represented the lowest.

Results Most participants were seropositive against the spike antigen; 37% of the participants > 79 years had less than four
confirmed exposures (highest level of protection) and 5% less than three. In the subgroup of participants with comorbidi-
ties, 46-56% had less than four confirmed exposures. We found major heterogeneity across federal states, with 4-28% of
participants having less than three confirmed exposures.

Conclusion Using serological analyses, literature synthesis and infection dynamics during the survey period, we observed
moderate to high levels of protection against severe COVID-19, whereas the protection against SARS-CoV-2 infection was
low across all age groups. We found relevant protection gaps in the oldest age group and amongst individuals with comor-
bidities, indicating a need for additional protective measures in these groups.
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Introduction early in the pandemic [2—-8]. However, these studies were
often cross-sectional and could not inform real-time infec-
During the SARS-CoV-2 pandemic, there was a lack of pop-  tious disease modelling rapidly and continuously enough

ulation-based panels in Germany capable of providing rapid ~ to serve as a basic and pivotal information layer for what
and adaptable estimates of population immunity, vaccination ~ needed to be communicated to political decision makers [9].

coverage, infection dynamics, and underdetection of noti- The absence of centrally organised population panels
fied infections over time [1]. As a partial substitute, several ~ resulted in a lack of data suited to provide evidence on pop-
individual studies tried to bridge this gap, e.g. by provid- ulation immunity in Germany after the summer of 2022.

ing estimates of population immunity at defined time points ~ Additionally, there was relevant uncertainty regarding the
choice of adequate endpoints for correlates of the levels of

protection against infection or severe COVID-19 that would
allow their use in real-time decision-making [9].
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general population, the IMMUNEBRIDGE project was
established within the Network of University Medicine
(NUM). It aimed to bring together established large pop-
ulation-based cohorts with newly designed cross-sectional
studies by using central data linkage structures, targeted lit-
erature synthesis, and central laboratory infrastructure, to
allow the preparation of action plans for winter 2022/23. The
results of this study were made available rapidly to decision
makers and the public; furthermore, rapid and continuous
communication of the results to a newly established model-
ling network for severe infectious diseases (MONID) was
essential to allow usage of results in the communication of
harmonised scenario modelling from this network to deci-
sion makers and the public.

Here, we report estimates for the level of protection
against SARS-CoV-2 infection and severe COVID-19 from
nine epidemiological studies surveying 33,637 participants
between June and November 2022 based on a combined end-
point developed for this study.

Methods

The IMMUNEBRIDGE project aimed to provide a com-
prehensive picture of the protection level within the Ger-
man population against SARS-CoV-2 infection and severe
COVID-19 from June to November 2022 using existing
population-based cohort studies and newly set-up cross-
sectional studies. Antibodies against the spike (S-) and
nucleocapsid (N-) antigen of SARS-CoV-2 were measured
within the participating studies, and seropositivity propor-
tions for predefined subgroups (age, sex, and comorbidities)
were derived. In addition, information on self-reported vac-
cination and infection history of the study participants were
obtained. These data were harmonised across participating
studies using a jointly developed minimal data set (MDS).
The project was structured to enable early ad hoc feedback
to consortia of a newly established modelling network for
severe infectious diseases (MONID)[10] from early August
2022 onwards. For this, aggregated data were presented in a
model-usable format in two interim reports in August [11]
and October 2022 [12] to support the MONID modelling
consortia. Within the framework of IMMUNEBRIDGE,
a targeted literature synthesis was carried out to derive a
categorisation of protection levels against infection and
severe COVID-19 into a "combined endpoint" based on
self-reported infections/vaccinations and immune correlates
(Table 1 and Online Resource 2).

