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 List of Abbreviations 
 

• COVID-19      Coronavirus Disease  
• SARS-CoV-2     Severe acute respiratory syndrome coronavirus 2 
• KoCo19      Prospektive Kohorte COVID-19 München 
• CoVaKo      COVID Vakzin Konsortium 
• KoCoImmu      Prospektive COVID-19 Kohorte München - Immunologie 
• BTI        Breakthrough infection 
• Non-BTI      Non breakthrough infection  
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• VOI        Variant of interest  
• VOC       Variant of concern 
• DBS       Dried blood sample 
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1. Contribution to the Publications  

1.1 Contribution to Paper I 
The manuscript titled “The representative COVID-19 cohort Munich (KoCo19): From the 
Beginning of the Pandemic to the Delta Variant” aims to estimate the cumulative seroprevalence 
of SARS-CoV-2 infections in the general population of Munich from April 2020 to November 2021. 
It tracks the progression of the pandemic, assesses the impact of vaccination on antibody 
development, and investigates the factors influencing infection risk. I led in managing the KoCo19 
cohort directly at the study site. My responsibilities included organising the KoCo19 study during 
and between sampling rounds; actively participating in and leading the coordination of study 
rounds and cohort maintenance; adjusting the study questionnaires; organising and coordinating 
the DBS kit shipments to participants; and communicating with participants in various forms. For 
example, I managed the study hotline and the process of creating and sending result letters to 
inform participants about their blood sample results. Direct engagement with participants and 
collaboration with both our institute and external partners was crucial for ensuring successful and 
well-executed study rounds. 

In terms of manuscript preparation, I made significant contributions to writing the manuscript, 
offering insights and perspectives based on the data collected. Additionally, I conducted literature 
research, coordinated with co-authors, and played a pivotal role in the submission, revision, and 
resubmission of the manuscript. I was also actively involved in interpreting the results and 
conducting preliminary research, ensuring a comprehensive and accurate representation of our 
findings. The shared first authorship results from the division of work for the project between 
Ronan Le Gleut and myself. As outlined, the division of the first authorship reflects the division of 
work throughout the study and the manuscript preparation. While I took on the bulk of the practical 
work including planning and organisation, Ronan Le Gleut primarily focused on statistical 
analyses and related tasks, without direct involvement in the study implementation. The 
collaboration led to the successful publication of the study findings. 

1.2 Contribution to Paper II 
The Corona-Vakzin-Konsortium (CoVaKo) project is supported by the Bavarian Ministry for 
Science and Art. In a collaborative effort, all Bavarian University Hospitals aimed to compare the 
clinical and serological characteristics between unvaccinated and fully vaccinated individuals. For 
this study collected data during the Alpha and Delta waves of breakthrough (BTI) and non-
breakthrough infections (non-BTI).  

As part of the LMU study site, my primary responsibilities included participant recruitment in 
cooperation with the local health authorities and our partner study sites, organisation, and 
communication. I served as the primary point of contact for participants, guiding them through the 
recruitment and study process. I also conducted household visits to collect questionnaire data. 
Furthermore, it included result communication from our site to the participants, via personalised 
result letters. I also ensured seamless collaboration with our partner universities across Bavaria. 
For our site, I coordinated efforts to synchronize procedures and data collection methods across 
the sites, as well as sample sharing, contributing to the study's cohesive and standardised 
approach. I collaborated with the design of a streamlined data flow system for collaboration with 
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other study sites, ensuring efficient data collection and analysis.  I contributed to the design 
planning of the analysis. Nevertheless, a study of this magnitude cannot be conducted alone and 
requires collaboration from a vast number of contributors. Hence, the large number of authors. 

1.3 Contribution to Paper III 
The manuscript titled “Impact of Omicron Variant Infection on Assessment of Spike-Specific 
Immune Responses Using the EUROIMMUN Quan-T-Cell SARS-CoV-2 Assay and Roche 
Elecsys Anti-SARS-CoV-2-S” sought to assess the Quan-T-Cell SARS-CoV-2 assay's 
performance by comparing IFNy concentrations between the original "Wuhan" and Omicron-
based stimulator tubes. Additionally, it examined the influence of Omicron infections on the Roche 
Elecsys anti-SARS-CoV-2 anti-S assay in comparison to earlier pandemic phases.  

Prior to the start of the data collection, I led the adjustment of the study protocol and updated, 
and adjusted the questionnaire that was used during the visits. Additionally, I led, and carried out 
participant recruitment in cooperation with health authorities, organised visits including the actual 
sample collection and ensured smooth and complete data collection, right with the start of the 
Omicron wave in Germany. We were among the first to collect samples from Omicron-infected 
individuals. In the context of manuscript preparation, I conducted the literature research, 
significantly contributed to manuscript preparation, took part in the analysis, and actively 
coordinated the work with co-authors throughout the submission, revision, and resubmission 
phases of the manuscript to the journal. These aspects underline my role in the active sample 
collection, writing of the manuscript, and overall execution of the study. However, Mohamed I. M. 
Ahmed contributed significantly to the study through his work in the lab and involvement in 
manuscript and graphics creation. For this reason, we share the first authorship.  
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2. Introduction 

2.1 Background 

2.1.1 Chronology of the COVID-19 Pandemic 

In January 2020, initial reports emerged of a novel respiratory disease suggesting confirmed 
cases in Wuhan, China (1–3). Shortly after, the first cases outside China were confirmed in 
Thailand, followed by Japan and South Korea (1,4–6). The first COVID-19 death was reported on 
January 11, 2020 (7). By late January 2020, confirmed cases emerged in the US and France, 
marking the virus's entry into Europe (6,8). Our institute reported the first case in Munich, 
Germany shortly after, leading to the identification of a cluster of over 10 infected individuals (9). 
Virus transmission increased rapidly, driven by spreading events at private or public gatherings 
(10). In Germany, the first such event was a carnival festivity (11,12), followed by skiing tourists 
in Ischgl and football matches in Italy (13,14). Subsequently, the WHO declared COVID-19 a 
pandemic in March 2020 (15).   

