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Abstract 

The COVID-19 pandemic is resulting in a constantly fluctuating and challenging field 

of research, where public health and socioeconomic decisions must be accompanied 

by hard scientific evidence. In the work of this thesis, we developed, validated and 

applied MULTICOV-AB, a multiplex serological assay as a tool for in-depth analysis 

of the SARS-CoV-2 humoral immune response.  

In our clinical assay validation, we achieved improved sensitivity and specificity over 

widely used commercial assays for classification of previous infection. Although 

initially hypothesized, we found no evidence of cross-protection from endemic 

human coronaviruses. During the first wave of the pandemic, children were found to 

get infected at a lower than average rate and were more often asymptomatic, which 

we were able to associate with increased antibody formation over adults. 

Furthermore, we found seroconversion to be independent of a symptomatic course 

of infection in children and adults.  

COVID-19 vaccines were developed and widely disseminated in the population at an 

unprecedented pace. With the developed assay, we verified early on that mRNA 

vaccines, which saw their first widespread use during the COVID-19 pandemic, were 

able to induce a strong humoral immune response. We further found that 

homologous vector based vaccination elicited an inferior humoral response, in terms 

of titre and neutralizing activity. In addition, we showed that the humoral immune 

response peaked roughly 28 days post immunisation and steadily declined over six 

months, which was compensated by booster vaccinations. Furthermore, we found 

vaccines to introduce an inferior humoral immune response in patients on 

haemodialysis and observed fast decreasing antibody levels.  

Rapid evolution of SARS-CoV-2 resulted in the emergence of virus variants with key 

mutations, which called into question the effectiveness of vaccine protection. In 

response, we expanded MULTICOV-AB to include variant-specific antigens. We 

could show that some virus variants like Alpha and Delta exhibited mild to moderate 

levels of immune evasion, while others were associated with heavily diminished 

antibody binding, such as the Omicron sub-lineages. Overall, we were able to deliver 

data on vaccines, virus variants and groups of special interest such as children or 

haemodialysis patients in a time sensitive manner, thereby expediting adaption of 

official recommendations for vaccination regimens as and furthering the 

understanding of the immunity towards SARS-CoV-2. 
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Zusammenfassung 

Die COVID-19-Pandemie führt zu einem sich ständig verändernden und 

herausfordernden Forschungsbereich, in dem Entscheidungen im Bereich der 

öffentlichen Gesundheit und der Sozioökonomie durch belastbare wissenschaftliche 

Beweise begleitet werden müssen. Im Rahmen dieser Arbeit haben wir MULTICOV-

AB, einen serologischen Multiplex-Assay als Methode für die eingehende Analyse 

der humoralen Immunantwort auf SARS-CoV-2 entwickelt, validiert und angewandt. 

In der klinischen Assay Validierung erzielten wir für die Klassifizierung einer 

zurückliegenden Infektion eine verbesserte Sensitivität und Spezifität im direkten 

Vergleich mit weit verbreiteten kommerziellen Assays. Obgleich initial vermutet, 

fanden wir keine Hinweise auf eine Kreuzprotektivität durch endemische humane 

Coronaviren. Während der ersten Welle der Pandemie infizierten sich Kinder 

unterdurchschnittlich oft und waren häufiger asymptomatisch, was wir mit einer 

erhöhten Antikörperbildung im Vergleich zu Erwachsenen assoziieren konnten. Des 

Weiteren konnten wir feststellen, dass die Serokonversion bei Kindern und 

Erwachsenen unabhängig von einem symptomatischen Verlauf der Infektion ist.  

COVID-19 Impfstoffe wurden in einem beispiellosen Tempo entwickelt und in der 

Bevölkerung angewandt. Mit dem entwickelten Assay konnten wir schon früh 

verifizieren, dass mRNA-Impfstoffe, die erstmals während der COVID-19-Pandemie 

in großem Umfang eingesetzt wurden, eine starke humorale Immunantwort 

induzieren. Wir haben außerdem festgestellt, dass die homologe Impfung mit Vektor-

basierten Impfstoffen in Bezug auf Titer und neutralisierende Aktivität eine 

schwächere humorale Immunantwort hervorruft. Zudem haben wir gezeigt, dass die 

humorale Immunantwort etwa 28 Tage nach der Immunisierung ihren Höhepunkt 

erreicht und danach über sechs Monate hinweg stetig abnimmt, was durch 

Auffrischungsimpfungen kompensiert werden konnte. Außerdem stellten wir fest, 

dass Impfstoffe bei Personen auf Hämodialyse eine schwächere humorale 

Immunantwort auslösen, und beobachteten schnell abnehmende Antikörperspiegel.  

Die rapide Evolution von SARS-CoV-2 führte zum Auftreten von Virusvarianten mit 

Schlüsselmutationen, die die Wirksamkeit des Impfschutzes in Frage stellten. 

Daraufhin haben wir MULTICOV-AB mit variantenspezifischen Antigenen 

erweitert. Wir konnten zeigen, dass einige Virusvarianten wie Alpha und Delta nur 

geringe bis mittelstarke Immunevasion aufweisen, während andere, wie die 

Omicron-Subtypen, mit einer stark verminderten Antikörperbindung verbunden 

sind. Zusammenfassend konnten wir Daten über Impfstoffe, Virusvarianten und 

Gruppen von besonderem Interesse, wie Kinder oder Personen auf Hämodialyse 

zeitnah liefern und konnten so die Anpassung der offiziellen Empfehlungen für 

Impfschemata beschleunigten und das Verständnis der Immunität gegen SARS-CoV-

2 voranbringen. 
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1.1. The COVID-19 Pandemic and SARS-CoV-2  

1.1.1. The Beginning of the COVID-19 Pandemic 

In late 2019, a localised outbreak characterised by heavy and often fatal pneumatic 

disease symptoms was reported in Wuhan, China1,2. The causative agent was 

identified to be a novel Coronavirus, which is now believed to have spilled over from 

its animal reservoir to humans via bats2,3. Within weeks of the first reported cases, a 

full genome sequence was made available4,5. The novel virus revealed a striking 

homology to the causative agent of Severe Acute Respiratory Syndrome or SARS, 

named SARS-CoV (assigned SARS-CoV-1 in this thesis), which saw an outbreak with 

more than 750 deaths in 20036,7.  

 

 

Figure 1: SARS-CoV-2 phylogenetic tree  
Phylogenetic tree of early SARS-CoV-2 genome sequences and other betacoronaviruses, 
highlighting likely bat origin and relation to SARS-CoV-1. Reprinted by permission from 
Springer Nature Customer Service Centre GmbH: Springer Nature Reviews Microbiology 
(Characteristics of SARS-CoV-2 and COVID-19, Ben Hu et al.8), © (2020).  
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The novel disease was termed Coronavirus Disease 2019 (COVID-19) and the virus 

was initially designated 2019-nCoV1,2, which was later changed to SARS-CoV-29. A 

phylogenetic tree highlighting early SARS-CoV-2 genome sequences in within the 

genus of betacoronaviruses is shown in Figure 1. 

Within weeks, SARS-CoV-2 spread throughout the Wuhan province and China, with 

125 infections reported by January 19th 202010. Shortly afterwards, more and more 

countries began to report cases, with the first case in Germany officially confirmed on 

January 27th 202011. In response to the growing global spread, the World Health 

Organisation (WHO) declared a pandemic on 11th March of 2020, by which point the 

infection had spread to 114 countries and the global death toll was estimated over 

4,00012. Deaths from SARS-CoV-2 increased more than tenfold by the end of the 

month and reached almost 2 million deaths reported by the end of 202010. Figure 2 

shows an overview of events surrounding the outbreak of SARS-CoV-2. 

 

Figure 2: Pandemic outbreak timeline  
Timeline of the outbreak of SARS-CoV-2, highlighting key events throughout the beginning 
of 2020. Reprinted by permission from Springer Nature Customer Service Centre GmbH: 
Springer Nature Reviews Microbiology (Characteristics of SARS-CoV-2 and COVID-19, Ben 
Hu et al. 8), © (2020). 
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1.1.2. COVID-19 Transmission and Symptoms 

COVID-19 disease is transmitted from person to person primarily by droplets and 

aerosols, the latter of which can penetrate deep into the lungs13-16. Infection occurs at 

the entry points of the human airway system17,18, after which the virus quickly 

multiples and spreads throughout the body. Symptoms occur roughly 5 days after 

initial infection19. In contrast, viral loads are reported to already peak 1-3 days before 

symptom onset, which can lead to people spreading the disease before developing 

symptoms20,21. This was a major contributing factor to the rapid spread of  

COVID-1921,22.  

Symptoms of COVID-19 are diverse but the three most common symptoms are cough, 

fever and shortness of breath23. Less common symptoms include diarrhoea, myalgia 

and headache23-25, although anosmia and dysguesia (loss of smell and taste) are also 

reported in some individuals23,26-28. A significant fraction of infected individuals 

remain asymptomatic, although estimates of the proportion of this group vary with 

reports ranging from 4% to 31%23,29-31. Spread of COVID-19 happens independently 

of symptoms, making asymptomatic infections especially critical for containment of 

the pandemic29. Severe symptoms commonly seen in hospitalized patients may 

include hypoxemia and lymphopenia leading to acute respiratory distress syndrome, 

requiring invasive ventilation in severe cases, potentially resulting in multiple organ 

failure and death25,32,33.  

Disease severity strongly varies between different groups of individuals. 

Immunocompromised individuals such as organ transplant recipients34, 

haemodialysis or cancer patients35,36 are particularly severely affected, which makes 

them an at-risk group during the pandemic. Increasing age is considered a strong risk 

factor for severe COVID-19 disease, so the elderly population in general is another at-

risk group, where notably males are more commonly hospitalized37. In constrast, 

children are less often infected, develop symptoms less frequently and have milder 

disease course38-40. Overall, COVID-19 had a world-wide fatality rate of roughly 2.3% 

in 2020 (calculated using data provided by WHO10), however fatality rates are 

increased with age and reach 4.6% at age 75 and 15% at age 85 according to a large 

meta study41. 
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The changing of predominant virus variants, which is discussed at a later point in this 

thesis, has also had an influence on symptoms of COVID-19. During the Alpha and 

Delta variant infection waves, COVID-19 infections were more often associated with 

anosmia and dysguesia compared to before42,43 and the following Omicron variant 

had a higher prevalence of sore throat and hoarse voice, while anosmia and dysguesia 

were much more uncommon again42,44,45. 

It must be noted, that a small percentage of infected individuals develop a long-

lasting disease stage characterized among other symptoms by general fatigue, 

shortness of breath and decreased cognitive status46. This prolonged affliction, which 

is often summarized under the term “long COVID” is difficult to define clinically, 

since symptoms are variable and very general and therefore difficult to attribute 

specifically to COVID-1947. More research on this topic is needed to identify causes 

and biomarkers for diagnosis48, however in this thesis, COVID-19 infection and 

disease progression is discussed in the context of the acute infection and immunity 

and not in the context of “long COVID”. 

 

1.1.3. SARS-CoV-2 Structure and Life Cycle 

SARS-CoV-2 is a coronavirus of the genus betacoronavirus subgenus sarbecovirus9. 

The virus particle of SARS-CoV-2 is schematically depicted in Figure 3 and is made 

up of a lipid membrane containing three membrane-bound proteins (Spike, Envelope 

and Membrane). Of these, the Spike Protein forms trimers and is crucial to viral cell 

entry, while the Envelope and Membrane proteins are thought to play a role in virus 

particle assembly49,50. The Nucleocapsid protein is located within the membrane and 

stabilizes the single-stranded, linear RNA genome within the virus particle. 

Additionally, the genome encodes for two large polyproteins, which are 

proteolytically processed into 16 proteins, relevant for virus replication51. Several 

other non-structural proteins are encoded interlaced with the other open reading 

frames on the SARS-CoV-2 genome51. 
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Figure 3: SARS-CoV-2 virus particle  
Schematic illustration of the SARS-CoV-2 virus particle with all proteins contained in the virus 
particle highlighted. Open reading frames in the SARS-CoV-2 RNA genome are shown below. 
Virus schematic adapted by permission from Springer Nature Customer Service Centre 
GmbH: Springer Nature Reviews Microbiology (SARS-CoV-2 pathogenesis, Mart M. Lamers 
et al.52), © (2022) and genome illustration adapted from Zhou et al.2. 

 

Figure 4 is an illustration of the life virus cycle of SARS-CoV-2. The virus particle is 

able to latch onto human cells via the interaction of the trimeric Spike protein and the 

human ACE2 receptor54,55. The Spike protein is subsequently activated by protease 

cleavage via human serine protease TMPRSS2 at the S2 region56, which then mediates 

fusion of the virus particle with the host cell membrane. In humans, ACE2 and 

TMPRSS2 are co-expressed in nasal and bronchial epithelial cells, making these cell 

types the primary target of viral entry into the host, thus causing predominance of 

infection at entry points of the airway system and droplet spread of SARS-CoV-257,58. 

The proteases Furin and Capthepsin L have also been associated with SARS-CoV-2 

cell entry, the latter in an alternate entry pathway via endosomal escape59-61.  
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Figure 4: SARS-CoV-2 life cycle  
Schematic overview of the SARS-CoV-2 life cycle. Viral cell entry is followed by endosomal 
escape, viral RNA synthesis in virus replication organelles, assembly of new virus particles 
and viral egress by exocytosis. Adapted by permission from Springer Nature Customer 
Service Centre GmbH: Springer Nature Reviews Microbiology (Coronavirus biology and 
replication: implications for SARS-CoV-2, Philip V’kovski et al.53), © (2020). 

