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Objectives: Throughout the SARS-CoV-2 pandemic, Germany like other countries lacked adaptive 

population-based panels to monitor the spread of epidemic diseases. 

Methods: To fill a gap in population-based estimates needed for winter 2022/23 we resampled in the 

German SARS-CoV-2 cohort study MuSPAD in mid-2022, including characterization of systemic cellu- 

lar and humoral immune responses by interferon- γ -release assay (IGRA) and CLIA/IVN assay. We were 

able to confirm categorization of our study population into four groups with differing protection lev- 

els against severe COVID-19 courses based on literature synthesis. Using these estimates, we assessed 

potential healthcare burden for winter 2022/23 in different scenarios with varying assumptions on trans- 

missibility, pathogenicity, new variants, and vaccine booster campaigns in ordinary differential equation 

models. 

Results: We included 9921 participants from eight German regions. While 85% of individuals were lo- 

cated in one of the two highest protection categories, hospitalization estimates from scenario modeling 

were highly dependent on viral variant characteristics ranging from 30-300% compared to the 02/2021 

peak. Our results were openly communicated and published to an epidemic panel network and a newly 

established modeling network. 

Conclusions: We demonstrate feasibility of a rapid epidemic panel to provide complex immune protection 

levels for inclusion in dynamic disease burden modeling scenarios. 

© 2023 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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During the first two pandemic years, Germany lacked rapid 

daptive population-based panels for epidemic diseases [1] and 

he capacity for central modeling platforms to quickly integrate 

nformation from cross-sectional surveys [2–4] . Instead, several 
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opulation-specific and population-based seroprevalence studies 

ere performed, and the results were not published fast enough 

nd rarely used in model estimates or scenarios [5] . Modeling 

roups operated independently without a central platform for har- 

onization and integration of results [6] . 

By spring 2022, existing German seroprevalence studies [2–4 , 7–

0] had largely ceased sampling and recruiting due to a lack of 

unding after the Omicron BA.1 and BA.2 waves. Changes in testing 

trategies and lifting of nonpharmaceutical interventions made it 

ifficult to determine the extent of underdetection of notified in- 

ections in the German public health agencies. This led to model- 

ng effort s with greater uncert ainties regarding protection against 

evere disease or symptomatic infection by vaccination or previous 

nfection for BA.5 and other variants. 

Interpretation studies on population immunity for protection 

gainst infection or severe course have become more challeng- 

ng with larger numbers of reinfections, varied vaccination sched- 

les, potentially differential waning immunity, neutralization activ- 

ty, and breakthrough infections [11] among different population 

roups [12] . Simple seroprevalence surveys lack sufficient infor- 

ation, while detailed immunological evaluations (i.e. T-cells, im- 

une responses toward non-Spike [S] antigens) are not scalable to 

opulation-level studies. 

However, estimates indicating protection against severe COVID- 

9 course and infection are necessary in each modeling study for 

ach new variant using a combination of population-based infor- 

ation on vaccinations, (re)infections confirmed by humoral im- 

unity and cellular immunity within various age groups. These pa- 

ameters should be provided in a timely manner, even if their in- 

erpretation as protection against infection is not straightforward. 

dditionally, estimating contact frequency during a pandemic can- 

ot rely on previous estimates and should be determined from cur- 

ent studies [13] , as contact patterns undergo differential change 

cross age groups. 

During the past year, our involvement included linking new 

urveys on immunity-based protection levels against severe dis- 

ase progression and infection in Germany and developing plat- 

orms to harmonize modeling studies that utilize these estimates 

n scenario modeling [14] . We transformed the “Multilocal and 

erial Prevalence Study of Antibodies against SARS-CoV-2 in Ger- 

any” (MuSPAD) into a rapid, longitudinal, adaptive population- 

ased epidemic panel capable of surveying and sampling within 

wo months of the decision to sample. 

We present estimates from this panel on vaccination coverage, 

einfection incidence, cellular and humoral immunity, and contact 

requency and intensity and discuss selected scenarios for winter 

022/23 in Germany using dynamic models informed by these es- 

imates. 

ethods 

We conducted a resurvey of the MuSPAD cohort as previously 

escribed [3] . Originally, participants were invited in 2020 from 

andomly selected population registration offices in the study re- 

ions. In summer 2022, we amended the study protocol to allow 

apid blood sampling and testing for various infectious diseases 

ith plans for future resampling. Invitations were sent via letter or 

mail to 33,426 original MuSPAD participants across eight regions 

o take part in the survey. Among them, 10,090 participants from 

hree regions (Aachen, Magdeburg, and Hannover) were asked to 

rovide blood samples onsite (Supplementary Figure 1). 