Early in the pandemic, uncertainty prevailed, particularly regarding the potential for asymptomatic 
transmission of  COVID-19 (16). In the absence of vaccines and specific medications, non-
pharmaceutical interventions like facemasks, social distancing, and lockdowns were the primary 
measures implemented (17–20). In Germany, the first lockdown spanned from March until May 
2020, followed by subsequent partial and complete lockdowns (17,19,21,22). Facemasks became 
mandatory in April 2020 for certain situations (18). The second lockdown extended from 
December 2020 until May 2021 (19,23). Later strategies, such as the “Bundesnotbremse” and 
“Infektionsschutzmaßnahmen” were introduced (24–26). These regulations were largely guided 
by incidence rates, which were also pivotal in the public discourse (27–29). This rate, used to 
gauge healthcare system burden and trigger interventions, was derived from PCR and antigen 
testing (30–33). These tests were not always universally available, and factors such as timing and 
viral load affected their accuracy (34). Consequently, asymptomatic cases and mild infections 
were often missed, leading to underreporting in official statistics. Nevertheless, expanding 
COVID-19 testing services was vital for controlling incidence rates. Initially, testing was limited to 
certain high-risk groups (e.g. symptomatic individuals and high-risk groups) (35–38). This 
changed with increasing capacities, leading to the development of an official testing strategy (39–
41). By July 2020, capacities had expanded to the extent that all citizens could be tested free of 
charge (42). Concurrently, vaccine development progressed rapidly. By December 2020, the first 
vaccine was administered in Germany (6,43). Initially, vaccine shortages necessitated strict 
prioritization  (44–46). With increased availability and accumulating evidence regarding safety 
and effectiveness, recommendations and approvals were adapted accordingly (47,48). 

The emergence of new virus variants altered the pandemic’s trajectory. They contributed to 
multiple waves of infections in Germany. In Munich, 6 big waves of infections could be identified, 
from January 2020 to April 2022 (as displayed in Figure 1) (49,50).   
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Figure 1: Development of COVID-19 infection numbers in Munich with regard to KoCo19 sample collection. In black, daily infections as 
reported by the Robert-Koch Institute (RKI). In blue, daily collected samples from baseline and to the fifth round of KoCo19 after or during 
infection peaks. In light grey, the sixth round in mid-2022, which was not included in the publication and doctoral project. Adapted and 
reprinted from (51).     

While various variants of interest and concern (VOI and VOC) emerged, only a few became 
predominant globally. The initial virus strain – the wild type – was superseded by the Alpha variant 
in early 2021 (52). During this period, vaccination efforts were already well underway, with over 
15 million doses administered to the German population by mid-April 2021 (53). The Delta variant 
subsequently emerged, overtaking Alpha in mid-2021 (54). By the end of 2021 and the beginning 
of 2022, Omicron had become the dominant variant, raising significant concern due to its 
increased transmissibility (47,55–61). At that time, several effective vaccines were widely 
available in Germany. More than half of the population had received at least one dose (53). These 
factors contributed to a shift in infection patterns. The study found a rise in breakthrough infections 
(BTIs), likely due to the Omicron variant’s ability to evade vaccine induced immunity (62–64). 
Although these cases were generally less severe, their sheer number was causing concern 
(65,66). In response, a third booster shot was promoted, and the PCR testing strategy was 
adjusted to fit the increased demand (67,68). 

In 2022, after the peak of the Omicron wave, several restrictions were relaxed, including the 
shortening of the isolation period in case of an infection. Additionally, hotspot rules were 
implemented to focus measures on regions with high incidence rates (68). By April 2023, all 
regulations in Germany had been lifted (69). In May 2023, the WHO declared COVID-19 no longer 
a global public health emergency (70).  

Given these dynamics, the need for comprehensive research to understand the effect of public 
health measures, the prevalence of antibodies in the population, vaccine effectiveness, and the 
impact of emerging variants on laboratory methods became evident. At our institute, several 
pivotal studies were conducted to address these gaps, among those were: 

• “Prospektive Kohorte COVID-19 München (KoCo19)”: Aimed at providing a 
comprehensive overview of the pandemic's progression in Munich  

• “COVID Vakzin Konsortium (CoVaKo)”: Focused on analysing the effectiveness of 
COVID-19 vaccines 
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• “Prospektive Kohorte COVID-19 München – Immunologie (KoCoImmu)”: 
Investigated the factors underlying the clinical progression and subsequent the 
transmission of COVID-19; the effect of the Omicron variant on laboratory methods and 
immune responses 

2.1.2 Immunological Insights into SARS-CoV-2  

SARS-CoV-2 - the causative agent of COVID-19 – belongs to the family of Coronaviridae (71). 
The virus size measures from 80-140 nm, with single-stranded RNA enclosed within a membrane 
with spike proteins (71–75). The spike protein, approximately 20-25 nm in size (see Figure 2), is 
crucial in the virus's interaction with host cells (72).  

 
Figure 2: The first public domain picture of SARS-CoV-2 created by the Centers for Disease Control and Prevention. The proteins on the 
surface are displayed, the biggest one – the spike protein – in red is crucial for the virus ability to infect host cells. On the inside, there is a 
single-stranded RNA. Reprinted from (76).  

