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1. Contribution to the Publications 

In the following, I present my contribution to the individual publications that form the basis of this 

dissertation. 

1.1 Contribution to Publication I 

The research presented in “The Prospective COVID-19 Post-Immunization Serological Cohort in 

Munich (KoCo-Impf): Risk Factors and Determinants of Immune Response in Healthcare Work-

ers” aims to identify 

(i) risk factors for SARS-CoV-2 infection among Health Care Workers (HCWs), 

(ii) factors that influence the immune response following SARS-CoV-2 infection or vac-

cination, and  

(iii) differences between the HCW cohort and the general population.  

The analysis presented in this paper is based on the baseline visit of the KoCo-Impf study cohort: 

The Prospective COVID-19 Post-Immunization Serological Cohort in Munich. 

The work presented in this paper resulted in a shared first authorship with Yeganeh Khazaei. This 

is based on a collaboration between the data analysis and study team, due to the unique recruit-

ment process for the KoCo-Impf study. Recruitment occurred at various institutions over seven 

months during the COVID-19 pandemic. As a result, the progress of the pandemic, including the 

different infection waves in the Munich population, local outbreaks, and the duration of the devel-

opment of the immune response, had to be considered in the analysis. In detail, one key element 

of the research is the detection of past silent and symptomatic SARS-CoV-2 infections based on 

the presence of anti-Nucleocapsid antibodies in blood samples. While this method identifies past 

infections, it cannot assess the date of infection. Given that the sample collection took place over 

seven months, it was necessary to correct for the different times at which the risk for infection 

was different. This aspect demanded specific statistical tools, that were acquired with the collab-

oration.   

While the methodology and resulting recruitment process of the KoCo-Impf study were pre-de-

fined, in my role as project manager of the KoCo-Impf study I took the lead in managing study 

procedures. My responsibility comprised the entire project administration, by leading and actively 

participating in coordinating the overall KoCo-Impf study procedures. This included adjusting 

study materials, such as questionnaires and other patient-facing material to the dynamic situation 

and communicating with study participants. Based on that, I led and participated in cohort recruit-

ment procedures and data collection, including questionnaires and blood sampling during the 

baseline visit. Subsequently, I led the digitization of paper-based questionnaire data, ensuring its 

availability and quality for analysis. Last but not least I administered the KoCo-Impf study data-

base, managing various data sources and ensuring the maintenance of the study cohort.  

In my role as project manager, I coordinated and instructed the KoCo-Impf study team, which 

consisted of a large number of students supporting all the above-mentioned study procedures. 

This structured and organized administration and monitoring of collaborations within the institute, 

coupled with active participation and administration of study activities, facilitated robust data col-

lection and quality control in a unique situation and time-sensitive implementation. 

After project administration, I provided substantial support in data analysis, in particular contrib-

uting to data curation and variable definition for inclusion in the analysis. I also played an active 
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role in identifying the research questions and reviewing and discussing the conducted models. 

This included reviewing the R analysis code, deciding the best model to apply and identifying 

potential mistakes to ensure robustness in the process. Moreover, I offered critical insights for 

discussing and interpreting results and provided significant contributions and consultation to in-

corporate study-specific recruitment procedures, cohort characteristics, and variable peculiarities. 

This involved leading communication between study team members and co-authors. This contri-

bution was crucial to ensure that the data could be analyzed in accordance with the data collection 

and that the results could be interpreted in an epidemiologically correct approach.  

Upon completion of data analysis and interpretation of results, I played a major role in drafting the 

manuscript, including the main text, figures, references, and subsequent revisions. Being actively 

involved in interpreting the results based on epidemiological principles and conducting preliminary 

research, I ensured a comprehensive and accurate representation of our findings. After finalizing 

the manuscript, I submitted the manuscript and coordinated the review process and re-submis-

sion until final publication, marking the culmination of the dissemination of study findings.   

1.2 Contribution to Publication II 

The research presented in “Understanding the Omicron Variant Impact in Healthcare Workers: 

Insights from the Prospective COVID-19 Post-Immunization Serological Cohort in Munich 

(KoCo-Impf) on Risk Factors for Breakthrough and Reinfections” further explores the KoCo-Impf 

cohort, specifically focusing on its follow-up visit. The work aims to describe, determine, and con-

ceptualize the SARS-CoV-2 infection risk for HCWs during the Omicron wave. 

Building upon my previous contribution to the baseline analysis (i.e. Publication I), I coordinated 

the KoCo-Impf study procedures. It was important to monitor and reflect the dynamic nature of 

the pandemic and its impact on study administration. Consequently, before the start of the data 

collection, I led the adjustment of the study protocol and updated and adjusted the questionnaire 

used for data collection. My responsibilities included organizing and managing sampling rounds. 

I therefore conducted follow-up administration and data collection of questionnaires and blood 

samples during follow-up visits. This included coordinating remote sampling by organizing the 

shipment of self-sampling kits and questionnaires to participants and the return to the study cen-

ter. Additionally, I supervised and actively participated in sample and data collection on-site. Sub-

sequently, I oversaw and instructed the digitization of paper-based questionnaire data, ensuring 

its accessibility and quality for analysis. My responsibilities included the coordination and instruc-

tion of the KoCo-Impf study team that supported all the above-mentioned study procedures. 

Building on this groundwork, I performed data curation and provided significant input and consul-

tation for the subsequent data analysis. This included identifying research questions, shaping the 

analysis methodology, and reviewing, discussing, and adapting model choices based on interpre-

tation. I also offered critical insights for the discussion and interpretation of results. Additionally, I 

facilitated communication between the data analysis and administration teams, ensuring a cohe-

sive workflow. Upon the completion of data analysis, I contributed substantially to the thorough 

revision of the manuscript draft. This involved conducting literature research and providing rele-

vant literature and interpretation. I was actively involved in conducting preliminary research to 

ensure a comprehensive and accurate representation of our findings. Subsequently, I played a 

pivotal role in the submission, revision, and resubmission of the manuscript.  

Consequently, my contribution to sample and data collection, data analysis, and manuscript prep-

aration during time-critical and accurate study-execution was crucial to the conduct of the study. 
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2. Introduction 

2.1 Background 

In the following, the background of the research questions and the resulting publications are de-

scribed.  

2.1.1 The COVID-19 Pandemic 

The COVID-19 pandemic is one of the most recent and serious threats to global health. While 

disease outbreaks have occurred throughout history, COVID-19 stands out as a major global 

health emergency. 

On 31 December 2019, Wuhan, China, reported cases of ‘viral pneumonia’, which was soon 

linked to a novel coronavirus (1). By 11 January, the virus had resulted in its first death (1). The 

virus quickly spread worldwide, and reached Europe with the first confirmed case in France (24 

January 2020) (1). In the early phase of the pandemic, Europe was heavily affected, reporting 

more cases and deaths than the rest of the world combined, apart from the People’s Republic of 

China (1, 2). In Germany, the first confirmed case of COVID-19 was identified at our Institute of 

Infectious Diseases and Tropical Medicine in Munich on 27 January 2020 (3). 

Within a month, on 30 January 2020, the World Health Organization (WHO) declared a global 

Public Health Emergency of International Concern (4). This was only the sixth time an outbreak 

was declared as such, following H1N1 (2009), polio (2014), Ebola in West Africa (2014), Zika 

(2016), and Ebola in the Democratic Republic of Congo (2019) (5).   

However, the outbreak quickly surpassed previous public health emergencies in spread and se-

verity. After 118,000 cases in 114 countries, and 4,291 deaths worldwide, the global outbreak 

was characterized as a pandemic on 11 March 2020 (6, 7). The virus itself was identified as se-

vere acute respiratory syndrome coronavirus-2 (SARS-CoV-2), while the infectious disease was 

named coronavirus disease (COVID-19) (8, 9).  

SARS-CoV-2 has likely a zoonotic origin similar to other coronaviruses and was spilled over to 

humans in a setting of high-density human population in close contact with living animals (10). In 

humans, the virus is transmitted via droplets or direct contact (5). The transmission can occur 

from asymptomatic individuals and before the onset of symptoms (10). COVID-19 is characterized 

by clinical symptoms of fever, fatigue, cough, and myalgia and can vary in severity (5, 11).  

In the absence of vaccines and COVID-19 medications, non-pharmacological measures such as 

facemasks, physical distancing, quarantine, and lockdowns were adopted. These measures had 

a profound social and economic impact, leading to significant economic downturns, rising unem-

ployment rates, school closures, remote work, and increased social isolation. Public health strat-

egies such as widespread testing, contact tracing and surveillance were implemented for trans-

mission mitigation and to prevent the healthcare system from being overwhelmed. Hospitals rap-

idly increased intensive care unit capacities, and efforts were made to stockpile essential medical 

supplies. Despite these efforts, resources were limited, and the healthcare systems faced over-

whelming demands and high burnout rates. In addition, research was established to develop pre-

vention and treatment strategies. (12) 

As this thesis describes determinants of the immune response against SARS-CoV-2, an overview 

of the immunological mechanism of the SARS-CoV-2 virus is described in the following. 
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2.1.2 The Immunological Mechanisms of SARS-CoV-2 

SARS-CoV-2 belongs to the species Severe acute respiratory syndrome-related coronavirus in 

the family Coronaviridae (8, 11). Coronaviruses (CoVs) have been identified since the 1960s (13). 