Onsite participants gave written informed consent and un- 

erwent blood collection (9-15 ml) through venepuncture us- 

ng barcoded serum-gel and lithium-heparin monovettes. The col- 

ected samples were stored at 4-8 °C until analysis. We measured 

eceptor-binding domain (RBD) or nucleocapsid (NC) specific total 
51 
mmunoglobulin (Ig)Gs using the Elecsys® Anti-SARS-CoV-2 S or N 

ssays (Roche Diagnostics), respectively. Cell-mediated immunity 

CMI) was conducted using the QuantiFERON SARS-CoV-2 assay®

QIAGEN) [15] , which is a SARS-CoV-2 interferon (IFN) gamma- 

eleasing assay (IGRA). Briefly, full blood from lithium-heparin 

onovettes was stimulated with S (RBD, S1, S2) and non-S pep- 

ides mix targeting full genome (spike (S), membrane (M), nucle- 

capsid (N) and Non-structural protein (NSP)) for 16-24 hours. Fol- 

owing stimulation, supernatants were isolated through centrifu- 

ation, and IFN γ was measured using enzyme-linked immunosor- 

ent assay (ELISA) (QuantiFERON SARS-CoV-2 ELISA Kit: 626420), 

ollowing the manufacturer’s instructions. SARS-CoV-2 neutraliza- 

ion potency of sera samples was measured by using lentiviral par- 

icles pseudotyped with the S protein of the Wuhan or the BA.5 

solate, respectively [16 , 17] (Supplementary Laboratory Analysis). 

ata collection and management 

We developed a questionnaire to collect updated demographic 

nformation, health status, SARS-CoV-2 vaccine history, known 

re-)infections, and previous serologic testing. The questionnaire 

as compatible with the serohub minimal data set ( www.serohub. 

et ). In this way, it could be used within larger projects in Ger- 

any, linking data from various population panels within the IM- 

UNEBRIDGE project [14 , 18] . 

mmunity-based protection levels against infection and severe course 

f disease 

We performed a literature review [15 , 19 , 20] focusing on studies 

ith humoral immune markers reflecting protection against infec- 

ion, hospitalization, and death for Omicron subvariant BA.5 (Sup- 

lementary Table 1). By considering the number of self-reported 

accine doses, the number of previous and recently reported SARS- 

oV-2 infections, and humoral immunity correlates (confirmed ex- 

osures), we derived different immunity-based levels of protection 

gainst infection and severe course [14] . The protection levels are 

ivided into no protection, low protection, moderate protection, 

nd high protection, depending on the number of confirmed expo- 

ures (Supplementary Table 2). We additionally divided the levels 

f protection into positive or negative CMI responses using IGRAs. 

High protection against severe COVID-19 course and infection 

equires four confirmed exposures, with one occurring in 2022 and 

onfirmed by humoral immune correlates (referred to as 3 con- 

rmed exposures + 1 confirmed exposure in 2022). Moderate pro- 

ection is defined by three exposures with humoral immune cor- 

elates (referred to as 3 confirmed exposures). Low level of pro- 

ection includes three exposures without immune correlate, or one 

o two exposures with or without immune correlate, or no expo- 

ures but immune correlate (referred to as 1 to < 3 confirmed ex- 

osures). No protection against severe disease is defined as no re- 

orted exposures and no confirmed cellular and humoral responses 

referred to as 0 exposure). 

ata analysis 

We present socio-demographic data, current vaccination cov- 

rage, and (re-)infection history and humoral and cellular immu- 

ity characteristics by standard descriptive statistics. We compared 

esults from before 2022 analyzed with the MULTICOV-AB anti- 

ody binding assay, a multiplex assay based on the Luminex plat- 

orm [21] , to evaluate changes in prevalence and titer of IgG an- 

ibodies against S and NC over time. We described the level of 

mmunity-based protection for adult age groups, sex, and underly- 

ng conditions. We summarized contact behavior and infection rate 

ver time considering age and vaccination status. We conducted 

http://www.serohub.net
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Figure 1. (a) Structure of the models based on officially recorded public health data. The compartments are classified either as susceptible (S), exposed (E), asymptomatically 

infectious (IA ), symptomatically infectious (IS ), hospitalized (H), in intensive care (U), suffering under long-COVID (L), fully recovered (RF ), recovered from long-COVID (RL ), 

dead (D), vaccinated (V), exposed after vaccination (EV ), infectious after vaccination (IV ), hospitalized after vaccination (HV ), in intensive care after vaccination (UV ), booster 