SARS-CoV-2 primarily infects respiratory epithelial cells. Upon encountering them, SARS-CoV-2 
uses its spike proteins to bind to angiotensin-converting enzyme 2 receptors on the cell surface, 
facilitating viral entry (2,71,75,77,78). The spike proteins consist of two parts: S1, which contains 
the receptor binding domain, responsible for binding to the host cell, and S2, which facilitates the 
fusion with the host cell membrane (79–84). Once bound to the cell, the virus releases its RNA 
genome (75,85).  

The exact origin of SARS-CoV-2 remains uncertain. The most likely case is zoonotic transmission, 
from an animal, possibly involving an intermediate host, to the first human case (86,87). SARS-
CoV-2 shares similarities with SARS-CoV (88–90). Although,  it exhibits higher transmissibility 
compared to SARS-CoV (91). Like many RNA viruses, SARS-CoV-2  undergoes genetic 
changes, leading to the development of new variants (92–94). These variants arise through 
mutations in the viral genome, particularly in regions encoding key proteins such as the spike 
protein (95–99). Variants of concern (VOCs) exhibit significant changes in transmissibility, 
virulence, or the effectiveness of public health measures and vaccines compared to others (94). 
Understanding the genetic diversity of the virus is crucial for effective surveillance, prevention, 
and control of COVID-19. 

The WHO developed a scale to classify SARS-CoV-2 infection severity based on minimal 
common outcome methods. It categorizes cases as uninfected, ambulatory mild disease, 
hospitalized with moderate disease, hospitalized with severe disease, or dead (100).  Common 
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symptoms including cold-like symptoms, fatigue, and muscle or headaches, typically manifesting 
5-6 days post-exposure (5,101). Additionally, loss of smell and taste has been reported, 
occasionally persisting beyond the acute infection (102). Mutations can influence symptom 
severity and presentation, highlighting the virus's dynamic nature (102,103). Vaccination against 
COVID-19 has proven effective in reducing disease severity, mortality, and the risk of long 
COVID, even newer mutations across diverse populations (104–110).  

Upon infection, the immune system is activated. Initially, the innate immune response recognises 
viral components, leading to the production of interferons and pro-inflammatory cytokines (111–
116). The main goal of this response is to minimize viral replication, eliminate infected cells, and 
activate the adaptive immune system  (111,115–117). The adaptive immune system can be  
divided into three main components: B cells, which produce antibodies, CD4+T cells, which can 
act as effectors and CD8+T cells, which terminate infected cells (118). Once activated, SARS-
CoV-2 specific antibodies, as well as CD4+T and CD8+T cells, are produced  (115,118,119). 
Beyond the acute reaction, long-term immunity is enabled by memory T cells  (120). Figure 3 
illustrates the infection and immune response process.  

 
Figure 3: Progression of infection, from the fusion of SARS-CoV-2 with the host cell to the subsequent immune response of the host. After 
the infection, the immune response is triggered and antibodies develop. Reprinted from (121).  

There are different SARS-CoV-2 antibodies produced by the immune system. For this thesis, the 
most relevant antibodies are those targeting the Spike (S) and Nucleocapsid (N) proteins. Anti-
Spike antibodies (anti-S) target the virus's spike proteins (122). In contrast, anti-Nucleocapsid-
antibodies (anti-N) target the nucleocapsid protein inside of the virus membrane (123). The 
presence and concentration of these antibodies can be measured in blood samples, after an 
infection or vaccination to assess the effect (124–126).   

Vaccines have played a pivotal role in combating the virus and pandemic. Novel mRNA vaccines 
elicit an immune response against the virus's spike proteins (127–135). By enabling the immune 
system to produce antibodies against the spike protein prior to infection, its ability to prevent 
infection or severe disease is increased (136–139). Numerous studies have demonstrated their 
safety and efficacy in providing robust protection against severe manifestations of the disease 
(136,140–142). However, vaccines do not offer complete protection from infection, resulting in 
BTIs (143–146).  
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2.2 Rationale and Study Objectives 

2.2.1 Rationale  

Facing the challenges described in the previous chapters, numerous studies aimed at 
understanding the virus were carried out. This thesis focuses on three studies undertaken at our 
institute.  

“The representative COVID-19 cohort Munich (KoCo19)”, commenced in April 2020 (147).  To 
our knowledge, it is the last ongoing representative cohort study focused on COVID-19 in 
Germany. Baseline data, including blood samples and questionnaires, were collected from April 
to June 2020 (147). Using a random walk approach to select participants and implementing 
statistical methods, the cohort of 5313 participants is representative of Munich (51,147). 
Participants older than 13 years were included into sample collection (147).  The study aimed to 
better understand the true number of infections within the cohort based on the seroprevalence of 
antibodies and identify risk factors for infection (147). Our strategy relied on detecting antibodies 
induced by SARS-CoV-2 infection or vaccination. This approach is advantageous, especially 
compared to PCR-based studies, as it can identify past infections and asymptomatic cases can 
be found.   

In this context, the presence of anti-N-antibodies points towards a past COVID-19 infection. The 
detection of anti-S-antibodies, allows us to conclude an infection and vaccination (148,149). 
Questionnaires complemented antibody testing by providing dates of vaccinations and infections. 
Initially, whole blood samples were collected to analyse the seroprevalence of SARS-CoV-2 
specific antibodies. Through extensive validation, it was possible to transfer the measurements 
to dried blood samples (DBS) consisting of capillary blood from the finger, captured on filter 
papers (Anti S/N Paper). This approach has the great advantage that the blood can be self-
sampled by the participants, significantly reducing the required resources from the study site. At 
baseline, around 50 fieldworkers worked several weeks to include participants and take samples 
(147). This effort was significantly reduced in the follow-ups by switching to the DBS method. 
Follow-ups were conducted after major infection waves (see Figure 1) (51). The periods and 
context of the follow-ups are described in Figure 4. 