 

Upon membrane fusion, the viral protein-RNA complex is released into the host cell 

cytoplasm, where the viral RNA is translated using cap-dependent translation of the 

host. The polyproteins are subsequently processed and virus replication organelles 

are formed at the endoplasmic reticulum resulting in double membrane vesicles as 

centres for viral replication62-64. Assembly of new virus particles occurs at the 

endoplasmic reticulum-golgi intermediate compartment, where budding is 

facilitated by Spike, Membrane and Envelope proteins64. Newly formed virus 

particles egress the infected cell via lysosomes65. 
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1.2. Serology 

1.2.1. Overview of the Humoral Immune Response 

When the human immune system comes into contact with a previously not 

encountered pathogen, it raises a polyclonal set of antibodies which can with high 

avidity bind to pathogen-specific structures, also called antigens. The human immune 

response is highly individual and varies for each pathogen and antigen. Antigens can 

be parts of proteins carried by the pathogen, and although they can be linear epitopes, 

the majority of antigens that the human immune system responds to are believed to 

be folded, conformational epitopes66. Furthermore, many pathogens are highly 

glycosylated either at the protein levels or at their membrane. These glycan structures 

can also serve as antigens to the human immune system as was for example shown 

in tuberculosis67.  

An antigen is processed by professional antigen presenting cells, which then present 

it to naïve B-cells at germinal centres, such as lymph nodes68. These B-cells undergo a 

selection process which involves improving avidity towards presented antigens and 

excluding reactivity to endogenous structures68. After stimulation by immune system 

contact with their antigen, B cells differentiate into antibody-producing plasma cells 

or memory B cells, the latter representing a diverse group of long-lived B cells that 

contribute to an enhanced response upon re-exposure to the same antigen69. Each 

plasma cell specifically produces monoclonal antibodies of one of several 

immunoglobulin classes. Immunoglobulin G (IgG) constitute by far the largest 

fraction of antibodies in serum and have the strongest binding affinity to their target70. 

Besides IgG, immunoglobulin M (IgM) and immunoglobulin A (IgA) are the other 

major antibody types found in serum70. IgM is mostly produced in the early phase of 

the immune reaction and has low affinity but high avidity due to its pentameric 

structure70. While present in serum, IgA is mainly found in body secretions such as 

breast milk or sputum and functions to protect mucosal membranes70,71. One of the 

modes of action of antibodies is to directly disrupt entry of the pathogen into human 

cells by binding to and thus blocking epitopes on specific pathogen structures72. This 

activity is also called neutralization72. Only a fraction of the polyclonal antibodies 

generated upon exposure to a pathogen are neutralizing73. Antibodies in blood have 

a half-life of 1 to 4 weeks, depending on the subclass, as shown for immunoglobulin 

G (IgG)74. However, they are persistently replenished by plasma cells, resulting in a 

constant total concentration of antibodies in human blood. Antigens-specific 

antibody levels could be detected in serum for up to 50 years after a pathogen 

encounter in some cases75. While plasma cells do not proliferate, they can persist for 

long times in specialized niches in the bone marrow as memory plasma cells69. When 

the immune system re-encounters a pathogen, its response is much faster, since 
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memory plasma cells as well as memory B-cells can be re-activated68. Multiple 

exposures to the same antigens are thought to iteratively improve antibody affinity68. 

In addition to the previously described humoral immune response, the immune 

system also mounts an adaptive cellular immune response, characterized by the 

activity of T-cells. In brief, T-cells are activated by professional antigen presenting 

cells, if their T-cell receptor can bind to the presented antigen68. After activation, the 

diverse set of CD4+ helper cells fulfil multiple roles in the adaptive cellular immune 

response such as stimulating macrophage and B cell activity68. CD8+ cytotoxic cells 

can recognize and kill cells that are infected by the pathogen matching their respective 

T cell receptor68. As part of their effector function, T-cells secrete specific sets of 

cytokines, which are small peptide molecules used in cellular signalling68. Therefore, 

the presence of cytokines such as Interferon gamma can serve as a correlate for 

activity of the cellular immune response76. 

 

1.2.2. Applications of Serology 

Serology is the study of serum and other bodily fluids, usually referring to the 

identification of antibodies. In the context of this thesis, serology will explicitly refer 

to the study of pathogen-specific antibodies in human bodily fluids such as blood 

(serum and plasma) and saliva. An excellent overview of the current state and 

challenges in serology is given by Wine and colleagues77. 

Overall, the encounter with a pathogen leaves a specific "imprint" in the human 

immune system, which can be read, among other things, from the antibodies. While 

other methods of detecting infection, such as genome sequencing or detection of 

antigens in samples, are better suited for diagnosing active infection, antibodies can 

be detected long after infection and are an indirect measure of a person's immunity. 

Serological assays are scientific methods for measuring the levels of antigen-specific 

antibodies, usually in blood derivatives such as serum or plasma, but also in other 

fluids such as saliva or cerebrospinal fluid. The most commonly measured class of 

antibodies is IgG, which makes up the majority of antibodies in blood69,70. Besides, 

IgA and IgM are often measured. IgM can serve as a marker of recent infection, as its 

half-life is reduced compared to IgG70. IgA can be used as a correlate of mucosal 

protection70,71. In addition to directly measuring the presence of antibodies, another 

approach is to estimate their capacity to act as neutralizing antibodies. In such 

surrogate neutralization tests, an infection is mimicked and a particular set of 

antibodies, e.g., from serum, can be assessed for its capacity to disrupt the infection 

and thereby provide protection against the pathogen. These assays can range from 

complex systems such as models of infection in cell culture using live pathogens to 

reductionist models that rely on protein-protein interaction to mimic infection. 
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1.2.3. Multiplex Assays and xMAP Technology 

Multiplexing of antigens is to simultaneously measure reactivity from a sample 

towards a multitude of antigens. This approach is especially well suited to capturing 

the aforementioned “imprint”, which a pathogen leaves on the human immune 

system as accurately and broadly as possible.  

 

Figure 5: xMAP technology  
(a) Combination of different concentrations of three fluorescent dyes within the xMAP 
microspheres allows to distinguish a total of 500 different emission profiles and enables 
multiplexing. (b) In the FLEXMAP3D instrument system, microspheres are singled out and 
classified with a red laser, while a green laser can be used to measure fluorescence intensity 
on the surface of the bead. Figure modified and used with permission from Luminex, a 
Diasorin Company78. 
 

Figure 5 displays the principles of the xMAP technology (Luminex Corp.). Instead of 

being coated to a well surface, as is the case in classical serological enzyme-linked 

immunosorbent assay (ELISA), antigens are immobilized on xMAP magnetic 

microspheres (beads). Beads have a combination of three internal dyes at different 

concentrations in a total of 500 unique combinations, also called bead regions  

(Figure 5a). A different antigen can be immobilized on each bead region allowing a 

combination of up to 500 different antigens which can be analysed simultaneously. 

The measurement device singles out beads and determines the bead region with its 

red laser (638 nm wavelength), while detecting a signal for the bead with its green 

laser (532 nm wavelength) for which phycoerythrin is a common chromophore 

(Figure 5b).  
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Figure 6: Multiplex serological assay  
Schematic representation of a serological assay using xMAP technology. Beads with 
immobilized antigens are incubated with samples containing antibodies, reaching a steady 
state of antibodies binding to the antigens on the bead surface. Unbound antibodies are then 
washed off and a chromophore-conjugated secondary antibody is added. After washing off 
unbound secondary antibody, the fluorescence of every single bead is measured in the 
measurement device, e.g. a FLEXMAP3D instrument. The fluorescence signal of the 
chromophore is a direct correlate with the amount of antibody bound to each antigen. At least 
35 beads are counted and the median fluorescence intensity is reported per region per sample 
as the primary read-out of the assay. 

 

Figure 6 is a schematic representation of a standard protocol for a serological assay 

based on xMAP technology. The assay is performed in a 96-well format, allowing for 

high-throughput processing of samples. The modular assay setup allows to easily 

adapt protocols to change the primary readout by adding alternate secondary 

antibodies. These can be specific for any species of immunoglobulin, e.g. IgG or IgA. 

Multiplexing of serological assays allows to save processing time and costs. The bead 

format also enables to work with high sample dilutions and for serum, sample 

volumes of 5 µL are often sufficient for measurement. However, the amount of 

antigens that can be assessed simultaneously can lead to very complex data sets and 

requires careful planning for analysis and interpretation. 
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1.2.4. Coronavirus Serology Prior to the COVID-19 Pandemic 

SARS-CoV-2 and SARS-CoV-1 have moderately conserved genomes (79% sequence 

identity)79, with the Nucleocapsid (90%), Envelope (95%) and Membrane (90%) 

proteins being well conserved on an amino acid level, whereas the Spike protein is 

more divergent (76%)79. It was therefore clear that the results of research on SARS-

CoV-1 could be used as a basis for SARS-CoV-2 serology. For SARS-CoV-1, the major 

antigens were Spike and Nucleocapsid, with B- and T-Cell epitopes within these 

proteins being used to predict corresponding SARS-CoV-2 epitopes80. Most 

serological assays for SARS-CoV-1 were directed towards either the Spike or 

Nucleocapsid and detected IgG from human serum81. Both antigens exhibited similar 

levels of sensitivity and specificity and have therefore been the focus of SARS-CoV-2 

serological assay development. However, it was shown that neutralizing antibodies 

were exclusively directed towards Spike82. In contrast to the SARS-CoV-1 epidemic, 

the global pandemic for SARS-CoV-2 enabled significantly larger sample cohorts to 

become available, allowing a thorough evaluation of individual antigen performance. 

The presence of SARS-CoV-1 in the human body could most reliably be diagnosed by 

sequencing of the viral RNA from specimens of the lower respiratory tracts or 

nasopharyngeal swabs, due to viral loads increasing to detectable levels before 

seroconversion. However, sequencing methods often suffered from poor sensitivity 

and serological assays were recommended as confirmatory test in diagnosis of SARS-

CoV-16,83,84. SARS-CoV-1 patients developed IgG, IgA and IgM levels between two 

and four weeks after disease onset85,86. While IgM is generally considered to be an 

early marker for infection, it was not detected earlier than IgG or IgA for SARS-CoV-

1 and further proved to have a higher cross-reactivity due to its low affinity81,85. IgA 

and IgM titres decreased more rapidly, while IgG titres were more stable over time85. 

SARS-CoV-1 infections could therefore reliably be detected with serological assays 

for 8 months via IgG, while IgM and IgA added additional value in detecting whether 

an infection occurred recently. Figure 7 is a schematic representation of the dynamics 

of viral loads and antibody formation during a SARS-CoV-2 infection. 
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Figure 7: Detection of COVID-19  
Schematic illustration of viral load and antibody formation over COVID-19 disease course. 
Initially, infection can only be detected by the presence of SARS-CoV-2 using PCR or antigen 
testing. Antibodies can be reliably detected with serology after approximately one week, 
depending on assay sensitivity. There may be a period where either test principle is unreliable, 
depending on the course of disease and the individual immune response. Adapted from UK 
Research and Innovation87. 

 

During the SARS-CoV-1 epidemic, the WHO recommended the use of virus 

neutralization tests to eliminate cross-reactive effects and directly measure inhibition 

of virus infection84. However such assays are not widely applicable due to safety 

requirements for live virus cultures of minimum biosafety level 3, nor are they 

suitable to high-throughput screenings, due to high time and costs of cell culture. As 

a result, virus neutralization tests were considered best suited as a tool to confirm 

results and to evaluate serological assay performance84. 

In addition to the coronaviruses SARS-CoV-1 and MERS-CoV, both of which caused 

epidemics with high mortality rates but then disappeared, there are four species of 

seasonal coronaviruses that infect humans. Namely these are 229E and NL63 of the 

genus alphacoronavirus, as well as OC43 and HKU1 which like SARS-CoV-2 are 

betacoronaviruses88. All four viruses cause seasonal cold-like symptoms, with the 

majority of humans being infected at least once in their lifetime89,90. Together they are 

therefore often referred to as endemic human coronaviruses (hCoVs). The viral 

proteins of hCoVs and SARS-CoV-2 are related and have conserved stretches within 

immunodominant regions81. For the Spike protein, these stretches are mainly located 

within the S2 domain, whereas the Nucleocapsid is more conserved overall81. An 

immune response towards hCoVs may therefore confer some form of immune 

protection from SARS-CoV-2 via cross reactive antibodies and conserved epitopes, as 

was demonstrated for SARS-CoV-189,91. However, there are indications that the 

immunity to hCoVs may be short lived, as re-infections often occur 12 months after 

infection92. Therefore, the relevance of cross-protection from SARS-CoV-2 through 

hCoV-induced immunity was uncertain and an important research topic in the 

COVID-19 pandemic.   
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1.3. Emerging Topics During the COVID-19 Pandemic 

1.3.1. SARS-CoV-2 Vaccination 

Shortly after the outbreak of SARS-CoV-2, many pharmaceutical and biotechnology 

companies announced they were beginning pre-clinical development of a SARS-CoV-

2 vaccination. Within a year, and following accelerated approval of the first 

generation of vaccines in fast-track system93,94, several SARS-CoV-2 vaccinations 

became publically available. Governments and public health bodies around the world 

subsequently issued different vaccination regimens, based on clinical trial studies and 

vaccine availability. In the first half of 2021, four different vaccines were approved for 

use in Germany. These were BNT162b2, later marketed as Comirnaty by BioNTech 

Manufacturing GmbH (BNT); mRNA-1273, later marketed as Spikevax from 

Moderna Biotech Spain, S.L. (MOD); Vaxzevria from AstraZeneca AB (AZE) and 

Jcovden by Janssen-Cilag International NV (JJ)95. While other vaccines have been 

developed worldwide and some were approved for use in Germany in 2022, the 

aforementioned four vaccines together make up nearly 100% of all administered 

vaccine doses in Germany by July 1st of 202296 and are the focus of this thesis. An 

overview is also presented in Table 1. 