To date, seven types of coronaviruses are known to cause diseases in humans (13):  

• HCoV-229E 

• HCoV-NL63 

• HCoV-OC43 

• HCoV-HKU1 

• SARS-CoV (Severe acute respiratory syndrome coronavirus) 

• MERS-CoV (Middle east respiratory syndrome coronavirus) 

• SARS-CoV-2 (Severe acute respiratory syndrome coronavirus type 2) 

While some coronaviruses (HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1) cause 

only mild symptoms, three of the seven (SARS-CoV, MERS-CoV, and SARS-CoV-2) are highly 

pathogenic, capable of causing severe respiratory infection and death. (11, 13) 

CoVs are enveloped, single-stranded ribonucleic acid (RNA) viruses (see Figure 1). The viral 

genome is located within the nucleocapsid (N) protein at the core. This core is protected by a lipid 

bilayer, embedded with structural proteins: spike (S), membrane (M), and envelope (E). (11, 13) 

 

  

 

Figure 1: Schematic structure of SARS-CoV-2. The viral structure is primarily formed by the structural proteins such as spike (S), membrane 

(M), envelope (E), and nucleocapsid (N) proteins. Reprinted from (13) 

 

While the membrane and envelope proteins have regulatory functions, the N and S proteins are 

of greater importance for SARS-CoV-2 transmission and its immune response (11, 14).  
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The S protein, unique to SARS-CoV-2, is essential for viral entry into the host cell and is cleaved 

into two functional domains, S1 and S2. S1 contains the receptor binding domain (RBD) and is 

critical for cell entry, while S2 provides structural support (11).  

The SARS-CoV-2-infection process begins with the binding of the spike protein RBD to the human 

host cell. After attachment, the virus enters the cell and releases its RNA genome and N. Upon 

entering the host cell, SARS-CoV-2 triggers an immune response. (11, 14, 15) 

The research underlying this dissertation is based on the analysis of determinants of the immune 

response against SARS-CoV-2 in humans. For this reason, and to understand the immunological 

basis of the research, the immune response induced by SARS-CoV-2 is described in the follow-

ing. 

2.1.3 The Immune Response against SARS-CoV-2 

As described above, SARS-CoV-2 activates the immune response, leading to the generation of 

antibodies. These antibodies typically develop about two weeks post-infection, reaching a plateau 

thereafter. In the event of re-exposure, these antibodies recognize the SARS-CoV-2 S protein 

and block the virus from entering cells. However, immunity after natural infection appears to be-

come weak within two to three months post-infection and can be influenced by several factors 

(see Figure 2). (15, 16) 

 

 

Figure 2: Illustration of SARS-CoV-2 infection process and development of humoral immune response. The immune response triggers the 

onset and persistence of antibodies. Reprinted and adapted from (16). 
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The antibody response against SARS-CoV-2 can be triggered not only by natural infection but 

also by vaccination (16). Vaccines against COVID-19 have been rapidly developed and deployed: 

On 31 December 2020, the WHO issued the first emergency use validation for a COVID-19 vac-

cine (1, 17). During the pandemic, more than 50 vaccines were approved worldwide, 12 of which 

were listed as Emergency Use Listing by WHO (18, 19). Vaccines have proven to be the central 

element in reducing the morbidity and mortality of the COVID-19 pandemic (12). As of 2024, more 

than 13.64 billion COVID-19 vaccine doses have been administered (20), the majority being 

mRNA vaccines (21). These vaccines focus on the stimulation of anti-S antibodies (13, 22). 

Consequently, although other SARS-CoV-2 specific antibodies are prevalent, anti-S antibodies 

are the key element of the immune response to both naturally infected and vaccinated individuals. 

Additionally, antibodies targeting the N protein are also relevant. Like the production of anti-S 

antibodies, anti-N antibodies develop within a few days after natural infection (23). While anti-S 

antibodies are developed after natural infection and/or vaccination, anti-N antibodies are only 

developed after natural infection and/or vaccination with nucleocapsid-containing vaccines not 

commonly used in the Western world (13, 22, 23). Consequently, the identification of anti-N anti-

bodies enables a distinguishment between infection-related immune response and vaccine-in-

duced immune response. 

For these reasons, testing and monitoring antibodies, in particular anti-S and anti-N antibodies, 

allows for understanding and following the short-, middle- and long-term immune response to 

SARS-CoV-2. Antibody testing helps detect previous infections or immunizations, supports sur-

veillance, and can inform treatment and prevention strategies (15). Thus, antibody testing is a 

foundational strategy for public health and pandemic response (15). 

2.1.4 Monitoring in Determinants of the Immune Response against SARS-

CoV-2 in Munich 

Europe and Germany were heavily affected by the COVID-19 pandemic. Six infection waves have 

been observed in Germany until now (see Figure 3) (24). 

 

Figure 3: Development of COVID-19 infection numbers in Munich with regard to predominant Variants of Concern (VOC) and availability 

of vaccines. In black, daily infections as reported by the Robert Koch Institute (RKI). In blue, sampling timepoints of the KoCo19 and 

KoCo-Impf studies. The green line represents the introduction of COVID-19 vaccines. The red lines represent the starting point of the 

dominance of the respective VOCs in Munich. Adapted and reprinted from (25). 
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First wave: March to May 2020 

After the initial outbreak, from March to May 2020 Germany implemented its first nationwide lock-

down to control the rising number of infections. The measures included the closure of non-essen-

tial shops and schools, a ban on public gatherings of more than two people, and strict social 

distancing rules. Upon re-opening, strict hygiene protocols were implemented, and efforts were 

made to stockpile essential medical supplies to support the healthcare system. (26-30) 

Shortly after the identification of the first COVID-19 case in Germany, a prospective, population-

based cohort was established in Munich to monitor the immune response in the Munich popula-

tion (31). The Prospective Covid-19 Cohort Munich (KoCo19), representative of the Munich pop-

ulation, established a method to determine the seroprevalence of anti-N and anti-S antibodies in 

a large population (31-34). Seroprevalence is defined as „the frequency of specific antibodies in 

blood serum indicating an existing or past infectious disease“ (35, 36). Instead of blood serum, 

the methodology of the KoCo19 cohort is based on Dried Blood Spots (DBS), capillary blood from 

the fingertip collected and dried on filter paper cards (33, 34). This approach, developed as a 

public health tool for resource-limited settings, allows reliable, cost-effective, and accurate collec-

tion of blood samples in large-scale serosurveys and a precise analysis in a short time (33, 34).  

Simultaneously, new virus variants emerged following the appearance of the SARS-CoV-2 wild 

type in December 2019 (37). SARS-CoV-2 Variants of Interest (VOI) are variants with genetic 

changes affecting transmissibility, virulence, antibody evasion, susceptibility to therapeutics, or 

detectability and demonstrate an emerging risk to global public health (37, 38).   

SARS-CoV-2 Variants of Concern (VOC) additionally demonstrate increased detrimental change 

in COVID-19 epidemiology, clinical disease severity, or decreased effectiveness of public health 

interventions (37, 38). 

While several VOIs emerged from August 2020 on, to date five VOCs have been identified by the 

WHO, starting with VOC Beta (B.1.351), which emerged in South Africa in May 2020, followed by 

VOC Alpha (B.1.1.7), which emerged in Great Britain in September 2020 (39, 40). The nomen-

clature was introduced retrospectively and does not reflect the chronological order. 

Second wave: October 2020 to February 2021 

After a „summer plateau“, infection rates increased again (24), prompting a „light lockdown“ in 

November 2020 (41), followed by a second „hard lockdown“ from December 2020 to spring 2021, 

in response to escalating cases and strain on the healthcare system (42-47). New VOCs Delta 

(B.1.617.2) emerged in India in October 2020 and Gamma (P.1 alias B.1.1.28.1) in Brazil in No-

vember 2020 (39, 40). 

As countermeasures, the first vaccines against COVID-19 became available in Germany on 21 

December 2020 (Comirnaty) and 6 January 2021 (Spikevax). Both vaccines are based on mRNA, 

resulting in the production of anti-S antibodies. The first vector-vaccine became available on 29 

January 2021 (ChAdOx1). The immunization regime with these vaccines comprises two doses. 

Participants with undergone infection were recommended no vaccination (48, 49), later vaccina-

tion only 6 months after infection (50) with one dose (49, 51), or in case of vaccination and sub-

sequent infection, a second dose only 6 months after infection (49, 50).  Due to limited resources, 

vaccine distribution was prioritized based on age, exposure, and vulnerability. Thus, elderly per-

sons and HCWs were vaccinated first. (50)  
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Due to the dynamic course of the pandemic and the introduction of vaccines, the method and 

experience from the KoCo19 cohort were used to establish the Prospective COVID-19 Post-Im-

munization Serological Cohort in Munich (KoCo-Impf) (52). The KoCo-Impf cohort recruited indi-

viduals from the Munich municipality and surrounding areas, mostly HCWs, aged 18 years or 

older, who had received at least one COVID-19 vaccination dose (52).  

Subsequently, sampling rounds of the KoCo19 and KoCo-Impf cohorts were conducted in paral-

lel. Both cohorts joined the ORCHESTRA project (Connecting European Cohorts to Increase 

Common and Effective Response to SARS-CoV-2 Pandemic) on 1 December 2020, enabling 

international collaboration involving 26 partners from 15 European countries (52, 53). 

Third wave: March 2021 to May 2021 

Figure 4 shows the distribution of virus variants in Germany. The third wave was characterized 

by the predominance of the VOC Alpha in Germany (24, 54). The vector-vaccine Jcovden became 

available on 11 March 2021, providing complete immunization after only one dose (55).  

Subsequently, the recruitment process of the KoCo-Impf cohort began on 16 June 2021, and 

follow-up sampling of the KoCo19 cohort took place (25, 52).  