Participating studies

From June to the end of November 2022, new survey
rounds on vaccination status and previous infections were
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performed, blood samples were collected, and antibod-
ies against SARS-Cov-2 were measured in four existing
population-based cohort studies: the ELISA-Study [7, 13],
MuSPAD [4], the German National Cohort (NAKO) [8],
and STAAB [5]. Four new cross-sectional studies were
set up, one to provide regional depth (GUIDE Study;
DRKS00029693 [6]) and three to provide relevant data on
children (studies of the University Hospitals in Dresden
(adolescents; DRKS00022549), Bochum (school children)
[2], and Wiirzburg (pre-school children; Wii-Kita-CoV) [3,
14]). Studies were included if they were able to quickly
survey and sample in the general population regionally
or supra-regionally, and provide the MDS. For efficiency
reasons, the GUIDE study used a self-sampling method
in which capillary blood was collected by the participants
themselves and put on dried blood cards. For all other
studies, venous blood samples were collected on-site. The
principle desirable characteristics of epidemic panels such
as speed, adaptability, and linkage to other sources were
realised differently in the participating studies. If some
characteristics were not available in a particular study, the
network format of the project ensured that these aims could
be reached for the overall project. For example, not all stud-
ies were able to collect samples in June 2022, but this was
compensated by the capacity of other studies or study sites
to do this. Further, as not all studies were able to provide
regional depth, other studies were built up for this purpose
(Online Resource 1 Table S1).

In addition to the population-based studies, a prospec-
tive hospital-based study called IMMUNEBRIDGE_ED
was conducted by the Central Emergency Department of
the University Medical Center Gottingen to provide infor-
mation on defined risk groups not covered in sufficient
depth by the available population-based studies. Inclusion
criteria for IMMUNEBRIDGE_ED comprised geriatric
patients as well as patients with pre-existing immuno-
deficiency or severe pre-existing diseases. We followed
STROBE as a reporting guideline for observational stud-
ies [15]. Further information on the participating studies,
such as eligibility criteria, can be found in cohort profile
publications of these studies [2-7, 16] (Online Resource
1 Table S1).

For all participating studies, local ethics committees
votes were obtained prior to the start of the IMMUNE-
BRIDGE project. Participants and patients were included
only after written informed consent in each clinical study.

Laboratory analyses

The serum samples obtained in the STAAB, MuSPAD,
ELISA, all children cohorts and IMMUNEBRIDGE_ED
by on-site blood collection were analysed in the Institute of
Clinical Chemistry and Laboratory Medicine in Oldenburg.
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Serum samples from NAKO were analysed in the Institute
of Clinical Chemistry and Laboratory Medicine in Greif-
swald. The Elecsys® Anti-SARS-CoV-2 S and Elecsys®
Anti-SARS-CoV-2 NC (both Roche Diagnostics, Man-
nheim, Germany) were used to determine the quantita-
tive antibody response to the S- and qualitative antibody
response to the N-antigen of SARS-CoV-2. All antibody
measurements were provided as BAU/ml (BAU: Binding
Antibody Units; S-antigen) or a ratio (N-antigen). Sero-
positivity to the S-antigen was defined as >0.80 BAU/ml,
seropositivity to the N-antigen as being above the cut-off
index of 1.0.

For GUIDE, capillary blood was collected by the partici-
pants themselves, put on dried blood cards (Ahlstrom-Munk-
sjo TEN 460), and sent by mail to the laboratory MVZ Labor
Krone GbR (Bad Salzuflen). To analyse the dried blood spot
(DBS) samples, the Anti-SARS-CoV-2-QuantiVac ELISA
(IgG) was used for the S-antigen and the Anti-SARS-CoV-2-
NCP ELISA (IgG) for the N-antigen. Both assays have been
validated for use with sample material from DBS cards by
both the manufacturer and the performing laboratory. Sero-
positivity against the S-antigen was defined as >35.2 BAU/
ml, against the N-antigen as a ratio of > 1.0. In the main
analysis, DBS samples with borderline findings (ratio > 0.8
to < 1.0 for the N-antigen and >25.6 to <35.2 BAU/ml for
the S-antigen) were defined as seropositive. This represents
a conservative estimate of the waning function with the aim
not to underestimate true protection in the population (as a
positive antibody response served only as a confirmation of
a self-reported infection in the main analysis).