 Table 1: Overview of COVID-19 vaccines in Germany 

 

The COVID-19 pandemic led to the use of relatively novel vaccination methods, as 

they proved more flexible and had short development times compared to 

conventional methods97. All four vaccines utilize the Spike protein as their antigen, as 

the Spike protein receptor binding domain (RBD) is the target for the majority of 

neutralizing activity towards SARS-CoV-298. MOD and BNT are mRNA vaccines, 

while AZE and JJ are vector-based vaccines.  

Name 
(Commercial 

name)95 

Abbre-
viation 

Manu-
facturer95 

Type95 
Dosage 

(Number of 
vaccinations)97 

Licensing 
Date in 

Germany95 

% of Doses 
administered 

in Germany as 
of 01.07.202296 

BNT162b2 
(Comirnaty) 

BNT 

BioNTech 
Manufac-

turing 
GmbH 

mRNA 

 
30 µg RNA 

(2x) 
 

21.12.2020 73.8 % 

mRNA-1273 
(Spikevax) 

MOD 
Moderna 
Biotech 

Spain, S.L. 
mRNA 

 
100 µg RNA 

(2x) 
 

06.01.2021 17.1 % 

ChAdOx1-S 
(Vaxzeriva) 

AZE 
Astra- 

Zeneca AB 
Vector-
based 

5x1010 
adenovirus 

vector 
particles (2x) 

29.01.2021 7.0% 

Ad26.COV2.S 
(Jcovden) 

JJ 

Janssen-
Cilag Inter-

national 
NV 

Vector-
based 

5x1010 
adenovirus 

vector 
particles (1x) 

11.03.2021 2.0% 
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The urgent need for vaccines during the pandemic triggered to the first use of mRNA 

vaccines outside of clinical trial studies. In this approach, vaccine formulations 

contain mRNA encoding for a target antigen packaged in lipid-nanoparticles97. After 

an intramuscular injection, the mRNA is delivered to cells and subsequently uses the 

translation machinery of host cells to produce the antigen97. The mRNA contains 

modulated 5’ and 3’ untranslated regions including 3’-polyadenylation and a 5’-cap 

structure97. Furthermore, Uridines in the mRNA of MOD and BNT are replaced by 

N1-methylpseudouridine, which increases stability and improves tolerability by 

suppressing innate immune responses99-101. One of their main differences is the 

amount of mRNA in one dose, where BNT contains only 30µg, compared to 100µg for 

MOD102,103.  

Other vaccine developers decided to utilize adenovirus vectors, which have seen 

wide use in basic research and gene therapy studies104. Although vector-based 

vaccines were used during emergency situations in the Ebola outbreaks of the 

2010s105, they have never been administered as widely as during the COVID-19 

pandemic. Vector-based vaccines contain a modified adenovirus as a carrier for DNA 

encoding for the target protein97. Two vector-based SARS-CoV-2 vaccines were 

approved for usage in Germany. AZE utilizes chimpanzee adenovirus Y25, while JJ 

uses human adenovirus 2697. The vaccine delivery process is more complex than in 

mRNA vaccines. The adenovirus infects host cells, but its genome is altered to contain 

the SARS-CoV-2 Spike protein, while viral factors for genome replication are 

deleted106-108. Once inside cells, the DNA is transcribed to mRNA in the nucleus and 

subsequently SARS-CoV-2 Spike protein is translated and induced an immune 

response, likely by exposure on the plasma membrane of the cell97. 

Vaccine efficacy is the metric describing the actual protection from pathogen 

infection, conferred by vaccination. This is assessed in double-blind clinical trials and 

is an essential step in vaccine approval. For SARS-CoV-2, the WHO had set a goal of 

50% vaccine efficacy for vaccines in development, meaning that COVID-19 should be 

prevented in 50% of all vaccinated individuals109. Clinical trials of the four vaccines 

in use in Germany reported different efficacies, where the mRNA vaccines performed 

superior to vector-based vaccines, with efficacies of 94% for MOD103 and 95% for 

BNT102, while AZE had 70%110 and JJ 67%111. Of the four vaccines described, JJ is the 

only one for which the vaccination schedule of the original marketing authorization 

only requires administration of a single dose of the vaccine for complete 

immunisation111. All four vaccines were shown to be safe and rare adverse effects 

such as myocarditis were outweighed by conferred protection from COVID-19, which 

carries substantially increased risks for the same adverse events112,113.  
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By contrast to the above discussed vaccines, many vaccine developers utilised more 

conventional systems based on direct delivery of antigens114, which are proven in 

vaccines against many other pathogens115. However, they were met with limited 

success. One approach that promised straightforward and fast generation of vaccines 

was the use of attenuated, live viruses, as used in measles vaccination for example115. 

However, this approach did not lead to a vaccine approved by WHO, as of July 

2022116. Vaccines using inactivated whole virus have been developed, however while 

they saw application in some countries116, none of the developed vaccines was 

approved by the European Medicines Agency (EMA) and subsequently 

recommended for use in Germany in 202195. Subunit vaccines based on recombinant 

proteins ultimately proved successful but were slow in development, likely due to 

more complicated production and required optimisation117. Overall, vaccines that 

were not based the delivery of genetic material were by comparison slow in 

development or not widely approved by public health authorities, such as the EMA. 

Two further SARS-CoV-2 vaccines have been approved for use in Germany, as of July 

202295. Nuvaxovid (Novavax CZ a.s.) is a subunit vaccine based on SARS-CoV-2 Spike 

protein118 and COVID-19 Vaccine Valneva (Valneva Austria GmbH) is a inactivated 

virus vaccine119. Their late arrival on the market has however lead to limited use in 

Germany96 and future usage will ultimately depend on pandemic development and 

political decisions. 

Serological assays are utilised in vaccine trials, to assess the generation and duration 

of the immunological response100,101,106,120. They are well suited for monitoring and 

comparing vaccination outcomes across different vaccination regimens and between 

different population groups. While vaccine effectiveness and safety were shown in 

the clinical trial studies themselves, it was crucial to rapidly generate independent 

data on the vaccine-induced immune response to inform public health strategies. 

Throughout the pandemic the German Standing Committee on Vaccination (STIKO) 

constantly evaluated the pandemic situation and adapted their recommendations 

accordingly. For example, an additional dose of vaccine to boost declining immunity 

levels was recommended for the general population at the end of 2021121, but in the 

vaccine trials before approval, a third vaccination was never investigated.  
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In Germany, among many other countries, a risk-based priority system was 

established, in which older citizens, healthcare workers and immunocompromised 

were offered a vaccination first122. Immunocompromised individuals are particularly 

vulnerable during a pandemic because they are more susceptible to infection and 

often have more severe courses of illness36,123,124. Haemodialysis patients are often 

transplant recipients or have insufficient kidney function and belong to the group of 

immunocompromised individuals. During haemodialysis, a patient's blood is filtered 

outside their body and soluble components are largely removed to eliminate toxic 

waste products that have accumulated, for example, due to reduced kidney 

function125. Patients on haemodialysis are often poor vaccine responders and require 

adjusted vaccination regimens for many vaccine-preventable diseases126,127. 

Therefore, it is critical to monitor the SARS-CoV-2 vaccine immune response in this 

group and adjust their vaccination regimen accordingly to protect them from 

infection. 

 

1.3.2. SARS-CoV-2 Variants  

In a pandemic scenario, due to the sheer number of infections and the changing 

immunity landscape, driven for example by vaccination, a pathogen can undergo 

rapid evolution to optimize and adapt to its circumstances. While certain countries 

initially sequenced a fraction of their positive PCR samples, some countries and 

research groups sequenced significantly more and began to identify the presence of 

clusters of distinct viral strains. Genome sequences were collected in databases and 

assigned clades based on divergence, allowing to track the evolution of  

SARS-CoV-2128,129. Over the course of 2021, several major SARS-CoV-2 variants 

emerged with the first occurrence of mutations in key regions of their genome. 

Mutations in the RBD of the Spike protein were considered critical due to the use of 

this antigen in vaccines. Major variants were categorized as SARS-CoV-2 Variants of 

Concern (VoC) or Variants of Interest (VoI) by the WHO, based on worldwide spread 

and number of recorded infections130,131.  

  



  Chapter 1: Introduction 

19 

 

 

 Table 2:  SARS-CoV-2 variants of concern designated by the WHO 

*The WHO definition of Omicron represents all Omicron sub lineages, which is an as of July 2022 still 

evolving group 

An overview of variants that have been assigned VoCs over the course of the 

pandemic as of July 2022 is given in Table 2. It should be noted that the WHO 

assigned Omicron as a general label for all circulating Omicron sub-lineages. Notably, 

the VoCs all carried one or more mutations inside the RBD which re-occurred at 

several distinct amino acid positions (Figure 8a). Through accumulated mutations, 

the VoCs gained fitness advantages over other circulating variants and became 

predominant locally or globally132.  

Notable global Variants in 2021 included the Alpha and Delta variant. The Alpha 

variant was the first variant to dominate infection events worldwide and made up 

more than 90% of fully sequenced infections in Germany from March 2021 to May 

2021129,133. It carried the key mutation N501Y in the ACE2 binding interface of the 

RBD, which is associated with increased binding to ACE2134. In the first half of 2021, 

there were two more designated VoCs beside Alpha. The Beta and Gamma variant 

dominated in South Africa and Brazil, respectively, but were not successful globally. 

In addition to the N501Y mutation, they each carried two more mutations in the RBD 

at positions 417 and 484, which were associated with increased ACE2 binding and 

immune escape134,135. The previously circulating variants were displaced by the Delta 

variant in the second half of 2021, which became almost solely dominant worldwide 

and made up over 99% of fully sequenced infections in Germany from August 2021 

to December 2021129,133. The Delta variant developed a different set of mutations in 

the Spike protein compared to the previous VOCs, such as L452R, which is a mutation 

associated with increased viral shedding and infectivity136,137. A visualisation of Spike 

mutations and variant frequencies is provided in Figure 8. 

  

WHO 

label131 

Pango 

Lineage131 

Earliest 

occurrence131 

Earliest 

occurrence131 

Date 

designated 

VoC131 

Increased 

transmissibility 

compared to non 

VoC variants132 

Alpha B.1.1.7 09.2020 United Kingdom 18.12.2020 29% 

Beta B.1.351 05.2020 South Africa 18.12.2020 25% 

Gamma P.1 11.2020 Brazil 11.01.2021 38% 

Delta B.1.617.2 10.2020 India 11.05.2021 97% 

Omicron* B.1.1.529 11.2021 Multiple countries 26.11.2021 * 
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Figure 8: Overview of SARS-CoV-2 variants of concern 
(a) Defining mutations of VoC in the Spike protein compared to the original Wuhan_Hu-1 
strain. Amino acid positions and Spike subdomains are indicated in reference to Wuhan_Hu-
1 strain. (b) Relative variant frequency in Germany over the course of the pandemic is shown. 
The number of sequenced genomes of a specific variant in relation to all sequenced genomes 
in a respective periods of 14 days was calculated. Figures were generated from CoVariants 
data provided by Hodcroft and colleagues133 using source data from GISAID129. 

 

Infectivity was increased from the original Wuhan Hu1 isolate to Alpha, and from 

Alpha in turn to Delta, which enabled their global spread over competing variants132. 

Compared to infections with the original Wuhan Hu1 isolate, infections with VoCs 

were associated with higher risks of hospitalisation and death138,139. These effects 

were, however, mitigated by vaccination in countries where vaccination campaigns 

could be rolled out quickly in 2021. A significant amount of breakthrough infections 

occurred with VoCs in individuals convalescing after previous infections and in 

vaccinated individuals, indicating immune escape properties of SARS-CoV-2  

VoCs140-142. It was therefore crucial to generate data on immune response towards 

VoCs rapidly. 
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2022 saw the rise of the Omicron VoC, which quickly replaced Delta as the globally 

dominant SARS-CoV-2 variant. Several sub lineages have developed during this 

wave of infection, which is still ongoing as of July 2022143,144. The Omicron infection 

wave started out with the BA.1 sub lineage, followed by BA.2. As of July 2022, there 

are three major circulating Omicron sub lineages (BA.4, BA.5, and BA.2.12.1) and it is 

not quite clear which will prevail, although it appears that BA.5 is developing into 

the major variant133. While previous VoCs had few mutations, Omicron BA.1 had 

developed an unprecedented number of mutations in the spike protein (Figure 8a). 

Despite a vaccine coverage of around 70 % by the end of 2021 in Germany96, 18 million 

infections have been recorded between February and July of 2022, which means 

roughly one fifth of the population have been infected with an Omicron sub lineage 

over the span of 6 months10. This indicates significant immune escape from vaccine-

elicited immunity by the Omicron sub lineages. The increase in incidences was 

unprecedented within the pandemic so far. Many people, who had been infected in 

2020 or 2021 were reinfected with Omicron VoC in 2022140,145. At the same time disease 

severity was strongly reduced, especially in vaccinated individuals, even though the 

vaccines were all directed towards the Wuhan Hu-1 Spike protein146. The Omicron 

sub lineages therefore present a major change in the SARS-CoV-2 pandemic and 

understanding alterations of the immune response towards them is essential for 

adjustment of vaccines as well as public health and political decisions. 