 

Figure 4. Percentage of VOC and VOI in relation to the genome sequences based on SARS-CoV-2-positive PCR samples.  

Omicron accounted only for a neglectable percentage of SARS-CoV-2 positive cases at the baseline sampling. Reprinted from (54). 

 

Fourth wave: August 2021 to December 2021 

The fourth wave was characterized by the predominance of the VOC Delta in Germany (24, 54). 

In response to the ongoing high number of cases, further follow-up samplings of the KoCo19 

cohort took place (25). The recruitment of the KoCo-Impf cohort continued, with baseline data 

being collected between 16 June 2021 and 16 December 2021 (52). 

The protein-based vaccine Nuvaxovid became available on 20 December 2021 (56). With in-

creasing vaccination coverage (> 65% in November 2021 (57)), the focus of the vaccination cam-

paign shifted from vulnerable groups to younger populations and addressing vaccine hesitancy 
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(58). In addition, booster vaccinations six months after completion of initial immunization were 

introduced first for vulnerable populations (59, 60), and later also for the general population (58), 

besides for individuals who had been vaccinated and infected (58-60). 

 

Fifth wave: December 2021 to May 2022 

The new VOC Omicron (B.1.1.529) emerged in Botswana and spread in South Africa in Novem-

ber 2021 (39, 40). The first confirmed case of the Omicron variant in Germany was registered at 

the end of November 2021 (61). However, the new VOC accounted for only 0.7% of cases in 

Germany (62) and 6.5% of cases in Bavaria (63) up to the two weeks required to develop anti-

bodies detectable at the end of KoCo-Impf baseline sampling period in December 2021. 

The Omicron variant is characterized by mutations in the S protein, including the RBD region. The 

variant is less pathogenic, resulting in more silent, asymptomatic infections (64). However, Omi-

cron variants show increased transmissibility and rapid spread compared to earlier variants, re-

sulting in a higher susceptibility to reinfections and breakthrough infections (BTI). BTI refers to 

infections in fully vaccinated people, in case of SARS-CoV-2 usually to infections after two doses 

of vaccination (65). Studies have shown that while two vaccine doses offer limited protection 

against infection, three doses provide better protection (64, 66, 67). 

In response, in December 2021, individuals who had been infected and subsequently vaccinated 

were also recommended a booster dose six months after vaccination (68). Individuals who had 

been vaccinated at least once and subsequently infected, were also recommended a booster 

dose six months after infection (68). However, in January 2022, recommendations for a booster 

vaccination shortened the interval from six to three months (69). In addition, a second booster 

vaccination was recommended three months after the first booster vaccination for elderly and 

high-risk individuals, and six months after the first booster vaccination for healthy HCWs (70). For 

individuals who completed three vaccinations and one subsequent infection, no second booster 

dose was recommended (70).  

Nevertheless, the increased transmissibility of the VOC Omicron resulted in a surge in infections 

and a burden on the healthcare system (71, 72).  

On 13 May 2022, follow-up samplings of the KoCo19 and KoCo-Impf cohorts were initiated to 

monitor the dynamic changes in the immune response in the Munich general population and 

HCWs, demonstrating the impact of Omicron (73).  

Sixth and subsequent waves: From June 2022 on 

Follow-up data collection continued until 31 July 2022 (73). Diverse Omicron sublineages became 

dominant in Germany. By mid-2023, COVID-19 have transitioned from the pandemic to the en-

demic phase in Germany. Due to widespread immunity from vaccinations and previous infections, 

COVID-19 waves had become less distinct. (63) 
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2.2 Rationale and Objectives 

2.2.1 Rationale 

Since the emergence of the SARS-CoV-2 virus in December 2019, the resulting COVID-19 pan-

demic has been one of the most challenging threats to global public health, with a relevant social 

and economic impact (12). To date, more than 777 million cases and more than 7 million deaths 

have been officially reported (20), with the number of unreported cases is estimated to be much 

higher. Besides the death toll, many victims suffered from long-term health effects such as „long 

Covid“ or other permanent disabilities (74).  

To assess and control such outbreaks and pandemics, it is essential to collect epidemiological 

data such as incidence and prevalence as well as hospitalization and mortality rates (15). Under-

standing the pathogen and the resulting immune response is crucial for pandemic response and 

public health strategies (15). More precisely, antibody studies enable the detection of undergone 

silent and symptomatic infections, supporting surveillance and prevention strategies (15).  

To prevent COVID-19 disease and control the outbreak, vaccines have been developed and 

made available to the public since December 2020 (19). Antibody studies therefore also have the 

potential to monitor the effect of immunization and to provide guidance for vaccination strategies 

(15). Vaccination reduces the risk for a heavy disease course and may also reduce the risk of 

infection in the short term but may need to be repeated to maintain long-term protection as the 

immune response wanes over time (75, 76). Consequently, early vaccination could potentially 

increase the risk of later infection compared to early vaccinated or infected, making it crucial to 

monitor vaccinated individuals and their fluctuating immune response (75-77).  

Vaccination strategies against COVID-19 prioritize high-risk individuals and aim to vaccinate a 

majority of the population of 70% to develop herd immunity, i.e. to increase the likelihood of in-

fected people being surrounded by non-vulnerable persons and thus breaking infection chains 

(78-80). The global allocation of COVID-19 vaccines was planned in two phases:   

The first phase aimed to cover 3% of the national population and targeted exclusively HCWs as 

the most exposed links in the infection chain (78, 79). Subsequent vaccination deliveries aimed 

to cover an additional 17% of the national population, targeting individuals at higher ages and 

those with underlying health conditions (78, 79). Overall, the first phase aimed to target 100% of 

HCWs and 100% of older populations (60+) and other priority risk groups with primary series and 

booster doses (80).  After covering high-risk groups, the second phase aimed to provide additional 

doses beyond the 20% benchmark, targeting the general population (78, 79). This way, HCWs, 

the elderly, and individuals at significantly higher risk of severe disease or death received COVID-

19 vaccines first (50, 78, 79, 81). 

HCWs are defined as „all people engaged in work actions whose primary intent is to improve 

health. This includes health service providers, such as doctors, nurses, midwives, public health 

professionals, technicians (laboratory, health, medical and non-medical), personal care workers, 

community health workers, healers and practitioners of traditional medicine. It also includes health 

management and support workers, such as cleaners, drivers, hospital administrators, district 

health managers and social workers, and other occupational groups in health-related activities. 

This group includes those who work in acute care facilities and in long-term care, public health, 

community-based care, social care and home care and other occupations in the health and social 

work sectors (…)“ (78, 79).  
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HCWs were considered at a higher risk of getting infected by SARS-CoV-2 than the general pop-

ulation due to the nature of their work. In addition, infected HCWs risked transmitting the infection 

to their patients, including vulnerable individuals with underlying health conditions who are at high 

risk for severe COVID-19 disease and complications. Hence HCWs were prioritized in vaccination 

strategies. (78, 79) 

Considering their role in the healthcare system, HCWs are of particular interest in managing the 

COVID-19 pandemic and require special surveillance. For these reasons, antibody studies were 

established to determine the immune response against SARS-CoV-2 and identify risk factors for 

SARS-CoV-2 infection before and after vaccination, comparing the general population (31, 82-

84) with HCWs (85, 86). 

As a result, the longitudinal cohort named KoCo-Impf (Prospective COVID-19 post-immunization 

Serological Cohort in Munich—Determination of immune response in vaccinated subjects) was 

established in May 2021. As described above, the cohort is mainly composed of HCWs in the 

municipality of Munich and aims to understand the short-, medium- and long-term immune re-

sponse in vaccinated individuals. The work presented in this doctoral project is based on the 

research carried out as part of the KoCo-Impf study. 
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2.2.2 Study Aims and Objectives 

The overall aim of this doctoral project is to assess determinants of the immune response against 

SARS-CoV-2 in vaccinated individuals. Based on the immunological mechanisms described in 

the above sections, the induction types of natural infection and vaccination, as well as the result-

ing antibody types, anti-N and anti-S were defined as determining components in the research 

conducted. Consequently, the specific objectives of this doctoral project were defined as follows: 

Objective 1: To determine the seroprevalence in vaccinated individuals based on SARS-CoV-2 

antibodies 

1a: To determine the seroprevalence of anti-N-antibodies over time 

1b: To determine the seroprevalence of anti-S-antibodies over time 

 

Objective 2: To identify risk factors for SARS-CoV-2 infection 

2a: … with respect to the different SARS-CoV-2 variants 

2b: … with respect to the vaccination status 

2c: … with respect to reinfection 

 

Objective 3: To identify determinants of the quantitative SARS-CoV-2 anti-N serology after SARS-

CoV-2 infection 

 

Objective 4: To identify determinants of the quantitative SARS-CoV-2 anti-S serology after SARS-

CoV-2 vaccination and/or infection 

4a: To identify determinants of the quantitative SARS-CoV-2 anti-S serology 

4b: To determine the development of the quantitative SARS-CoV-2 anti-S serology 

 

These objectives were defined at the start of the project. In the next chapter, I will describe how 

the individual objectives were analyzed in the individual publications. 
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2.3 Analysis of Determinants of the Immune Response 

against SARS-CoV-2 in the KoCo-Impf-Cohort 

The following describes which aspects of the doctoral project are covered by the publications. 

2.3.1 Risk Factors and Determinants of Immune Response in Healthcare 

Workers 

The KoCo-Impf study is based on the collection of Dried Blood Spots (DBS) on filter paper cards 

as described above. DBS samples were collected to determine the antibody status, together with 

questionnaire data for information on participants’ characteristics including vaccination status. 