Data collection and linkage

Data pooling took place using the Serohub (www.seroh
ub.net) based on the MDS previously agreed on with the
participating studies. The Serohub was designed during the
SARS-CoV-2 pandemic as a digital tool able to link and
collect individual participant data using common data shar-
ing and MDS documents. In the MDS, variables regarding
demographic, socioeconomic, and medical characteristics
of participants were agreed on, and reporting categories of
these variables were defined. Furthermore, variables regard-
ing test characteristics, assay results, and reporting catego-
ries were fixed (Online Resource 1 Table S2).

Combined endpoint for protection levels
against SARS-CoV-2 infection and severe course
of disease and data analysis

As a proxy for protection levels against SARS-CoV-2 infec-

tion and severe course of disease, we formed four categories
of protection levels based on a targeted literature review and
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associated them with graded levels of protection against (re-)
infection and severe COVID-19 (Table 1). These four cat-
egories were based on a combination of the number of self-
reported previous infections and vaccinations and the current
antibody status against the N- and S-antigen; as the categories
are based on a combination of infection, vaccination and anti-
body status, we will refer to this categorisation as the “com-
bined endpoint” from here onwards. The number of previous
self-reported infections and vaccinations will be denoted as
“exposures” from hereafter. We defined a confirmed exposure
as a self-reported infection or vaccination with a correspond-
ing humoral immune correlate (antibody to N-antigen for
infection, antibody to S-antigen for vaccination).

The four combined endpoint categories are as follows (high-
est to lowest protection levels): 3+ 1 confirmed exposures
(with at least one confirmed exposure in 2022), correspond-
ing to the highest level of protection; 3 confirmed exposures
(regardless of the timing of the exposures); 1—<3 confirmed
exposures (regardless of the timing of the exposures); and 0
exposures, indicating no protection (Table 1).

The combined endpoint was reported stratified by age
groups, self-reported comorbidities (hypertension, diabetes,
lung diseases, cardiovascular diseases, cancers, diseases lead-
ing to immunosuppression), and self-reported sex. All esti-
mates represent results that were age standardised according to
the 2021 population status update of the 2011 German census
of the Federal Statistical Office using the survey package in R
[17, 18]. Results that were not age standardised can be found
in Online Resource 1. In addition, the combined endpoint was
presented stratified according to Nomenclature des Unités ter-
ritoriales statistiques (NUTS) 2 regions as well as federal states
(NUTS 1), using the R package eurostat [19]. NUTS divides
areas of the European Union into three levels, allowing for
cross-border comparisons [20].

In the analyses comparing vulnerable groups from the pop-
ulation-based studies with the IMMUNEBRIDGE_ED cohort,
the results of the population-based cohorts were age stand-
ardised according to the age distribution in the IMMUNE-
BRIDGE_ED comorbidity groups.

Sensitivity analyses

In the sensitivity analyses, we assessed the combined endpoint
if only self-reported information on infection and vaccination
and no humoral immunity correlates for confirmation were
included. Additionally, we evaluated the combined endpoint
and seropositivity if DBS samples with borderline N-anti-
gen findings (ratio > 0.8 to < 1.0) were treated as seronegative
to provide a lower bound of protection levels compatible with
the antibody analysis.

All analyses were carried out in R version 4.1 and 4.2 [21].


http://www.serohub.net
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Results
General

A total of 33,637 participants from 9 studies surveyed
between June and November 2022 were included. Online
Resource 1, Table S1 describes the different participating
studies, and Table 2 shows the baseline characteristics of
the participants in these studies.

Combined endpoint for protection levels
against SARS-CoV-2 infection and severe COVID-19

In the adult age groups, between 5% (of those over 79 years
old) and 16% (of those 30-39 years old) of individuals had
less than three confirmed exposures (Table 3, Fig. 1A).
Among persons over 79 years of age, 37% had less than four
antibody-confirmed exposures (Table 3, Fig. 1A). Among
children and adolescents, 80% had less than three confirmed
exposures, and 13% had neither a reported exposure nor an
immunocorrelate. We found no relevant differences in the
results when treating borderline antibody findings of the
GUIDE study as seronegative (Online Resource 1 Figure
S6).