As of July 2022, more than 500 million infections with SARS-CoV-2 have been 

recorded worldwide and the total number of deaths associated with SARS-CoV-2 is 

estimated to be above 6 million10. The true costs of the COVID-19 pandemic in 

damages to the socioeconomic landscape cannot be estimated. 
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This thesis aims to develop a multiplex serological assay for SARS-CoV-2, the 

causative agent for COVID-19 and apply it to generate scientific evidence to 

accompany the real-world pandemic situation and support critical decisions for 

public health and socioeconomics.  

In a first step, we evaluated candidate SARS-CoV-2 antigens and set a core antigen 

panel. We subsequently established a system to classify SARS-CoV-2 infection in 

serum and plasma samples with high clinical sensitivity and specificity.  

In addition, we investigated whether cross-reactivity to endemic human 

coronaviruses (hCoVs) is a relevant factor in SARS-CoV-2 immunity and hence 

extended our antigen panel to include antigens from all four known hCoVs.  

Next, we used our assay to assess why SARS-CoV-2 infection in children was less 

common and more often associated with a milder course of disease, by comparing 

the humoral immune response after infection in children and adults within a multi-

centric cohort study. 

The development of vaccines was a key step towards managing infections and 

stabilizing health infrastructure in the COVID-19 pandemic. We compared different 

vaccination regimens in a large population-based cohort and investigated the kinetics 

of the associated humoral immune response, with the aim of providing evidence for 

health authorities to evaluate and adjust vaccination recommendations. 

Immunocompromised patients, such as patients on haemodialysis are an at-risk 

group in a pandemic setting. We accompanied a cohort of patients on haemodialysis 

at multiple time points throughout the pandemic and assessed whether they 

responded to the vaccines and whether they required an adjusted vaccination 

regimen compared to healthy individuals. 

The evolution of SARS-CoV-2 over the course of the pandemic has led to emergence 

of several virus variants with mutations in key antigens. We therefore iteratively 

expanded our assay to include variant-specific antigens to be able to generate data 

relevant to the real-world situation. Shortly after the first SARS-CoV-2 variants of 

concern (VoCs) emerged, we analysed whether VoCs were able to evade the vaccine 

induced immune response. Most recently, the emergence of the Omicron variant has 

led to an unprecedented number of vaccine breakthrough infections. In order to better 

understand this shift in the pandemic landscape and to inform future development 

of vaccines, we investigated its immune escape potential and compared it to the 

previously circulating variants. 
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reprinted in Appendix I-VIII. 

The content of this chapter is based the following publications: 

 

1. Matthias Becker*, Monika Strengert*, Daniel Junker, Philipp D. Kaiser, Tobias 

Kerrinnes, Bjoern Traenkle, Heiko Dinter, Julia Häring, Stéphane Ghozzi, Anne Zeck, 

Frank Weise, Andreas Peter, Sebastian Hörber, Simon Fink, Felix Ruoff, Alex Dulovic, 

Tamam Bakchoul, Armin Baillot, Stefan Lohse, Markus Cornberg, Thomas Illig, Jens 

Gottlieb, Sigrun Smola, André Karch, Klaus Berger, Hans-Georg Rammensee, Katja 

Schenke-Layland, Annika Nelde, Melanie Märklin, Jonas S. Heitmann, Juliane S. Walz, 

Markus Templin, Thomas O. Joos, Ulrich Rothbauer, Gérard Krause & Nicole 

Schneiderhan-Marra, Exploring beyond clinical routine SARS-CoV-2 serology using 

MultiCoV-Ab to evaluate endemic coronavirus cross-reactivity, Nature 

Communications, https://doi.org/10.1038/s41467-021-20973-3 

 

2. Matthias Becker*, Alex Dulovic*, Daniel Junker, Natalia Ruetalo, Philipp D. Kaiser, 

Yudi T. Pinilla, Constanze Heinzel, Julia Haering, Bjoern Traenkle, Teresa R. Wagner, 

Mirjam Layer, Martin Mehrlaender, Valbona Mirakaj, Jana Held, Hannes Planatscher, 

Katja Schenke-Layland, Gérard Krause, Monika Strengert, Tamam Bakchoul, Karina 

Althaus, Rolf Fendel, Andrea Kreidenweiss, Michael Koeppen, Ulrich Rothbauer, 

Michael Schindler & Nicole Schneiderhan-Marra, Immune response to SARS-CoV-2 

variants of concern in vaccinated individuals, Nature Communications, 

https://doi.org/10.1038/s41467-021-23473-6 

 

3. Hanna Renk*, Alex Dulovic*, Alina Seidel*, Matthias Becker, Dorit Fabricius, Maria 

Zernickel, Daniel Junker, Rüdiger Groß, Janis Müller, Alexander Hilger, Sebastian F. N. 

Bode, Linus Fritsch, Pauline Frieh, Anneke Haddad, Tessa Görne, Jonathan Remppis, 

Tina Ganzemueller, Andrea Dietz, Daniela Huzly, Hartmut Hengel, Klaus Kaier, 

Susanne Weber, Eva-Maria Jacobsen, Philipp D. Kaiser, Bjoern Traenkle, Ulrich 

Rothbauer, Maximilian Stich, Burkhard Tönshoff, Georg F. Hoffmann, Barbara Müller, 

Carolin Ludwig, Bernd Jahrsdörfer, Hubert Schrezenmeier, Andreas Peter, Sebastian 

Hörber, Thomas Iftner, Jan Münch, Thomas Stamminger, Hans-Jürgen Groß, Martin 

Wolkewitz, Corinna Engel, Weimin Liu, Marta Rizzi, Beatrice H. Hahn, Philipp 

Henneke, Axel R. Franz, Klaus-Michael Debatin, Nicole Schneiderhan-Marra, Ales Janda 

& Roland Elling, Robust and durable serological response following pediatric SARS-

CoV-2 infection, Nature Communications, https://doi.org/10.1038/s41467-021-27595-9 

 

4. Alex Dulovic*, Barbora Kessel*, Manuela Harries*, Matthias Becker, Julia Ortmann, 

Johanna Griesbaum, Jennifer Jüngling, Daniel Junker, Pilar Hernandez, Daniela Gornyk, 

Stephan Glöckner, Vanessa Melhorn, Stefanie Castell, Jana-Kristin Heise, Yvonne 

Kemmling, Torsten Tonn, Kerstin Frank, Thomas Illig, Norman Klopp, Neha Warikoo, 

Angelika Rath, Christina Suckel, Anne Ulrike Marzian, Nicole Grupe, Philipp D. Kaiser, 

Bjoern Traenkle, Ulrich Rothbauer, Tobias Kerrinnes, Gérard Krause, Berit Lange, Nicole 

Schneiderhan-Marra & Monika Strengert, Comparative Magnitude and Persistence of 

Humoral SARS-CoV-2 Vaccination Responses in the Adult population in Germany, 

Frontiers in Immunology, https://doi.org/10.3389/fimmu.2022.828053 

  

https://doi.org/10.1038/s41467-021-20973-3
https://doi.org/10.1038/s41467-021-23473-6
https://doi.org/10.1038/s41467-021-27595-9
https://doi.org/10.3389/fimmu.2022.828053


  Chapter 3: Results and Discussion 

30 

 

 

 

5. Daniel Junker*, Matthias Becker*, Teresa R. Wagner*, Philipp D. Kaiser, Sandra Maier, 

Tanja M. Grimm, Johanna Griesbaum, Patrick Marsall, Jens Gruber, Bjoern Traenkle, 

Constanze Heinzel, Yudi T. Pinilla, Jana Held, Rolf Fendel, Andrea Kreidenweiss, 

Annika Nelde, Yacine Maringer, Sarah Schroeder, Juliane S. Walz, Karina Althaus, 

Gunalp Uzun, Marco Mikus, Tamam Bakchoul, Katja Schenke-Layland, Stefanie Bunk, 

Helene Haeberle, Siri Göpel, Michael Bitzer, Hanna Renk, Jonathan Remppis, Corinna 

Engel, Axel R. Franz, Manuela Harries, Barbora Kessel, Berit Lange, Monika Strengert, 

Gerard Krause, Anne Zeck, Ulrich Rothbauer & Alex Dulovic, Antibody binding and 

ACE2 binding inhibition is significantly reduced for both the BA.1 and BA.2 omicron 

variants, Clinical Infectious Diseases, https://doi.org/10.1093/cid/ciac498 

 

6. Monika Strengert*, Matthias Becker*, Gema Morillas Ramos*, Alex Dulovic, Jens 

Gruber, Jennifer Juengling, Karsten Lürken, Andrea Beigel, Eike Wrenger, Gerhard 

Lonnemann, Anne Cossmann, Metodi V. Stankov, Alexandra Dopfer-Jablonka, Philipp 

D. Kaiser, Bjoern Traenkle, Ulrich Rothbauer, Gérard Krause, Nicole Schneiderhan-

Marra & Georg M.N. Behrens, Cellular and humoral immunogenicity of a SARS-CoV-

2 mRNA vaccine in patients on haemodialysis, eBioMedicine, 

https://doi.org/10.1016/j.ebiom.2021.103524 

 

7. Alex Dulovic*, Monika Strengert*, Gema Morillas Ramos*, Matthias Becker, Johanna 

Griesbaum, Daniel Junker, Karsten Lürken, Andrea Beigel, Eike Wrenger, Gerhard 

Lonnemann, Anne Cossmann, Metodi V. Stankov, Alexandra Dopfer-Jablonka, Philipp 

D. Kaiser, Bjoern Traenkle, Ulrich Rothbauer, Gérard Krause, Nicole Schneiderhan-

Marra & Georg M.N. Behrens, Diminishing Immune Responses against Variants of 

Concern in Dialysis Patients 4 Months after SARS-CoV-2 mRNA Vaccination, 

Emerging Infectious Diseases, https://doi.org/10.3201/eid2804.211907 

 

8. Matthias Becker*, Anne Cossmann*, Karsten Lürken, Daniel Junker, Jens Gruber, 

Jennifer Juengling, Gema Morillas Ramos, Andrea Beigel, Eike Wrenger, Gerhard 

Lonnemann, Metodi V. Stankov, Alexandra Dopfer-Jablonka, Philipp D. Kaiser, Bjoern 

Traenkle, Ulrich Rothbauer, Gérard Krause, Nicole Schneiderhan-Marra, Monika 

Strengert, Alex Dulovic & Georg M.N. Behrens, Longitudinal cellular and humoral 

immune responses after triple BNT162b2 and fourth full-dose mRNA-1273 

vaccination in haemodialysis patients, Frontiers in Immunology, 

https://doi.org/10.3389/fimmu.2022.1004045 

 

  

https://doi.org/10.1093/cid/ciac498
https://doi.org/10.1016/j.ebiom.2021.103524
https://doi.org/10.3201/eid2804.211907
https://doi.org/10.3389/fimmu.2022.1004045


  Chapter 3: Results and Discussion 

31 

 

3.1. Development of MULTICOV-AB 

3.1.1. Purpose and Development of the Assay 

In early 2020, prior to first confirmed cases being detected in Europe, we began the 

development of a SARS-CoV-2 serological immunoassay utilizing highly sensitive 

Luminex xMAP technology, which we later named MULTICOV-AB. The purpose of 

MULTICOV-AB initially was to assess human serum for antibody binding to multiple 

SARS-CoV-2 antigens, thereby providing a broad overview of the humoral immune 

response in infected individuals. 

As part of the development process for MULTICOV-AB, we evaluated the 

performance of several antigens, spanning the range of proteins found in SARS-CoV-

2. Using a set of infected samples, we initially assessed whether we could detect 

binding of IgG, IgA or IgM towards the antigens. We excluded proteins based on 

SARS-CoV-2 Envelope and Matrix proteins, as we could not detect a specific antibody 

response. Therefore, we focussed on different constructs of SARS-CoV-2 Spike and 

Nucleocapsid for further development. These antigens are detailed in Figure 9 and 

were used as the SARS-CoV-2 core panel of MULTICOV-AB throughout all studies 

described in this thesis. In addition, we excluded detection of antigen specific IgM, as 

we observed high background levels in serum samples from uninfected individuals. 

 

Figure 9: MULTICOV-AB SARS-CoV-2 antigen panel  
Sequences of the MULTICOV-AB core antigen panel for SARS-CoV-2 are schematically 
displayed. Spike-based antigens are shown in reference to the original Whuan-Hu1 sequence 
(above) and divergences are annotated. Sequences are shown from N-terminus (left) to C-
terminus (right). Positions and domains are drawn to scale. 
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Commercial vendors quickly developed SARS-CoV-2 serological assays on 

established high-throughput platforms. However, these assays were optimized for 

clinical routine laboratories and mostly focussed on single antigens only147,148. Most 

commonly, single-antigen assays utilized constructs of Spike protein for detection of 

SARS-CoV-2 specific antibodies, but in some cases Nucleocapsid was also used as the 

antigen, which is in line with our initial assessment of suitable antigens. Other groups 

also developed serological assays for SARS-CoV-2 research, which also 

simultaneously assess IgG levels to multiple SARS-CoV-2 antigens using Luminex 

xMAP technology, but also alternate methods, such as a spotted 

electrochemiluminescence ELISA or proteome microarrays149-153.  