Overall, the KoCo-Impf cohort comprises 6,467 participants, enrolled in 16 subgroups according 

to occupational activities. The sampling took place between June and December 2021 as shown 

in Figure 3. 

The results of the KoCo-Impf study “Risk Factors and Determinants of Immune Response in 

Healthcare Workers” (52) directly contribute to this doctoral project's objectives as described in 

the following: 

Objective 1: Determination of seroprevalence in vaccinated individuals:  

The research presents an estimation of undergone silent and symptomatic infections in HCWs in 

Munich up to December 2021 and comparison with the general population.  

 

Objective 2: Identification of risk factors for SARS-CoV-2 infection:  

As illustrated in Figure 4, the study identifies risk factors for SARS-CoV-2 infection, considering 

all SARS-CoV-2 variants prevalent to December 2021, which are mainly wildtype, alpha, and 

delta virus variants. These results improve our understanding of the susceptibility to infections 

among HCWs. The data on vaccination status collected at the baseline visit was used to identify 

risk factors for SARS-CoV-2 infections with respect to the vaccination status before infection, 

therefore enhancing our understanding of potential protective effects. 

 

Objective 3: Identification of determinants of the quantitative SARS-CoV-2 anti-N serology after 

SARS-CoV-2 infection:  

The analysis provides a better understanding of factors influencing the quantitative anti-N immune 

response, providing insights on susceptibility to infection. 

 

Objective 4: Identification of determinants of the quantitative SARS-CoV-2 anti-S serology after 

SARS-CoV-2 vaccination and/or infection   

The analysis provides a better understanding of factors influencing the quantitative anti-S immune 

response. The findings delved into effects of vaccination, infection, biological and behavioral fac-

tors on the immune response, enhancing our understanding of immunization.  
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2.3.2 Understanding the Omicron Variant Impact in Healthcare Workers: 

Insights on Risk Factors for Breakthrough and Reinfections 

The end of the sampling period for the baseline survey also coincided with a turning point in the 

development of the pandemic. A novel variant emerged in Botswana and spread in South Africa, 

prompting the WHO to classify it as VOC on 26 November 2021, due to a dramatic increase in 

infections and risk of reinfection compared to other VOCs.  

Given the rapid spread of the Omicron variant and the increasingly complex situation in Germany, 

a follow-up of the KoCo-Impf cohort was conducted between 13 May 2022 and 31 July 2022 as 

shown in Figure 3. The analysis presented in the KoCo-Impf study “Understanding the Omicron 

Variant Impact in Healthcare Workers” (73) described the follow-up data of the KoCo-Impf cohort. 

The results of this research directly contribute to this doctoral project's objectives as described in 

the following: 

Objective 1: Determination of seroprevalence in vaccinated individuals:  

The research provides an estimation of undergone silent and symptomatic infections in HCWs in 

Munich between the baseline and follow-up sampling. This approach illustrates the fraction of 

new, mostly silent SARS-CoV-2 infections, BTIs, and reinfections. 

 

Objective 2: Identification of risk factors for SARS-CoV-2 infection:  

The work identifies risk factors for SARS-CoV-2 infection across all variants, for Omicron only, 

and compares risk factors for Omicron to all variants. It explores reinfection and BTIs.  

 

Objective 4: Identification of determinants of the quantitative SARS-CoV-2 anti-S serology after 

SARS-CoV-2 vaccination and/or infection:  

The analysis determines the development of the quantitative SARS-CoV-2 anti-S serology. This 

approach demonstrates the vanishing effect of vaccination, as well as the fraction of reinfections 

and BTIs. 

In conclusion, the results presented in publication II enhance our understanding of susceptibility 

to infections with the SARS-CoV-2 Omicron variants. 
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3. Summary 

The COVID-19 pandemic has posed one of the most significant challenges to public health sys-

tems worldwide. To date, more than 777 million individuals have been infected with SARS-CoV-2, 

and more than 13.6 bn vaccine doses have been administered (20). More than 67% of the total 

population have been vaccinated with a series of two COVID-19 vaccine doses, as initially defined 

as complete primary vaccination (20). Based on this, COVID-19 vaccines have shown to be a 

central element in reducing the morbidity and mortality associated with the pandemic (12). 

The work presented here investigates determinants of the immune response after SARS-CoV-2 

infection and vaccination in a cohort comprising mostly HCWs and the general population. Capil-

lary blood samples were collected between June 2021 and July 2022 to detect SARS-CoV-2 

antibodies in two rounds, describing past asymptomatic and symptomatic infections as well as 

vaccination history. The approach combined a seropositivity definition based on SARS-CoV-2 

antibodies with a large sample size and detailed vaccination data.  

The analysis of the baseline data, collected between June 2021 and December 2021, examined 

factors that influence the immune response following SARS-CoV-2 infection or vaccination and 

explored risk factors for infection. 

The results demonstrated that in this cohort, HCWs were found to have a higher risk of 

SARS-CoV-2 infection compared to the general population in the early phase of the pandemic. 

Participants reporting a past known contact with SARS-CoV-2-positives demonstrated a higher 

risk for infection compared to those having none or unwitting contact. The analysis also demon-

strated the protective effects of vaccination, with elderly participants showing a weaker immune 

response compared to younger participants. Smokers compared to never smokers demonstrated 

a decreased risk of infection and lower immune responses after both vaccination and infection, 

due to potential immunosuppressive or behavioral effects. Detailed results are described in the 

publication (52). 

In the analysis of the follow-up data, based on samples collected between May 2022 and July 

2022, the research aimed to understand the impact of the Omicron variant and explored differ-

ences in risk factors for infection across virus variants as well as BTIs and determinants of rein-

fections. 

The analysis has demonstrated the belonging institutional subgroup of HCWs as the most influ-

ential variable in all risk factor analyses. The protective effect of prior pre-Omicron infections 

against SARS-CoV-2 infections during the Omicron wave diminished, but the risk factor analysis 

for reinfection remained inconclusive besides demonstrating a negative association with age. This 

suggests that reinfection could potentially affect any individual or that the underlying variable in-

dicating an increased or decreased risk for reinfection was not investigated. However, the overall 

analysis revealed that younger ages were associated with a higher risk for any type of infection: 

any infection in the study period, infections in the Omicron period, BTIs and reinfections. These 

results as well as the increased risk for infection in a larger household introduce rather a behav-

ioral than biological component due to an increased exposure to the virus through more contacts 

at home, work or social life compared to individuals living in smaller households and older parti-

cipants. 

The results are described and discussed in detail in the publication (73). 
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In conclusion, the results described here demonstrate that in the early phase of the 

COVID-19-pandemic, HCWs faced an increased risk of infection compared to the general popu-

lation in this cohort. However, localized outbreaks within specific institutions overshadowed the 

effects of broader waves seen in the general population. The results observed in this research 

indicate that the increased risk of infection was primarily due to occupational activities and the 

working environment. This risk diminished with the increasing availability of personal protective 

equipment and changing transmissibility of new virus variants. By the Omicron period, in our co-

hort, the infection risk for HCWs had become more comparable to the general population. 

The effect of changing infection risk can also be seen in the role of vaccination. This research has 

demonstrated that before the availability of vaccines, HCWs were at significantly higher risk of 

infection. However, after primary vaccination as defined at the time, their risk of BTI was reduced. 

The analysis demonstrated that in this cohort, vaccination provided robust protection against in-

fection during the early phase of the pandemic. Nevertheless, the effectiveness of vaccination 

diminished during the Omicron era, as evidenced by the high number of BTIs, and reinfections. 

These insights underscore that the healthcare environment was a primary risk factor at the outset 

of the pandemic, but they also highlight the importance of considering the broader environmental 

risks HCWs face in their environments. A holistic understanding of infection transmission dynam-

ics within individual institutions is essential, and protective measures should be tailored to the 

specific contexts of each institution, moving beyond generalized approaches. However, effective 

pandemic management must extend beyond healthcare facilities and address behavioral risk pat-

terns. Future research should consistently integrate behavioral, institutional, and biological deter-

minants of risk to build a comprehensive understanding of infection dynamics and improve pro-

tective strategies.  

Although research results remain heterogeneous (85, 87-89), they are congruent with the results 

presented here in highlighting increased infection risks among HCWs, driven by transmission 

between colleagues and patient contact, underscoring their significant role in the pandemic's 

spread. Vaccination proved to be a critical preventive measure. In general, research revealed that 

HCWs, despite being a vulnerable group, are highly diverse, encompassing various de-

mographics and behavioral patterns.  

The findings of this thesis shed light on the long-term immune response to SARS-CoV-2 in HCWs, 

contributing to understanding determinants of immunization and infection determinants.  

On 5 May  2023, the WHO declared the end of COVID-19 as a global health emergency (90, 91). 

Although SARS-CoV-2 has become endemic, its continued prevalence and mutations highlight 

the importance of ongoing monitoring and research. 
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4. Zusammenfassung 

Die COVID-19-Pandemie war eine der größten Herausforderungen für die Gesundheitssysteme 

weltweit. Bis heute haben sich mehr als 777 Millionen Menschen mit SARS-CoV-2 infiziert und 

über 13,6 Mrd. Impfstoffdosen wurden verabreicht (20). Über 67% der Gesamtbevölkerung hat 

mindestens zwei Impfdosen, und damit eine zu dem Zeitpunkt so definierte Grundimmunisierung, 

erhalten (20). COVID-19-Impfstoffe waren damit ein zentrales Element bei der Reduktion der 

Morbidität und Mortalität (12). 