(B), exposed after booster (EB ), infectious after booster (IB ), hospitalized after booster (HB ), and in intensive care after booster (UB ). (b) Structure of the two models based 

on estimates from the population-based panel with humoral and cellular immunity. The compartments are classified either as susceptible (S), exposed (E), infectious (I), 

hospitalized (H), in intensive care (U), recovered (R), dead (D), vaccinated (V), and booster (B). (c) Designed scenarios to model the pandemic course for winter 2022/23 in 

Germany. Transmissibility is estimated by the basic reproduction number. 
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andom-effect logistic and binomial regression models on the de- 

erminants of vaccination coverage, reinfections, and humoral and 

ellular immunity and exposure status. Analyses were performed 

sing R Version 4.0.2. 

ge-specific Susceptible-Exposed-Infectious-Recovered model 

We applied a deterministic Susceptible-Exposed-Infectious- 

ecovered (SEIR) model with a realistic age structure and contact 

ehavior based on a social contact matrix [13] . In the model, the 

ransmission rate is modeled as the product of the contact rate 

nd the risk of infection, and it governs the rate at which in- 

ividuals move from the susceptible to the exposed. The model, 

hich has been previously described [22] includes compartments 

or hospitalizations, patients in the intensive care unit (ICU), and 

eaths ( Figure 1 ). In the model, the transmission rate is modeled 

s the product of the contact rate and the risk of transmission 

er contact, and it governs the rate at which individuals move 
52 
rom the susceptible to the exposed. In one version of this model, 

e divided the susceptible population into four groups based on 

he protection levels by humoral confirmation (Supplementary Ta- 

le 2). In a third version, we further divided the susceptible into 

our groups based on IGRA positivity. We also incorporated es- 

imates of confirmed exposure from our population-based study 

nto each age group. Figure 1 c provides an overview of the sce- 

arios we designed: Scenario A1 stimulates a wave of a BA.5- 

ike variant without (booster) vaccinations; Scenario A2 covers a 

A.5-like variant with a booster campaign using an adapted vac- 

ine. Scenario B models a new variant with BA.5-like capacities but 

igher transmissibility without (B1) and with a variant-adapted 

accine booster campaign (B2). Scenario C represents a new variant 

ith higher severity and transmissibility without (C1) and with a 

ooster campaign (C2). Scenario D and E model a new variant with 

igher transmissibility, severity, and immune evasion without (D1, 

1) and with a booster (D2, E2). We used EPIFORGE [22 , 23] to de-

cribe the ordinary differential equation (ODE) model. 
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esults 

In June 2022, we invited all previous MuSPAD participants 

n = 33,426) from eight regions in Germany, of whom 9921 (30%) 

ompleted the survey (Supplementary Figure 1). Among 10,090 

articipants from three regions (Aachen, Hannover, Magdeburg) 

e collected 3034 blood samples, of which 2955 completed the 

uestionnaire. In a subgroup of 1038 individuals from two centers 

Aachen, Magdeburg), IGRAs were performed, and in 1008 individ- 

als we tested for SARS-CoV-2 neutralizing activity of serum IgG. 

upplementary Table 1 in the supplement describes the study pop- 

lation’s characteristics. 

opulation estimates of vaccination coverage, reinfections, humoral 

nd cellular immunity, and contact frequency 

Over 85% of 9921 respondents received at least three SARS-CoV- 

 vaccine doses (Supplementary Table 3). Among those who re- 

orted positive polymerase chain reaction (PCR) tests (29.3%), 7.1% 

ad a confirmed positive PCR test in 2020, 12.5% in 2021, and 

0.4% in 2022. For self-reported reinfection, 1.7% of participants 

xperienced reinfection, with 1.8% in 2020, 15.5% in 2021, and 
able 1 

elf-reported SARS-CoV-2 positive test history, vaccination status, confirmed humoral or

elease assay) and number of social contacts for defined age groups of “Multilocal and Ser

ge group. 