 

3.1.2. Clinical Assay Validation 

Following the initial development cycle, we screened a large set of serum and plasma 

samples from 310 infected and 866 uninfected individuals, as described in Becker & 

Strengert et al. (Appendix I). From our pre-selected set of antigens, Spike Trimer and 

RBD stood out in their ability to distinguish infected from uninfected individuals as 

displayed in Figure 10a. The Spike Trimer is a construct spanning the entire 

ectodomain of the Spike protein, which mimics the virus Spike proteins natural 

trimerization with an inserted C-terminal T4 trimerization-domain. It contains 

stabilizing mutations in the S2 region and additionally the polybasic cleavage site, 

where virus Spike protein is naturally cleaved to initiate viral fusion is deleted (see 

Figure 9). The RBD utilized construct spans only the Receptor Binding Domain of the 

Spike protein, which enables to isolate the faction of antibodies directed towards the 

primary attachment site for SARS-COV-2 on human cells. These antigens were 

previously described for their excellent performance in ELISA154. We were able to 

achieve a greatly improved specificity for our assay by integrating the information 

from both antigens into a combined cut-off for sample classification (Becker & 

Strengert et al., Appendix I: Figure 2a). Through combining IgG and IgA detection, 

we could achieve a sensitivity and specificity of 90 and 100% respectively (Becker & 

Strengert et al., Appendix I: Figure 2b, Table 3). Additionally, we compared 

MULTICOV-AB performance to a selection of widely-used commercial 

immunoassays for a subset of 205 infected and 72 uninfected samples. MULTICOV-

AB had improved sensitivity over all assays as shown in Figure 10b and Becker & 

Strengert et al. (Appendix I: Table 1, Supplementary Figure 3). The determined cut-

off for IgG was used to define samples as seropositive to determine seroconversion 

events in infected or vaccinated individuals in following studies. 
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Figure 10: MULTICOV-AB, a sensitive and specific tool to monitor SARS-CoV-2 antibody 
responses  
Control sera (grey, n = 72) and sera from individuals with PCR-confirmed SARS-CoV-2 
infection (red, n = 205) were screened with MULTICOV-AB and commercially available single 
analyte SARS-CoV-2 IVD assays. (a) Reactivity towards Spike Trimer or RBD were found to 
be the best predictors of SARS-CoV-2 infection. Data are presented as Box-Whisker plots of a 
sample’s MFI on a logarithmic scale. Box represents the median and the 25th and 75th 
percentiles, whiskers show the largest and smallest values. Outliers as determined by 1.5 times 
IQR of log-transformed data are depicted as circles. Cut-off values for classification for single 
antigens are displayed as horizontal lines (Spike Trimer IgG: 3,000 MFI, IgA: 400 MFI; RBD 
IgG: 450 MFI, IgA: 250 MFI). (b) Comparison of assay performance between MULTICOV-AB 
and commercial assays which detect total Ig (Elecsys Anti-SARS-CoV-2 (Roche); ADVIA 
Centaur SARS-CoV-2 Total (COV2T) (Siemens Healthineers)) or IgG (Anti-SARS-CoV-2-
ELISA - IgG (Euroimmun)) or IgA (Anti-SARS-CoV-2-ELISA - IgA (Euroimmun)). SARS-CoV-
2 infection status of samples based on PCR diagnostic is indicated as SARS-CoV-2 positive or 
negative. Results were classified as negative (grey), positive (red), or borderline (light red) as 
per the manufacturer’s definition. Only samples with divergent antibody test results are 
shown. Figure adapted from Becker & Strengert et al. (Appendix I: Figure 1). 
 

Classification with MULTICOV-AB was optimized for specificity so as to avoid false-

positive results more than false-negative. Serology aims to detect antibodies, which 

inherently imply immune protection or reactivity of the immune system and it is 

therefore crucial to avoid falsely attributing immune protection to individuals, who 

may be insufficiently protected. This is in contrast to methods for detection of the 

virus itself such a PCR, where the cut-offs are optimized towards sensitivity, as the 

aim is to detect and prevent the spread of infection. Since PCR status was used as 

gold standard for whether a person was infected or not, this difference in assay cut-

off optimisation can also explain why we were unable to reach a specificity of over 

90%, which was in line with studies reporting that up 10% of SARS-CoV-2 positive 

individuals do not develop measureable antibody levels149,155. Other research groups 

taking similar approaches to develop SARS-CoV-2 serological assays reached 

comparable assay performances149,151. 
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An intriguing point was the superior performance of Spike antigens over 

Nucleocapsid (Becker & Strengert et al., Appendix I: Supplementary Figure 4). An 

early study comparing serological assays reported, that combinatory use of antigens 

may improve assay performance, since some individuals showed a better reaction in 

Nucleocapsid based assays147. While samples from infected individuals showed high 

signals for SARS-CoV-2 Nucleocapsid in our study, we also found high signals in a 

significant proportion of pre-pandemic samples, which can be attributed to cross-

reactive antibodies. We therefore had to exclude the Nucleocapsid from our 

classification in order to avoid false-positive results. Other groups were in agreement 

with our findings that Spike antigens perform superior to Nucleocapsid for tracking 

of SARS-CoV-2 infections150,152,156, while others showed that detecting antibodies 

against Nucleocapsid was more specific157. Among the commercial assays we 

compared in our study, the best performing assay was based on Nucleocapsid instead 

of a Spike construct, however, it utilized a different means of antibody detection. In 

that assay, serum antibodies bridge between two Nucleocapsid proteins, one of which 

is bound to a bead and the other is bound to a fluorophore, thereby also being not 

selective for antibody classes158. Because the antibody must facilitate two binding 

events to the Nucleocapsid, this assay better filters out low-affinity binders compared 

to the classical detection with a secondary, species-specific antibody used in 

MULTICOV-AB. However, this bridging approach is less suitable for multiplexing 

because with a higher number of antigens, cross-reactivities of nonspecific binders 

become more likely and in addition it requires fluorophore-labelled antigens, driving 

the assay costs. Overall this demonstrates that the performance of antigens heavily 

depends on the specific assay setup. 

 

3.1.3. Technical Assay Validation 

As part of the technical assay validation, we established quality control (QC) samples 

to be processed with every assay run in order to track performance. MULTICOV-AB 

was validated in a fit-for-purpose approach, which oriented itself on guidelines given 

by the EMA159 and United States Food and Drug Administration (FDA)160. We 

assessed intra-assay variance, inter-assay variance, limit of detection, parallelism and 

matrix effects from serum or plasma samples as described in Becker & Strengert et al. 

(Appendix I). Overall the assay proved to deliver reliable results for IgG and IgA 

detection in serum and plasma samples with coefficients of variation (%CV) values 

of no larger than 8.5 % for SARS-CoV-2 antigens intra- or inter-assay variance (Becker 

& Strengert et al., Appendix I: Supplementary Figure 2, Supplementary Table 1). 

Reagent stability was not shown for prolonged periods, which is being addressed by 

current efforts for an extended validation. 
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3.1.4. Adaption of MULTICOV-AB During the COVID-19 

Pandemic 

In response to an evolving pandemic, MULTICOV-AB was also continually 

developed and adapted as show in Figure 11. In a rapidly changing landscape of 

vaccination recommendations and emerging virus variants, there was an urgent need 

for feedback from the scientific community to inform policy decisions.  

 

 

 

Figure 11: MULTICOV-AB adaption and key studies throughout the COVID-19 pandemic  
A timeline of pandemic events for vaccination policies in Germany and SARS-CoV-2 VoCs is 
shown on top. Infection waves and numbers of cases per week are indicated for Germany. 
MULTICOV-AB assay development and adaption, as well as key studies are shown below. 
For studies and assay adaptions the first date of publication in preprint was used. Data for 
weekly cases in Germany was collected by WHO10. 
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Through the flexibility of the multiplex technology we were able to rapidly adapt our 

antigen repertoire for MULTICOV-AB to include Spike and RBD constructs of SARS-

CoV-2 VoCs and VoIs as they arose throughout the pandemic. For example, VoCs 

were first addressed by WHO in mid-December 2020, and we were able to publish 

data on changes in the immune response to them just three months later (Becker & 

Dulovic et al., Appendix II), delivering critical data which was used in official WHO 

reports161. For Delta and Omicron VoCs, we were already able to publish results at 

the beginning of the infection waves in Germany (Dulovic, Strengert & Morillas 

Ramos et al., Appendix VII; Junker, Becker & Wagner et al., Appendix V). We took 

advantage of the broad antigen spectrum of MULTICOV-AB to conduct a number of 

studies on topical issues during the pandemic, such as comparative analysis of 

vaccine regimens (Dulovic, Kessel & Harries et al., Appendix IV), changes in the 

SARS-CoV-2 immune response in children compared to adults (Renk, Dulovic & 

Seidel et al., Appendix III), and longevity of the vaccine-induced immune response 

in dialysis patients (Strengert, Becker & Morillas Ramos et al., Appendix VI; Dulovic, 

Strengert & Morillas Ramos et al., Appendix VII; Becker & Cossmann et al., 

Appendix VIII). Our findings in these studies are discussed in the following sections. 

In addition, we established semi-automated high-throughput measurements in 384-

well format using a pipetting robot (Renk, Dulovic & Seidel et al., Appendix III: 

Methods section) and adapted our protocol for measuring IgG in saliva samples, 

which provides insights into the humoral immune response in the first line of defence 

against infection (Becker & Dulovic et al., Appendix II: Figure 2). 

For future developments, the usage of dried blood spots as samples would enable the 

use of MULTICOV-AB in a broader range of studies, as was demonstrated for SARS-

CoV-2 in multiple studies150,162. Dried blood spots have the advantage that no invasive 

venipuncture is required and sample collection is less skill and labour intensive163. 

Furthermore, building on MULTICOV-AB, we have developed an assay to measure 

surrogate neutralization for SARS-CoV-2 using the same RBD constructs as in 

MULTICOV-AB164.  
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3.2. Humoral Immune Response to SARS-CoV-2 

3.2.1. Distinguishing Vaccination from Natural Infection 

Distinguishing between the humoral responses generated vaccination or infection 

was important to assess the performance of different vaccines. Moreover, it was 

crucial for use in epidemiological studies to understand the true infection rate by 

detecting unnoticed seroconversions, since in a significant proportion of individuals 

the disease is either asymptomatic or even completely undetected22,41,165. This 

differentiation was not possible with the majority commercial available antibody 

assays that used the Spike protein (or parts of it) as their single analyte. Our 

multiplex-based platform allowed the inclusion of a wide variety of antigens, 

enabling distinction between individuals with a vaccine-induced immune response 

and those that had been infected by SARS-CoV-2. We could show that only in an 

infection, a humoral immune response towards SARS-CoV-2 Nucleocapsid occurs, 

whereas it is absent in BNT vaccinated individuals as shown in Figure 12. We were 

later able to confirm the absence of a Nucleocapsid response for MOD, AZE and JJ 

vaccines as well (Dulovic, Kessel & Harries et al., Appendix IV). This was expected, 

as the in 2021 available COVID-19 vaccines in Germany were all formulated against 

the Spike protein only and do not contain any other parts of the virus. Due to the 

multiplex design of our assay, these data can all be collected at once from the same 

well, allowing for higher throughput and more comparable results in contrast to 

corresponding data from conventional ELISA formats.   

  

Figure 12: Distinguishing between vaccinated and infected donors  
IgG response in sera from BNT162b2 vaccinated (pre second vaccination (light blue, n = 25), 
post second vaccination (dark blue, n = 20)), infected (red) (n =35), and negative (grey) (n = 20) 
individuals were measured with MULTICOV-AB. IgG response is shown as normalized MFI 
for RBD (Wuhan strain) versus normalized Nucleocapsid MFI values allowing for 
visualization of separation between the different groups. Figure adapted from Becker & 
Dulovic et al. (Appendix II: Figure 1). 
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3.2.2. The Unique SARS-CoV-2 Immune Response of Children 

Through the early stages of the pandemic, study cohorts and testing strategy were 

targeted almost exclusively towards adults. As a result, it meant that there was very 

little understanding of the immune response following infection in children. As part 

of a multicentre study with the children’s hospitals of Freiburg, Tübingen, Ulm and 

Heidelberg, we analysed the specific humoral response in a large longitudinal cohort 

of 548 children and 717 adults for up to a year post-infection (Renk, Dulovic & Seidel 

et al., Appendix III). Key to this study was the recruitment of all members of the same 

household, allowing for differences in humoral response, symptoms experienced and 

disease progression to be evaluated between individuals with comparable exposure 

risk. Children had a significantly lower seroprevalence compared to adults, with the 

majority of infections also being asymptomatic. This pattern of increased 

asymptomatic infections with lower age is in line with other studies40,166. However, 

SARS-CoV-2-specific IgG titres for Spike Trimer, S1, RBD and Nucleocapsid were all 

significantly increased in children as shown in Figure 13. Interestingly, titres 

themselves were not associated with symptomatic course of disease in exposed 

individuals overall, but we identified dysguesia as the best indicator of seropositivity 

in adults and children. These findings pointed towards children, whilst often having 

asymptomatic courses of disease, being better protected against SARS-CoV-2 than 

adults and might explain why COVID-19 affects the adult population much more 

heavily.  

