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Abstract 

The COVID-19 pandemic caused by the previously unknown SARS-CoV-2 presented the 

scientific community with the challenging task of understanding the basic properties of the virus 

under rapidly evolving and changing circumstances, in order to pave the way for effective 

therapies and vaccines. 

To assess the humoral immune response to SARS-CoV-2, we developed and validated a multiplex 

serological immunoassay, MULTICOV-AB, for the reliable detection of antibodies against SARS-

CoV-2 key antigens including the receptor binding domain (RBD) and nucleocapsid, 

demonstrating high sensitivity and specificity for the classification of infection. As the 

seroprevalence of SARS-CoV-2 in the population continuously increased and vaccination 

campaigns progressed, the quality of the antibody response, including longevity and immune 

protection, became the focus of research. This has been reinforced by the continuous emergence 

of new SARS-CoV-2 variants that differ in their ability to evade existing immune responses and 

thus make reinfection more likely. 

Therefore, we have developed RBDCoV-ACE2, a multiplex surrogate neutralisation assay that 

investigates the presence of neutralising antibodies (NAbs) that interfere with the binding of the 

SARS-CoV-2 RBD to the host cellular receptor angiotensin-converting enzyme 2 (ACE2), which 

is equivalent to preventing infection in vivo. 

Using both assays, we were able to show that variants with the E484K mutation, for example 

Beta, Gamma and Theta, are more likely to evade existing humoral immune responses, as 

antibodies formed against the RBD of the wild-type virus exhibited up to 14-fold lower ACE2 

binding inhibition against these variants. Furthermore, we were able to compare vaccination 

regimens and show that mRNA-based vaccination led to a superior humoral immune response 

compared to homologous vector-based vaccine regimens. We were able to show that the long-

term humoral immune response to SARS-CoV-2 infection lasts longer in children than in adults, 

even after asymptomatic infection. With the emergence of the highly mutated Omicron variants, 

we were able to show that both antigen binding and ACE2 binding inhibition of antibodies 

induced by vaccination or/and infection were greatly reduced, with booster doses and 

breakthrough infections causing a significant increase in both levels. This reduction in neutralising 

capacity was particularly noticeable in serum from immunocompromised individuals, such as 

hemodialysis or inflammatory bowel disease (IBD) patients, where we were able to contribute 

indications for future vaccination strategies. Both MULTICOV-AB and RBDCoV-ACE2 

continue to provide valuable knowledge about the humoral immune response to novel emerging 

SARS-CoV-2 variants. 
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Zusammenfassung 

Die COVID-19-Pandemie, die durch das bis dahin unbekannte SARS-CoV-2 verursacht wurde, 

stellte die Wissenschaft vor die schwierige Aufgabe, die grundlegenden Eigenschaften des Virus 

unter sich rasch entwickelnden und verändernden Bedingungen zu verstehen, um den Weg für 

wirksame Therapien und Impfstoffe zu ebnen. 

Zur Bewertung der humoralen Immunantwort auf SARS-CoV-2 haben wir einen serologischen, 

multiplexen Immunassay, MULTICOV-AB, für den zuverlässigen Nachweis von Antikörpern 

gegen SARS-CoV-2-Schlüsselantigene, einschließlich der Rezeptorbindungsdomäne (RBD) und 

Nukleokapsid, entwickelt und validiert, der eine hohe Sensitivität und Spezifität für die 

Klassifizierung einer Infektion aufweist. Mit dem kontinuierlichen Anstieg der Seroprävalenz von 

SARS-CoV-2 in der Bevölkerung und dem Fortschreiten der weltweiten Impfkampagne rückte 

die Qualität der Antikörperreaktion, einschließlich Langlebigkeit und Immunschutz, in den 

Mittelpunkt der Forschung. Dies wurde durch das kontinuierliche Auftauchen neuer SARS-

CoV- 2-Varianten verstärkt, die sich in ihrer Fähigkeit unterscheiden, bestehenden 

Immunantworten zu entgehen und somit eine Reinfektion wahrscheinlicher machen. 

Daher haben wir RBDCoV-ACE2 entwickelt, einen multiplexen Surrogat-Neutralisationstest, der 

das Vorhandensein neutralisierender Antikörper (NAbs) untersucht, die die Bindung der SARS-

CoV-2 RBD an den zellulären Wirtsrezeptor Angiotensin-konvertierendes Enzym 2 (ACE2) 

beeinträchtigen, was einer Verhinderung der Infektion in vivo gleichkommt. 

Mit Hilfe beider Assays konnten wir zeigen, dass Varianten mit der E484K-Mutation, z. B. Beta, 

Gamma und Theta, eher in der Lage sind, bestehende humorale Immunantworten zu umgehen, 

da Antikörper, die gegen die RBD des Wildtyp-Virus gebildet werden, eine bis zu 14-fach 

geringere ACE2-Bindungshemmung gegen diese Varianten aufwiesen. Außerdem konnten wir 

Impfschemata vergleichen und zeigen, dass die mRNA-basierte Impfung zu einer stärkeren 

humoralen Immunantwort führte als homologe vektorbasierte Impfstoffschemata. Wir konnten 

zeigen, dass die langfristige humorale Immunantwort auf eine SARS-CoV-2-Infektion bei 

Kindern auch nach einer asymptomatischen Infektion länger anhält als bei Erwachsenen. Mit dem 

Auftreten der stark mutierten Omikron-Varianten konnten wir zeigen, dass sowohl die 

Antigenbindung als auch die ACE2-Bindungshemmung von Antikörpern, die durch eine Impfung 

oder/und eine Infektion induziert wurden, stark reduziert waren, wobei Auffrischungsdosen und 

Durchbruchsinfektionen zu einem deutlichen Anstieg beider Werte führten. Diese Verringerung 

der Neutralisierungskapazität war besonders auffällig im Serum von immungeschwächten 

Personen, wie z. B. Hämodialyse-Patienten oder Personen mit chronisch-entzündlichen 

Darmerkrankungen, wo wir Hinweise für künftige Impfstrategien liefern konnten. Sowohl 

MULTICOV-AB als auch RBDCoV-ACE2 liefern weiterhin wertvolle Erkenntnisse über die 

humorale Immunantwort auf neu auftretende SARS-CoV-2-Varianten. 
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1.1 SARS-CoV-2 and the COVID-19 pandemic 

1.1.1 Emergence and early phase of the pandemic 

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is the responsible pathogen 

for Coronavirus disease 2019 (COVID-19) that rapidly spread across the globe, triggering a 

pandemic that caused over 7,000,000 confirmed deaths as of February 20241. Following its 

emergence in Wuhan, China in December 2019, SARS-CoV-2 initially caused a cluster of severe, 

often fatal, pneumonia2,3. Exacerbating factors such as the ease of transmission through 

respiratory droplets, high infectivity, travel and global connectivity led to an unprecedented global 

outbreak with over 150,000 cases by March 20204. Consequently, the COVID-19 outbreak, which 

was already classified as public health emergency of international concern (PHEIC) by the World 

Health Organization (WHO) in January 20205, was declared a pandemic on 11 March 20206. In 

response, many countries undertook drastic non-pharmaceutical interventions (e.g. lockdowns), 

to slow the spread of the virus and prevent healthcare systems from being overburdened. By April 

2020, already a third of the global population was under some form of lockdown7. Figure 1 

summarises the key events in the first ten months of the pandemic. 

 

 

Figure 1: Key events in the early phase of the COVID-19 pandemic 
Timeline showing developments of the COVID-19 pandemic from December 2019 to October 2020. 
Reprinted with permission by Springer Nature: Ben Hu et al., Characteristics of SARS-CoV-2 and COVID-
19, Nature Reviews Microbiology, © 2020, Springer Nature Limited8  

 

SARS-CoV-2 belongs to the genus Betacoronavirus of the Coronaviridae family and is closely related 

to the zoonotic Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and Middle East 

Respiratory Syndrome Coronavirus (MERS-CoV) that were responsible for outbreaks of severe 

respiratory disease in 2002 and 20129,10. Genomically, it shares 79 % and 50 % genome sequence 

identity with both pathogens, respectively11. Other members of the Coronaviridae family include 

four frequently circulating human coronaviruses 229E, OC43, NL63 and HKU1, which usually 

cause mild respiratory illnesses like the common cold and are therefore considered endemic12. 
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A high proportion of early SARS-CoV-2 infections in Wuhan could be traced back to the Huanan 

Seafood Market, where the spillover event was first suspected to have occurred2,3. Since the closest 

relative of SARS-CoV-2 is a horseshoe bat coronavirus that shares over 96 % genomic sequence 

identity13, it is thought the spillover to humans occurred from bats, either directly or via an 

intermediate animal host14. Such zoonotic spillovers from one species to another are common 

events and the origin of 60 - 75 % of all human infectious diseases15. As of February 2024, the 

zoonotic origin of SARS-CoV-2 is still to be determined and subject of ongoing research. 

 

1.1.2 Virus structure and life cycle 

SARS-CoV-2 virions are enveloped and have a spherical shape with an average diameter of 

108 nm16. Like most other coronaviruses, SARS-CoV-2 virions comprise four structural proteins, 

spike (S), nucleocapsid (N), envelope (E) and membrane (M), as illustrated in Figure 217.  

The surface of the virion contains heavily glycosylated S proteins that form trimers, which are 

crucial for viral infection. The S protein is responsible for binding to cellular entry receptor 

angiotensin-converting enzyme 2 (ACE2) on the host cell membrane and initiates membrane 

fusion. Located within the viral envelope, the N protein is an abundant, mostly disordered RNA-

binding protein and is critical for genome packaging and unwinding. Embedded into the viral 

membrane, the E protein is a small protein consisting of 75 amino acids which is a structural 

protein in the viral capsid and is also thought to be involved in virus assembly and alteration of 

the membrane permeability of the host cell18. Another transmembrane protein, the M protein is 

the most abundant viral structural protein and is the driver of virus assembly19. 

The genome of SARS-CoV-2 has a size of approximately 30 kb and is one of the largest of all 

known RNA viruses. It contains 14 open reading frames (ORFs) that encode 29 viral proteins. 

Two thirds of the genomic RNA are occupied by two large ORFs (ORF1a and ORF1b) encoding 

for two overlapping polyproteins that are digested by viral proteases into 16 non-structural 

proteins (NSPs). These proteins together form the transcription and replication machinery. Nine 

accessory proteins encoded at the 3’-end are involved in host antiviral immune modulation20,21.  
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Figure 2: Schematic structure of SARS-CoV-2 virus particle and genome organisation 
Schematic structure of SARS-CoV-2 virus particle and genome. Adapted from Massimo Pizzato et al., 
SARS-CoV-2 and the Host Cell: A Tale of Interactions, Frontiers in Virology, 202217. Licensed for use 
under Creative Commons 4.0: https://creativecommons.org/licenses/by/4.0/ 

 

SARS-CoV-2 is mainly transmitted by inhalation of virus-laden respiratory droplets and aerosols 

(airborne transmission) or infected droplets coming into direct contact with eyes, nose or mouth 

(droplet transmission)22,23. 