Die hier vorgestellte Arbeit untersucht Determinanten der Immunantwort nach SARS-CoV-2-In-

fektion bzw. -Impfung in einer Studienpopulation, die hauptsächlich aus medizinischem Personal 

(Health care workers, HCWs) und der Allgemeinbevölkerung besteht. Zwischen Juni 2021 und 

Juli 2022 wurden in zwei Runden Kapillarblutproben gesammelt, um SARS-CoV-2-Antikörper 

nachzuweisen, die Rückschlüsse auf asymptomatische und symptomatische Infektionen sowie 

auf Impfverhalten geben. Mit diesem Ansatz wurde die Definition von Seropositivität auf der 

Grundlage von SARS-CoV-2-Antikörpern mit einer großen Studienpopulation und detaillierten 

Angaben zu Impfungen kombiniert. 

In der Analyse der ersten Erhebungsrunde, die zwischen Juni 2021 und Dezember 2021 durch-

geführt wurde, wurden Faktoren, die die Immunantwort nach einer durchgemachten SARS-CoV-

2-Infektion oder -Impfung beeinflussen, sowie Risikofaktoren für eine Infektion untersucht.  

Die Ergebnisse zeigten, dass in dieser Studienpopulation das Risiko einer SARS-CoV-2-Infektion 

bei HCWs in der frühen Phase der Pandemie höher war als in der Allgemeinbevölkerung. Teil-

nehmende, die Kontakt mit SARS-CoV-2-positiven Personen angaben, zeigten ein höheres In-

fektionsrisiko im Vergleich zu denen, die keinen oder unwissentlichen Kontakt angaben. Die Ana-

lyse zeigte auch die protektiven Auswirkungen einer Impfung, wobei ältere Teilnehmende im Ver-

gleich zu jüngeren Teilnehmenden eine schwächere Immunreaktion zeigten. Raucher wiesen 

verglichen zu Nichtrauchern ein geringeres Infektionsrisiko und sowohl nach Impfung als auch 

nach Infektion eine schwächere Immunreaktion auf, was auf mögliche immunsuppressive oder 

verhaltensbedingte Effekte zurückzuführen sein kann. Die detaillierten Ergebnisse sind in der 

Publikation (52) beschrieben. 

Die Analyse der zweiten Datenerhebung zwischen Mai 2022 und Juli 2022 zielte auf ein besseres 

Verständnis der Auswirkungen der Omikron-Variante ab und untersuchte Unterschiede in den 

Risikofaktoren für Infektionen mit den verschiedenen Virusvarianten sowie Durchbruchsinfektio-

nen und Determinanten von Reinfektionen. 

Die Analyse hat gezeigt, dass die institutionelle Subgruppe, also die Eingruppierung der HCWs 

nach Gesundheitseinrichtungen, die einflussreichste Variable in allen Risikofaktoranalysen war. 

Die protektive Wirkung von früheren SARS-CoV-2-Infektionen gegen Infektionen während der 

Omikron-Periode nahm ab, die Risikofaktoranalyse für Reinfektionen lieferte abgesehen von ei-

ner negativen Assoziation mit dem Alter jedoch keine eindeutigen Ergebnisse. Das lässt darauf 

schließen, dass Reinfektionen möglicherweise jeden betreffen könnten, oder dass die zugrunde-

liegende Variable, die Hinweise auf ein erhöhtes oder reduziertes Risiko geben könnte, in dieser 

Analyse nicht erfasst wurde. Die Analyse ergab jedoch grundsätzlich, dass ein jüngeres Alter mit 

einem höheren Risiko für jede Art von Infektion assoziiert war: Infektionen im gesamten Untersu-

chungszeitraum, Infektionen während der Omikron-Periode, Durchbruchsinfektionen und Rein-

fektionen. Diese Ergebnisse sowie das erhöhte Infektionsrisiko in einem größeren Haushalt las-

sen eher auf eine zugrundeliegende Verhaltenskomponente als auf eine biologische Komponente 

schließen, z.B. durch eine erhöhte Exposition durch mehr Kontakte zu Hause, in der Arbeit oder 
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auch durch ein ausgeprägteres Sozialleben im privaten Umfeld im Vergleich zu Personen in klei-

neren Haushalten und älteren Personen. Die Ergebnisse werden ausführlich in der Publikation 

(73) beschrieben und diskutiert. 

Zusammenfassend lässt sich aus den Ergebnissen der Analyse schließen, dass in dieser Kohorte 

HCWs in der Anfangsphase der Pandemie einem höheren Infektionsrisiko ausgesetzt waren als 

die Allgemeinbevölkerung. Lokale Ausbrüche in den individuellen Gesundheitseinrichtungen 

überschatteten jedoch die Auswirkungen der breiteren Infektionswellen in der Allgemeinbevölke-

rung. Die Ergebnisse dieser Studie deuten darauf hin, dass das erhöhte Infektionsrisiko in erster 

Linie auf berufliche Tätigkeiten und das Arbeitsumfeld zurückzuführen ist. Dieses Risiko nahm 

mit der zunehmenden Verfügbarkeit von Schutzausrüstung und der veränderten Übertragbarkeit 

neuer Virusvarianten ab. Bis zur Omikron-Periode hat sich das Infektionsrisiko für HCWs an das 

der Allgemeinbevölkerung angeglichen. 

Die Auswirkung eines veränderten Infektionsrisikos zeigt sich auch in der Rolle der Impfung. Die 

Ergebnisse dieser Untersuchung lassen darauf schließen, dass vor der Verfügbarkeit von Impf-

stoffen das Infektionsrisiko für HCWs deutlich höher war. Nach einer zu dem Zeitpunkt definierten 

Grundimmunisierung verringerte sich jedoch ihr Risiko für eine Durchbruchsinfektion. Diese Er-

gebnisse demonstrieren, dass in der hier vorgestellten Kohorte eine Impfung in der Anfangsphase 

der Pandemie einen Schutz vor SARS-CoV-2 Infektionen bot. Diese Wirksamkeit der Impfung 

nahm jedoch während der Omikron-Welle ab, was sich in einer hohen Zahl an Durchbruchsinfek-

tionen und Reinfektionen zeigt. 

Diese Erkenntnisse demonstrieren, dass eine Tätigkeit im Gesundheitswesen zu Beginn der Pan-

demie ein wesentlicher Risikofaktor war. Sie betonen aber auch die Bedeutung weiterer Risiko-

faktoren, denen die HCWs in ihrem persönlichen Umfeld ausgesetzt sind. Aus diesem Grund ist 

ein ganzheitliches Verständnis der Infektionsübertragungsdynamik in den einzelnen Gesund-

heitseinrichtungen essenziell. Schutzmaßnahmen sollten daher über allgemeine Ansätze hinaus-

gehen und auf die spezifischen Gegebenheiten der einzelnen Einrichtungen eingehen. Darüber 

hinaus muss ein wirksames Pandemiemanagement jedoch über die einzelnen Gesundheitsein-

richtungen hinausgehen und auch verhaltensbedingte Risikomuster adressieren. Künftige For-

schung sollten daher verhaltensbedingte, institutionelle und biologische Determinanten integrie-

ren, um ein umfassendes Verständnis der Infektionsdynamik zu entwickeln und Schutzstrategien 

zu verbessern. 

Obwohl die Forschungsergebnisse nach wie vor uneinheitlich sind (84-87), stimmen sie mit den 

hier vorgestellten Ergebnissen insoweit überein, dass sie auf ein erhöhtes Infektionsrisiko bei 

HCWs aufgrund von Übertragungen zwischen Personal und Patientenkontakten hinweisen und 

damit deren signifikante Rolle bei der Ausbreitung der Pandemie betonen. Impfungen haben sich 

jedoch als entscheidende Schutzmaßnahme erwiesen. Grundsätzlich lässt aus den bisherigen 

Forschungsergebnissen darauf schließen, dass HCWs, obwohl sie grundsätzlich eine besonders 

vulnerable Gruppe darstellen, sehr heterogen sind und verschiedene demografische Merkmale 

und Verhaltensmuster aufweisen. 

Die Ergebnisse dieser Doktorarbeit geben Aufschluss über die langfristige Immunantwort gegen 

SARS-CoV-2 in HCWs und tragen somit zum Verständnis von Determinanten der Immunantwort 

und des Infektionsgeschehens bei. Am 5. Mai 2023 erklärte die WHO das Ende von COVID-19 

als globalen Gesundheitsnotstand (90, 91). Obwohl SARS-CoV-2 inzwischen endemisch gewor-

den ist, unterstreichen die anhaltende Prävalenz und Mutationen die Notwendigkeit eines konti-

nuierlichen Monitorings sowie weiterer Forschung. 



5 Publication I 27 

5. Publication I 

 

 

 



5 Publication I 28 



5 Publication I 29 



5 Publication I 30 



5 Publication I 31 



5 Publication I 32 

 

  



5 Publication I 33 



5 Publication I 34 

 



5 Publication I 35 

 



5 Publication I 36 

 



5 Publication I 37 

 



5 Publication I 38 



5 Publication I 39 

 



5 Publication I 40 



5 Publication I 41 

 



5 Publication I 42 

 

 



5 Publication I 43 

 



5 Publication I 44 

 



5 Publication I 45 

 



5 Publication I 46 

 



5 Publication I 47 

 



5 Publication I 48 

 



5 Publication I 49 

 

 



5 Publication I 50 

 



5 Publication I 51 

 



6 Publication II 52 

6. Publication II 

 



6 Publication II 53 

 



6 Publication II 54 

 



6 Publication II 55 

 



6 Publication II 56 

 



6 Publication II 57 

 



6 Publication II 58 

 



6 Publication II 59 

 



6 Publication II 60 

 



6 Publication II 61 

 



6 Publication II 62 

 



6 Publication II 63 



6 Publication II 64 

 



6 Publication II 65 



6 Publication II 66 

 



6 Publication II 67 

 



6 Publication II 68 

 



6 Publication II 69 

 



6 Publication II 70 

 



6 Publication II 71 

 



6 Publication II 72 

 



7 Literature 73 

7. Literature 

1. World Health Organization. Timeline: WHO's COVID-19 response [Internet]. WHO; c2024 
[cited 2024 October 16] Available from: https://www.who.int/emergencies/diseases/novel-
coronavirus-2019/interactive-timeline#event-72. 