 

Figure 13: Children have a significantly higher humoral response to SARS-CoV-2 than 
adults  
The humoral response generated following SARS-CoV-2 household exposure with 
seroconversion was examined using MULTICOV-AB. Children (orange, n = 181) produced 
significantly more antibodies against the Spike ((a) p = 6.00 x 10−6), Receptor Binding Domain 
(RBD) ((b) p = 2.86 x 10−6), S1 domain ((c) p = 3.00 x 10−14) and Nucleocapsid ((d) p = 1.76 x 
10−2) than adults (blue, n = 414). Only samples from study time point 1 with a seropositive 
status are shown. Box and whisker plots with the box representing the median, 25th and 75th 
percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were 
identified using upper/lower quartile ±1.5 times IQR. Statistical significance was calculated 
using Mann–Whitney-U (two-sided) with significance defined as being *<0.05, ***<0.001. 
Figure adapted from Renk, Dulovic & Seidel et al. (Appendix III: Figure 1). 
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This study was the first to associate the often milder symptoms in children with an 

improved humoral immune response and was included as part of the CDC report on 

COVID167. It occurred during the period of prolonged school closures within 

Germany and demonstrated clearly that using symptoms to identify potential 

infections was unreliable within children. At the time of publication on a pre-print 

server, debates as to whether or not to vaccinate children were ongoing and our 

results were featured in the eventual scientific justification of vaccination in children 

between ages 12 and 17 in Germany168. In agreement of our findings, other studies 

were also able to show a higher and more stable antibody response in children 

compared to adults169,170. Vaccination of children under 12 years of age has only 

recently been recommended by STIKO in Germany, but for the time being only with 

a single dose171. It will therefore be important to monitor the extent and stability of 

the induced humoral immune response in children after vaccination and inform 

further recommendations. 

 

3.2.3. The Vaccine-Induced Humoral Immune Response 

Following the licencing of SARS-CoV-2 vaccinations within the EU, distribution 

began in the last few weeks of 2020. Initial studies, all provided by the manufacturers 

themselves, identified strong efficacy102,103,110. As antibody levels have been shown to 

correlate well with immunity for SARS-CoV-2172,173, we independently investigated 

the humoral response following BNT two-dose vaccination. We identified that the 

BNT mRNA vaccine induced a humoral immune response to Spike protein on par or 

even stronger than infection (Becker & Dulovic et al., Appendix II). Due to vaccine 

shortage, it was politically debated whether to perform a single dose vaccination in a 

broader population instead of prioritizing completing vaccinations. Importantly, we 

demonstrated that a second dose of vaccine significantly boosted serum IgG as well 

as IgA antibody levels (Becker & Dulovic et al., Appendix II: Figure 1c-d) and was 

furthermore required to raise neutralizing antibodies towards SARS-CoV-2 in a virus 

neutralization test, as well as our surrogate neutralization assay (Becker & Dulovic et 

al., Appendix II: Figure 4).  

Later in 2021, as part of the Germany-wide SARS-CoV-2 seroprevalence survey 

MuSPAD174, we compared different vaccine regimens and their outcome on the 

humoral immune response (Dulovic, Kessel & Harries et al., Appendix IV). We found 

that Spike-specific IgG levels were lower in individuals vaccinated twice with AZE 

compared to homologous vaccination with either mRNA vaccine as shown in Figure 

14a and Dulovic, Kessel & Harries et al. (Appendix IV: Figure 1). This finding is 

consistent with studies that showed reduced humoral as well as cellular responses of 

vector based vaccines compared with mRNA vaccines175,176.  
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Particularly with respect to emerging VoCs these findings called into question the 

protective efficacy of AZE. However, we found that a heterologous vaccination 

regimen of AZE and an mRNA vaccine lead to comparable levels to homologous 

mRNA vaccination. A mixed vaccination regimen was later recommended in 

Germany to those who received a single dose of AZE, which our data supported177.  

 

Figure 14: Vaccine response of different regimens and kinetics of antibody titres 
(a) IgG antibody levels against RBD were measured with MULTICOV-AB. Individuals 
received either homologous mRNA-1273 (MOD/MOD, blue, n = 272), BNT162b2 (BNT/BNT, 
orange, n = 738) or ChAdOx1-S (AZE/AZE, green, n = 228), heterologous ChAdOx1-S-
mRNA-1273 (AZE/MOD, light blue, n = 24), ChAdOx1-S-BNT162b2 (AZE/BNT, light green, 
n = 114), or a single dose of Ad26.CoV2.S (JJ, grey, n = 24). Raw MFI values were normalised 
against QC samples to generate signal ratios for each antigen. Data is shown as box and 
whisker plots overlaid with strip charts. Boxes represent medians, 25th and 75th percentiles 
and whiskers show the largest and smallest non-outlier values based on 1.5 IQR calculation. 
Time between sampling and full vaccination is displayed as mean and SD for each group. 
Number of samples per vaccination scheme are stated below. (b) Antibody kinetic up to 7 
months after SARS-CoV-2 mRNA vaccination. Humoral vaccine response in independent 
donors was assessed by MULTICOV-AB. Samples were either 5 to 12, 26 to 30, 54 to 58, 94 to 
103, 129 to 146 or 176 to 203 days post-second dose of either a two-dose BNT162b2 (yellow, n 
= 515) or mRNA-1273 (blue, n = 82) vaccination. Coloured line connects median response per 
time point and vaccine. Data is displayed as normalised IgG RBD ratio. (c) Antigen-specific 
antibody titres measured with MULTICOV-AB were scaled and centred per antigen. 
Resulting values greater than 2.5 and smaller than -2.5 were set to these extreme values 
instead. Samples were then clustered within their subgroups based on immunisation scheme 
and are displayed as a heat map. Negative values represent below average titres and positive 
values represent positive above average titres per antigen. Groups are annotated as in (a). 
Figure adapted from Dulovic, Kessel & Harries et al. (Appendix IV: Figure 1, Figure 2,  

Figure 6). 
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At a later point in 2021, the JJ vaccine was introduced in Germany, which as per the 

manufacturer’s specifications only required a single dose for immunisation, in 

contrast to all other then-licenced vaccines which required at least two doses. Like 

others178,179, we found that the humoral immune response was significantly lower 

compared to the other vaccine regimens (Dulovic, Kessel & Harries et al.,  

Appendix IV: Figure 1), with the majority of individuals who had received only this 

vaccine being classified as non-responsive. Subsequently, STIKO recommendations 

were adjusted to no longer accept a single dose of JJ as effective immunisation180. 

Notably, while both homologous vector-based vaccinations resulted in lower 

responses towards the Spike trimer, the S1 domain and the RBD, the response 

towards the S2 domain was comparable (Figure 14c). Considering that neutralizing 

antibodies are mostly binding the RBD, which is part of the S1 domain of the virus 

Spike protein98, this observed bias towards generating S2-specific antibodies may 

explain the reduced vaccine efficacies for the vector-based vaccines compared to the 

mRNA vaccines. 

Interestingly, homologous MOD vaccination induced significantly higher IgG levels 

compared to BNT. It is notable that the dosage of mRNA in MOD is higher than in 

BNT and that MOD vaccination was more often associated with adverse reactions 

than BNT181,182. However, recent findings indicate that MOD also confers a slightly 

better protection from breakthrough infections compared to BNT183. The dosage of 

mRNA in the formulation may therefore play a crucial role for future optimisations. 

When analysing Saliva of BNT vaccinated donors, we found increased levels of Spike 

protein specific IgG 2-4 weeks after second vaccination, but no increase in IgA (Becker 

& Dulovic et al., Appendix II: Figure 2), which is in line with the findings of a more 

recent study184. The presence of salivary IgG indicates protection against virus spread 

by droplet infection in newly vaccinated individuals. However, the absence of IgA 

leaves open the question of whether the IgG levels, which are likely of serum 

origin114,185 are sufficient and stable for prolonged periods of time after vaccination. 

Novel COVID-19 vaccination approaches utilizing the oral or nasal route186 may 

induce a broader mucosal immune response including formation of mucosal IgA and 

provide improved protection at the entry site of SARS-COV-2. 

  



  Chapter 3: Results and Discussion 

42 

 

In addition to efficacy of different vaccines and vaccine combinations, data on the 

longevity of the induced immune response were urgently needed to adjust public 

health recommendations over the course of the pandemic. When comparing samples 

with different time after initial immunisation, we could determine that the humoral 

immune response peaked after approximately 28 days and declined steadily 

afterwards for eight months after homologous mRNA vaccination as shown in  

Figure 14b and Dulovic, Kessel & Harries et al. (Appendix IV: Figure 6). In other 

sample sets, we also saw a steep decline in healthy donors from 3 to 16 weeks 

(Dulovic, Strengert & Morillas Ramos et al., Appendix VII: Figure 1) and from 5 to 

35 weeks post initial immunisation (Becker & Cossmann et al., Appendix VIII:  

Figure 2). Our study findings are in agreement with others describing similar kinetics 

for the decline of the humoral immune response and associated protection from 

breakthrough infections187-190. It has also been shown that delaying the second dose of 

an mRNA vaccine can improve the magnitude and longevity of the humoral immune 

response191. Importantly, while antibody levels decline after vaccination, it was 

shown that the COVID-19 mRNA vaccines are able to induce germinal centre B cells, 

which persist after decline of circulating B cells and will contribute to long-term 

immunity192. 

Furthermore our results indicated, that convalescent individuals who were 

vaccinated had an immune response which was improved over individuals with the 

same vaccination regimen and no infection (Dulovic, Kessel & Harries et al., 

Appendix IV: Figure 5). This is in line with recent reports stating that breakthrough 

infections occurred less frequently in recovered and vaccinated individuals than in 

just vaccinated ones193,194. 

Between December 2021 and July 2022, two further SARS-CoV-2 vaccines have been 

approved for use in Germany95. Nuvaxovid (Novavax CZ a.s.) a protein-based 

vaccine, contains recombinant SARS-CoV-2 Spike protein equivalent to the original 

Wuhan-Hu 1 isolate118, while COVID-19 Vaccine Valneva (Valneva Austria GmbH), 

an inactivated virus vaccine, utilizes a Wuhan virus strain, produced in cell culture119. 

Due to the pandemic situation and high percentage of recently infected or boosted 

population, these vaccines have not been administered widely in Germany as of July 

202296. However, ours and other studies have shown that a heterologous vaccine 

regimen is comparable or even superior, depending on the vaccines175,176,195. With 

constantly evolving recommendations based on emerging evidence, mixed 

vaccination regimens including newer vaccines will likely become standard in the 

future and it will be interesting to monitor their effects in comparison to the mRNA 

and Vector based vaccines. It is also likely, that the COVID-19 Vaccine Valneva will 

generate a Nucleocapsid response, due to containing a full virus particle, which may 

compromise the ability of MULTICOV-AB to distinguish the vaccine response from 

the infection. 
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3.2.4. Vaccine Effectiveness Against SARS-CoV-2 VoCs 

In 2021, the first major SARS-CoV-2 VoC spread worldwide and became the prevalent 

strains. We could show early on that VoCs and VoIs had evolved different levels of 

immune evasion by employing variant specific RBD and Spike proteins in 

MULTICOV-AB. Across multiple studies (Becker & Dulovic et al., Appendix II; 

Strengert, Becker & Morillas Ramos et al., Appendix VI; Dulovic, Strengert & 

Morillas Ramos et al., Appendix VII), we found IgG binding and virus neutralization 

in infected and vaccinated individuals greatly reduced for the Beta and Gamma 

variant, whereas it was only very slightly reduced compared to the original Wuhan 

isolate for the Alpha variant. This is highlighted in Figure 15, as well as in Becker & 

Dulovic et al. (Appendix II: Figure 3, Figure 4), Strengert, Becker & Morillas Ramos 

et al. (Appendix VI: Figure 1) and Dulovic, Strengert & Morillas Ramos et al. 

(Appendix VII: Figure 2).  

 
Figure 15: Humoral immune response towards Alpha and Beta VoCs  
Variant RBD antigens for Alpha (a) and Beta (b) were generated and added to MULTICOV-
AB to measure the immune response towards them in sera from BNT162b2 vaccinated pre-
second dose (light blue, n = 25), post second dose (dark blue, n= 20), and infected (red, n = 35) 
individuals, compared to the Wuhan strain RBD. A linear curve (y = x) is shown as a dashed 
grey line to indicate an identical response between Wuhan strain and variant RBD. Kendall’s 
tau was calculated to measure the ordinal association between the mutant and Wuhan strain. 
Neutralization for the Beta variant (c) displayed as virus neutralizing titres (VNT50) was 
measured in a virus neutralization assay compared to Wuhan strain with sera from BNT162b2 
vaccinated (pre second vaccination (light blue, n =9), post second vaccination (dark blue, n = 
7)), infected (red, n = 6), and negative (pre-pandemic) (grey, n = 2) individuals. Lines indicate 
unique samples. Figure adapted from Becker & Dulovic et al. (Appendix II: Figure 3,  

Figure 4). 
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Our results are in line with the findings of other groups, confirming immune escape 

properties for Beta and Gamma variants, but not for the Alpha variant196-199. 

Nonetheless, the Alpha variant proved better fit for spreading worldwide in the first 

half of 2021, where Beta and Gamma variants were only able to dominate single 

regions133. Due to low vaccine coverage at the time, the immune escape properties 

likely did not give enough of a significant advantage over the Alpha variant. 

In the second half of 2021, the Delta variant became globally dominant. In vaccinated 

individuals, we found that the immune response was slightly reduced compared to 

the Alpha variant, but not to the same extent as for the Beta and Gamma variant 

(Dulovic, Kessel & Harries et al., Appendix IV: Supplementary Figure 2; Dulovic, 

Strengert & Morillas Ramos et al., Appendix VII: Figure 2). The findings of other 

studies in vaccinated and infected individuals varied from neutralizing activity being 

mostly retained against the Delta variant164,200, to moderate loss of neutralizing 

activity and vaccine effectiveness201,202. From these results and given the increased 

infectivity of the Delta variant132, the massive global increase in infections that came 

with the Delta wave in the second half of 2021 can be attributed to a combination of 

general increase in infectivity, but also immune escape properties of the Delta variant, 

especially in the light of the improved vaccine coverage in the second half of 2021. 