Among adults with self-reported comorbidities, 46-56%
(depending on the pre-existing comorbidity) had less than
four confirmed exposures and 5-10% had less than three
confirmed exposures (Table 3).

When ignoring antibody results and building categories
based on reported exposures only, the proportion of those
with less than three exposures was lower in all age groups.
However, the proportion of those with no reported exposure
was higher, in particular in the age group under 18 years
(Fig. 1B). While seropositivity against the N-antigen
decreased with older age (Fig. 1D), this was not the case
for seropositivity against the S-antigen, where a difference
is only seen between children (80%) and adults (>95%;
Fig. 10).

Figure 2A-F visualises the relative frequencies of the lev-
els of the combined endpoint and seropositivity estimates
on maps of Germany stratified by NUTS 2 units (usually
German administrative districts). The combined endpoint is
shown over time from June to September in Online Resource
1 Figure S1, over NUTS-2 regions in Online Resource 1 Fig-
ure S2, and over federal states in Online Resource 1 Figure
S3. The combined endpoint could not be formed for 12,185
participants due to missing information from the participants
from NAKO (n=10,595) and for an additional 1,590 partici-
pants from the other cohorts. This was largely due to missing
results from antibody tests due to difficulties in collecting
blood for the DBS samples by the participants themselves
and the resulting insufficient amount of sample material

in the GUIDE study. Overall, between 0 and 12% of par-
ticipants in all participating studies had missing laboratory
results. In the GUIDE study, a higher proportion of missing
lab results was seen among people in the older and very old
age groups because of self-sampling. For between 0 and
13% of the study participants in the participating studies,
information about vaccination and infection was missing.

Seroprevalence against the S- and N-antigen
of SARS-CoV-2

Across all age groups, 95% of the study participants
had antibodies against the S-antigen. In the age group
1-17 years, this proportion was lowest with 80% (Fig. 1C;
Table 3).

Across all age groups, 52% of the study participants
had antibodies against the N-antigen. This proportion was
highest in the age group 1-17 at 68% and lowest in people
over 79 years of age at 28%; overall, there was a trend of
decreasing proportions of antibodies against the N-antigen
with increasing age (Fig. 1D; Table 3). A lower propor-
tion of older people (over 64 years of age) and people
with comorbidities had antibodies against the N-antigen
(Table 3). An antibody response against the N-antigen was
present in 71% of participants who reported a first infec-
tion in 2020, in 76% of those who reported a first infection
in 2021, and in 84% of those with a first reported infec-
tion in 2022 (Table 3). 25% of participants who reported
no infection showed antibodies against the N-antigen
(Table 3).

In participants reporting the first infection after being
vaccinated at least two times, seropositivity for antibodies
against the N-antigen was 89% up to 5 months after infec-
tion and dropped to 68% in those with reported infections
longer than 5 months ago. This was similar albeit slightly
less pronounced in persons without vaccination (91% up to
5 months and 76% after 5 months). This corresponded to
markedly lower titre levels against the N-antigen in those
participants of the GUIDE study with infections after at least
two vaccinations compared to those with infections without
vaccination and a higher decrease in antibody titres after
5 months amongst vaccinated persons.

Regional heterogeneity

In relation to NUTS 2, the proportion of people with
less than three confirmed exposures was highest in Dres-
den (28%) and lowest in Schleswig—Holstein (4%; Fig. 2,
Online Resource 1 Figure S2). The proportion of people
who had antibodies against the N-antigen ranged from 37%
in Liineburg to 60% in Leipzig (Fig. 2).
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Fig.1 A The combined endpoint on the proportion of exposures
by infection or vaccination with corresponding humoral immune
response, stratified by age; for definition of combined endpoint see
Table 1; B the combined endpoint of the proportion of exposures by
infection or vaccination regardless of a humoral immune response,
stratified by age; C seropositivity against the S-antigen and D against
the N-antigen by age, with 95% confidence intervals. Participants

Comparison of data between population-based
and hospital-based studies

In the hospital-based study IMMUNEBRIDGE_ED, the pro-
portion of study participants who had less than three con-
firmed exposures (between 11 and 14%) was higher than
that in the analogous strata in the population-based studies
(between 4 and 7%; Fig. 3).