Age groups (years) 18-34 35-49

Total n = 1368 n = 1

First positive PCR test result (self-reported) in year; n (%) 

2020 33 (5.6%) 44 (5.

2021 64 (10.7%) 105 (1

2022 501 (83.8%) 642 (8

Unknown / no reported positive PCR test 770 (56.3%) 1049 

Second positive confirmed PCR test result (self-reported) in year; n (%) 

2020 0 (0%) 2 (3.5

2021 2 (5.1%) 7 (12.

2022 37 (94.7%) 50 (87

Unknown 1329 (97.1%) 1781 

Number of COVID-19 vaccine doses received; n (%) 

None 45 (3.5%) 97 (5.

One-two 150 (11.6%) 179 (1

Three 1073 (83.0%) 1383 

Four 25 (1.9%) 80 (4.

Unknown 75 (5.5%) 101 (5

Decision on further SARS-Cov-2 vaccination depending on STIKO recommendation

Yes 628 (45.9%) 737 (4

No 740 (54.1%) 1103 

Missing 0 (0%) 0 (0%)

Decision on further SARS-Cov-2 vaccination depending on new available vaccine; 

Yes 70 (5.1%) 101 (5

No 1298 (94.9%) 1739 

Missing 0 (0%) 0 (0%)

Number of reported contacts 

Mean number of reported contacts (SD) b 20.2 (78.2%) 21.8 (

Mean number of contacts in household (SD) b 3.33 (13.0%) 3.62 (

Mean number of contacts outside of households (SD) b 16.8 (74.7%) 18.2 (

Antibody results based on subgroup with blood samples 

SARS-CoV-2 Spike RBD antibody results (Total) n = 278 n = 4

Negative 1 (0.4%) 4 (0.8

Positive 277 (99.6%) 487 (9

SARS-CoV-2 Nucleocapsid (NC) antibody result (Total) n = 280 n = 4

Negative 153 (54.6%) 260 (5

Positive 127 (45.4%) 231 (4

SARS-CoV-2 IGRA test results (Total) n = 122 n = 1

Negative 32 (26.0%) 46 (23

Positive 91 (74.0%) 147 (7

Indeterminate 0 (0%) 0 (0%)

a Unknown age n = 107; 
b During summer 2022. 

GRA = interferon-gamma (IFN- γ ) release assay response to SARS-CoV-2; PCR, polymer

tanding Committee On Vaccination At The Robert Koch Institute. 

53 
2.7% in 2022. Mean number of contacts reported in summer 2022 

as 3.1 within the household and 15.5 outside of the household 

 Table 1 ). In terms of blood samples, 99.3% had antibodies against 

he S-antigen and 36.0% had antibodies against the NC-antigen. Of 

he 1038 participants with IGRA results, 65.6% tested IGRA posi- 

ive with one having an indeterminate result (0.1%). IGRA-positivity 

as lower in those > 65 years of age. 

onfirmed exposure to SARS-CoV-2 infection or vaccination 

When categorizing the population into four groups according 

o exposure and humoral immunity, 34.2% reported four exposures 

including one in 2022) confirmed by humoral immunity (highest 

rotection). This proportion was higher in those > 65 years. Over 

5.4% had at least three exposures confirmed by humoral immu- 

ity (moderate protection). Of those with at least four exposures 

ith one in 2022 confirmed by humoral immune correlates, 24.5% 

id not show a positive IGRA, and this proportion increased with 

ge (Supplementary Table 4, Figure 2 ). 

Those with blood samples and those aged > 80 years had 

hree times the odds of having four exposures confirmed by hu- 

oral immune correlates (odds ratio [OR] 3.34; 95% CI: 1.92-5.80) 
 cellular immunity test result (Spike and Nucleocapsid -antibodies, interferon- γ - 

ial Prevalence Study of Antibodies against SARS CoV-2 in Germany” participants by 

 50-64 65-79 80 + Overall 

840 n = 3331 n = 2644 n = 631 n = 9921 a 

6%) 86 (8.7%) 35 (8.0%) 8 (9.8%) 206 (7.1%) 

3.3%) 116 (11.7%) 57 (13.1%) 20 (24.4%) 364 (12.5%) 