Besides this, the institute was involved in COVID-19 research via the Corona-Vakzin-Konsortium 
(CoVaKo) to study the effectiveness and safety of COVID-19 vaccinations. This collaboration 
among all Bavarian university hospitals aimed to understand the disease's clinical course and the 
immune response (150). Factors such as disease severity, symptomatology, and immune 
response were compared between BTIs and non-BTIs. Recruitment commenced in April 2021 
and lasted until November (Figure 5 shows the context of the time period). A total of 300 
individuals above 18 years, who tested positive for COVID-19, were enrolled shortly after their 
initial positive PCR test. Subsequently, the initial visit was scheduled as soon as possible. 
Following the initial visit, there were three more visits with approximately seven-day intervals 
between them. Visits five and six could occur after six and nine months, respectively (150).  

Recruitment was particularly challenging for non-BTI cases, and each visit required significant 
resources in outreach and laboratory work. Consequently, the participant number was smaller 
(300 participants in total with 50 at our study site) compared to KoCo19. In total, up to six visits 
were possible per participant.  Participants were divided into BTI and non-BTI cases. During visits, 
medical data, vital parameters, swabs, and blood samples were collected, and the severity of 
symptoms was categorized (150).  Based on the collected blood samples, viral load, and antibody 
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levels were measured for each visit. The analysis of the SARS-CoV-2-specific antibody response 
involved determining the concentrations of antibodies directed against the spike-antigen and 
nucleocapsid-antigen (150).  

Due to the frequent mutations of SARS-CoV-2, continual adaptation and validation of diagnostic 
tools were necessary. The KoCoImmu study, a sub-study of KoCo19, addressed this need by 
targeting the recruitment of individuals infected with the Omicron variant. The study aimed to 
identify factors underlying the clinical progression and subsequent transmission of COVID-19 
(151).  Participants were recruited from December 2021 to March 2022, as illustrated in Figure 6 
depicting the pandemic situation during this period. A total of 37 participants, all aged 18 or older, 
were recruited and categorized into BTI and non-BTI. Potential participants either contacted the 
study team directly or were referred by health authorities to it. Following a PCR-confirmed 
Omicron infection, a visit was scheduled for approximately 21 days later. During these visits, 
whole blood and DBS were collected (151).  

The Quan-T-Cell SARS-CoV-2 Interferon gamma release assay (IGRA) was employed using both 
an original Wild type and an adapted Omicron-based IGRA tube to assess differences. 
Additionally, anti-S-antibodies were measured to evaluate the immune response (151). This 
approach allowed us to analyse the impact of Omicron's numerous mutations on the results 
obtained from standard procedures used in our COVID-19 labs. However, recruiting non-BTI and 
never before infected cases proved challenging. Combined with the substantial amount of work 
required for each participant encompassing both field and laboratory efforts, the study ultimately 
had a relatively small sample size. This approach was also adopted to ensure the timely 
completion of the study. 

These studies just described underscore the paramount importance of research aimed at 
unravelling the complexities of the pandemic and advancing knowledge. Such research plays a 
pivotal role in shaping decisions made by policymakers, researchers, and individuals. 

2.2.2 Objectives  

The overarching objective of this doctoral project is to integrate findings from the three key studies 
described in the previous chapter, conducted at our institute, to construct a cohesive narrative 
about the progression of the COVID-19 pandemic and its impact in Munich.  

Given the rapidly expanding field of COVID-19 research, it is imperative to approach the topic 
from various perspectives to understand the virus's spread, the impact of emerging variants, and 
the differences between BTI and non-BTI cases. 

The primary aim of this thesis is to synthesize various strands of COVID-19-related research 
conducted at the institute to provide comprehensive insights. The objectives are structured 
around the following key questions: 

1. How has the number of infections, as indicated by seroprevalence among KoCo19 
study participants, evolved throughout the COVID-19 pandemic in Munich? 

o What were the temporal changes in seroprevalence observed in the study 
population? 

o How did different risk factors influence seroprevalence across the study period? 

o What impact did vaccination status have on seroprevalence rates? 
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2. How do discrepancies manifest between BTIs and non-BTIs, and how can these 
distinctions be characterized? 

o What clinical symptom differences were observed between BTIs and non-BTIs? 

o How did the immunological responses, including antibody levels and 
neutralization capacity, differ between BTIs and non-BTIs? 

3. What impact have emerging SARS-CoV-2 variants had on the study population and 
research methodologies? 

o How did new variants affect infection rates and immune responses? 

o How did the performance of various laboratory methods compare when 
assessing immune responses to different variants? 

This approach ensures that the thesis reflects a comprehensive and multi-faceted understanding 
of the COVID-19 pandemic in Munich, drawing from the collaborative efforts of multiple studies. 

2.3 Publications and their Contribution to the Research 
Questions 

The following section will provide contextualisation for the individual parts of the doctoral project.  

2.3.1 Paper I 

The representative COVID-19 cohort Munich (KoCo19): from the beginning of the pandemic to 
the Delta virus variant.  

The KoCo19 study commenced in April 2020 with the primary objective of developing a robust 
tool capable of accurately assessing SARS-CoV-2 prevalence in the population. This approach 
was crucial for understanding the true number of infections, including asymptomatic cases, within 
the cohort and identifying risk factors for infection. 