Compared to the population-based studies, there were
lower or similar proportions of study participants with
antibodies against the S-antigen and against the N-antigen
in IMMUNEBRIDGE_ED in the higher age groups and
defined comorbidity groups (Fig. 3).

Discussion
We showed within the IMMUNEBRIDGE project that a net-
work of existing cohort studies and newly established cross-

sectional studies were able to successfully provide model-
usable estimates of levels of protection against infection and
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from IMMUNEBRIDGE_ED were excluded from this analysis. The
combined endpoint could not be formed for 12,185 participants due
to missing information from the participants from NAKO (n=10,595)
and for additional 1,590 participants from the other cohorts. Vaccina-
tion recommendations for children differed from those for adults, rec-
ommendations of > 1 dose only currently exist for those > 11 years
old

severe COVID-19 within 2 months of the start of sampling
(first interim report in August 2022) and with high geo-
graphical resolution (up to NUTS-2). This was achieved by
combining the advantages of established large population-
based cohorts and newly designed cross-sectional studies, by
using central data linkage structures and central laboratory
infrastructures, and by collaboratively scaling up capaci-
ties for surveys and data analysis across various institutions
in Germany. Continuous and rapid reporting of available
results was achieved between August 2022 [11] and Octo-
ber 2022 [12] by direct communication to a newly estab-
lished Modelling Network for Severe Infectious Diseases
(MONID) [12]. Different modelling groups simulated pos-
sible further pandemic courses for the 2022/23 winter based
on the provided data [10, 22].

By combining study results with the existing literature as
well as the infection dynamics in the period of the survey, we
noted that there was a moderate to high protection against
severe COVID-19 (with the SARS-CoV-2 variant "Omicron
BA.5" dominating in Germany at that time) in most age
groups. Despite the high prevalence of antibodies against
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Fig.2 Age-standardised maps stratified by NUTS 2 region display-
ing (A-D) the combined endpoint of A no exposures, B 1 to<3 con-
firmed exposures, C 3 confirmed exposures, D 3 confirmed exposures
and a confirmed exposure in 2022 and (E, F) seropositivity against E

the S-antigen (95%) and N-antigen (52%) in the population,
there was, however, low protection against infection, as con-
firmed by both the first BA.5 wave taking place when the
surveys were performed as well as the second BA.5 wave in
autumn 2022. Our results are in line with preliminary results
from both the RKI-SOEP and the SeBluCo study based on
data from February to March 2022 published in October and
December 2022, and align with modelling results from the
UK based on continuous population-based estimates avail-
able from large national population panels [9, 23, 24].

We identified gaps in protection against severe COVID-
19 in people with pre-existing comorbidities as well as in
certain population groups and in different regions of Ger-
many. Among those with comorbidities, 49-56% had less
than four confirmed exposures; 6-9% had less than three.
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the S-antigen and F the N-antigen. Only data from the adult, popu-
lation-based, cross-sectional studies and cohorts (GUIDE, MuSPAD,
NAKO, STAAB) are included in this analysis

The proportion of individuals with less than three confirmed
exposures ranged from 4 to 28% across the NUTS?2 regions.

Analyses for vulnerable populations with severe comor-
bidities in IMMUNEBRDIGE_ED indicated that relevant
gaps still exist in risk groups. The proportion of study par-
ticipants who had less than three confirmed exposures was
considerably higher in IMMUNEBRIDGE_ED than in
the analogous strata in the population-based studies. This
is most likely due to a combination of two phenomena: an
accumulation of those persons with less protection in the
emergency department and the fact that studies in the emer-
gency department reach participants of those groups that
population-based studies may find difficult to recruit. The
extent to which each of these two phenomena explain the gap
found here between population- and hospital-based results

@ Springer
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Fig.3 Comparison of (A) the combined endpoint and (B, C) sero-
positivity against the S- and N-antigen between the population-based
studies and IMMUNEBRIDGE_ED in patients with cancer, cardio-
vascular disease (CVD), diabetes, hypertension, immunosuppression

could be estimated in future modelling studies and would
support efforts to understand generalisability of results from
population-based studies to the German population [27].