2. World Health Organization. WHO Director-General's opening remarks at the media briefing 
on COVID-19 - 13 March 2020 [Internet]. WHO; c2020 [cited 2025 February 16] Available from: 
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-
at-the-mission-briefing-on-covid-19---13-march-2020. 

3. Rothe C, Schunk M, Sothmann P, Bretzel G, Froeschl G, Wallrauch C, et al. Transmission 
of 2019-nCoV Infection from an Asymptomatic Contact in Germany. N Engl J 
Med.2020;382(10):970-1. 

4. World Health Organization. WHO Director-General's statement on IHR Emergency 
Committee on Novel Coronavirus (2019-nCoV) [Internet]. WHO; c2020 [cited 2025 February 16] 
Available from: https://www.who.int/director-general/speeches/detail/who-director-general-s-
statement-on-ihr-emergency-committee-on-novel-coronavirus-(2019-ncov). 

5. Lai CC, Shih TP, Ko WC, Tang HJ, Hsueh PR.Severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) and coronavirus disease-2019 (COVID-19): The epidemic and the 
challenges. Int J Antimicrob Agents. 2020;55(3):105924. 

6. World Health Organization. WHO Director-General's opening remarks at the media briefing 
on COVID-19 - 11 March 2020 [Internet]. WHO; c2020 [cited 2025 February 15]. Available from: 
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-
at-the-media-briefing-on-covid-19---11-march-2020. 

7. World Health Organization. Coronavirus disease 2019 (COVID-19) Situation Report – 51. 
2020. 

8. Coronaviridae Study Group of the International Committee on Taxonomy of Viruses. The 
species Severe acute respiratory syndrome-related coronavirus: classifying 2019-nCoV and 
naming it SARS-CoV-2. Nat Microbiol. 2020;5(4):536-44. 

9. World Health Organization. Novel Coronavirus(2019-nCoV) Situation Report – 22. 2020. 

10. Pagani I, Ghezzi S, Alberti S, Poli G, Vicenzi E. Origin and evolution of SARS-CoV-2. Eur 
Phys J Plus. 2023;138(2):157. 

11. Rabaan AA, Al-Ahmed SH, Haque S, Sah R, Tiwari R, Malik YS, et al. SARS-CoV-2, 
SARS-CoV, and MERS-COV: A comparative overview. Infez Med. 2020;28(2):174-84. 

12. Kaul V, Chahal J, Schrarstzhaupt IN, Geduld H, Shen Y, Cecconi M, et al. Lessons Learned 
from a Global Perspective of Coronavirus Disease-2019. Clin Chest Med. 2023;44(2):435-49. 

13. Santos IA, Grosche VR, Bergamini FRG, Sabino-Silva R, Jardim ACG. Antivirals Against 
Coronaviruses: Candidate Drugs for SARS-CoV-2 Treatment? Front Microbiol. 2020;11:1818. 

14. Shereen MA, Khan S, Kazmi A, Bashir N, Siddique R. COVID-19 infection: Origin, 
transmission, and characteristics of human coronaviruses. J Adv Res. 2020;24:91-8. 

15. Nair S, Chen X. Biology of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
and the humoral immunoresponse: a systematic review of evidence to support global policy-
level actions and research. Glob Health J. 2022;6(1):38-43. 

16. Pang NY, Pang AS, Chow VT, Wang DY. Understanding neutralising antibodies against 
SARS-CoV-2 and their implications in clinical practice. Mil Med Res. 2021;8(1):47. 

17. World Health Organization. Vaccines: Comirnaty [Internet]. WHO; c2023 [cited 2025 
February 15] Available from: https://extranet.who.int/prequal/vaccines/comirnaty. 

18. World Health Organization. Covid 19 Vaccine Tracker [Internet]. VIPER Group COVID19 
Tracker Team; c2025 [cited 2025 February 15] Available from: 
https://covid19.trackvaccines.org/vaccines/approved/. 

19. World Health Organization. Vaccines: COVID-19 Vaccines with WHO Emergency Use 
Listing [Internet]. WHO; c2023 [cited 2025 February 2015] Available from: 
https://extranet.who.int/prequal/vaccines/covid-19-vaccines-who-emergency-use-listing. 



7 Literature 74 

20. World Health Organization. WHO COVID-19 dashboard [Internet]. WHO; c2024 [cited 2025 
February 15] Available from: https://data.who.int/dashboards/covid19/vaccines?n=c. 

21.  Mathieu E, Ritchie H, Ortiz-Ospina E, Roser M, Hasell J, Appel C, Giattino C, Rodés-
Guirao L. A global database of COVID-19 vaccinations. Nat Hum Behav. 2021 Jul;5(7):947-953. 
doi: 10.1038/s41562-021-01122-8. Epub 2021 May 10. Erratum in: Nat Hum Behav. 2021 
Jul;5(7):956-959. doi: 10.1038/s41562-021-01160-2. PMID: 33972767. 

22. Errico JM, Adams LJ, Fremont DH. Antibody-mediated immunity to SARS-CoV-2 spike. Adv 
Immunol. 2022;154:1-69. 

23. Inchingolo AD, Malcangi G, Ceci S, Patano A, Corriero A, Vimercati L, et al. Effectiveness 
of SARS-CoV-2 Vaccines for Short- and Long-Term Immunity: A General Overview for the 
Pandemic Contrast. Int J Mol Sci. 2022;23(15). 

24. Robert Koch Institut. Epidemiologisches Bulletin 38/2022 [Internet]. RKI; c2022 [cited 2025 
February 15] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2022/EB-2022-node.html. 

25. Le Gleut R, Plank M, Pütz P, Radon K, Bakuli A, Rubio-Acero R, et al. The representative 
COVID-19 cohort Munich (KoCo19): from the beginning of the pandemic to the Delta virus 
variant. BMC Infect Dis. 2023;23(1):466. 

26. Bundesministerium des Innern und für Heimat. Beschluss der Bundeskanzlerin und der 
Regierungschefinnen und Regierungschefs der Länder vom 22. März 2020 [Internet]. 
Bundesministerium des Innern und für Heimat; c2020 [cited 2025 February 15] Available from: 
https://www.bmi.bund.de/SharedDocs/downloads/DE/veroeffentlichungen/2020/corona/hinweis-
einschraenkung-soziale-kontakte.html. 

27. Presse- und Informationsamt der Bundesregierung. Die Bundesregierung informiert | 
Startseite. Maßnahmen der Bundesregierung zur Eindämmung der COVID-19-Pandemie und 
zur Bewältigung ihrer Folgen [Internet]. Presse- und Infomationsamt der Bundesregierung; 
c2020 [cited 2025 February 15] Available from: https://www.bundesregierung.de/breg-
de/themen/coronavirus/gegen-corona-pandemie-1747714. 

28. Presse- und Informationsamt der Bundesregierung. Bundesregierung |  Verständigung von 
Bund und Ländern [Internet]. Presse- und Informationsamt der Bundesregierung; c2020 [cited 
2025 February 15] Available from: https://www.bundesregierung.de/breg-de/suche/fahrplan-
corona-pandemie-1744202.  

29. Presse- und Informationsamt der Bundesregierung. Bundesregierung |  Bund-Länder-
Konferenz vom 30. April 2020 [Internet]. Presse- und Informationsamt der Bundesregierung; 
c2020 [cited 2025 February 15] Available from: https://www.bundesregierung.de/breg-
de/suche/bund-laender-beschluesse-1749816. 

30. Presse- und Informationsamt der Bundesregierung. Bundesregierung | Merkel nach Bund-
Länder-Konferenz 2020 [Internet]. Presse- und Informationsamt der Bundesregierung; c2020 
[cited 2025 February 15].Available from: https://www.bundesregierung.de/breg-
de/suche/merkel-bund-laender-gespraeche-1751020. 

31. Radon K, Saathoff E, Pritsch M, Guggenbuhl Noller JM, Kroidl I, Olbrich L, et al. Protocol of 
a population-based prospective COVID-19 cohort study Munich, Germany (KoCo19). BMC 
Public Health. 2020;20(1):1036. 

32. Pritsch M, Radon K, Bakuli A, Le Gleut R, Olbrich L, Guggenbuehl Noller JM, et al. 
Prevalence and Risk Factors of Infection in the Representative COVID-19 Cohort Munich. Int J 
Environ Res Public Health. 2021;18(7). 

33. Beyerl J, Rubio-Acero R, Castelletti N, Paunovic I, Kroidl I, Khan ZN, et al. A dried blood 
spot protocol for high throughput analysis of SARS-CoV-2 serology based on the Roche 
Elecsys anti-N assay. EBioMedicine. 2021;70:103502. 

34. Castelletti N, Paunovic I, Rubio-Acero R, Beyerl J, Plank M, Reinkemeyer C, et al. A Dried 
Blood Spot protocol for high-throughput quantitative analysis of SARS-CoV-2 RBD serology 
based on the Roche Elecsys system. Microbiol Spectr. 2024;12(4):e0288523. 