1.2%) 791 (79.7%) 343 (78.9%) 54 (65.9%) 2339 (80.4%) 

(57.0%) 2338 (70.2%) 2209 (83.5%) 549 (87.0%) 7012 (70.7%) 

%) 1 (2.5%) 0 (0%) 0 (0%) 3 (1.8%) 

3%) 5 (12.5%) 7 (31.8%) 5 (71.4%) 26 (15.5%) 

.7%) 34 (85.0%) 15 (68.2%) 2 (28.6%) 139 (82.7%) 

(96.8%) 3291 (98.8%) 2622 (99.2%) 624 (98.9%) 9753 (98.3%) 

6%) 104 (3.2%) 55 (2.1%) 5 (0.9%) 308 (3.3%) 

0.3%) 230 (7.1%) 81 (3.1%) 22 (3.7%) 662 (7.0%) 

(79.5%) 2639 (82.0%) 1624 (63.0%) 243 (41.3%) 6982 (73.9%) 

6%) 247 (7.7%) 818 (31.7%) 318 (54.1%) 1491 (15.8%) 

.5%) 111 (3.3%) 66 (2.5%) 43 (6.8%) 478 (4.8%) 

; n (%) 

0.1%) 1321 (39.7%) 1117 (42.2%) 245 (38.8%) 4057 (41.2%) 

(59.9%) 2010 (60.3%) 1527 (57.8%) 386 (61.2%) 5786 (58.8%) 

 0 (0%) 0 (0%) 0 (0%) 78 (0.8%) 

n (%) 

.5%) 293 (8.8%) 259 (9.8%) 76 (12.0%) 802 (8.2%) 

(94.5%) 3038 (91.2%) 2385 (90.2%) 555 (88.0%) 9041 (91.9%) 

 0 (0%) 0 (0%) 0 (0%) 78 (0.8%) 

85.1%) 20.1 (67.7%) 14.8 (43.5%) 16.6 (43.5%) 18.6 (66.0%) 

9.1%) 3.09 (9.9%) 2.77 (10.8%) 2.72 (12.9%) 3.09 (10.7%) 

84.2%) 17.0 (66.5%) 12.0 (41.5%) 13.9 (41.6%) 15.5 (64.4%) 

91 n = 1150 n = 887 n = 141 n = 3029 

%) 10 (0.9%) 4 (0.5%) 1 (0.7%) 22 (0.7%) 

9.2%) 1140 (99.1%) 883 (99.5%) 140 (99.3%) 3007 (99.3%) 

91 n = 1151 n = 888 n = 141 n = 3033 

3.0%) 744 (64.6%) 628 (70.7%) 110 (78.0%) 1941 (64.0%) 

7.0%) 407 (35.4%) 260 (29.3%) 31 (22.0%) 1092 (36.0%) 

91 n = 307 n = 277 n = 88 n = 1038 

.8%) 88 (28.4%) 128 (45.6%) 50 (56.8%) 356 (34.3%) 

6.2%) 222 (71.6%) 152 (54.1%) 38 (43.2%) 682 (65.6%) 

 0 (0%) 1 (0.4%) 0 (0%) 1 (0.1%) 

ase chain reaction; RBD, receptor-binding domain; SD, standard deviation; STIKO, 
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Figure 2. Immunity-based protection levels representing numbers of exposures by infection or vaccination with corresponding humoral immune response stratified by (a) 

age and further stratified by (b) IGRA positivity. Note: (a) is based on all participants with information on the protection levels (number of exposures) and age (n = 3209) 

and (b) is based on all participants with information on the protection levels (number of exposures), age, and IGRA (n = 974). 

IGRA, interferon- γ -release assay. 
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Supplementary Table 5). Employment in the medical field or the 

ducation sector and having 1-2 children were also associated with 

aving higher odds of having had four exposures, respectively. 

hose over 80 years had lower odds of having a positive IGRA (OR 

.30; 95% CI: 0.14-0.65). Having a chronic lung disease was associ- 

ted with lower odds of having a positive IGRA (OR 0.45; 95% CI: 

.27-0.78) while current smoking had higher odds for IGRA posi- 

ivity (OR 2.30; 95% CI: 1.32-4.01) (Supplementary Table 5). 

orrelation of neutralization versus BA.5 with protection level 

The SARS-CoV-2 neutralizing antibody (NAb) response was 

igher in participants with three or more exposures confirmed by 

umoral response. Participants showed higher NAb activity against 

arental Wu01 variant compared to BA.5 variant (Supplementary 

igure 2). Most individuals had high S-reactive IgG levels, which 

orrelated with the number of exposures. Anti-NC-antibody titers 

aried across the different protection levels. 