Figure 3 illustrates the life cycle of SARS-CoV-2. Binding of SARS-CoV-2 is mediated by the 

trimeric S protein protruding from the virus membrane. The S protein binds to the ACE2 receptor 

on the target cell, which leads to a conformational change of the S1 subunit that exposes the S2’ 

cleavage site in the S2 subunit. Cleavage of the S2 subunit by the serine protease TMPRSS2 
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exposes the fusion peptide which initiates fusion of the viral membrane with the host cellular 

membrane24. Besides ACE2, other potential receptors were found that might facilitate viral cell 

entry, such as CD147 or neuropilin-1 (NRP1), however, ACE2 is known as the primary receptor 

site25-27. After membrane fusion, the viral RNA is released into the cytoplasm and ORF1a and 

ORF1ab are translated by host ribosomes. Afterwards, the polyproteins are cleaved into 16 NSPs 

by virus-encoded proteases which form the transcription and replication complexes. After 

transcription, messenger RNAs (mRNA) encoding for structural proteins are translated by 

ribosomes and SARS-CoV-2 virions are assembled in the endoplasmic reticulum and Golgi body. 

Finally, the assembled viruses are released by exocytosis to complete the life cycle28.  

 

 

Figure 3: SARS-CoV-2 life cycle 
The life cycle of SARS-CoV-2 including viral entry, replication and transcription, virus assembly and release. 
Reprinted with permission by Springer Nature: Haitao Yang & Zihe Rao, Structural biology of SARS-CoV-
2 and implications for therapeutic development, Nature Reviews Microbiology, © 2021, Springer Nature 
Limited28 
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1.1.3 SARS-CoV-2 vaccines 

Early measures available to tackle the COVID-19 pandemic mainly consisted of socioeconomical 

measures such as lockdowns and self-isolation in an effort to “flatten the curve”29 and were not 

feasible as a long-term strategy to sustainably combat SARS-CoV-2. However, they fulfilled their 

purpose to mitigate the deathly impact of the virus on the global health infrastructure until 

therapeutics and vaccines were developed to broadly immunise the population. Effective vaccines 

against SARS-CoV-2 would prevent severe illness, therefore lifting its toll on public health 

systems. Thus, in June 2020 already 157 vaccine candidates utilising different platforms were in 

development by companies and institutions30. After the SARS-CoV epidemic from 2002 to 2004, 

several vaccines were developed and two candidates were tested in phase I clinical trials31,32. This 

provided valuable structural and functional knowledge that could be transferred to SARS-CoV-2, 

accelerating the research and development of SARS-CoV-2 vaccine candidates33. Following an 

unprecedented scientific effort, BNT162b2, developed in partnership by the pharmaceutical 

companies BioNTech and Pfizer, was the first vaccine to be given conditional marketing 

authorisation (CMA) by the European Medicines Agency (EMA) on 21 December 202034, only 

one year after the first global COVID-19 hospital admissions in Wuhan35. A second vaccine, 

mRNA-1273 by Moderna, was granted a CMA two weeks later36 followed by the viral vector-

based ChAdOx1-S by AstraZeneca AB in cooperation with Oxford University that received CMA 

on 29 January 202137. Another viral vector-based vaccine named Ad26.COV2.S developed by 

Janssen-Cilag International NV in the Netherlands was approved on 11 March 202138. Those four 

vaccines accounted for more than 96% of all administered doses in Germany until 8 April 202339 

and are therefore the focus of this thesis (see Table 2). 

 

Table 2: Overview of SARS-CoV-2 vaccines approved by the EMA with the most administered 
doses in Germany 

Name 
(Commercial 
name) 

Developer/ 
Manufacturer 

Vaccine 
Type 

Dosage 
 (Number of 
vaccinations)40 

Date of 
EMA 
Approval 
34,36-38 

Vaccine 
efficacy 
against 
infection 
41-44 

% of doses 
administered 
in Germany 
as of 
08.04.2339 

BNT162b2 
(Comirnaty) 

BioNTech 
Manufacturing 
GmbH 

mRNA 30 µg RNA (2x) 21.12.2020 95 % 73.5 % 

mRNA-1273 
(Spikevax) 

Moderna 
Biotech Spain, 
S.L. 

mRNA 100 µg RNA (2x) 06.01.2021 94 % 16.8 % 

ChAdOx1-S 
(Vaxzeriva) 

AstraZeneca 
AB 

Vector-
based 

5x1010 adenovirus 
vector particles 
(2x) 

29.01.2021 70 % 6.4 % 

Ad26.COV2.S 
(Jcovden) 

Janssen-Cilag 
International 
NV 

Vector-
based 

5x1010 adenovirus 
vector particles 
(1x) 

11.03.2021 66 % 2.4 % 
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The urgency of the pandemic spurred the advance of new vaccine technologies besides the 

traditional vaccine development approaches. Thus, BNT162b2 and mRNA-1273 became the first 

mRNA-based vaccines ever licensed by the EMA and FDA. Both vaccines contain mRNA 

encoding the S protein of SARS-CoV-2 which is enclosed in lipid nanoparticles to enhance 

mRNA stability and cell absorption45-47. After intramuscular injection, the nanoparticles fuse with 

cellular membranes and release the mRNA into the cytoplasm, where it is translated into SARS-

CoV-2 S proteins. The S proteins are then presented on the cell membrane and elicit an immune 

reaction48. The vaccinated mRNA is structurally analogue to the mRNA produced by RNA 

polymerases of eukaryotic cells in vivo – it contains a 5’-cap, an ORF, a 3’ polyadenylation tail and 

two untranslated regions (5’ and 3’). To stimulate the production of neutralising antibodies, the 

spike protein was stabilised in its pre-fused state by the introduction of two proline substitutions 

(K986P and V987P)40. Furthermore, the base uridine was exchanged by 1-methyl-3’-

pseudouridylyl to reduce activation of an innate immune response49,50. One dose of BNT162b2 

contains 30 µg of mRNA whereas one dose of mRNA-1273 contains 100 µg40. 

  

ChAdOx1-S and Ad26.COV2.S are both viral vector vaccines using a replication-deficient 

adenovirus containing the full-length DNA sequence of the SARS-CoV-2 S protein. After 

intramuscular injection, the adenovirus vector enters the cell and releases its DNA into the 

cytoplasm. The DNA is then transported into the nucleus where it is transcribed into mRNA. 

Afterwards, the mRNA coding for the spike protein is channelled to the cytoplasm and translated 

into S proteins that subsequently elicit the desired immune response. The adenoviral vector in 

ChAdOx1-S is derived from the chimpanzee adenovirus serotype Y25, whereas the viral vector 

in Ad26.COV2.S is derived from a human recombinant adenovirus type 26 (Ad26)51. 

Adenoviruses are particularly suitable as a viral vector due to their well-defined biology, low 

pathogenicity, lack of integration into the host genome and ease of large scale production52. 

AstraZeneca’s ChAdOx1-S is administered in two doses of 5x1010 adenovirus vector particles 

each43, while Janssen’s Ad26.COV2.S is administered in a single dose of 5x1010 adenovirus vector 

particles53. 

  

BNT162b2 accounted for most of the doses administered in Germany with over 73 %, followed 

by mRNA-1273, which accounted for 16 % of all doses. Vector-based ChAdOx1-S and 

Ad26.COV2.S represented 6.4 % and 2.4 % of all doses respectively (Table 2). 

Recommendations for the use of vaccines in Germany are given on the basis of research and 

epidemiological data by the Standing Committee on Vaccination (STIKO) since its foundation in 

197254. Shortly after the above-mentioned vaccines were approved in Europe in early 2021, the 

STIKO published a phased plan for the distribution of limited vaccine doses based on the priority 

of population groups to be vaccinated, in order to limit further damage from SARS-CoV-2 as 

effectively as possible55. Highly prioritised were elderly adults over the age of 70 years, healthcare 
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workers with a high risk of virus exposition and individuals with pre-existing medical conditions. 

For all vaccines in Table 2 except Ad26.COV2.S, which was administered as a single dose, two 

doses 4-12 weeks apart were recommended for all persons aged 12 years and older to acquire 

basic immunity against SARS-CoV-256. Later in 2021, the use in children younger than 12 years 

was authorised. 

Recommendations have been updated throughout the pandemic in reaction to changing 

circumstances, such as the emergence of new variants or research results on the effectiveness and 

side effects of vaccines. For instance, administration of Ad26.COV2.S in Germany was 

temporarily halted in March 2021 due to rare occurrences of cerebral venous sinus thrombosis 

after vaccination, predominantly in people under 60 years of age57. Following a risk assessment 

by the EMA with the result of a positive benefit-risk balance for the vaccine, Ad26.COV2.S was 

re-authorised for use in Germany on March 18 2021 and shortly afterwards recommended by the 

STIKO exclusively for the vaccination of people over 65 years of age58,59. With the highly 

transmissible Delta variant becoming dominant in the second half of 2021, breakthrough 

infections of vaccinated individuals became more frequent, with individuals who had been 

vaccinated with Ad26.COV2.S being most affected. Accordingly, researchers found that the 

protection against infection with COVID-19 waned to the greatest extent for the Janssen vaccine, 

with 13 % protection remaining seven months after vaccination60. In comparison, the protection 

by vaccines of BioNTech/Pfizer and Moderna declined to 43 % and 58 % respectively60. As a 

result, the STIKO considered the effectiveness of a single dose of Ad26.COV2.S to be insufficient 

and recommended additional vaccination with a mRNA vaccine61. 

In November 2021, the STIKO recommended a booster dose (third dose) of exclusively mRNA 

vaccines to further boost and maintain immunity against SARS-CoV-262. In response to waning 

neutralising antibody levels over time and the continuous emergence of immune evasive variants 

such as Omicron, several vaccine companies have adapted their vaccines to Omicron subvariants. 

The first Omicron BA.1 and BA.4/5 adapted mRNA vaccines were administered bivalently in 

combination with the original vaccine. The first adapted monovalent vaccine receiving CMA by 

the EMA was Comirnaty Omicron XBB.1.5 by BioNTech/Pfizer on 31 August 202363. 

 

Immunocompromised patients were designated a priority group for vaccination, due to previous 

studies indicating reduced seroconversion following vaccination, as well as impracticalities in self-

isolating while also requiring frequent medical attention64-67. Hemodialysis patients with 

insufficient kidney function are immunocompromised, as decreased renal function leads to 

increased oxidative stress and the release of inflammatory cytokines that disturb the function of 

innate and adaptive immunity68. Their underlying medical conditions mean that they often are 

transplant recipients and require immunosuppressive treatment69. Inflammatory bowel disease 

(IBD) caused mainly by Crohn’s disease and ulcerative colitis, is characterised by a chronic 

inflammation of the gastrointestinal tract70. It is commonly treated with immunomodulators such 
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as TNF-alpha antagonists and corticosteroids that suppress the immune system71. The STIKO 

continues to recommend annual booster vaccinations for immunocompromised individuals after 

basic immunity has been built up through three encounters of the immune system with parts of 

the virus, with at least one occurring through vaccination72. Monitoring humoral immunity 

through serological assays can help assess antibodies generated through vaccination and provide 

valuable information to take into consideration when formulating further vaccination 

recommendations. 