The pandemic's trajectory was highly uncertain and challenging to predict. In retrospect, we now 
understand that the period until the 4th follow-up of the study witnessed the emergence of multiple 
predominant VOCs and the commencement of the vaccine campaign (for further information see 
Figure 4) (43,152). During this time, we developed a reliable tool capable of accurately assessing 
SARS-CoV-2 antibody prevalence in the population via blood tests (147). As described, the 
method relied on the measurement of SARS-CoV-2 specific antibodies. By detecting these 
antibodies, it was possible to detect past infections and gather information on the effect of 
vaccinations. Our sampling strategy ensured data collection at critical time points. This way we 
contributed valuable information on true infection numbers and could compare official PCR-based 
numbers to our values. This is the biggest advantage of this approach.  

The KoCo19 study results directly contribute to the project's objectives by: 

• Accurate estimation of infection numbers: Providing a more accurate estimation of 
infection numbers in Munich and highlighting underreporting. Furthermore, our data 
suggested lower infection prevalence in the vaccinated population compared to the non-
vaccinated 

• Understanding seroprevalence factors: Classifying participants into various groups, 
enhancing our understanding of seroprevalence factors 
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• Identifying disparities: Collecting data on vaccination rate disparities between our 
cohort and the general population, revealing noteworthy differences  

• Impact of infection waves: Depicting the impact of infection waves on antibody levels 
in the population 

These findings addressed key research questions related to the evolution of seroprevalence, 
underreporting, and the effects of different virus variants on the population and research 
methodologies. 

 
Figure 4: The timely context of KoCo19. Important events that had an influence on the progression of the pandemic, such as lockdowns, 
the emergence of new VOCs and the first vaccination are shown in black. The sampling time periods are displayed in orange. Further, the 
individual rounds of the study are displayed. Self-created graphic.  

2.3.2 Paper II 

Clinical and immunological benefits of full primary COVID-19 vaccination in individuals with 
SARS-CoV-2 breakthrough infections: A prospective cohort study in non-hospitalized adults. 

Given the rising number of BTIs, it became increasingly relevant to examine the clinical course 
and immune response in more detail. To address this need, the CoVaKo study was conducted. 
Comparing immune responses between non-BTIs and BTIs was essential for identifying potential 
disparities, thereby enhancing our understanding of the virus. This project commenced in April 
2021, with the goal of enrolling individuals who had tested positive for COVID-19 via PCR test. 
Each participant could undergo up to six visits over a period of six to nine months (150). During 
the study period, the Alpha and Delta VOC were predominant, and the vaccination rate was 
steadily increasing (more information on the context can be found in Figure 5).   

Recruitment efforts targeted both BTIs and non-BTIs, allowing for comprehensive comparisons 
across various parameters. This approach aimed to represent the clinical course of an infection 
and illustrate immunological aspects. The objective was to construct a detailed comparison of 
symptoms and their severity across the two groups, alongside an evaluation of their 
immunological responses. This comprehensive approach enabled a more nuanced 
understanding.  

The study results directly contribute to the project's objectives by: 
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• Clinical and immunological understanding of BTIs: Providing a detailed 
understanding of BTIs from both clinical and immunological perspectives 

• Disparities between BTIs and non-BTIs: Assessing disparities in the clinical and 
immunological course of infection between BTIs and non-BTIs 

• Impact of VOCs on infections: Elucidating the impact of VOCs on infections, their 
contribution to BTIs, and their role in altering infection dynamics 

These findings addressed key research questions related to the differences in clinical symptoms, 
immune responses, and the effects of different virus variants on BTIs and non-BTIs 

 
Figure 5: The timely context of the CoVaKo study.  In orange the start and end of the sampling period is marked, in black important 
developments influencing the study are mentioned. Self-created graphic. 

2.3.3 Paper lll 

Impact of Omicron Variant Infection on Assessment of Spike-Specific Immune Responses Using 
the EUROIMMUN Quan-T-Cell SARS-CoV-2 Assay and Roche Elecsys Anti-SARS-CoV-2-S.  

In December 2021, incidence rates were slightly declining from the Delta wave but reached new 
heights in January 2022 due to the Omicron variant (compare Figure 1) (153–156). During this 
period, vaccines and extensive testing capacities were widely available, and Omicron VOC 
became predominant in late 2021 (see Figure 6 for context).  A rapid response to this new 
development was essential. Consequently, we began recruiting Omicron infected participants for 
the KoCoImmu study in early December 2021 on. The goal was to examine the impact of the 
numerous mutations in the spike protein on our methods and to determine whether there were 
differences between the immune responses of BTIs and non-BTIs. This approach allowed us to 
analyse the performance of our methods and compare results between different groups. 

Specifically, antibody and T cell response measurements were utilised throughout the KoCo19 
and its sub-studies as well as the CoVaKo study, to analyse the immune response (51,157). 
These established methods enabled comprehensive and consistent analysis of the immune 
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response across different phases of the pandemic, providing valuable insights into the 
effectiveness of vaccines and the impact of new variants. Assessing the effect of Omicron on 
these methods was especially crucial to ensure their continued reliability and accuracy. The 
KoCoImmu study results directly contribute to the project's objectives by: 

• Robustness of laboratory methods: Demonstrating that our laboratory methods remain 
effective in yielding reliable results despite the mutations in the Omicron variant 

• Understanding immune response: Providing a detailed comparison of antibody levels 
between BTIs and non-BTIs after Omicron infection, enhancing our understanding of the 
immune response to different variants 

• Impact of variants on research: Highlighting the continued relevance and adaptability 
of our research methods in the face of evolving viral variants 

These findings addressed key research questions related to the robustness of our methodologies 
and the differential immune responses elicited by BTIs and non-BTIs with regard to the newest 
VOC, thereby contributing to a comprehensive understanding of the pandemic's progression and 
the ongoing challenges posed by emerging variants. 