35. German Centre of Infection Research (DZIF). Seroprevalence [Internet]. DZG; c2024 [cited 
2025 February 15] Available from: https://www.dzif.de/en/glossary/seroprevalence. 



7 Literature 75 

36. Last JM. A Dictionary of Public Health: Oxford University Press; 2007. 

37. World Health Organization. COVID-19 Weekly Epidemiological Update: Special edition: 
Proposed working definitions of SARS-CoV-2 Variants of Interest and Variants of Concern. 
2021 25.02.2021. 

38. World Health Organization. Updated working definitions and primary actions for SARS-CoV-
2 variants [Internet]. Technical Advisory Group on Virus Evolution (TAG-VE); c2023 [cited 2025 
February 15] Available from: https://www.who.int/publications/m/item/updated-working-
definitions-and-primary-actions-for--sars-cov-2-variants. 

39. Robert Koch Institut. Coronavirus SARS-CoV-2. Anwendung der SARS-CoV-2 Varianten 
Nomenklatur der WHO durch das RKI [Internet]. RKI; c2021 [cited 2025 February 15] Available 
from: https://www.rki.de/DE/Themen/Infektionskrankheiten/Infektionskrankheiten-A-Z/C/COVID-
19-Pandemie/Virologische_Basisdaten_Varianten_Nomenklatur.html. 

40. Robert Koch Institut. Coronavirus SARS-CoV-2. SARS-CoV-2: Virologische Basisdaten 
sowie Virusvarianten im Zeitraum von 2020 - 2022 [Internet]. RKI; c2024 [cited 2025 February 
15] Available from: https://www.rki.de/DE/Themen/Infektionskrankheiten/Infektionskrankheiten-
A-Z/C/COVID-19-Pandemie/Virologische_Basisdaten.html. 

41. Presse- und Informationsamt der Bundesregierung. Bundesregierung | Der Beschluss von 
Bund und Ländern zur Bekämpfung der Corona-Pandemie 2020 [Internet]. Presse- und 
Informatationsamt der Bundesregierung; c2020 [cited 2025 February 15] Available from: 
https://www.bundesregierung.de/breg-de/service/archiv/bund-laender-beschluss-1805264. 

42. Presse- und Informationsamt der Bundesregierung. Bundesregierung  I Bund-Länder-
Beschluss vom 25. November 2020 [Internet]. Presse- und Informationsamt der 
Bundesregierung; c2020 [cited 2025 February 15] Available from: 
https://www.bundesregierung.de/breg-de/service/archiv/mpk-beschluss-corona-1820132. 

43. Presse- und Informationsamt der Bundesregierung. Bundesregierung I Die Regelungen im 
Überblick 2020 [Internet]. Presse- und Informationsamt der Bundesregierung; c2020 [cited 2025 
February 15] Available from: https://www.bundesregierung.de/breg-de/aktuelles/merkel-
beschluss-weihnachten-1827396. 

44. Presse- und Informationsamt der Bundesregierung. Bundesregierung | Bund-Länder-
Beschluss vom 5.1. 2021 [Internet]. Presse- und Informationsamt der Bundesregierung ; c2021 
[cited 2025 February 15] Available from: https://www.bundesregierung.de/breg-de/aktuelles/ 
bund-laender-beschluss-1834282. 

45. Presse- und Informationsamt der Bundesregierung. Bundesregierung | Bund-Länder-
Beschluss [Internet]. Presse- und Informationsamt der Bundesregierung ; c2021 [cited 2025 
February 15] Available from: https://www.bundesregierung.de/breg-de/service/archiv/bund-
laender-beschluss-1841048. 

46. Presse- und Informationsamt der Bundesregierung. Bundesregierung |  Bund-Länder-
Gespräch [Internet]. Presse- und Informationsamt der Bundesregierung; c2021 [cited 2025 
February 15] Available from: https://www.bundesregierung.de/breg-de/themen/coronavirus/ 
corona-beratungen-1852772. 

47. Presse- und Informationsamt der Bundesregierung. Bundesregierung | 
Infektionsschutzgesetz [Internet]. Presse- und Informationsamt der Bundesregierung; c2021 
[cited 2025 February 15] Available from: https://www.bundesregierung.de/breg-de/service/ 
archiv/bundesweite-notbremse-1888982. 

48. Robert Koch Institut. Epidemiologisches Bulletin 02/2021 [Internet]. RKI; c2021 [cited 2025 
March 11] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2021/EB-2021-node.html. 

49. Robert Koch Institut. Epidemiologisches Bulletin 12/2021 [Internet]. RKI; c2021 [cited 2025 
March 11] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2021/EB-2021-node.html. 

50. Robert Koch Institut. Epidemiologisches Bulletin 05/2021 [Internet]. RKI; c2021 [cited 2025 
February 15] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2021/EB-2021-node.html. 



7 Literature 76 

51. Robert Koch Institut. Epidemiologisches Bulletin 19/2021 [Internet]. RKI; c2021 [cited 2025 
February 15] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2021/EB-2021-node.html. 

52. Reinkemeyer C, Khazaei Y, Weigert M, Hannes M, Le Gleut R, Plank M, et al. The 
Prospective COVID-19 Post-Immunization Serological Cohort in Munich (KoCo-Impf): Risk 
Factors and Determinants of Immune Response in Healthcare Workers. Viruses. 2023;15(7). 

53. Orchestra. ORCHESTRA | Connecting European Cohorts to Increase Common and 
Effective Response to SARS-CoV-2 Pandemic [Internet]. Orchestra; c2024 [cited 2025 
February 15] Available from: https://orchestra-cohort.eu/. 

54. Robert Koch Institut. Wöchentlicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 
(COVID-19) - 06.01.2022 [Internet]. RKI; c2022 [cited 2025 February 15] Available from: 
https://www.rki.de/DE/Themen/Infektionskrankheiten/Infektionskrankheiten-A-Z/C/COVID-19-
Pandemie/Situationsberichte/Wochenbericht/Wochenbericht_2022-01-
06.pdf?__blob=publicationFile&v=1. 

55. Robert Koch Institut. Epidemiologisches Bulletin 16/21 [Internet]. RKI; c2021 [cited 2025 
February 15] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2021/EB-2021-node.html. 

56. Robert Koch Institut. Pressemitteilung der STIKO zum COVID-19-Impfstoff Nuvaxovid der 
Firma Novavax sowie zur 2. COVID-19-Auffrischimpfung für besonders gefährdete 
Personengruppen [Internet]. RKI; c2022 [cited 2025 February 15] Available from: 
https://www.rki.de/DE/Themen/Infektionskrankheiten/Impfen/Staendige-
Impfkommission/Empfehlungen-der-STIKO/PM/PM_2022-02-03.html. 

57. STIKO. Mitteilung der Ständigen Impfkommission beim Robert Koch-Institut: Chronologie 
zur COVID-19 Auffrischimpfempfehlung durch die STIKO. 2021. 

58. Robert Koch Institut. Pressemitteilung der STIKO zur Auffrischimpfung einer COVID-19-
Impfung bei Personen ab 18 Jahren (18.11.2021) [Internet]. RKI; c2021 [cited 2025 February 
15] Available from: https://www.rki.de/DE/Themen/Infektionskrankheiten/Impfen/Staendige-
Impfkommission/Empfehlungen-der-STIKO/PM/PM_2021-11-18.html. 

59. Robert Koch Institut. Pressemitteilung der STIKO zur COVID-19-Auffrischimpfung und zur 
Optimierung der Janssen-Grundimmunisierung [Internet]. RKI; c2021 [cited 2025 February 15] 
Available from: https://www.rki.de/DE/Themen/Infektionskrankheiten/Impfen/Staendige-
Impfkommission/Empfehlungen-der-STIKO/PM/PM_2021-10-07.html. 

60. Robert Koch Institut. Epidemiologisches Bulletin 43/2021 [Internet]. RKI; c2021 [cited 2025 
March 11] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2021/EB-2021-node.html. 

61. Robert Koch Institut. Wöchentlicher Lagebericht des RKI zur Coronavirus-Krankheit-2019 
(COVID-19) - 02.12.2021 [Internet]. RKI; c2021 [cited 2025 February 15] Available from: 
https://www.rki.de/DE/Themen/Infektionskrankheiten/Infektionskrankheiten-A-Z/C/COVID-19-
Pandemie/Situationsberichte/Wochenbericht/Wochenbericht_2021-12-
02.pdf?__blob=publicationFile&v=1. 

62. Robert Koch Institut. SARS-CoV-2 Varianten in Deutschland. Daten aus der integrierten 
genomischen Surveillance von SARS-CoV-2 [Internet]. RKI; c2024 [cited 2025 February 15] 
Available from: 
https://public.data.rki.de/t/public/views/IGS_Dashboard/DashboardVOC?%3Aembed=y&%3Ais
GuestRedirectFromVizportal=y. 

63. LMU. Bay-VOC - Molekulargenetisches SARS-CoV-2 Überwachungsnetzwerk in Bayern 
[Internet]. LMU; c2024 [cited 2025 February 15] Available from: https://www.bay-
voc.lmu.de/surveillance.xhtml. 

64. Shrestha LB, Foster C, Rawlinson W, Tedla N, Bull RA. Evolution of the SARS-CoV-2 
omicron variants BA.1 to BA.5: Implications for immune escape and transmission. Rev Med 
Virol. 2022;32(5):e2381. 

65. Lipsitch M, Krammer F, Regev-Yochay G, Lustig Y, Balicer RD. SARS-CoV-2 breakthrough 
infections in vaccinated individuals: measurement, causes and impact. Nat Rev Immunol. 
2022;22(1):57-65. 