Beyond mRNA and viral-vector-based vaccines, various other technologies are utilised in the 

development of COVID-19 vaccines. Traditional protein subunit vaccines use antigenic parts of 

the virus such as the spike protein to elicit an immune response. Nuvaxovid by Novavax CZ, a.s. 

and Bimervax by HIPRA Human Health S. L. U are currently the only licensed protein subunit 

vaccine against COVID-1963.  

SARS-CoV-2 vaccines played an important role in reducing the severity and death related to 

COVID-19. A study from June 2022 estimated, an additional 14.4. to 19.8 million deaths in 185 

countries could be prevented by COVID-19 vaccines from 8 December 2020 to 8 December 

202173. As of January 2024, 71 % of the world population received at least one vaccine dose and 

over 13.5 billion doses have been administered74. 

 

1.1.4 SARS-CoV-2 variants 

The development of a virus is mainly determined by the stability of its genome, which in turn 

depends on the fidelity of the replication machinery. The RNA-dependent RNA polymerase of 

SARS-CoV-2 produces around 1x10-6 – 2x10-6 mutations per nucleotide per replication cycle, 

lower than in other RNA viruses such as Hepatitis C Virus but still significantly higher than DNA-

dependent polymerases that usually have mutation rates of 1x10-6 to 1x10-8 per nucleotide75,76. 

Although most of the mutations occurring during viral replication are neutral or have minimal 

effects, selective mutations lead to significant differences in viral properties such as transmission, 

disease severity or immune evasion and can provide a selective advantage to the virus77. For 

example, the D614G mutation of the SARS-CoV-2 spike protein was found to enhance viral 

replication in human lung epithelial cells and increase the infectivity of the virus, therefore 

elevating transmissibility78. Additional to the genetic error susceptibility, the high number of 

infections and global distribution of SARS-CoV-2 provides a lot of opportunity for the 

introduction of mutations and diverging evolutionary paths. The selective pressure based on 

factors such as antiviral treatments, vaccination regimes and socioeconomic restrictions can also 

influence the emergence and persistence of variants79,80. Furthermore, a spill-over from a natural 

host to humans and vice versa (spill-back) can provide the virus with opportunities to adapt to 

the new host environment and acquire mutations, leading to variants with altered characteristics. 

One such example is the SARS-CoV-2 variant “Cluster 5” which was associated with farmed 

minks and was detected in COVID-19 patients in November 2020 in Denmark. It harboured 
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several mutations within the S protein, but had no significant consequences on the pandemic81. 

However, it has raised awareness of the importance of genomic surveillance of SARS-CoV-2 by 

sequencing the viral genomes of infected individuals and highlighted its crucial role in detecting 

changes in the viral genome and tracking viral variants that have emerged during the pandemic. 

Since late 2020, the Technical Advisory Group on SARS-CoV-2 Virus Evolution by the WHO 

characterises emerging variants based on their potential impact on public health. Emerging 

variants that have certain changes known to affect viral behaviour or impact human health, such 

as increased transmission, immune evasion or COVID-19 disease severity, are classified as 

variants of interest (VOIs) or variants under investigation (VUIs) if their impact on public health 

is not fully understood and they require further monitoring. Variants of concern (VOCs) 

additionally have the potential to cause a detrimental change in disease severity, serious impact on 

public health systems and impaired effectiveness of available vaccines to prevent the disease. With 

the continuous evolution of the Omicron variant into divergent sublineages, the WHO updated 

their variant classification system to better represent the variant landscape. Whereas all Omicron 

sublineages were previously classified as part of the Omicron VOC, Omicron sublineages were 

classified independently as either variants under monitoring (VUMs), VOIs or VOCs from 15 

March 2023 onwards82. 

Table 3 is listing all variants that were classified as VUMs, VOIs and VOCs by the WHO during 

the pandemic and that were studied in the context of our publications. Therefore, XBB.1.5 is the 

most recent variant discussed in this thesis.  
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Table 3: Overview of SARS-CoV-2 variants classified as VOCs, VOIs and VUMs by the WHO 

Variant Lineage83 
WHO 
desig-
nation*83 

First 
occurence83 

Date of 
designation83 

Basis for designation† 

Alpha B.1.1.7 VOC 09.2020 18.12.2020 
↑ Transmission84 

↑ Disease severity85 

Beta B.1.351 VOC 05.2020 18.12.2020 ↑ Immune escape86,87 

Gamma P.1 VOC 11.2020 11.01.2021 ↑ Immune escape88 

Epsilon B.1.427 VOI 03.2020 05.03.2021 ↑ Immune escape89 

Zeta P.2 VOI 04.2020 17.03.2021 ↑ Immune escape86 

Eta B.1.525 VOI 12.2020 17.03.2021 ↑ Immune escape86,90 

Theta P.3 VOI 01.2021 24.03.2021 ↑ Immune escape86 

Iota B.1.526 VOI 11.2020 24.03.2021 ↑ Immune escape86,91 

Kappa B.1.617.1 VOI 10.2020 04.04.2021 
↑ Transmission92 

↑ Immune escape93 

Delta B.1.617.2 VOC 10.2020 11.05.2021 
↑ Transmission94 

↑ Disease severity95 

Lambda C.37 VOI 12.2020 14.06.2021 ↑ Immune escape96 

Mu B.1.621 VOI 01.2021 30.08.2021 ↑ Immune escape97 

Omicron 
BA.1 

B.1.1.529 VOC 11.2021 26.11.2021 
↑ Transmission98 

↑ Immune escape99 

Omicron 
BA.2 

B.1.1.529 VOC 11.2021 26.11.2021 
↑ Transmission100 

↑ Immune escape99 

Omicron 
BA.4/BA.5 

B.1.1.529 VOC 01.2022 12.05.2022‡ ↑ Immune escape102 

Omicron 
BQ.1 

B.1.1.529 VUM 10.2022 21.09.2022 ↑ Immune escape103 

Omicron 
XBB 

B.1.1.529 VUM 08.2022 12.10.2022 
↑ Transmission104 

↑ Immune escape105 

Omicron 
XBB.1.5 

B.1.1.529 VOI 10.2022 11.01.2023 
↑ Transmission104 

↑ Immune escape104,106 

 

SARS-CoV-2 variants have different numbers of mutations in different structural proteins (e.g. 

N, M or S) and non-structural proteins (e.g. NSP3). Mutations in the S protein are the most 

interesting for assessing the epidemiological impact of a variant, as it plays a crucial role in viral 

entry and is therefore the main target of neutralising antibodies. In addition, most of the approved 

SARS-CoV-2 vaccines are based on S proteins. Mutations in the S proteins of the SARS-CoV-2 

variants summarised in Table 2 are illustrated in Figure 4.  

 
* This designation was subject to change as the pandemic progressed. Here, the most relevant WHO 

designation is listed for each variant. 
† Based on either variant-specific evidence or, if not available, mutation-specific findings. “↑” represents 
an increase in the following parameter. 
‡ The WHO has summarised Omicron variants BA.1, BA.2. BA.4 and BA.5 as VOC "Omicron" until 

March 15, 2023. This date corresponds to the classification of the ECDC101. 
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Figure 4: Overview of spike mutations of SARS-CoV-2 variants 
Overview of mutations in the S proteins of SARS-CoV-2 variants classified as VOCs, VOIs and VUMs by the WHO. Included are mutations with a minimal prevalence of 40 %. Sequence 
data for lineage comparison was obtained from GISAID based on Karthik Gangavarapu et al., Outbreak.info genomic reports: scalable and dynamic surveillance of SARS-CoV-2 variants 
and mutations, Nature Methods, 2023107. 
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The proportion of sequences assigned to defined variants over time in Germany is illustrated in 

Figure 5. The SARS-CoV-2 Alpha variant (lineage B.1.1.7) was first detected in the United 

Kingdom in early December 2020 and rapidly displaced the ancestral strain Wuhan_Hu-1 

(hereinafter referred to as wild-type or WT) becoming the first variant to dominate global 

infection events. It contains a single N501Y mutation in the RBD, which was found to increase 

binding affinity towards ACE2108. Furthermore, a deletion of six nucleotides in the S gene, which 

results in the loss of amino acids at position 69 and 70, is present in the N-terminal domain of the 

S protein. Both mutations are leading to an increase in transmissibility estimated up to 80 % 

compared to the ancestral strain84,109. The more transmissible Alpha variant, which encountered a 

largely unvaccinated population in winter 2020/2021, caused a large and rapid increase in 

infections and hospitalisations in the UK, followed by most European countries110. Studies 

showed that the newly approved vaccines would provide sufficient protection against the Alpha 

variant111,112. The increasing number of vaccinations as well as public health measures (e.g. physical 

distancing) could mitigate the burden on healthcare systems. In January 2021, two further variants, 

Beta and Gamma, were classified as variants of concern83.  

The Beta variant was first detected in South Africa, where it was responsible for the majority of 

infections until June 2021, while Gamma was mainly circulating in Brazil where it remained the 

dominant variant until August 2021113. In addition to the N501Y mutation, both variants carry 

the E484K mutation within the RBD. Furthermore, the lysine at position 417 is exchanged with 

asparagine in Beta (K417N) and with threonine in Gamma (K417T). E484K, located in the ACE2 

binding site of the RBD, was identified as immune escape mutation. High reinfection rates and 

significantly reduced neutralisation by monoclonal antibodies and antibodies induced by infection 

or vaccination with the wild-type strain supported this assessment86,87. Consequently, both Beta 

and Gamma variants were believed to considerably reduce vaccine efficacy114. Germany and major 

parts of western Europe did not report substantial numbers of infections with Beta or Gamma, 

with Alpha instead accounting for almost all infections until April 2021115. Alpha, Beta and 

Gamma variants were reclassified as previously circulating variants in March 2022 due to a lack 

of confirmed cases detected in the weeks and months prior116.  

The dominance of the Alpha variant was broken by the Delta variant which caused a high wave 

of infection in India during April and May 2021, after which it spread globally115. Numerous 

studies attributed a higher transmissibility compared to the Alpha variant and significantly 

increased risk for hospitalisation, resulting in its classification as a VOC in June 202194,95. By 

August 2021, Delta was responsible for 99 % of all recorded infections in Germany115. It contains 

eight point mutations and two deletions in the S protein of which two are located within the RBD. 