Previous infection confirmed by NC antibodies modified the de- 

reasing trend in NAb titers against BA.5 and Wu01 with increas- 

ng time since the last vaccination seen in those without NC anti- 

odies. In contrast to participants without previous infection, there 

as no decreasing trend in participants with NC antibodies. Par- 

icipants with more than 150 days since the last vaccination had 

ower neutralization activity than participants with vaccinations 

n the last 50 days in the absence of NC antibodies. Participants 

ith confirmed infection (positive NC antibodies) showed a clear 

ownward trend of neutralization activity over time ( Figure 3 ). 

his trend was less evident for interferon-gamma-release (Supple- 

entary Figure 3) and for both exposures together (Supplementary 

igure 4). 

accinations, (re)infections, contact frequency, and immunity markers 

ver time 

Supplementary Figure 4 summarizes findings related to 

eropositivity estimates, proportions of individuals with previ- 

us SARS-CoV-2 infection based on NC-antibody positivity, self- 

eported infections, and reinfections based on reported dates, and 
54 
roportions of individuals with 1-4 vaccine doses and contact fre- 

uency over time. 

otential healthcare burden during winter 2022/23 in Germany based 

n ODE models 

We analyzed five scenarios (A-E) with and without booster 

ampaigns ( Figure 1 c), examining peak general ward hospitaliza- 

ions and peak ICU hospitalizations. Figures 4 a-e show the mod- 

ling of infections, hospitalizations, and ICU hospitalizations (Sup- 

lementary Figure 5) for each scenario using three different com- 

artmental models. 

In a base case scenario of variants with properties similar to 

A.5, all models showed peak hospitalizations for children and 

dults below 50% of those in winter 2022 during the BA1/2 wave. 

 standard wild-type vaccination campaign would not reduce hos- 

italizations by more than 20% as hospitalizations were predicted 

o mainly happen in the remaining weeks of 2022. 

In a second scenario, with a new SARS-CoV-2 variant with 1.3 

imes the transmissibility of BA.5, but equal pathogenicity and im- 

une evasion, we found similar peaks of hospitalizations at the 

eginning of 2023 in adults and children as seen during BA1/BA 2 

n all three models. A vaccination campaign in our model was able 

o reduce overall hospitalizations by up to 25% (Supplementary Ta- 

le 6). 

In a third scenario with transmissibility increased as in Scenario 

 but additionally increased pathogenicity, all models predicted a 

urpassing of peaks seen during the BA1/BA2 wave to slightly dif- 

erent degrees and a reduction of overall hospitalizations with a 

accination campaign of about a third. 

In scenarios D-E, higher peaks of hospitalizations were possi- 

le in the models (up to 300% of BA1/2) for adults and children 

f transmissibility or immune evasiveness of variants relevantly 

aised. Vaccination and/or booster campaigns could reduce overall 

ospitalizations by up to 40% (Supplementary Table 6). 

The model based on data from the population panel predicted 

lightly lower and slower peaks in comparison to the model us- 

ng public health surveillance data. In the third model integrat- 

ng cellular immunity estimates from IGRA measurements, peaks 
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Figure 3. MuSPAD participants neutralizing antibody responses to variants (a) Wu01 and (b) BA.5 over immunity-based protection level (combined categories based on the 

number of exposures) in 2022; (c) A boxplot of BA.5 neutralizing antibody response by time since last SARS CoV-2 vaccination, and (d) last SARS-CoV-2 infection stratified by 

nucleocapsid antibody response (NC with ≥0.8 BAU/ml cut-offs for seropositivity). Protection levels: no protection (0 exposure), low (1 to < 3 confirmed exposures), moderate 

(3 confirmed exposures), and high (3 confirmed exposures + 1 confirmed exposure in 2022). 

MusPAD, “Multilocal and Serial Prevalence Study of Antibodies against SARS CoV-2 in Germany”. 
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nd the number of hospitalizations increased compared to the 

odel based on humoral immunity but remained lower than in 

he model based on surveillance data. 