7 Literature 77 

66. Willett BJ, Grove J, MacLean OA, Wilkie C, De Lorenzo G, Furnon W, et al. SARS-CoV-2 
Omicron is an immune escape variant with an altered cell entry pathway. Nat Microbiol. 
2022;7(8):1161-79. 

67. Meng B, Abdullahi A, Ferreira I, Goonawardane N, Saito A, Kimura I, et al. Altered 
TMPRSS2 usage by SARS-CoV-2 Omicron impacts infectivity and fusogenicity. Nature. 
2022;603(7902):706-14 

68. Robert Koch Institut. Epidemiologisches Bulletin 48/21 [Internet]. RKI; c2021 [cited 2025 
February 15] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2021/EB-2021-node.html. 

69. Robert Koch Institut. Epidemiologisches Bulletin 02/2022. [Internet]. RKI; c2022 [cited 2025 
March 11] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2022/EB-2022-node.html. 

70. Robert Koch Institut. Epidemiologisches Bulletin 07/2022. [Internet]. RKI; c2022 [cited 2025 
February 15] Available from: https://www.rki.de/DE/Aktuelles/Publikationen/Epidemiologisches-
Bulletin/2022/EB-2022-node.html. 

71. Presse- und Informationsamt der Bundesregierung. Videoschaltkonferenz des 
Bundeskanzlers mit den Regierungschefinnen und Regierungschefs der Länder am 24. Januar 
2022 [Internet]. Presse- und Informationsamt der Bundesregierung; c2022 [cited 2025 February 
15] Available from: https://www.bundesregierung.de/breg-de/suche/videoschaltkonferenz-des-
bundeskanzlers-mit-den-regierungschefinnen-und-regierungschefs-der-laender-am-24-januar-
2022-2000920. 

72. Presse- und Informationsamt der Bundesregierung. Videoschaltkonferenz des 
Bundeskanzlers mit den Regierungschefinnen und Regierungschefs der Länder am 16. Februar 
2022 [Internet]. Presse- und Informationsamt der Bundesregierung; c2022 [cited 2025 February 
15] Available from: https://www.bundesregierung.de/breg-de/suche/videoschaltkonferenz-des-
bundeskanzlers-mit-den-regierungschefinnen-und-regierungschefs-der-laender-am-16-februar-
2022-2005882. 

73. Janke C, Rubio-Acero R, Weigert M, Reinkemeyer C, Khazaei Y, Kleinlein L, et al. 
Understanding the Omicron Variant Impact in Healthcare Workers: Insights from the 
Prospective COVID-19 Post-Immunization Serological Cohort in Munich (KoCo-Impf) on Risk 
Factors for Breakthrough and Reinfections. Viruses. 2024;16(10). 

74. Soriano JB, Murthy S, Marshall JC, Relan P, Diaz JV. A clinical case definition of post-
COVID-19 condition by a Delphi consensus. Lancet Infect Dis. 2022;22(4):e102-e7. 

75. Petráš M, Máčalík R, Janovská D, Čelko AM, Dáňová J, Selinger E, et al. Risk factors 
affecting COVID-19 vaccine effectiveness identified from 290 cross-country observational 
studies until February 2022: a meta-analysis and meta-regression. BMC Med. 2022;20(1):461. 

76. Mizrahi B, Lotan R, Kalkstein N, Peretz A, Perez G, Ben-Tov A, et al. Correlation of SARS-
CoV-2-breakthrough infections to time-from-vaccine. Nat Commun. 2021;12(1):6379. 

77. Ledda C, Costantino C, Motta G, Cunsolo R, Stracquadanio P, Liberti G, et al. SARS-CoV-2 
mRNA Vaccine Breakthrough Infections in Fully Vaccinated Healthcare Personnel: A 
Systematic Review. Trop Med Infect Dis. 2022;7(1). 

78. World Health Organization & United Nations Children's Fund (UNICEF). Guidance on 
developing a national deployment and vaccination plan for COVID-19 vaccines: interim 
guidance, 16 November 2020 [Internet]. WHO; c2020 [cited 2025 February 15] Available from 
https://iris.who.int/handle/10665/336603. 

79. World Health Organization & United Nations Children's Fund (UNICEF). Guidance on 
developing a national deployment and vaccination plan for COVID-19 vaccines: interim 
guidance, 1 June 2021 [Internet]. WHO; c2021 [cited 2025 February 15] Available from: 
https://iris.who.int/handle/10665/336603. 

80. World Health Organization. Global Covid-19 Vaccination Strategy in a Changing World: July 
2022 update [Internet]. WHO; c2022 [cited 2025 February 15] Available from: 
https://www.who.int/publications/m/item/global-covid-19-vaccination-strategy-in-a-changing-
world--july-2022-update. 



7 Literature 78 

81. Robert Koch Institut. Positionspapier der STIKO, Leopoldina und des Deutschen Ethikrats 
zur Verteilung eines COVID-19-Impfstoffes. 2020. 

82. Warszawski J, Beaumont AL, Seng R, de Lamballerie X, Rahib D, Lydié N, et al. 
Prevalence of SARS-Cov-2 antibodies and living conditions: the French national random 
population-based EPICOV cohort. BMC Infect Dis. 2022;22(1):41. 

83. Vivaldi G, Jolliffe DA, Holt H, Tydeman F, Talaei M, Davies GA, et al. Risk factors for 
SARS-CoV-2 infection after primary vaccination with ChAdOx1 nCoV-19 or BNT162b2 and after 
booster vaccination with BNT162b2 or mRNA-1273: A population-based cohort study 
(COVIDENCE UK). Lancet Reg Health Eur. 2022;22:100501. 

84. Wagner R, Peterhoff D, Beileke S, Günther F, Berr M, Einhauser S, et al. Estimates and 
Determinants of SARS-Cov-2 Seroprevalence and Infection Fatality Ratio Using Latent Class 
Analysis: The Population-Based Tirschenreuth Study in the Hardest-Hit German County in 
Spring 2020. Viruses. 2021;13(6). 

85. Günther F, Einhauser S, Peterhoff D, Wiegrebe S, Niller HH, Beileke S, et al. Higher 
Infection Risk among Health Care Workers and Lower Risk among Smokers Persistent across 
SARS-CoV-2 Waves-Longitudinal Results from the Population-Based TiKoCo Seroprevalence 
Study. Int J Environ Res Public Health. 2022;19(24). 

86. Porru S, Monaco MGL, Spiteri G, Carta A, Pezzani MD, Lippi G, et al. SARS-CoV-2 
Breakthrough Infections: Incidence and Risk Factors in a Large European Multicentric Cohort of 
Health Workers. Vaccines (Basel). 2022;10(8). 

87. Kulkarni D, Lee B, Ismail NF, Rahman AE, Spinardi J, Kyaw MH, et al. Incidence, severity, 
risk factors and outcomes of SARS-CoV-2 reinfections during the Omicron period: a systematic 
review and meta-analysis. J Glob Health. 2025;15:04032. 

88. Torán-Monserrat P, Lamonja-Vicente N, Costa-Garrido A, Carrasco-Ribelles LA, Quirant B, 
Boigues M, et al. SARS-CoV-2 Infection Risk by Vaccine Doses and Prior Infections Over 24 
Months: ProHEpiC-19 Longitudinal Study. JMIR Public Health Surveill. 2024;10:e56926. 

89. Dzinamarira T, Nkambule SJ, Hlongwa M, Mhango M, Iradukunda PG, Chitungo I, et al. 
Risk Factors for COVID-19 Infection Among Healthcare Workers. A First Report From a Living 
Systematic Review and meta-Analysis. Saf Health Work. 2022;13(3):263-8. 

90. Torner N. The end of COVID-19 public health emergency of international concern (PHEIC): 
And now what? Vacunas. 2023;doi: 10.1016/j.vacun.2023.05.002. 

91. World Health Organization. Statement on the fifteenth meeting of the IHR (2005) 
Emergency Committee on the COVID-19 pandemic [Internet]. WHO; c2023 [cited 2025 
February 15] Available from: https://www.who.int/news/item/05-05-2023-statement-on-the-
fifteenth-meeting-of-the-international-health-regulations-(2005)-emergency-committee-
regarding-the-coronavirus-disease-(covid-19)-pandemic. 

 

 

 



8 Figures 79 

8. Figures 

 

Figure 1: Schematic structure of SARS-CoV-2. The viral structure is primarily formed by the  

structural proteins such as spike (S), membrane (M), envelope (E), and nucleocapsid (N) 

proteins. Reprinted from (13)…………………………………………………………………….. 12 

Figure 2: Illustration of SARS-CoV-2 infection process and development of humoral immune 

response. The immune response triggers the onset and persistence of antibodies. 

Reprinted and adapted from (16)………………………………………………………………...13 

Figure 3: Development of COVID-19 infection numbers in Munich with regard to predominant 

Variants of Concern (VOC) and availability of vaccines. In black, daily infections as reported 

by the Robert Koch Institute (RKI). In blue, sampling timepoints of the KoCo19 and 

KoCo-Impf studies. The green line represents the introduction of COVID-19 vaccines. The 

red lines represent the starting point of the dominance of the respective VOCs in Munich. 

Adapted and reprinted from (25)………………………………………………….…….………..14 

Figure 4. Percentage of VOC and VOI in relation to the genome sequences based on SARS-

CoV-2-positive PCR samples. Omicron accounted only for a neglectable percentage of 

SARS-CoV-2 positive cases at the baseline sampling. Reprinted from (54)………………..16 
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