The L452R mutation was shown to impair neutralisation by antibodies induced by infection and 

vaccination117, while the substitution of the threonine at position 478 with lysine (T478K) was 

shown to increase RBD-ACE2 binding by increasing the electrostatic potential118. 
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Figure 5: SARS-CoV-2 variant frequency during the COVID-19 pandemic in Germany 
Variant frequency in percent from the emergence of the first VOC (Alpha) in Germany until July 2023. 
Variant frequency was determined by dividing the number of sequenced genomes of a variant by the total 
number of sequenced genomes in an interval of 14 days. Data was obtained through GISAID119 and was 
provided by Hodcroft et al.115. 

 
Delta maintained its dominant status until the end of 2021, when the Omicron variant emerged 

and quickly became dominant, with 90 % of all sequenced infections confirmed as Omicron 

within six weeks of the first detected case120. Omicron was classified as a VOC immediately after 

its discovery in November 2021, as it had an unprecedented number of mutations. It contained 

over 30 mutations in the S protein, 15 of which located within the RBD, compared to two 

mutations in Delta’s RBD. 

The Omicron parent lineage B.1.1.529 branched out into two sublineages in December 2021, of 

which BA.1 was the first sublineage to dominate global infection events, before being replaced by 

BA.2 in March 2022. Originating from BA.2, variants BA.4 and BA.5, which have identical S 

proteins and only differ in other genomic regions such as M and N, became dominant from May 

to December 2022. Descending from the BA.5 variant, sublineage BQ.1.1 became the dominant 

variant in January 2023 due to further mutations within the RBD (N460K and K444T) and its 

enhanced ability to escape existing immunity121. At the same time as BQ.1.1, XBB was discovered 

in Germany, which resulted from a recombination of the sublines BA.2.10.1 and BA.2.75, but 

accounted for only 1 % of all sequences analysed in December 2022.120. However, the XBB.1.5 

sublineage, which in turn emerged from XBB, was able to establish itself as the dominant variant 

in Germany from February 2023115. It carries an additional F486P mutation within the RBD which 

is associated with higher ACE2 affinity122. 

In general, Omicron variants were attributed a higher transmissibility compared to Delta98. 

Between January and May 2022, when BA.1 and BA.2 were the predominant variants in Germany, 

the highest daily case numbers during the pandemic were recorded with over 290,000 new cases 
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per day, resulting in 18 million registered infections during this period, which corresponded to 

approximately 21% of the entire German population123,124. The fact that 70 % of the German 

population had received two vaccine doses by January 1st 2022125, and many individuals previously 

infected with earlier circulating variants were reinfected, suggested that Omicron variants 

effectively escape immunity induced by vaccination based on the ancestral Wuhan_Hu-1 strain 

and infection with pre-Omicron variants. However, the severity of COVID-19 caused by 

Omicron was greatly reduced compared to the Delta variant, with the risk of hospitalisation 

decreased by 56 %126. 

As of February 2024, new variants are still continuously emerging, and the rapid evolution of 

SARS-CoV-2 is ongoing. It is therefore crucial to continue monitoring the development of the 

virus and to recognise changes that may have a negative impact on public health at an early stage. 
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1.2 Serology and immune response 

1.2.1 Immune response to SARS-CoV-2  

The first line of defence against pathogens such as SARS-CoV-2 is the epidermis of the skin and 

the epithelium of mucosa, whose task is to limit the penetration of the virus into the body. When 

the virus breaks through this barrier, pattern recognition receptors (PRRs), which are located on 

the cell surface, in the cytosol and in the endosomes of epithelial and immune cells, are activated 

by pathogen-associated molecular patterns (PAMPs). Those receptors are the starting-switch of 

inflammatory cascades that lead to the expression and secretion of cytokines, such as interleukins 

and antiviral interferons like TNF-α and type I interferons127. The secretion of cytokines 

communicates the viral threat to neighbouring cells and immune cells and leads to the activation 

of cellular anti-viral defences such as impairment of protein synthesis and up-regulation of 

important immunological proteins, including major histocompatibility complex (MHC) 

molecules128. Attracted by cytokines, innate myeloid immune cells, such as antigen presenting 

macrophages and dendritic cells, internalise pathogens and process their antigens, e.g. the SARS-

CoV-2 structural and non-structural proteins, into peptide fragments to display them on MHC 

class II molecules to lymphoid B- and T-cells of the adaptive immune system in secondary lymph 

organs such as the lymph nodes129. 

The B-cell recognises the antigen either presented by a professional APC or in free form via its 

specific B-cell receptor (BCR) and is internalising the antigen-BCR complex. The antigen is 

processed into peptide fragments and bound to MHC class II molecules. This MHC-II-antigen 

complex is returned to the B-cell surface and can be recognised by a T follicular helper (TFH) cell 

activated by the same antigen in a process called linked recognition. Co-stimulation by surface 

receptors and cytokines of TFH-cells (e.g. IL-4) promote activation, differentiation and 

proliferation of B-cells130. 

Activated B-cells differentiate into either antibody producing plasma cells or memory B-cells. 

Memory B-cells are long-lived and circulate the blood stream in a quiescent state. They are 

memorising the specific antigen their parent B-cell was activated with and trigger an accelerated 

and strong secondary immune response upon re-encountering the same antigen131.  

Within germinal centers in secondary lymphoid tissue, activated B-cells accumulate mutations in 

the variable regions of immunoglobulin genes by a process called somatic hypermutation. These 

diversified B-cell clones subsequently undergo affinity maturation which involves the positive 

selection of clones with BCRs of higher affinity through repeated exposure to the target antigen.  

The antibody-mediated immune response is carried out by multiple classes of antibodies (IgM, 

IgA, IgD) that are all characterised by their functions, tissue distribution and half-lifes. The first 

expressed antibodies in a naïve B-cell after activation and before class switching are IgM and IgD 

antibodies. Class switching through the recombination of the constant region in the 

immunoglobulin heavy chain gene locus allows the production of different isotypes with different 
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effector functions, while retaining antigen specificity. IgM antibodies have a low antigen affinity 

compared to IgG due to limited affinity maturation, but a high avidity because of their pentameric 

structure with which they form multimeric interactions with the antigen132. 

IgA antibodies are present in higher concentrations in human serum compared to IgM and are 

mainly found in mucosal surfaces and secretions. In their secreted form, they occur as dimers and 

therefore have increased avidity. In the respiratory tract, they can neutralise a pathogen through 

aggregation and prevent infection133. 

IgG antibodies only occur in monomeric form and make up 75 % of all antibodies in serum134. 

They occur later during the immune response because they undergo affinity maturation through 

somatic mutations that increases their affinity and capacity to neutralise pathogens135. They have 

a longer half-life and are produced by memory B-cells and are therefore associated with long-term 

immunity132. Besides neutralisation, IgG fulfils important other functions through the Fc-region, 

such as activation of other immune cells with Fc-receptors and antibody-dependent cellular 

cytotoxicity (ADCC)136. 

The second arm of adaptive immunity against pathogens is cellular immunity mediated by T-cells. 

Like B-cells, T-cells circulate between blood and peripheral lymphoid tissue until they encounter 

their specific antigen129. After encountering an APC such as dendritic cells, carrying the specific 

antigen on its MHC-II molecule, the naïve T-cell is activated and proliferates into effector cells in 

a process called clonal expansion. The most common types of T-cells are the CD4+ (helper) T-

cells and CD8+ (cytotoxic) T-cells. CD4+ T-cells recognise MHC-II-bound antigens on APCs 

and are modulating the immune response by producing cytokines (i.e. IFN-y) that communicate 

with other immune cells. They are also activating B-cells resulting in antibody production. CD8+ 

T-cells bind exclusively to antigens presented on MHC-I with their T-cell receptor (TCR) and 

utilise their killing function by releasing cytotoxins such as perforin and granzymes and thus 

induce apoptosis. In this way, infected or malignantly altered host cells are eliminated137. In 

Figure 6, the immune response against SARS-CoV-2 is illustrated schematically. 

 

  



  1 Introduction 

19 
 

 

Figure 6: Immune response to SARS-CoV-2 
(a) Pattern associated molecular patterns (PAMPs) of SARS-CoV-2 are recognised by pattern recognition 
receptors (PRRs) on innate immune cells and epithelial cells which leads to their activation. Antigen 
presenting cells (APCs) migrate to lymphoid organs and activate T-cells, which then activate B-cells, 
therefore launching the adaptive immune response. (b) Schematic timeline of the adaptive immune response 
to SARS-CoV-2. Memory B- and T-cells remain after the pathogen is cleared, able to quickly proliferate in 
the case of reinfection. Reprinted with permission by Springer Nature: Rebecca J. Cox et al., Not just 
antibodies: B-cells and T cells mediate immunity to COVID-19, Nature Reviews Microbiology, © 2020, 
Springer Nature Limited 

 

1.2.2 Neutralising antibodies 

The three main functions of antibodies in pathogen defence are neutralisation, opsonisation and 

complement activation129. Antibodies that inhibit the infectivity of viruses, bacteria or toxins are 

called neutralising antibodies (NAbs) and are a main focus of this dissertation. NAbs are part of 

the humoral immune response of the adaptive immune system and bind to structures on infectious 

particles needed for cell entry, therefore preventing host cell infection138. Pathogens including 

SARS-CoV-2 use protein or carbohydrate structures on their surface to interact with host cell 

surface receptors in order to enter the cell and start the replication cycle. NAbs most commonly 

bind to epitopes within those viral surface proteins and inhibit the interaction between the viral 

protein and the cell surface receptor. In the case of SARS-CoV-2, the virus binds to the cell surface 

receptor ACE2 via the RBD of the glycosylated trimeric S protein to achieve cell entry. Especially 

at the beginning of the pandemic, treatment of severe and/or immunocompromised COVID-19 

patients with convalescent plasma containing NAbs proved to be an effective therapy to decrease 

mortality139. In 2021, nine anti-SARS-CoV-2 prophylactic and/or therapeutic antibody-based 

drugs were granted Emergency Use Authorisation by the EMA140. The treatment with monoclonal 

antibodies was however mostly discontinued since January 2022, due to their ineffectiveness to 

neutralise circulating Omicron variants141-143. In addition to blocking the interaction of viruses 

with their entry receptors, NAbs also act in other ways such as preventing conformational changes 

of viral proteins that are necessary for infection (e.g. membrane fusion). While non-neutralising 

antibodies also bind to specific epitopes of antigens, they do not interfere with the infectivity of 

the pathogen. However, they also play a crucial rule in the humoral immune response as their 

main principle is opsonisation, where pathogens are tagged for elimination by other immune 

cells144. 
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1.2.3 Bead-based multiplex immunoassays 

Multiplexing is the simultaneous analysis of multiple analytes in a single reaction mixture. In 

contrast to standard ELISAs that can only measure a single analyte at once, multiplexing provides 

a material- and cost-saving alternative that generates complex datasets. The serological analysis of 

pathogen-specific antibodies using multiplex immunoassays can therefore give a more accurate 

picture of the humoral immune response against the whole pathogen.  

xMAP© technology (x = analyte, MAP = Multi-Analyte Profiling) by Luminex (Austin, USA) 

allows the simultaneous analysis of up to 500 analytes in one reaction mixture. This is enabled by 

500 spectrally distinct polystyrene bead populations (hereinafter simply referred to as beads) that 

are labelled with three fluorescent dyes (infrared, red and orange) at different ratios located inside 

of the microspheres (Figure 7a). xMAP© technology provides many applications in numerous 

bioanalytical fields, and assays using the technology differ in their components depending on the 

specific application. For serological assays, immobilised antigens on the beads are used to capture 

antibodies from a sample such as human blood serum or saliva. The captured antibodies are then 

detected by a reporter system, usually comprised of secondary antibodies conjugated with a 

fluorophore. However, the detection is not limited to bound antibodies, as all analytes bound to 

the immobilised antigen can be recognised (e.g. receptor molecules).  