We performed sensitivity analyses assessing the effect of vary- 

ng age-specific hospitalization risks, contact rates in the elderly 

n autumn, and susceptibility of the elderly population, and found 

nly small changes because of the different assumptions when 

ooking at the comparison of projected and actual hospitalization 

umbers during winter 2022/2023 (Supplementary Figure 7). In a 

econd set of sensitivity analyses, we introduced a new protection 

evel into the population-based models after both the summer and 

utumn waves in 2022 to assess the effect on infection dynam- 

cs projections in comparison to analysis without these additional 

evels. Adding this additional protection level resulted in a trajec- 

ory of cases and hospitalizations in the simulations that resem- 

led more closely reported data, indicating that this assumption 

et is most critical for our modeling study (Supplementary Fig- 

res 8 and 9). Since this is also the assumption set that we tar- 

eted with the addition of population-based primary study data, 

ensitivity analysis results underline the importance of incorpo- 

ating high-quality data in the parametrization of the respective 

ariables. 

iscussion 

In this study, we showed how a rapid population-based panel 

rom June/July 2022 in Germany could be used to derive and val- 

date proxies for protection from a severe COVID-19 course, and 
55 
ow this additional knowledge affected modeling studies aiming 

t an ad-hoc estimation of healthcare burden for the approaching 

inter. 

Most adults (95%) in this study had more than three exposures 

o either the SARS-CoV-2 virus or vaccination with humoral im- 

une correlates, respectively. In total, 68.3% of those aged > 65 

ears and 45.9% of those > 80 years had not yet had a fourth vac-

ination. Over 90% of people in our sample express willingness to 

e vaccinated or receive a booster in fall. When evaluating booster 

ampaigns’ impact, we found that initiating them in October at a 

% rate of the population per week could lead to decreased hospi- 

alizations by up to 40% in specific scenarios, especially those in- 

olving more pathogenic SARS-CoV-2 variants. 

Over 34% in all age groups had four exposures to SARS-CoV-2 

infection/vaccination) and confirmed humoral immune correlates, 

ne of which occurred in 2022. This group was expected to have 

he highest protection against severe COVID-19 course and at least 

ome protection against reinfection based on the literature [24] . 

owever, we found that even in this group, 24.5% did not have 

nterferon-gamma release after stimulation with S-specific anti- 

ens, as detected by SARS-CoV-2 specific IGRA. The same was true 

or 36.7% of those with least three exposures with confirmed hu- 

oral immunity. IGRAs positivity was age-dependent, with those 

 80 years having lower odds of positivity due to age-dependent 

mmune waning effect [25] . Overall, 65.7 % of participants tested 

GRA positive. Previous studies showed high sensitivity of IGRA to 

etect recent infections, with 100% directly post-exposure and de- 

lining to 79.5% after 10 months [26] . 
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Figure 4. Scenarios A (variant similar to BA.5), B (new variant with higher transmissibility), C (new variant with higher severity, and transmissibility), D and E (new variant 

with higher transmissibility, severity, and immune evasion) and associated hospitalization rates based on public health data, population-based estimates (humoral and 

cellular) without (1) and with (2) booster campaigns in 2022/23 in Germany. 

56 
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Assessing different scenarios of SARS-CoV-2 variants and 

accination strategies with three compartmental models using 

opulation-based estimates, we found that hospitalization peaks 

uring the BA1/2 wave in January and February would not be sur- 

assed without the introduction of a new variant or significant 

mmune waning (Scenario A). Scenarios considering new variants 

ith higher transmissibility, higher pathogenicity, and higher im- 

une evasiveness suggest the possibility of surpassing previous 

ospitalization peaks seen in previous winter waves. The results 

ere consistent with modeling studies conducted before the BA.5 

ummer wave in the UK [24] and consistent with most models in 

 statement from Germany’s central modeling network (MONID) in 

9/2022, which this group also contributed to (14). 