In our results, there were also relevant differences
between children or adolescents compared to adults. The
clearly lower proportion of children (80%) with antibod-
ies against the S-antigen results probably from a high
proportion of unvaccinated children (62%). This reflects
the different vaccination recommendation of the Standing
Commission on Vaccination (STIKO) in this age group,
recommending COVID-19 vaccinations initially only
for adolescents and children with comorbidities (Online
Resource 1 Table S3). In contrast, the proportion of chil-
dren with antibodies against the N-antigen following infec-
tion was 68%, i.e. the highest of all age groups (Table 3),
although the proportion of children with self-reported
infections (46%) was similar to the average of the adult
age groups (Online Resource 1 Table S4). The reasons for
this discrepancy could be a higher proportion of oligo-
or asymptomatic courses of infection in this age group, a
longer lasting measurable immune response after infec-
tion, or an increased proportion of children compared to
adults with an infection in more recent waves of the pan-
demic, especially during the circulation of the Omicron
BA.S5 variant.

Even if the proportion of persons with low protection
initially seemed small compared to the majority of peo-
ple with high protection, the infection of no more than 4%
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(IS), and lung disease. Post-stratification weights based on the age
distribution in IMMUNEBRIDGE_ED comorbidity groups were
applied to the population-based data

to 8% of the total population by the Wuhan and the delta
variant of SARS-CoV-2 in the second and fourth wave of
the pandemic at the end of 2020 and 2021 already led to a
significant burden in the outpatient and inpatient care sec-
tor [9]. This indicates that even small gaps of protection
against severe COVID-19 may become relevant, in particular
in light of waning immunity over the coming months and
years [9, 25, 26].

Even though all included studies define a respective
source population, they ultimately only provide a picture of
the respective reference population with respect to prede-
fined variables (e.g., age, sex, educational status). In addi-
tion, the under-recruitment of vaccination-averse groups
across all studies may have led to an overestimation of
protection. IMMUNEBRIDGE provides information on
the presence of a humoral immune response against the S-
and N-antigen of SARS-CoV-2, but not on the presence of
neutralising activity or cellular immunity. However, such
analyses were within the scope of some of the participating
studies. There, an increasing activity of neutralising anti-
bodies against the S-antigen for Wuhan and BA.5 variants
could be detected with higher categories of the combined
endpoint [22]. The extent to which an antibody response is
actually associated with a protective effect against infection
or a severe course after infection is strongly dependent on
the SARS-CoV-2 variant circulating. Our analysis also does
not fully take into account that the probability of develop-
ing seropositivity to the N-antigen potentially depends on
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the vaccination history of the infected persons [28]. Here,
this may have led to an underestimation of the number of
exposures in the group of vaccinated individuals.

In conclusion, we were able to quickly harmonise data
collection, surveys, and data analysis across a network of
nine existing and newly established population- and hos-
pital-based studies to provide age-specific and regional
estimates of protection levels against infection and severe
COVID-19 in Germany. The combination of literature, data
and infection dynamics during the survey period indicated
moderate to high protection against severe COVID-19 with
the BA.S variant in most age groups, but low protection
against infection in all age groups. The integration of this
knowledge into current modelling studies that are required to
reliably interpret the potential effects on infection dynamics
was enabled by rapidly communicating preliminary results
to a new modelling network for severe infectious diseases
in Germany. Results of the IMMUNEBRIDGE project thus
reflect the importance of networks covering a large number
of scientific institutions in Germany when supported by rel-
evant infrastructural and personnel resources.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s15010-023-02071-2.
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