 
Figure 6: The timely context of the KoCoImmu Omicron focused study. In orange the start and endpoint of the sampling period is displayed. 
In black development of the pandemic, influencing the study is described. Self-created graphic. 
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3. Summary 
 
The emergence of COVID-19 as a pandemic in 2020 presented unprecedented challenges to the 
global community. Rapid and extensive research was crucial to navigate this crisis. This doctoral 
project was embedded in three of the COVID-19 related studies conducted at our institute. The 
overarching objective it was to combine their results into a comprehensive overview of the 
progression of the COVID-19 pandemic in Munich, from its inception to the emergence of the 
Omicron variant. To achieve this, the KoCo19 study explored the evolution of infection numbers, 
throughout the pandemic in Munich via blood samples. It also examined the impact of emerging 
SARS-CoV-2 variants on both the population and the methodological laboratory frameworks 
employed. Furthermore, the study investigated how discrepancies manifested between BTIs and 
non-BTIs, and through what avenues these distinctions could be described. The resulting 
publication “The representative COVID-19 cohort Munich (KoCo19): from the beginning of the 
pandemic to the Delta virus variant” is a part of this dissertation.  

The KoCo19 study monitored the seroprevalence of COVID-19 antibodies among over 5,000 
participants from the onset of the pandemic until after the Delta wave. Using the Roche Elecsys® 
Anti SARS CoV 2 anti-N assay to detect past infections and the anti-S assay to identify preceding 
vaccinations or infections, we were able to differentiate the sources of antibodies in the 
population. This study comprised five rounds (baseline and four follow-ups) at critical points of 
the pandemic, producing representative results for Munich's population. The cumulative incidence 
rose significantly from 1.6% in May 2020 to 14.5% by November 2021. Risk factors identified 
included being born outside Germany, working in high-risk jobs, and lower living area per 
inhabitant. The study also revealed significant underreporting of infections in official numbers, 
with higher infection prevalence in the unvaccinated population. By November 2021, 86.8% of the 
Munich population had developed anti-S and/or anti-N-antibodies. 

Conducted from April to November 2021 across Munich and five other Bavarian centers, the 
CoVaKo study assessed the impact of COVID-19 vaccination on symptoms and immunogenicity 
of SARS-CoV-2 VOC infections. The resulting publication, “Clinical and immunological benefits 
of full primary COVID-19 vaccination in individuals with SARS-CoV-2 breakthrough infections: A 
prospective cohort study in non-hospitalized adults” constitutes the second part of this project. 
During this period, most adults had received at least one vaccine dose, and the predominant 
VOCs were Alpha and Delta. The study included 212 BTIs and 88 non-BTIs, recruited within 14 
days of PCR-confirmed infection, followed by weekly visits for sample and questionnaire data 
collection. Results indicated that full primary vaccination significantly reduced symptom severity 
and duration in BTI cases for five symptoms. Fully vaccinated BTIs exhibited higher relative avidity 
index and anti-S-IgG avidity at all time points, with higher anti-S-antibody levels across all visits 
compared to non-BTIs. These findings suggest that two-dose vaccination reduces symptom 
frequency in BTI cases and elicits a more rapid and sustained neutralization capacity against the 
infecting VOC compared to unvaccinated individuals. 

The third project is based on the KoCoImmu study. It led to the publication “Impact of Omicron 
Variant Infection on Assessment of Spike-Specific Immune Responses Using the EUROIMMUN 
Quan-T-Cell SARS-CoV-2 Assay and Roche Elecsys Anti-SARS-CoV-2-S” which is included in 
this thesis. Data collection coincided with the spread of Omicron in Munich from December 2021 
to March 2022. Previously uninfected participants were recruited (BTI n = 20, non-BTI n = 17), 
and samples were taken approximately 21 days post-positive test. Potential participants either 
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were reported to the study management via local health authorities or contacted us directly. Blood 
samples were analysed using the Quan-T-Cell SARS-CoV-2 assays (EUROIMMUN), comparing 
the Wild type SARS-CoV-2 IGRA tube with a new Omicron-adapted version. Both tests yielded 
comparable results, with 19 out of 21 samples showing a positive IFNγ response to the original 
antigen. The Roche Elecsys anti-SARS-CoV-2 anti-S1 test (also used in KoCo19) revealed that 
Omicron non-BTIs had significantly lower median Spike-specific antibody concentrations, with 
eight individuals not meeting the positivity cut-off. The assay measures antibodies Spike-specific 
antibodies based on the original wild type antigen. In contrast, BTIs had detectable antibodies in 
all measurements, with a 400-fold higher median specific antibody concentration compared to 
controls. These results indicate that the Omicron-adapted IGRA tubes did not enhance the Quant-
T Cell-SARS-CoV-2 assay's performance, and the serological test displayed significant 
differences in antibody response between BTIs and non-BTIs. Both CoVaKo and the KoCoImmu 
Omicron approach had much smaller sample sizes than the KoCo19 study. This has several 
reasons. First, the substantial amount of work required for each participant, encompassing both 
field and laboratory efforts, made these studies much more labour intensive than the DBS based 
approach. Furthermore, both studies focused on differences between BTI and non-BTIs. 
Especially during the later stages of the pandemic, unvaccinated individuals were often unwilling 
to participate in research for various reasons. 

To summarize, we estimated the number of infections within the Munich population using a 
serological approach and revealed significant discrepancies with the officially reported numbers. 
Our research highlighted the importance of reassessing measurement tools in the context of 
VOCs, such as Omicron, which significantly influenced infection rates, immune responses, and 
vaccine efficacy. Additionally, we observed notable differences between BTIs and non-BTIs in 
terms of clinical and immunological features. Fully vaccinated individuals experienced milder 
symptoms and exhibited stronger immune responses compared to unvaccinated individuals, 
underscoring the benefits of vaccination and the need for tailored public health strategies. 