While the overall prediction that no surpassing of clinical ca- 

acities would take place in Scenario A was correct, both our 

odel and those from other modeling groups underestimated the 

eight of the first hospitalization peak seen within a second BA.5 

ave in calendar weeks 39-44 by 30-40%. In contrast, the to- 

al number of hospitalizations (Supplementary Figure 5) in au- 

umn/winter 2022/23 was not largely underestimated. This was 

ikely due to the assumption of a prolonged second wave and a 

imilar age-specific distribution of infections compared to the first 

A.5 wave. However, the actual second BA.5 wave had short and 

teep dynamics, with a higher proportion of cases among older 

ge groups, resulting in a higher overall hospitalization risk per 

ase. More accurate use of estimates of age-specific underdetec- 

ion during the BA.5 summer wave might have helped to pre- 

ict the larger contribution of the elderly during the second BA.5 

ave [22] . Adding additional levels of protections to our origi- 

al protection level framework after the summer wave informed 

y population-based data resulted in more realistic projections as 

hown by the trajectory of hospitalizations and cases in one set of 

ensitivity analyses (Supplementary Figures 8 and 9), resembling 

ore closely the actual reported data. These sensitivity analyses 

how the potential of integrating population-based data in this for- 

at into models both for projections and potentially in the future 

o assess protection correlates. 

Our decision to use immunity-based protection levels against 

nfection and severe disease progression based on literature is sup- 

orted by the finding that there is a clear trend toward lower neu- 

ralizing activity in the lower protection level than at the higher 

evel. For this category, we designed the highest protection to be at 

east four exposures, one of which (vaccination/infection) occurred 

n 2022, which is also supported by a clear trend toward higher 

eutralizing activity among those with recent infections. 

The benefit of including neutralization titers or indirect corre- 

ates like IGRAs for assessing complex models’ usable levels of pro- 

ection against severe disease and infection is unclear. IGRAs, a tool 

stablished for measuring the immune response to Mycobacterium 

uberculosis [19] are now being explored for specific immune cell 

esponse to SARS-CoV-2. IGRAs have shown clinical capacity for 

he assessment of specific T cell immunity immediately after vac- 

ination [20] . This is especially true for immune-compromised pa- 

ients [20 , 27] . However, it remains unclear whether IGRA measure- 

ent in population-based studies can accurately predict the risk of 

evere disease [26 , 28 , 29] . 

In our modeling study, we compare a simple model 

arametrized based on public data allowing little differentia- 

ion with respect to protection through natural or vaccine-induced 

mmunity to a more complex model parametrized based on 

pecifically collected population data which allows exactly this 

ifferentiation. In general, more complexity in a model does not 

utomatically result in better model projections, especially when 

ata for the parametrization are sparse. We argue in our case that 

he added complexity is necessary for answering the underlying 

ublic health question as the introduction of exposure categories 
57 
nformed by primary data in an age-specific way allows a more 

ealistic simulation of infection dynamics, especially in those age 

roups, that are most vulnerable. Our results, especially in the 

ost realistic Scenario B1 and sensitivity analyses provide empir- 

cal evidence that the deviation from the true winter epidemic is 

ndeed smaller when adding this level of complexity. 

Future research will investigate ways to improve the model- 

ng of protection by considering various protection levels for each 

ARS-CoV-2 wave, higher protection levels for individuals vacci- 

ated with NC, incorporating a waning function based on last vac- 

ination for those without NC antibodies, and incorporating esti- 

ates from cellular immunity. Such combined protection correlates 

ncluding cellular immunity may be more appropriate for elderly 

ndividuals as they may have decreased IGRA positivity and lower 

ssumed protection. 

Limitations of our study include the exclusion of children and 

nderrepresented groups, regional limitations, and omitting of 

nderdetection and incidental hospitalizations during the BA.1/2 

ave in the model. 

Despite these limitations, our study demonstrates the efficacy 

f rapid, adaptive population panels using immunity-based protec- 

ion levels for parametrizing scenarios and forecast models during 

pidemics in Germany. The data from our study along with other 

tudies [18] have been made available to a central modeling plat- 

orm [14] allowing other modeling groups to utilize it for their 

odels. 

onclusion 

Although we show protection in most of the population against 

evere course of disease measured by at least three exposures or 

accination and confirmed by humoral immune correlates, even 

uite moderate changes in transmissibility or pathogenicity of new 

ARS-CoV-2 variants could lead to relevant hospital burden sur- 

assing previous waves if no remedial action is taken. Future epi- 

emic panels and modeling effort s should prospectively evaluate 

ombined surrogates for protection levels against SARS-CoV-2 in- 

ection and severe course of disease. 
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