We were also able to show, that Wuhan strain infection-induced immune responses 

followed the same patterns for different variants as shown previously for 

vaccinations (Renk, Dulovic & Seidel et al., Appendix III: Figure 3) and therefore 

likely offered no better protection from VoCs on the humoral level than vaccinations. 

We also could confirm that kinetics of the decrease in humoral immune response were 

comparable among SARS-CoV-2 variants (Dulovic, Kessel & Harries et al.,  

Appendix IV: Figure 7). 

The immune escape variants Beta and Gamma carry the RBD mutations K417T or 

K17N and E484K within the ACE2 binding interface, as well as the N510Y, which is 

also present in Alpha. In contrast, the Delta variant, which exhibits less immune 

evasion, but vastly superior infectivity over other VoCs instead carries L452R and 

T478K mutations, both of which are also within the ACE2 binding interface. VoC 

mutations in the RBD can drive virus immune evasion by inhibiting binding of 

neutralizing antibodies to RBD and enhance ACE2 binding affinity of RBD. This is 

supported by structural and computational studies of the RBD-ACE2 binding 

interface135,203,204, as well as correlations of the mutations with variant immune escape 

based on data from studies such as ours. 
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SARS-CoV-2 omicron variant became globally dominant shortly after its 

identification at the end of 2021143,144. The first globally dominant Omicron variant 

belonged to sub-lineage BA.1, but was quickly superseded by sub-lineage BA.2, 

which in turn was superseded by three simultaneously dominant sub-linages 

BA.2.12.1, BA.4, and BA.5, of which it is unclear as of July 2022 which will prevail133 

(see also Figure 8). It was crucial for us to be flexible and not fall behind in this 

constant fluctuation of variants in order to generate relevant data to inform public 

health decisions and vaccine developments. We were able to rapidly implement RBD 

and Spike proteins for the BA.1 and BA.2 variants in MULTICOV-AB, as well as our 

surrogate neutralization assay164. We found a drastic reduction in the humoral 

immune response compared to previously circulating variants in vaccinated and 

infected individuals (Junker, Becker & Wagner et al., Appendix V: Figure 1). Booster 

vaccination has proven to be an effective tool in managing the pandemic, as shown 

by data from Israel, where it was the key factor in containing infections during the 

Delta wave205. In our study, the identified pattern of immune escape between SARS-

CoV-2 variants persisted after booster vaccinations, but while booster vaccinations 

were effective against the Delta variant, they elicited a significantly lower immune 

response against Omicron BA.1 or BA.2 as shown in Figure 16. Other recent studies 

report that mRNA booster immunization does confer effective protection from 

Omicron, albeit to a lesser extent than other VoCs206 and that boosted individuals are 

less often hospitalized207. Furthermore, hybrid immunity of vaccination and infection 

may be superior to pure vaccination208,209, which is what our results with limited 

samples also indicated (Junker, Becker & Wagner et al., Appendix V: Figure 2). 

 

Figure 16: Effect on booster vaccination on ACE2 binding inhibition toward VoCs  
Changes in ACE2 binding inhibition following the third dose of BNT162b2 for VoCs in serum 
samples from donors 5–6 months post–second dose of BNT162b2 ((a), n= 20) and boosted 
donors ((b), n=20, median 14 days post boost). Individual samples are highlighted by 
connected lines with bars representing medians. A value below 20% value indicates non 
responders and is shown by the dashed line. Figure adapted from Junker, Becker & Wagner 
et al. (Appendix V: Figure 4). 
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The Omicron waves so far (as of July 2022) have been characterized by large amounts 

of re-infections from convalescent individuals140,145 and breakthrough infections in 

vaccinated individuals210, which combined with the dramatic increase in COVID-19 

cases emphasizes the unprecedented immune escape potential of the Omicron sub 

lineages. The Omicron variant therefore proved to be the first variant with strong 

immune escape properties which could spread and dominate globally. This was likely 

aided by rising vaccination coverage and the effect of booster vaccinations, which 

proved effective in restricting Delta variant spread and therefore benefitted spread of 

immune escape variants. Other studies also found diminished vaccine effectiveness 

and reduced binding of neutralizing antibodies178,209,211-213. Despite the large amount 

of mutations in the RBD the virus has evolved to retain its affinity for the ACE2 

receptor (Junker, Becker & Wagner et al., Appendix V: Supplementary Figure 2). It 

has even been suggested that the Omicron sub lineages are to be considered a new 

virus serotype214, supported by studies finding limited cross- neutralisation between 

Omicron and other VoCs215-217. 

 

3.2.5. Vaccine Response in Haemodialysis Patients 

Immunocompromised patients were among the first to be vaccinated against SARS-

CoV-2, due to their underlying conditions resulting in them having an increased risk 

of severe infection36,123,124. Haemodialysis patients are due to their treatment required 

to regularly attend hospitals/outpatient clinics, increasing their exposure risk 

towards the virus, while they have been previously shown to be poor responders for 

a variety of other vaccinations126,127. However, throughout the pandemic, official 

recommendations and guidelines for this group have always lagged behind the 

ongoing situation, meaning that attending physicians had to decide to the best of their 

knowledge how to proceed. To help guide these decisions, we followed a cohort of 

haemodialysis patients through their vaccination regimes (Strengert, Becker & 

Morillas Ramos et al., Appendix VI; Dulovic, Strengert & Morillas Ramos et al., 

Appendix VII; Becker & Cossmann et al., Appendix VIII). An overview of cohort 

sampling is shown in Figure 17.  
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Figure 17: Participant recruitment scheme for longitudinal vaccination response analysis in 
haemodialysis patients after triple BNT162b2 and fourth full-dose mRNA-1273  
Patients on haemodialysis (n=50) and healthcare workers as controls (n=33) were triple-
vaccinated with BNT162b2 (yellow syringe) followed by a 100 μg (full) dose of mRNA-1273 
(blue syringe) for dialysed individuals only. Samples were collected at multiple time points 
(red serum tubes). Sampling and vaccination schedule is given in days and weeks. Figure 
adapted from Becker & Cossmann et al. (Appendix VIII: Figure 1). 

 

Initially, we found that although the vaccines had an effect in haemodialysis patients, 

they developed significantly lower levels of SARS-CoV-2-specific IgG in their serum 

and saliva 3 weeks after initial immunisation with two doses of BNT (Strengert, 

Becker & Morillas Ramos et al., Appendix VI: Figure 1). This reduction was also 

reflected in their IgG binding towards VoCs. The T-cell response was also reduced in 

haemodialysis patients, as measured by interferon gamma release upon stimulation 

of blood with SARS-CoV-2 Spike peptides (Strengert, Becker & Morillas Ramos et al., 

Appendix VI: Figure 2). However, on the individual level this did not correlate well 

with the reduction in the humoral immune response (Strengert, Becker & Morillas 

Ramos et al., Appendix VI: Figure 3), suggesting that for the vaccine response, the 

balance of humoral and cellular level is highly individual. Following up 16 weeks 

after first immunisation, we observed drastically reduced antibody levels in both 

dialysis patients and the control group (Dulovic, Strengert & Morillas Ramos et al., 

Appendix VII: Figure 1). We therefore then concluded that a third vaccination would 

be required, especially for the group of haemodialysis patients. 

Subsequently, a third dose of BNT was administered during the Delta wave in 

Germany, followed by a fourth dose of MOD during the Omicron wave. For booster 

vaccinations, a MOD dosage of 50µg was recommended by STIKO for the general 

population121. However, in light of early data on the Omicron VoC indicating its 

potential for immune escape, the decision was taken to administer a full 100µg dose 

of MOD for the fourth vaccination, as is recommended for immunodeficient 

individuals121.  
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We were able to show that the immune response towards Delta VoC upon initial 

vaccination was severely diminished in both the control group and dialysis patients 

(Dulovic, Strengert & Morillas Ramos et al., Appendix VII: Figure 2). However, the 

third vaccination was able to introduce a significant response towards the Delta 

variant, but not Omicron in dialysis patients (Becker & Cossmann et al., Appendix 

VIII: Figure 3).  

As shown in Figure 18, only administration of a fourth vaccination dose was able to 

confer a significant humoral immune response toward the Omicron variant. 

Conversely to the observed fluctuations for the humoral immune response, the 

cellular response remained relatively constant and was dominated by individual high 

and low-responders throughout the study (Becker & Cossmann et al., Appendix VIII: 

Figure 4). In line with this finding, the cellular immune response to SARS-CoV-2 

vaccines was found more stable in immunocompromised individuals, such as 

transplant recipients218. 

 

Figure 18: Longitudinal humoral immune response in haemodialysis patients after a triple 
vaccination with BNT162b2 and a fourth full-dose of mRNA-1273  
IgG response (a) and ACE2 binding inhibition (b, c, d) towards the SARS-CoV-2 RBD of 
Wuhan strain (a, b), Delta (δ, (c)) and Omicron BA.1 (o BA.1, (d)) isolates were measured in 
plasma from haemodialysis patients (n=50) using MULTICOV-AB (a) or an ACE2-RBD 
competition assay (b, c, d) after immunisation with a triple dose of BNT162b2 (yellow syringe) 
and a fourth full-dose of mRNA-1273 (blue syringe). Data is displayed as normalised median 
fluorescence intensity (MFI) signal for IgG binding (a) or as % ACE2 binding inhibition where 
100% indicates maximum inhibition and 0% no inhibition (b, c, d). Samples with an ACE2 
binding inhibition of less than 20% (dashed line) are classified as non-responders (b, c, d). 
Interconnecting lines represent samples from the same individual. Sampling time points in 
days after the standard complete two-dose BNT162b2 vaccination is stated below the graph. 
Figure adapted from Becker & Cossmann et al. (Appendix VIII: Figure 3). 
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Vaccines have been found to be less effective in immunocompromised individual34,35, 

which is reflected in our findings of a reduced humoral immune response upon 

vaccination compared to healthy individuals. Furthermore, our findings are in line 

with reports that a third dose of vaccine is an effective boost of the immune response 

in immunocompromised individuals, such as patients receiving immunosuppressive 

medication219 and cancer patients220. We showed that a third dose of the vaccine could 

elicit a significant immune response against the Delta variant, which is in line with 

other reports221, whereas a fourth dose was required against the omicron variant for 

a majority of our study population. Similarly, others found that a fourth vaccination 

was required for an immune response towards Omicron in dialysis patients222, but 

neutralizing antibodies towards Delta and Omicron were significantly reduced 

compared to the original virus isolate223. Another study found that a large portion of 

kidney transplant recipients with low immune response after third vaccination 

developed a neutralizing immune response after a fourth dose, while only a small 

portion that showed no response after three vaccinations developed a neutralizing 

response224. Taken together, the findings of our studies and others have highlighted 

that the SARS-CoV-2 vaccine response in immunocompromised individuals such as 

haemodialysis patients is highly individual, but overall inferior compared to healthy 

individuals. This at-risk group therefore requires adjusted vaccination regimes to 

compensate. It remains to be seen, how the immune response declines after a fourth 

dose, but from the decline we observed after second and third doses it is likely that 

immunocompromised individuals will have to be regularly vaccinated throughout 

the pandemic, where serological assays can serve as tools to identify individuals with 

insufficient responses for targeted vaccinations. The upcoming new generation of 

variant-adjusted vaccines225 may improve response rates further. Although there are 

indications of improved protection, there are no are no population based data on 

efficacy available as of July 2022 and no EMA approval has been granted.  
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3.3. Cross Protection from hCoVs 

3.3.1. High hCoV Response Rate Throughout the Population 

As part of our routine SARS-CoV-2 measurements, we also assessed humoral 

responses towards the hCoVs, aiming to identify if cross-reactive or cross-protective 

patterns existed. We therefore included Spike S1 and Nucleocapsid antigens from all 

four hCoVs in the MULTICOV-AB antigen panel in addition to the previously 

described SARS-CoV-2 core panel. We identified that almost all individuals had an 

immune response towards the hCoVs, characterized by specific IgG binding to hCoV 

S1 and Nucleocapsid (Becker & Strengert et al., Appendix I; Becker & Dulovic et al., 

Appendix II; Renk, Dulovic & Seidel et al., Appendix III), suggesting that there is a 

high level of pre-exposure to hCoVs among the population. The only exception to this 

was in children under the age of five, where we identified a relatively high proportion 

of naïve individuals (Renk, Dulovic & Seidel et al., Appendix III). This is in 

agreement with previous seroprevalence data, where hCoV infection and 

corresponding ubiquitous seropositivity is on average found from the age of 5 

onwards88. It was therefore difficult to study the effects of SARS-CoV-2 infection in 

hCoV naïve individuals. Given these limitations, another approach is to study large 

sample sets for associations of SARS-CoV-2 infection with hCoV infection or 

longitudinally follow individuals after SARS-CoV-2 infection to capture alterations in 

hCoV antibody titres. 