In conclusion, the findings presented in this thesis underscore the critical importance of robust 
research endeavours in understanding the COVID-19 pandemic. Although the pandemic has 
ended, COVID-19 remains a global concern, necessitating continued research and vigilance. 
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4. Zusammenfassung 
Das Auftreten der COVID-19 Pandemie im Jahr 2020 stellte die globale Gemeinschaft vor 
beispiellose Herausforderungen. Rasche und umfassende Forschung war entscheidend, um 
diese Krise zu bewältigen. Das vorliegende Promotionsprojekt war in drei der am Institut 
durchgeführten COVID-19-bezogenen Studien eingebettet. Das übergeordnete Ziel dieser 
Dissertation war es, deren Ergebnisse zu einer umfassenden Übersicht über den Verlauf der 
COVID-19-Pandemie in München, von ihrem Beginn bis zum Auftreten der Omikron-Variante, zu 
kombinieren.  

Um dies zu erreichen, wurde die Entwicklung der Infektionszahlen während der Pandemie in 
München anhand von Blutproben beobachtet. Des Weiteren, wurde die Auswirkungen 
aufkommender SARS-CoV-2-Varianten sowohl auf die Bevölkerung als auch auf die 
verwendeten methodischen Laborrahmen untersucht. Darüber hinaus wurde analysiert, wie sich 
Unterschiede zwischen Durchbruchsinfektionen (BTIs) und Nicht-BTIs manifestierten und auf 
welche Weise diese Unterschiede beschrieben werden konnten.  

Die KoCo19-Studie überwachte die Seroprävalenz von COVID-19-Antikörpern bei über 5.000 
Teilnehmern vom Beginn der Pandemie bis nach der Delta-Welle. Mit dem Roche Elecsys® Anti-
SARS-CoV-2 anti-N Assay zur Erkennung vergangener Infektionen und dem Anti-S Assay zur 
Identifizierung früherer Impfungen oder Infektionen konnten wir die Quellen der Antikörper in der 
Bevölkerung differenzieren. Die daraus resultierende Publikation "The representative COVID-19 
cohort Munich (KoCo19): from the beginning of the pandemic to the Delta virus variant" ist Teil 
dieser Dissertation. Diese Studie umfasste fünf Runden (Baseline und vier Follow-ups) zu 
kritischen Zeitpunkten der Pandemie und lieferte repräsentative Ergebnisse für die Münchner 
Bevölkerung. Die kumulative Inzidenz stieg signifikant von 1,6 % im May 2020 auf 14,5 % im 
November 2021. Identifizierte Risikofaktoren umfassten die Geburt außerhalb Deutschlands, 
Arbeiten in Hochrisikoberufen und eine geringere Wohnfläche pro Einwohner. Die Studie zeigte 
auch eine erhebliche Unterberichterstattung der Infektionen in den offiziellen Zahlen, mit einer 
höheren Infektionsprävalenz in der ungeimpften Bevölkerung. Bis November 2021 hatten 86,8 % 
der Münchner Bevölkerung Anti-S- und/oder Anti-N-Antikörper entwickelt. 