The beads are analysed using a FLEXMAP 3D instrument that works similar to a dual-detection 

flow cytometer. The beads are aligned in a single file through a flow cell where they are individually 

excited by two lasers. The red classification laser (λ = 638 nm) excites the internal colour code of 

each bead population allowing its identification. The green laser (λ = 532 nm) excites the 

fluorophore-tag of the reporter molecule (e.g. R-phycoerythrin) for signal quantification 

(Figure 7b). For each bead population, the instrument calculates the median fluorescence 

intensity (MFI) of all beads measured per population145.  

 

 

Figure 7: xMAP© technology for multiplex immunoassays 
(a) 500 distinct bead populations are obtained by combining three fluorescent dyes (infrared, red and 
orange) at different ratios inside of the microspheres. (b) Two sequential lasers identify the bead population 
(red, λ=633 nm) and signal intensity (green, λ=532 nm). Figure modified and used with permission from 
Luminex, a Diasorin company. 
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1.2.3.1 Analysing antibody binding with MULTICOV-AB 

Utilising xMAP© technology, we developed MULTICOV-AB, a serological multiplex antibody 

binding assay to accurately characterise the antigen-specific antibody response against SARS-CoV-

2 and endemic human coronaviruses OC43, NL63, HKU1 and 229E. 

We selected antigens from every virus and immobilised them on MagPlex© microspheres. The 

beads were incubated with diluted serum or saliva and the bound antigen-specific antibodies were 

detected with secondary antibodies specific for the isotype to be analysed (IgG or IgA). The 

antigen panel of SARS-CoV-2 consisted of the full-length S protein as well as the spike-derived 

domains RBD, S1 and S2 and the N protein. For endemic coronaviruses, antigen-specific 

antibodies against the S1 domain and N protein were analysed. Figure 8 gives an overview of 

SARS-CoV-2 antigens included in MULTICOV-AB. 

 

 

Figure 8: SARS-CoV-2 antigen panel of MULTICOV-AB 
The SARS-CoV-2 antigen panel of the bead-based multiplex immunoassay MULTICOV-AB consists of 
the full-length S protein, the S domains S1, RBD and S2 as well as the N protein. 
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1.2.3.2 Analysing ACE2 binding inhibition with RBDCoV-ACE2 

Virus neutralisation tests (VNTs) present the gold standard for assessing the ability of antibodies 

to neutralise viruses. Typically, a cell line is exposed to live viruses in the presence of antibodies 

(e.g. patient blood serum). Here, the neutralising capacity of the serum is directly correlated with 

the survival rate of the cultured cell line. 

While the VNT is testing the functionality of NAbs to prevent infection events, it is very labour-

intensive, time-consuming and is not suitable for high-throughput screenings. Additionally, it 

requires live viruses that demand handling in biosafety level 3 (BSL3) laboratories, as well as access 

to variant strains especially in the case of SARS-CoV-2. 

To combine the valuable information of neutralising activity with a material-, time- and cost-

saving method that is also scalable for high-throughput applications, we developed a surrogate 

virus neutralisation assay based on xMAP technology called RBDCoV-ACE2. 

This protein-based assay is founded upon the antibody-mediated inhibition of ACE2-RBD 

binding, the first and crucial step of the SARS-CoV-2 infection cycle. In Figure 9, the assay 

principle is illustrated, mimicking the way NAbs function in vivo. 

 

 

Figure 9: Assay principle of RBDCoV-ACE2 
Neutralising antibodies (NAbs) in vivo bind to epitopes within the RBD crucial for the binding of ACE2 
(left panel). RBDCoV-ACE2 mimics the way of function of NAbs in vitro by co-incubating RBD-coated 
beads with diluted serum and biotinylated ACE2. ACE2 bound to RBD is detected with phycoerythrin 
(PE)-labeled streptavidin (right panel). Figure adapted and extended from Wagner et al.146 (© NMI Natural 
and Medical Sciences Institute at the University of Tübingen). 
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In Figure 10, the assay procedure of RBDCoV-ACE2 is illustrated. RBDs of SARS-CoV-2 

variants are immobilised on MagPlex© microspheres and incubated with diluted serum in the 

presence of biotinylated ACE2 proteins, resulting in a competition for binding of the RBD 

between the ACE2 proteins and the NAbs (if present) in the sample. The detection of bound 

ACE2 by streptavidin labelled with phycoerythrin (PE), and the normalisation to a control without 

added serum yields the remaining portion of bound ACE2-RBD complexes. By subtracting this 

value from 1 and multiplying with 100, ACE2 binding inhibition in percent is obtained.  

 

 

Figure 10: Assay procedure of RBDCoV-ACE2 
Assay procedure of the multiplex surrogate neutralisation assay RBDCoV-ACE2. Beads coated with RBDs 
of different SARS-CoV-2 variants are incubated with diluted serum in a buffer containing biotinylated 
ACE2. After incubation, bound ACE2 is detected with streptavidin-PE and the beads are analysed with a 
FLEXMAP 3D instrument. The MFI of each measurement is normalised to the mean MFI of control 
measurements containing only biotinylated ACE2. Subtracting this value from 1 and multiplying with 100 
results in the ACE2 binding inhibition (%). Figure concept adapted from Matthias Becker, Serological 
Analysis to Accompany Clinical Research, Vaccination and Evolution of the COVID-19 Pandemic, 
Doctoral Dissertation, 2023, University of Tübingen147. 
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With the emergence of SARS-CoV-2 in late 2019, the world was confronted with a highly 

infectious and contagious virus that causes severe respiratory disease. As the initial outbreak 

turned into a pandemic in early 2020 and public health infrastructure was overwhelmed, an 

unprecedented collaborative effort by the scientific community was required to expand the limited 

knowledge of the virus and develop therapeutics and vaccines. 

In order to close these knowledge gaps, we set ourselves the goal of developing serological 

multiplex tests that can be used for research into the humoral immune response to SARS-CoV-2 

as well as in clinical practice and in the development of therapeutics and vaccines. 

Therefore, I co-developed MULTICOV-AB, a bead-based multiplex assay to analyse antibody 

binding towards antigens of SARS-CoV-2 and the endemic coronaviruses 229E, OC43, NL63 

and HKU1. After validating the assay to FDA and EMA guidelines, we could utilise it to assess 

the seroprevalence of SARS-CoV-2 in the German population and differentiate between antibody 

responses induced by infection and vaccination with superior sensitivity and specificity compared 

to commercially available ELISAs.  

As the pandemic progressed and seroprevalence in the population steadily increased, the 

functional characterisation of the immune response to SARS-CoV-2 became increasingly the 

focus of research. Especially with regard to newly emerging SARS-CoV-2 variants with altered 

characteristics such as transmissibility and disease severity, it is crucial to determine whether the 

antibody responses induced by previous infections or vaccinations are still able to effectively 

neutralise the virus. 

To address this, I developed RBDCoV-ACE2, a multiplex surrogate neutralisation assay based on 

the inhibition of the interaction between the RBD of SARS-CoV-2 and the host receptor ACE2 

by NAbs in the probe serum. RBDCoV-ACE2 is capable of analysing the neutralising capacity of 

blood serum against all circulating SARS-CoV-2 variants simultaneously in one reaction mixture, 

requiring minimal amounts of material (5 µL of sample) in a time-efficient manner (total assay 

time < 4 hours). It correlates well with the gold standard VNT and is suitable to be processed 

under biosafety level 2 conditions as it does not require infectious live virus. RBDCoV-ACE2 was 

utilised in over ten publications since 2021 and beyond application in clinical practice, was also 

used in pre-clinical tests of a SARS-CoV-2 vaccine candidate adapted to Omicron variants. 
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3.1 Multiplex serological immunoassay development 

In my master thesis, which I submitted on the 7th of September 2020, I wrote about the early 

development of the antibody binding assay MULTICOV-AB and a bead-based ACE2-RBD 

competition assay, which would later be named RBDCoV-ACE2148. The focus of this work laid 

on antigen testing and the selection of immunogenic antigens (self-produced or commercially 

available) for both tests as well as the determination of cut-off values to reliably differentiate 

between SARS-CoV-2 positive and healthy negative individuals. In addition, I established the test 

principle of RBDCoV-ACE2 and tested convalescent sera and anti-RBD nanobodies for their 

neutralising capabilities. In September 2020, neither SARS-CoV-2 vaccines nor variants were 

available or relevant and both MULTICOV-AB and RBDCoV-ACE2 assay developments had 

not yet been completed. This dissertation is the follow-up of this work and includes the finalised 

assay development and validation as well as all major publications in which both assays were used.  

 

3.1.1 MULTICOV-AB 

In February 2020, one month before the SARS-CoV-2 outbreak was classified a pandemic, I began 

working as part of a group on the development of a serological bead-based multiplex 

immunoassay, later named MULTICOV-AB, to analyse the humoral antibody immune response 

against SARS-CoV-2.  

Initially, we evaluated SARS-CoV-2 proteins for their antigenic properties. Following this, we 

immobilised all structural SARS-CoV-2 proteins on carboxylated MagPlex© beads and tested a set 

of sera from SARS-CoV-2 infected and healthy individuals for antibody binding of antibody 

isotypes IgG and IgA. We found that antigens derived from S and N proteins showed a specific 

antibody binding response in the samples of infected individuals and no binding response in the 

samples of healthy individuals. Antigens based on E and M proteins, on the other hand, showed 

unspecific antibody binding and were therefore excluded from the antigen panel. The final panel 

consisted of the full-length S protein, the S1, S2 and RBD of the S protein as well as the full-

length N protein (see Figure 8). Furthermore, we included the S1 domains and N proteins of the 

endemic coronaviruses 229E, OC43, NL63 and HKU1 to assess potential cross-reactivity and 

cross-protection between endemic human coronaviruses and SARS-CoV-2. 