 

3.3.2. Correlation of SARS-CoV-2 Seroconversion and hCoV 

Immune Response 

Initially, we examined potential correlations between pre-existing hCoV titre and 

SARS-CoV-2 infection status to identify potential cross-protective effects (Becker & 

Strengert et al., Appendix I). We found that there was no clear association of the 

hCoV-specific humoral immune response with SARS-CoV-2 infection (Becker & 

Strengert et al., Appendix I:  Figure 4b-c), indicating no cross-protective effect. Using 

clustering analysis, we found that the immune response towards the different hCoV 

antigens correlated best within the clusters of alpha- or beta-hCoVs (Becker & 

Strengert et al., Appendix I: Figure 4a), indicating that there is cross-reactivity within 

these genuses of coronaviruses, but not between them or to SARS-CoV-2. We did, 

however, find a slight ordinal association of a high response towards alpha and beta 

hCoVs with infection (Becker & Strengert et al., Appendix I: Figure 5), meaning that 

SARS-CoV-2 infected individuals were more likely to be hCoV high-responders, 

although the diverse sample set limited the extent by which this data set could be 

used for further analyses. 
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Figure 19: hCoVs offer no protection against SARS-CoV-2, nor do they show a boost-back 
antibody response following SARS-CoV-2 infection  
Samples from households with a known index case (n = 971) were examined with 
MULTICOV-AB to determine whether the antibody response to hCoVs (exemplified by OC43 
S1 IgG titres) provides any protection against infection with SARS-CoV-2. (a) Initial screening 
of the population showed that seroprevalence increases with age, although several samples 
were within the blank range of the hCoV assays, indicating the presence of naïve samples. 
Naïve samples were defined as those having less than one-tenth the mean antibody response 
(indicated by dotted line), with the majority of these samples occurring in children under the 
age of five. Boxes represent the median, 25th and 75th percentiles, while whiskers show the 
largest and smallest non-outlier values. Outliers were identified using upper/lower quartile 
±1.5 times IQR. (b) Line graph showing the longitudinal response of these naïve samples from 
study time point 1 to 2 (median 231 days), with new infections with OC43 shown in red. (c) 
When comparing paired samples longitudinally within the SARS-CoV-2 seropositive 
subgroup, there was no increase in hCoV-OC43 S1 response in either adults (blue, n = 76) or 
children (orange, n = 103) following SARS-CoV-2 infection. Change in response is presented 
as log2-fold change from study time point 1 to 2 and only samples with either log2-fold change 
greater than 1 or smaller than −1 are shown. Spearman’s rank was used to calculate the ordinal 
association between the change in response for HCoV-OC43 and SARS-CoV-2. (d) Box and 
whisker plot showing there is no significant difference in OC43 S1 IgG antibody titre between 
SARS-CoV-2 seropositive and seronegative individuals, among either adults (blue, n = 440, p 
= 0.974) or children (orange, n = 436, p= 0·214). Boxes represent the median, 25th and 75th 
percentiles, while whiskers show the largest and smallest non-outlier values. Outliers were 
identified using upper/lower quartile ±1.5 times IQR. Statistical significance was calculated 
by Mann–Whitney-U (two-sided) with *** indicating a p value < 0.001 and ns indicating a p 
value > 0.05. Figure adapted from Renk, Dulovic & Seidel et al. (Appendix III: Figure 4). 
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In another study, we followed children that had been exposed to or infected by SARS-

CoV-2 (Renk, Dulovic & Seidel et al., Appendix III). In this cohort we were able to 

identify hCoV-seronegative children (Figure 19a), mostly aged three and below. In 

our analysis of longitudinal samples from these hCoV-naïve children, we identified 

hCoV infection events that lead to seroconversion as displayed in Figure 19b. We 

interpreted these as a first contact of hCoVs with an immune system, however, the 

increase in hCoV titres did not coincide with and increase SARS-CoV-2 titres (Figure 

19c). We further found no association of hCoV titres with overall SARS-CoV-2 

seropositivity across the study cohort of 548 children and 717 adults, as shown in 

Figure 19d. Moreover, when analysing the effects of vaccination, we found that 

SARS-CoV-2 seroconversion induced by BNT vaccination also did not affect hCoV S1 

titres, as shown in Figure 20. 

 

 

Figure 20: Cross-reactivity of antibodies to endemic coronaviruses in vaccinated 
individuals:  
BNT162b2 vaccinated individuals did not have an increased antibody response towards S1 
proteins of the endemic coronaviruses 229E (a), NL63 (b), OC43 (c) and HKU1 (d). hCoV S1 
IgG titres are displayed against time after first vaccination dose in days. All samples were 
measured using MULTICOV-AB. Light blue (n=25) indicates samples are pre second 
vaccination, while dark blue (n=20) indicates samples are post second vaccination. Lines 
indicated paired samples from the same donor. Figure adapted from Becker & Dulovic et al. 
(Appendix II: Supplementary Figure 3). 
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Overall, our findings with MULTICOV-AB suggest, that there is no association of 

SARS-CoV-2 infection or seroconversion with hCoV infection or seroconversion. 

Other studies using different serological methods also found no association of SARS-

CoV-2 specific antibody levels with hCoV infected sera or vice versa149,226,227.  

In contrast to these findings, other groups have identified cross reactivity stemming 

from the S2 region in the Spike protein, where conservation among coronaviruses is 

higher than in the S1 region169,192,228,229. One study found cross-reactivity to the 

betacoronaviruses HKU1 and OC43 in the serum of children, but not in adults169, 

which was in line with the findings of a second study, that found children to have 

hCoV mediated neutralizing activity towards SARS-CoV-2228. Another study found a 

boost of hCoV reactivity in the first week after COVID-19 hospitalisation229. 

Furthermore, a small portion of Spike reactive germinal centre B cells which exhibit 

cross-specificity with HKU1 and OC43 were found in vaccinated individuals in 

another study192 and a small portion of monoclonal antibodies isolated from SARS-

CoV-2 infected donors was found to be cross reactive to hCoV Spike proteins, but did 

not target the RBD203. 

In MULTICOV-AB we employed only hCoV S1 and Nucleocapsid antigens and were 

therefore unable to evaluate these effects, which appear to be limited to the S2 region 

of Spike. The limitation of this cross reactivity to the S2 region is congruent with our 

initial characterisation of the MULTICOV-AB SARS-CoV-2 S2 antigen, where we 

found a large amount of false-positive IgG binding from uninfected donors, leading 

to reduced sensitivity and ultimately excluding S2 from our classification (Becker & 

Strengert et al., Appendix I: Figure 2c). Despite being unable to assess antibody 

binding towards hCoV S2, our finding that an hCoV infection was not associated with 

SARS-CoV-2 seroconversion remains valid because an hCoV infection would be 

reflected in our antigens as we demonstrated using naïve sera. 

While our studies are focussed on the humoral immune response, there are  

findings which suggest that a level of cross-protection may be conferred via the 

cellular immune response through hCoV-induced T-cells in SARS-CoV-2 naïve 

individuals230-232. Therefore, cross-protection via hCoV infection may not be ruled out 

by our findings. The only way to definitely confirm this would be to study a large 

cohort with a known history of hCoV infection throughout the pandemic and 

determine whether hCoVs infection does confer additional protection from SARS-

CoV-2.  
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In this thesis, we developed MULTICOV-AB, one of the first published multiplex 

SARS-CoV-2 serological assays and thereby generated a tool to study the humoral 

immune response towards SARS-CoV-2 in-depth. This development formed the basis 

for a multitude of studies about ongoing topics within the COVID-19 pandemic.  

Initially, we evaluated a set of SARS-CoV-2 antigens to form a core antigen panel and 

determined an optimal cut-off for classification of serum and plasma samples from 

infected individuals. We reached a sensitivity of 90% while retaining 100% specificity 

for MULTICOV-AB in a sample set from over 300 infected and over 850 uninfected 

individuals, using detection of IgG and IgA, which we were later able to confirm with 

other large sample sets. We found Spike based antigens to allow for more specific 

classification than those based on Nucleocapsid. MULTICOV-AB had an improved 

classification over widely used commercial assays. 

Although initially hypothesized, we found no evidence of cross-protection from 

seasonal hCoVs across the studies of this thesis. This may in part be due to our 

selection of hCoV antigens, as other groups have shown that cross-reactivity can stem 

from the virus Spike S2 domain, which we did not include in our hCoV antigen panel. 

However, the presence of cross-reactive antibodies does not confirm an actual impact 

on cross protective immunity, especially as antibodies binding to the Spike S2 domain 

are seldom neutralizing in human coronaviruses. It is possible that hCoV cross-

protection may be conferred on the level of the cellular immune response instead, as 

recent findings are suggesting. 

The development of vaccines was a key step in managing infection rates and 

stabilizing health systems. Vaccines were developed and approved in a fast-track 

system by authorities. Although safety and efficacy had been well documented in 

clinical trials, the development of COVID-19 vaccines proceeded at an 

unprecedentedly rapid pace, while at the same time achieving broad dissemination 

in the population. It was therefore crucial to independently monitor the outcome of 

vaccinations to ensure efficacy and longevity of the induced protective immune 

response. Using MULTICOV-AB, we could verify that mRNA vaccines, which saw 

their first widespread use during the COVID-19 pandemic, were able to induce a 

strong humoral immune response on par or exceeding the response in COVID-19 

convalescent individuals. We further showed that administering a second vaccine 

dose led to greatly improved antibody formation and was required to induce a 

neutralizing antibody response. 
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In a population based study, we compared different vaccine regimens and found 

homologous vector based vaccination to induce an inferior humoral immune 

response compared to homologous mRNA vaccination, which is also reflected in 

retrospective studies of vaccine efficacy over the pandemic. A heterologous regimen 

of vector based and mRNA vaccination was able to confer an immune response on 

par with a homologous mRNA regimen, which was subsequently also recommended 

by German health authorities for individuals who had received a single dose of vector 

based vaccine. In addition we showed that the humoral immune response peaked 

roughly 28 days post immunisation and steadily declined over six months for 

homologous mRNA vaccination, which called into question the longevity of vaccine 

protection. 

In the initial pandemic stages, children were found to get infected at a lower than 

average rate and were more often asymptomatic. We therefore studied the immune 

response upon virus exposure in children as compared to adults and found children 

to form higher antibody levels, which was accompanied by a general milder course 

of disease observed by us and others. Seroconversion did not coincide with 

symptomatic course of infection in children and adults, meaning that asymptomatic 

individuals did not necessarily have worse protection. 

The sheer volume of reinfections and the presence of separate virus reservoirs in 

different countries led to rapid evolution of SARS-CoV-2, and the first major SARS-

CoV-2 variants emerged in late 2020. Vaccine trial studies for the most widely used 

COVID-19 vaccines were all performed in 2020 whilst the prevalent virus strains had 

not yet evolved any key RBD mutations. However, vaccines were administered to the 

general population in 2021, where the globally predominant variants were Alpha and 

Delta, which were characterized by increased infection rates and mutations in the 

RBD, raising concerns of virus immune escape capabilities. We were able to adjust 

our assay systems and add variant RBD proteins to our antigen panel corresponding 

to the virus variants, which enabled us to study how mutations affected the potency 

of the immune response elicited by vaccines and infections. Across several studies, 

we found varying levels of immune escape for different variants ranging from 

virtually none in the Alpha variant to significant reduction in Beta and Gamma 

variants. 

The observed diminished response against SARS-CoV-2 variants as well as the 

general decline of the humoral immune response observed by us and others led 

health authorities to recommend a third, booster vaccination towards the end of 2021. 

We found the booster vaccination to compensate for diminishing antibody levels as 

well as for immune escape by the Delta variant, which was prevalent at the time. In 

2022 the Omicron variant has become dominant worldwide and introduced a 

dramatic increase in worldwide infections and vaccine breakthroughs. We and others 
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showed that the Omicron variant is capable of immune escape to an extent beyond 

what was observed for previously circulating variants. 

We further studied the immune response in patients on haemodialysis, who are an 

at-risk group in a pandemic setting. We found vaccination to induce an inferior 

humoral immune response and observed rapidly decreasing antibody levels in a 

haemodialysis cohort, whilst the cellular immune response remained more constant. 

A booster vaccination was able to confer an improved immune response towards 

Delta variant, but only a fourth dose elicited any significant response towards the 

Omicron variant. These patients will be continually monitored, but it is likely that 

they will have to be constantly re-vaccinated so long as the pandemic persists. 

As of July 2022, the Omicron wave is still ongoing and it is unclear how infections 

rates and further virus mutations will develop in the future. The COVID-19 pandemic 

will remain a constantly evolving field, where conclusions and decisions may have to 

be revised within months for example due to emergence of a new virus variant. The 

implementation of variant adjusted vaccines and recommendations by health 

authorities for further booster vaccination campaigns will likely play a key part in the 

outcome of the COVID-19 pandemic. 

Our research focussed mainly on the humoral immune response. However, immunity 

to SARS-CoV-2 is also conferred on the level of the cellular immune response. To 

provide a complete picture, findings regarding the cellular immune response must 

also always be considered. Future research with MULTICOV-AB will aim to 

characterize the more recent Omicron sub-lineages BA.4, BA.5 and BA.2.12.1 and any 

new emerging variants. The multiplex assay platform allows to rapidly integrate new 

antigens as we have shown in this thesis. Finally, developments in the vaccination 

landscape should be followed closely to confirm their outcomes, with special focus 

on new vaccines and vaccine regimens. Here, MULTICOV-AB can serve as a tool for 

vaccine manufacturers to aid in development with in-depth analysis of the antibody 

response. 

Critical decisions for public health and socioeconomics need to be accompanied by 

hard scientific evidence, if the pandemic is to be overcome. The work of this thesis 

was aimed at generating relevant data to inform such critical decisions. Overall, we 

were able to deliver data on vaccines, virus variants and groups of special interest 

such as children or haemodialysis patients in a time sensitive manner and contributed 

towards a better understanding of the immunity towards SARS-CoV-2.  
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