Die von April bis November 2021 in München und fünf weiteren bayerischen Zentren 
durchgeführte CoVaKo-Studie bewertete die Auswirkungen der COVID-19-Impfung auf 
Symptome und Immunogenität von SARS-CoV-2 VOC Durchbruchsinfektionen. Die daraus 
resultierende Publikation "Clinical and immunological benefits of full primary COVID-19 
vaccination in individuals with SARS-CoV-2 breakthrough infections: A prospective cohort study 
in non-hospitalized adults" stellt den zweiten Teil dieses Projekts dar. In diesem Zeitraum hatten 
die meisten Erwachsenen mindestens eine Impfdosis erhalten, und die vorherrschenden VOCs 
waren Alpha und Delta. Die Studie umfasste 212 BTIs und 88 Nicht-BTIs, die innerhalb von 14 
Tagen nach PCR-bestätigter Infektion rekrutiert und wöchentliche Besuche zur Proben- und 
Fragebogendatenerhebung unterzogen wurden. Die Ergebnisse zeigten, dass die vollständige 
Grundimmunisierung die Schwere und Dauer der Symptome bei BTI-Fällen für fünf Symptome 
signifikant reduzierte. Vollständig geimpfte BTIs wiesen zu allen Zeitpunkten einen höheren 
relativen Aviditätsindex und eine höhere Anti-S-IgG-Avidität auf, mit höheren Anti-S-
Antikörperspiegeln über alle Besuche hinweg im Vergleich zu Nicht-BTIs. Diese Ergebnisse 
deuten darauf hin, dass eine Zweifachimpfung die Symptomhäufigkeit bei BTI-Fällen reduziert 
und eine schnellere und anhaltendere Neutralisierungskapazität gegen das infizierende VOC im 
Vergleich zu ungeimpften Personen hervorruft. 
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Das dritte Projekt basiert auf der KoCoImmu-Studie. Es führte zur Veröffentlichung "Impact of 
Omicron Variant Infection on Assessment of Spike-Specific Immune Responses Using the 
EUROIMMUN Quan-T-Cell SARS-CoV-2 Assay and Roche Elecsys Anti-SARS-CoV-2-S", die in 
diese Dissertation aufgenommen wurde. Die Datenerhebung fiel mit der Ausbreitung von 
Omikron in München von Dezember 2021 bis März 2022 zusammen. Zuvor nicht infizierte 
Teilnehmer wurden rekrutiert (BTI n = 20, Nicht-BTI n = 17), und Proben wurden etwa 21 Tage 
nach dem positiven Test entnommen. Potenzielle Teilnehmer wurden entweder von den örtlichen 
Gesundheitsbehörden an die Studienleitung gemeldet oder kontaktierten uns direkt. Blutproben 
wurden mit den Quan-T-Cell SARS-CoV-2-Assays (EUROIMMUN) analysiert, wobei die Wildtyp-
SARS-CoV-2 IGRA-Röhre mit einer neuen Omikron-adaptierten Version verglichen wurde. Beide 
Tests ergaben vergleichbare Ergebnisse, wobei 19 von 21 Proben eine positive IFNγ-Antwort auf 
das ursprüngliche Antigen zeigten. Der Roche Elecsys anti-SARS-CoV-2 anti-S1 Test (ebenfalls 
in KoCo19 verwendet) zeigte, dass Omikron Nicht-BTIs signifikant niedrigere mediane Spike-
spezifische RBD-Antikörperkonzentrationen aufwiesen, wobei acht Personen den Positivitäts-
Grenzwert nicht erreichten. Der Assay misst Spike-spezifische Antikörper basierend auf dem 
ursprünglichen Wildtyp-Antigen. Im Gegensatz dazu hatten BTIs in allen Messungen 
nachweisbare Antikörper, mit einer 400-fach höheren medianen spezifischen 
Antikörperkonzentration im Vergleich zu den Kontrollen. Diese Ergebnisse zeigen, dass die 
Omikron-adaptierten IGRA-Röhren die Leistung des Quan-T-Cell SARS-CoV-2 Assays nicht 
verbesserten und der serologische Test signifikante Unterschiede in der Antikörperantwort 
zwischen BTIs und Nicht-BTIs aufwies. Sowohl CoVaKo als auch der KoCoImmu Omikron-
Ansatz hatten deutlich kleinere Stichprobengrößen als die KoCo19-Studie. Dies hat mehrere 
Gründe. Erstens erforderte jeder Teilnehmer einen erheblichen Arbeitsaufwand, der sowohl Feld- 
als auch Laboraufgaben umfasste, was diese Studien viel arbeitsintensiver machte als den auf 
DBS basierenden Ansatz. Darüber hinaus konzentrierten sich beide Studien auf Unterschiede 
zwischen BTI und Nicht-BTI. Besonders in den späteren Phasen der Pandemie waren ungeimpfte 
Personen aus verschiedenen Gründen oft nicht bereit, an Forschungsprojekten teilzunehmen. 

Zusammenfassend schätzten wir die Anzahl der Infektionen innerhalb der Münchner Bevölkerung 
mithilfe eines serologischen Ansatzes und enthüllten erhebliche Diskrepanzen mit den offiziell 
gemeldeten Zahlen. Unsere Forschung hob die Bedeutung der Neubewertung von 
Messinstrumenten im Kontext von besorgniserregenden Varianten (VOCs) wie Omikron hervor, 
die die Infektionsraten, Immunantworten und Impfeffizienz erheblich beeinflussten. Darüber 
hinaus beobachteten wir bemerkenswerte Unterschiede zwischen Durchbruchsinfektionen (BTIs) 
und Nicht-BTIs in Bezug auf klinische und immunologische Merkmale. Vollständig geimpfte 
Personen erlebten mildere Symptome und zeigten stärkere Immunantworten im Vergleich zu 
ungeimpften Personen, was die Vorteile der Impfung und die Notwendigkeit maßgeschneiderter 
Strategien im Bereich der öffentlichen Gesundheit unterstreicht. 

Abschließend unterstreichen die in dieser Dissertation präsentierten Ergebnisse die kritische 
Bedeutung robuster Forschungsbemühungen zum Verständnis der COVID-19-Pandemie. 
Obwohl die Pandemie beendet ist, bleibt COVID-19 ein globales Anliegen, das fortgesetzte 
Forschung und Wachsamkeit erfordert. 
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9. Figures and Tables 
Figure 1: Development of COVID-19 infection numbers in Munich with regard to KoCo19 

sample collection. In black, daily infections as reported by the Robert-Koch Institute 
(RKI). In blue, daily collected samples from baseline and to the 5th round of 
KoCo19 after or during infection peaks. In light grey, the 6th round in mid-2022, 
which was not included in the publication and doctoral project. Adapted and 
reprinted from (51). ................................................................................................. 11 

Figure 2: The first public domain picture of SARS-CoV-2 created by the Centers for 
Disease Control and Prevention. The proteins on the surface are displayed, the 
biggest one – the spike protein – in red is crucial for the virus ability to infect host 
cells. On the inside, there is a single- stranded RNA. Reprinted from (76). ........... 12 

Figure 3: Progression of an infection, from the fusion of SARS-CoV-2  with the host cell to 
the subsequent immune response of the host. After the infection, the immune 
response is triggered and antibodies develop. Reprinted from (121). .................... 13 

Figure 4: The timely context of KoCo19. Important events that had an influence on the 
progression of the pandemic, such as lockdowns, the emergence of new VOCs 
and the first vaccination are shown in black. The sampling time periods are 
displayed in orange. Further, the individual rounds of the study are displayed. Self-
created graphic. ...................................................................................................... 17 

Figure 5: The timely context of the CoVaKo study.  In orange the start and end of the 
sampling period is marked, in black important developments influencing the study 
are mentioned. Self-created graphic. ...................................................................... 18 

Figure 6: The timely context of the KoCoImmu Omicron focused study. In orange the start 
and endpoint of the sampling period is displayed. In black development of the 
pandemic, influencing the study is described. Self-created graphic ....................... 19 
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