Following the definition of the MULTICOV-AB antigen panel, we screened a set of serum and 

plasma samples from 310 infected and 866 healthy, uninfected individuals (described in Appendix 

I). Overall, we found that the full-length S protein and RBD achieved the best distinction between 

positive and negative samples for both IgG and IgA (see Figure 11a). We could maximise assay 

sensitivity and specificity to 90 % and 100 % respectively by integrating the results of both 

antigens into a combined cut-off for both IgG and IgA detection (see Appendix I: Figure 2a, 

b; Table 3). Since the aim of serological assays is to avoid false positive test results which would 

falsely attribute an existing immune response, the classification cut-off of MULTICOV-AB was 
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refined to maximise assay specificity to 100 %. In contrast, diagnostic tests such as PCR analysis 

aim for high sensitivity to avoid false negative test results, which would lead to further spread of 

the virus and put other people at risk. Furthermore, we measured a subset of 205 infected and 72 

non-infected samples with commercially available serological tests from Roche, Siemens and 

Euroimmun and compared their performance to MULTICOV-AB (see Figure 11b). Here, we 

could show that MULTICOV-AB has superior sensitivity (90 %) over all tested commercial assays 

(Appendix I: Table 1, Supplementary Figure 3). 

 

 

Figure 11: Analysing SARS-CoV-2 antibody responses with MULTICOV-AB 

(a) Control sera (blue, n = 72) and sera from individuals with PCR-confirmed SARS-CoV-2 infection (red, 

n = 205) were screened in a multiplex bead-based assay using Luminex technology (MULTICOV-AB) to 
quantify IgG or IgA responses to various antigens. Reactivity towards trimeric SARS-CoV-2 spike protein 
(Spike Trimer) or SARS-CoV-2 receptor binding domain of spike (RBD) was found to be the best predictor 
of SARS-CoV-2 infection. Data are presented as Box-Whisker plots of a sample’s median fluorescence 
intensity (MFI) on a logarithmic scale. Box represents the median and the 25th and 75th percentiles, 
whiskers show the largest and smallest values. Outliers 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) Sample set 
from a, was used to compare assay performance of the MultiCoV-Ab using Spike Trimer and RBD antigens 
with commercially available single analyte SARS-CoV-2 IVD 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. Antibody test results were classified as negative (blue), positive (red), or borderline (grey) as per 
the manufacturer’s definition. Only samples with divergent antibody test results are shown. Figure and 
caption reproduced from Appendix I: Figure 1. 

 

To ensure technical stability of MULTICOV-AB, we validated the assay based on EMA and FDA 

guidelines by analysing intra-assay variance, inter-assay variance, limit of detection, parallelism and 

matrix effects from serum or plasma samples. Stable assay performance was confirmed with 

coefficients of variation (%CV) values not exceeding 8.5 % for the intra-and inter-assay variance 

of all SARS-CoV-2 antigens (see Appendix I: Supplementary Table 1). 

The multiplex analysis of antibody binding to SARS-CoV-2 antigens including domains of the S 

and N proteins provided valuable insight into the humoral immune response of infected and 

vaccinated individuals. Important basic research questions such as the potential cross-reactivity 

of antibodies generated by infection with seasonal coronaviruses (Appendix I: Figures 4 and 5) 

and the analysis of antibodies induced by vaccination could be explored with MULTICOV-AB.  
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3.1.2 RBDCoV-ACE2 

As the pandemic unfolded and the seroprevalence in the global population progressively 

increased, research on SARS-CoV-2 humoral immunity increasingly focused on the ability of the 

antibodies to prevent (serious) infection, especially in the light of newly available vaccines and the 

emergence of new virus variants. 

The most valuable antibodies to have for protection against SARS-CoV-2 infection are NAbs that 

mainly function by binding to epitopes within the RBD that overlap with binding sites of the host 

cell receptor ACE2, therefore blocking the RBD-ACE2 interaction and preventing infection 

before the virus can attach to the cell. Nevertheless, non-neutralising antibodies also have 

important immune functions in opsonisation, complement activation and ADCC. Since only a 

fraction of all spike-binding antibodies are NAbs, the antibody binding signal provides insufficient 

information about the neutralising functionality of the bound antibodies. 

To analyse the effect of NAbs in blood serum, I developed RBDCoV-ACE2, a multiplex 

surrogate neutralisation assay based on the inhibition of RBD-ACE2 binding by NAbs. RBDCoV-

ACE2 is a material-, time- and cost-saving alternative to VNTs that require infectious live virus 

particles and therefore can only be performed in BSL3 laboratories. In contrast, RBDCoV-ACE2 

enables significant higher throughput and reproducibility and was also automated to run on 

pipetting robots. The multiplex format of RBDCoV-ACE2 is optimal for assessing the 

neutralising capacity against all circulating SARS-CoV-2 variants simultaneously, generating a high 

amount of data in a short time (total assay time < 4 hours) using minimal amount of serum (5 µL 

per measurement). 

I tested and optimised the concentration of biotinylated ACE2 and serum dilution by performing 

titration experiments and choosing values that were within linear range. For the final ACE2 

concentration I decided on 150 ng/mL and human serum was used at a 1:400 dilution. 

To validate RBDCoV-ACE2, I compared its performance to a VNT, representing the gold 

standard in analysing virus neutralisation, and a commercially available surrogate neutralisation 

test (NeutraLISA, Euroimmun). Both VNT and NeutraLISA are not capable of measuring 

multiple analytes simultaneously and therefore only inhibitory effects towards the wild-type RBD 

could be compared with those assays (Appendix II).  

I analysed a sample set of 266 sera from SARS-CoV-2 infected and healthy individuals with 

RBDCoV-ACE2. The sample set for comparison with the VNT consisted of 16 serum samples, 

12 of which were from convalescent COVID-19 donors and 4 from healthy pre-pandemic donors. 

Initially, I compared the performance of RBDCoV-ACE2 to the VNT. The serum virus 

neutralisation titre in the VNT was defined as the reciprocal sample dilution at which 50 % of cell 

infection is inhibited, compared to a control without added serum. As illustrated in Figure 12, the 

ACE2 binding inhibition values of RBDCoV-ACE2 showed a strong correlation with the VNT50 

values of the VNT (Spearman’s r 0.95), confirming that the inhibition of ACE2-RBD binding can 

be linked to NAbs specifically and is not caused by other factors such as sample matrix effects. 
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I also confirmed that the binding of ACE2 was specific to the RBD by including SARS-CoV-2 

S2 and N proteins, which showed no ACE2 binding. 

 

 

Figure 12: Comparison between RBDCoV-ACE2 and a virus neutralisation test (VNT) 

Serum samples (n = 16) of pre-pandemic (n = 4) and COVID-19 convalescent (n = 12) individuals were 
measured using both assays and analysed by linear regression. The equation of the dashed regression line is 
shown next to the graph. VNT results are depicted as half-maximal inhibiting serum dilutions (VNT50), 
RBDCoV-ACE2 results are shown in percentage inhibition of ACE2 binding. Correlation analysis was 
performed after Spearman and the correlation coefficient r is shown. Figure and caption reproduced from 
Appendix II: Figure 1. 

 

I further compared RBDCoV-ACE2 to the commercially available NeutraLISA by Euroimmun. 

This ELISA utilises a similar assay principle as RBDCoV-ACE2 by co-incubating diluted serum 

with biotinylated ACE2, however in a planar format using 96-well plates coated with wild-type 

SARS-CoV-2 RBD proteins. Thus, NeutraLISA is also a surrogate neutralisation assay analysing 

percentage inhibition of RBD-ACE2 binding and is therefore well suited for a comparison with 

RBDCoV-ACE2. 

In Figure 13, the performance of NeutraLISA is compared to the VNT (Figure 13a) and to 

RBDCoV-ACE2 (Figure 13b, c). The results of NeutraLISA and the VNT show a strong 

correlation (Spearman’s r 0.94), however, the inhibition percentage values of NeutraLISA appear 

to saturate at 100 % at the equivalent of VNT50 values of around 300 to 400 (Figure 13a). In 

contrast, RBDCoV-ACE2 is not reaching saturation for the whole dilution range tested (1:40 to 

1:650, Figure 12). 

This plateau effect can also be seen in the comparison of RBDCoV-ACE2 with NeutraLISA 

(Figure 13b, c). The data of both assays is strongly correlated (Spearman’s r 0.84), however 

RBDCoV-ACE2 can distinguish all measured data points of strongly neutralising samples with 

high resolution, whereas the inhibitory percentage of NeutraLISA is already mostly saturated at 

the equivalent of 40 % in RBDCoV-ACE2. 
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When defining the cut-off percentage value below which a sample is classified as non-neutralising, 

we employed the same cut-off at 20 % as NeutraLISA, since both assays are based on ACE2 

binding inhibition and ACE2 binding inhibition values below 20 % are more likely to fluctuate. 

RBDCoV-ACE2 assay performance was independently proven by other groups and the assay was 

also utilised in pre-clinical tests of an Omicron-adapted vaccine candidate in addition to VNTs149. 

If this cut-off is employed on the measurements of both assays, 30.4 % of all samples were 

considered negative (< 20 % ACE2 binding inhibition) and 55.4 % were classified positive (≥ 20 

% ACE2 binding inhibition) in both assays. Of the 24 samples (14.3 %) that were classified 

differently between both assays, 4 samples (2.4 %) were only positive in RBDCoV-ACE2 while 

20 samples (11.9 %) were only positive in NeutraLISA. In summary, RBDCoV-ACE2 is generally 

estimating a lower ACE2 binding inhibition compared to NeutraLISA but shows a stronger 

correlation to the gold-standard VNT results and has a broader dynamic range. 
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Figure 13: Comparison of RBDCoV-ACE2 to NeutraLISA (Euroimmun) 
Correlation between SARS-CoV-2 NeutraLISA and VNT and comparison to RBDCoV-ACE2. (a) 

Correlation and linear regression between NeutraLISA and VNT results for pre-pandemic (n = 4) and 

COVID-19 infected (n = 12) samples. Correlation analyses were performed after Spearman and correlation 
coefficients r are shown. (b) Descriptive statistics of the (c) correlation between NeutraLISA and RBDCoV-

ACE2. One sample from each individual (n = 168) was measured using both assays. Correlation was 
calculated after Spearman. Samples were classified as being negative (non-neutralising) if they had a value 
below 20% (red lines). Figure and caption reproduced from Appendix II: Figure 2. 
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To ensure that RBDCoV-ACE2 produces reproducible and reliable results and is stable under 

various working conditions, I performed technical validation based on EMA and FDA 

bioanalytical guidelines150,151. RBDCoV-ACE2 was tested for intra- and inter-assay stability, 

freeze-thaw stability, short-term stability and parallelism (see Figure 14). I also verified that 

multiplex measurements with RBDCoV-ACE2 produced the same results as singleplex 

measurements only using the respective analyte (Appendix II: Supplementary Figure S2). 

The sample set for the technical validation consisted of six serum samples, four of which came 

from BNT162b2-vaccinated donors (n = 4), one sample from a COVID-19 infected individual 

(n = 1) and one sample from a pre-pandemic healthy donor (n = 1). 

RBDCoV-ACE2 is highly reproducible as shown by the high intra- and inter-assay precision with 

percent coefficients of variation (%CV) of all samples below 5 % and 7 % respectively (Figure 

14a, b). To prove that RBDCoV-ACE2 can be processed under various working conditions, I 

tested the stability of biotinylated ACE2 in assay buffer (ACE2 buffer) when stored for either 2h, 

4h or 24h at either 4 °C or 21 °C (RT) before performing sample measurement. Again, the values 

remained stable for all tested conditions with the %CV of only one sample for WT RBD being 

higher than 10 % (11.6 %) and a mean %CV of all samples lower than 5 % (Figure 14c). Similarly, 

the frozen biotinylated ACE2 stock could be thawed and re-frozen 5 times and still produce highly 

stable results (mean %CV of all samples < 5 %, Figure 14d). 

With the parallelism experiment, I optimised the concentration of biotinylated ACE2 and ensured 

that the chosen concentration was within linear range. Here, RBDCoV-ACE2 demonstrates a 

high flexibility towards potentially fluctuating ACE2 concentrations (e.g. due to pipetting errors), 

as the error is eliminated by normalisation with the ACE2 control. 

The %CV values of the technical validation for all samples and all variant RBD are summarised 

in Supplementary Table S3 of Appendix II. 
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Figure 14: Stable assay performance of RBDCoV-ACE2 
Results of intra-assay precision (a), inter-assay precision (b), short-term stability (c), freeze-thaw stability (d) 
and parallelism (e) experiments analysing ACE2 binding inhibition (displayed as %) using wild-type (WT) 
RBD. Four samples from donors vaccinated with Pfizer BNT-162b2 (n=4, black), one COVID-19 infected 
(n=1) and one pre-pandemic sample (n=1, grey) were analysed. Data points of each sample are illustrated 
by different symbols according to the figure key. Percent coefficients of variation (%CV) for all included 
RBD mutants are summarised in Supplementary Table S3 of Appendix II. Figure and caption 
reproduced from Appendix II: Figure S1. 
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RBDCoV-ACE2 was also employed in pre-clinical testing of a mRNA-based vaccine against 

SARS-CoV-2149. For this purpose, the assay had to be expanded to enable analysis of rat and 

mouse sera. To validate the assay for use with those species, I repeated the technical validation by 

testing different serum dilutions and performing intra- and inter assay precision experiments 

(Figure 15).  

I analysed both rat and mouse serum in a dilution row ranging from 1:50 to 1:6400 and confirmed 

that the serum of both species can be analysed at a dilution of 1:400 (Figure 15a, c). No unspecific 

binding or matrix effects were observed with either rat or mouse serum, so that RBDCoV-ACE2 

could be processed analogously to measurements with human serum. 

Measurements of both rat and mouse serum were highly stable and showed minimal variance 

(Figure 15b, d). 

 

 

Figure 15: RBDCoV-ACE2 for measurements of rat and mouse serum 
ACE2 binding inhibition was measured towards wild-type RBD with serially diluted rat (a) and mouse sera 
(c) from SARS-CoV-2 immunised (Rat: n=16, Mouse: n=14) and naïve (Rat: n=4, Mouse: n=5) animals. 
Assay performance of RBDCoV-ACE2 is stable illustrated by the results of intra-assay stability experiments 
for rat (b) and mouse (d) sera (n=4) 
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As the pandemic progressed, I continued to add numerous variants to RBDCoV-ACE2 and 

MULTICOV-AB shortly after their emergence. This also meant that the effects of the variants 

on infection events were often not yet known at the time of variant inclusion. Table 4 summarises 

all RBD antigens that were included in RBDCoV-ACE2 and MULTICOV-AB and their use in 

publications. 

 

Table 4: Overview of SARS-CoV-2 RBDs included in RBDCoV-ACE2 and MULTICOV-AB and 
their use in publications 

Variant Lineage 
Publications (Appendix No.) 

1 2 3 4 5 6 7 8 9 10 

Wild-type B.1           

Alpha B.1.1.7           

Beta B.1.351           

Gamma P.1           

A.23.1 A23.1           

Cluster 5 B.1.1.298           

Epsilon B.1.427           

Zeta P.2           

Eta B.1.525           

Theta P.3           

Iota B.1.526           

Kappa B.1.617.1           

Lambda C.37           

Delta B.1.617.2           

Mu B.1.621           

Omicron BA.1 B.1.1.529           

Omicron BA.2 B.1.1.529           

Omicron BA.4/BA.5 B.1.1.529           

Omicron BA.2.12.1 B.1.1.529           

Omicron BA.2.75 B.1.1.529           

Omicron BF.7 B.1.1.529           

Omicron BA.2.75.2 B.1.1.529           

Omicron XBB B.1.1.529           

Omicron BA.2.3.20 B.1.1.529           

Omicron BM.1.1.1 B.1.1.529           

Omicron BQ.1.1 B.1.1.529           

Omicron XBB.1.5 B.1.1.529           
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3.2 Application of MULTICOV-AB and RBDCoV-ACE2 

3.2.1 Vaccination schemes induce heterologous immune responses 

SARS-CoV-2 vaccination campaigns started with the approval of four vaccines of different types 

in the EU between December 2020 and March 2021 (see Table 2). All four vaccines were based 

on inducing an immune response against the SARS-CoV-2 S protein. Until then, the presence of 

antibodies against SARS-CoV-2 could only imply a previous infection with the virus or recent 

treatment with COVID-19 convalescent plasma. The approval of multiple vaccines within a 

matter of weeks, combined with varying recommendations and availability and the subsequent 

withdrawal of vector-based vaccines ChAdOx1-S and Ad26.COV2.S due to safety concerns, led 

to an extremely heterogenous vaccination landscape. 

To investigate this landscape and compare the humoral responses elicited by different SARS-

CoV-2 vaccine regimens on a population basis, we analysed 1821 samples from 1731 participants 

in the MuSPAD (Multilocal and Serial Prevalence Study of Antibodies against (Respiratory) 

Infectious Diseases in Germany)152 seroprevalence study who had received either a homologous 

vaccination regimen (consisting of two doses of mRNA- or vector-based vaccines) or 

heterologous vaccination regimens (consisting of one mRNA- and one vector-based dose) 

(Appendix III). In this study ChAdOx1-S by AstraZeneca is called AZD1222. While MuSPAD 

was a population-based study, we designed our study cohort for this publication to be 

representative of the proportion of each vaccine in the population at the time of the experiment 

(June 2021). 

The analysed vaccination regimens induced significantly different IgG levels towards wild-type 

(WT) S-derived antigens. We observed a greater S, RBD and S1 IgG binding response for 

homologous mRNA-based vaccinations compared to vector-based ones (see Figure 16a and 

Appendix III: Figure 1a - c). Comparable results were achieved by heterologous vaccination 

schemes, consisting of one vector-based dose and one mRNA-based dose, with significantly 

higher titres than homologous vector-based vaccination. 

We analysed the same sample set with RBDCoV-ACE2 (Figure 16b). ACE2 binding inhibition 

towards WT RBD behaved analogous to the induced IgG response with homologous mRNA 

vaccination and heterologous vaccination eliciting higher neutralisation responses than 

homologous vector-based vaccination. 
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Figure 16: Analysis of the antibody response to various vaccination schemes 
Different SARS-CoV-2 vaccination schemes result in distinct humoral responses. IgG antibody titre (a) and 
ACE2 binding inhibition (b), against the receptor-binding domain (RBD) were measured with 
MULTICOV-AB and RBDCoV-ACE2. Individuals received either homologous mRNA-1273 (M/M, blue, 
n = 272), BNT162b2 (P/P, orange, n = 738) or AZD1222 (A/A, green, n = 228), heterologous AZD1222-
mRNA-1273 (A/M, light blue, n = 24), AZD1222-BNT162b2 (A/P, light green, n = 114), or a single dose 
of Ad26.CoV2.S (J, grey, n = 24). Raw MFI values were normalised against QC samples to generate signal 
ratios for each antigen (a). The threshold for non-responsive samples (ACE2 binding inhibition less than 
20%) is shown as dotted line. All samples below this threshold can be considered non-responsive (b). 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. Figure and caption adapted from Appendix III: Figures 
1 and 3. 
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Our findings were consistent with other studies that observed reduced humoral and cellular 

immune responses of vector-based vaccination compared to mRNA-based vaccination153,154. 

Slomka et al. observed significantly higher IgG titres and neutralising activities in individuals 

vaccinated with two doses of BNT162b2 compared to a cohort that received ChAdOx1-S at any 

timepoint over the course of six months, with a 13.3-fold higher peak IgG titre in the first 

group155.  

Samples from individuals vaccinated with Ad26.COV2.S by Janssen showed only low antibody 

titres against all S-derived antigens, and most samples did not show a neutralising response, with 

91 % of all samples analysed failing to respond (ACE2 binding inhibition < 20 %). In addition to 

the observed reduced humoral immune response induced by the single-dose vector-based Janssen 

vaccine, a comparative study of participants vaccinated with either BNT162b2 or Ad26.COV2.S 

found a 5.2-fold higher risk of hospitalisation for the group that received Ad26.COV2.S156. In 

consideration of those findings, the STIKO later recommended all people receiving vector-based 

vaccines to receive a booster vaccination with a mRNA vaccine157. 

 

3.2.2 Reduced antibody binding and ACE2 binding inhibition towards 

VOCs Alpha and Beta  

The first SARS-CoV-2 VOCs dominated global infection events from early 2021, with Alpha 

accounting for the majority of infections in Europe and North America and Beta found 

predominantly in South Africa. The efficacy of SARS-CoV-2 vaccines against the newly emerged 

variants was therefore of great interest, as they harboured several mutations in crucial epitopes of 

the S protein. 

Thus, we analysed antibody binding in the serum of infected and vaccinated individuals, before 

and after the second dose towards WT, Alpha (UK) and Beta (SA) RBDs using MULTICOV-AB 

(Appendix IV). While antibody binding to Alpha was nearly identical to WT in all groups (Figure 

17a), we observed a significant decrease in IgG binding to Beta in both infected and vaccinated 

individuals compared to WT, regardless of the number of doses (Figure 17b). Regardless of the 

variant observed, the data points were clearly divided into two clusters depending on the number 

of doses received, with IgG binding signals being significantly higher after second vaccination. In 

contrast, samples from infected individuals showed highly individualised IgG binding responses 

covering the entire observed signal range, highlighting the individualised nature of the humoral 

immune response to natural infections compared to vaccinations of the same type and dose. 
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Figure 17: Antibody binding towards variants Alpha and Beta 
UK (a) and South African (SA) RBD mutants (b) have differing effects upon antibody binding. RBD mutant 
antigens were generated and added to MULTICOV-AB to measure the immune response towards them in 

sera from vaccinated pre-second dose (light blue, n = 25), post second dose (dark blue, n = 20), and infected 

(red, n = 35) individuals, compared to the wild-type (wt) RBD. A linear curve (y = x) is shown as a dashed 
grey line to indicate an identical response between wild-type and mutant. Kendall’s tau was calculated to 
measure the ordinal association between the mutant and wild-type. Figure and caption reproduced from 
Appendix IV: Figure 3. 

 

Having established that antibody binding towards Beta was generally reduced, we investigated the 

effect of the second BNT162b2 dose on antibody binding against RBDs of WT and Beta in 

longitudinal samples before and after the second dose and analysed the neutralising antibody 

response with RBDCoV-ACE2 (see Figure 18).  

Here, a positive correlation between time after the first dose and IgG and IgA antibody response 

could be observed, with a significant boost of antibody levels after the second dose (Figure 18a, 

b). ACE2 binding inhibition to WT RBD remained below 20 % in samples collected after the first 

dose and was greatly increased after the second dose, with all samples exceeding 20 % ACE2 

binding inhibition (Figure 18c).  

ACE2 binding inhibition of the same samples towards Beta RBD was significantly reduced 

compared to WT and only half of the samples taken after the second dose exceeded the 20 % cut-

off (Figure 18d). Our observed reduction of neutralisation towards the Beta variant by antibodies 

induced by infection or vaccination was confirmed in a VNT experiment using a patient-derived 

Beta strain of SARS-CoV-2 (Appendix IV: Figure 4a). The negative impact of SARS-CoV-2 

Beta on antibody binding and neutralising activity after infection and vaccination was reported by 

numerous other studies, confirming our findings158-160. 

The steep increase in antibody response after the second dose and the fact that the antibodies 

induced after the first dose are unable to exert a neutralising effect, reinforce the two-dose regimen 

of BNT162b2 and have also been reported in numerous other studies161-163. It further 

demonstrates the importance of analysing the neutralising capacity of serum instead of measuring 

antibody binding alone. 
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Figure 18: IgG and IgA responses before and after second vaccination 
IgG (a) and IgA (b) binding response in sera from individuals pre second vaccination (light blue, n=25) and 
post second vaccination (dark blue, n=20)) shown as normalised MFI values for WT RBD. The same 
samples were analysed for ACE2 binding inhibition towards WT RBD (c) and beta (d) using RBDCoV-
ACE2. Lines between data points indicate paired samples from the same donor. Figure and caption adapted 
from Appendix IV: Figures 1 and 4. 

 

3.2.3 Children generate strong antibody responses after SARS-CoV-2 

infection 

Children play a significant role in the transmission of SARS-CoV-2 within communities, as they 

have a high number of social contacts and were found to be more likely to have asymptomatic 

cases of COVID-19164. It is therefore important to characterise SARS-CoV-2 infections in 

children in terms of symptoms, transmission and protective immunity including the humoral 

immune response to SARS-CoV-2.  

Thus, we investigated 328 households each with at least one SARS-CoV-2 infected member within 

a multi-centre longitudinal study, which were followed for up to 12 months after the first infection 

in each household (Appendix V).  

Analysing the antibody response following SARS-CoV-2 household exposure, we found that 

children produce significantly higher antibody titres against S, RBD, S1 and N antigens than adults 

at a median time of 96 days after positive PCR (Appendix V: Figure 1). This could be confirmed 

by other groups such as Jacobsen et al. who found higher antibody titres against S1 and N in 

children four months after infection compared to adults165. Consistent with our findings, Tomasi 

et al. measured higher antibody levels in children under 12 years old against S, S1 and RBD but 

not against the S2 domain166.  

Similar to other authors, we found no significant difference in antibody levels between 

symptomatic and asymptomatic COVID-19 cases in both adults and children (Appendix V: 
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Figure 2). Dufloo et al. showed that asymptomatic SARS-CoV-2 infections elicit a robust 

neutralising antibody response that activates the complement system and kills infected cells by 

ADCC167. 

We further investigated if the higher antibody titres against S-derived antigens in children also led 

to a stronger neutralisation capacity using a commercial surrogate neutralisation test by GenScript 

that also analyses ACE2 binding inhibition (Figure 19a). Analogously to antibody binding, we 

found a significantly increased ACE2 binding inhibition in children compared to adults at both 

tested timepoints (T1: p < 0.001 and T2: p = 0.02), that was strongly correlating with the elevated 

anti-S1 IgG levels in children (Figure 19b). No differences in antibody binding to Alpha and Beta 

RBDs between adults and children were found, with almost identical binding for Alpha compared 

to wild-type (Figure 19c). In contrast, antibody binding was significantly reduced for the Beta 

variant in both adults and children (Figure 19d).  

In summary, both the increased antibody titres as well as the strong neutralising capacity of 

convalescent children indicate that children with mild or asymptomatic COVID-19 can elicit a 

durable and robust immune response.  
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Figure 19: SARS-CoV-2 antibody responses in infected adults and children 

(a) Box and whisker plot showing that antibodies produced by children (orange, n = 118) have a significantly 

higher inhibition of ACE2 binding than those produced by adults (blue, n = 267, p = 4.37 x 10−13) at T1 

and T2 (p = 0.02, child n = 59, adult n = 106) as determined by the sVNT assay. 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 using 
Mann–Whitney-U (two-sided) with *** indicating a p value < 0.001, * indicating a p value < 0.05, and ns 
indicating a non-significant p value > 0.05. To determine whether this was due to the higher titres in 
children, SARS-CoV-2 S1 humoral response was determined using MULTICOV-AB for T1 and plotted 
against the results of the sVNT assay (b). Spearman’s rank was calculated to measure the ordinal association 
between them, confirming that the increase in neutralisation is due to higher titres. Protection against the 
Alpha (c) and Beta (d) VOCs was determined by MULTICOV-AB and plotted as a linear regression against 
the antibody binding response to the wild-type (wt) receptor binding domain (RBD), with Spearman’s rank 
calculated to measure the ordinal association. There was no difference in antibody response between 

children (n = 166, T1 samples only) and adults (n = 381, T1 samples only) for either variant. Figure and 
caption adapted from Appendix V: Figure 3. 
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3.2.4 Impaired ACE2 binding inhibition towards SARS-CoV-2 VOCs and 

VOIs 

With the emergence of SARS-CoV-2 variants, the effectiveness of antibodies generated against 

the WT strain through infection or/and vaccination became a major point of interest. Especially 

amino acid substitutions in the RBD of the spike protein can have significant impact on virus 

characteristics such as transmission, infectivity and immune evasion. Therefore, I analysed the 

ACE2 binding inhibition of sera from COVID-19 patients with varying disease severity using 

RBDCoV-ACE2. The multiplex assay platform enabled the inclusion and simultaneous analysis 

of RBDs including WT and every circulating SARS-CoV-2 variant up to the time of publication 

(Delta was the dominant variant at the time). I analysed 266 serum samples from 168 COVID-19 

patients, of which 35 individuals donated at multiple timepoints after positive PCR (Appendix 

II). In general, we found a strong positive correlation between anti-RBD IgG responses and 

ACE2 binding inhibition, suggesting a proportional NAb response as part of the total antibody 

response (Appendix II: Figure 4). Figure 20 shows the ACE2 binding inhibition against all 

twelve variant RBDs of serum from individual donors collected 7 to 49 days after positive PCR, 

including a mutation profile for each variant. I could show that the median ACE2 binding 

inhibition of all variants except A.23.1 is reduced in relation to WT RBD with Eta (5.7-fold), 

Gamma (6.4-fold), Theta (9.0-fold) and Beta (14.1-fold) showing the greatest reduction. 

Examining the mutation profile of these variants revealed that they all contain the E484K 

mutation, from which we concluded that it plays an important role in the evasion of the antibody 

response. The E484K mutation, identified by several studies as escape mutation86,114,160, has been 

shown to result in enhanced binding affinity of the RBD to ACE2 by altering electrostatic 

interactions and the conformation of the loop in the RBD-ACE2 binding interface while 

simultaneously weaken the binding interaction to NAbs, and also provides resistance to 

neutralisation by monoclonal antibodies such as bamlanivimab168. 

The additional N501Y mutation in the RBD of variants Gamma, Theta and Beta appears to 

amplify this effect further, whereas the presence of the mutation alone in the Alpha variant results 

in a weaker, 1.2-fold reduction. The N501Y mutation was shown to enhance affinity of the RBD 

to ACE2 (5-10 times higher than WT), which in turn makes it harder for NAbs to inhibit the 

RBD-ACE2 interaction and contributes to the higher transmission rate of the Alpha variant 

(estimated up to 80 % higher than WT strain) that dominated the global infection events from 

late 2020 until June 202184,108,109,169.  
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Figure 20: ACE2 binding inhibition towards SARS-CoV-2 variants 
ACE2 binding inhibition varies between RBD mutants. Violin plots showing ACE2 binding inhibition (%) 

of individual serum samples from 7 to 49 days post PCR (n = 50, depicted as dots) against RBD mutants. 
Black horizontal lines represent medians. Fold-reduction of ACE2 binding inhibition in comparison to 
wild-type corresponds to the ratio between the medians of wild-type and the respective RBD mutant. VOC-
RBDs are shown in blue. Mutations of each RBD mutant are shown in the box above the violin plot. Figure 
and caption reproduced from Appendix II: Figure 3 

 

After Alpha, the Delta variant was the second dominant strain that dominated global infection 

events in the second half of 2021, carrying the mutations T478K and L452R in the RBD. Both 

mutations resulted in a 1.5-fold reduced ACE2 binding inhibition compared to WT RBD, placing 

it in the mid-range of all tested RBDs. The T478K mutation was also shown to increase the 

electrostatic potential of the RBD, therefore increasing the binding affinity to ACE2 while L452R 

was linked to increased fusogenicity and infectivity of SARS-CoV-2170-172. 

In summary, we could utilise RBDCoV-ACE2 to assess the impact of emerging SARS-CoV-2 

variants on the humoral immune response induced by infection with wild-type SARS-CoV-2. In 

agreement with the results of other groups, our results suggest that protection against reinfection 

with the then dominant Alpha variant was still sufficient.173, while variants carrying the E484K 

variant strongly evaded neutralisation by NAbs174,175.  
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3.2.5 COVID-19 disease severity correlates with antibody titre and 

neutralising capacity 

I further investigated whether there is a correlation between the severity of COVID-19 and the 

neutralising capacity of serum by ACE2 binding inhibition (Appendix II). For this, I divided our 

sample set of COVID-19 infected individuals admitted to the intensive care unit (ICU) into two 

timeframes, 7 – 49 post initial positive PCR and ≥ 50 days post initial positive PCR and plotted 

both ACE2 binding inhibition and IgG binding to the RBDs of WT and Delta against disease 

severity indicated by WHO grades (see Figure 21). 

Again, we observed the general reduction of ACE2 binding inhibition for Delta in comparison to 

WT as seen previously (Figure 21a–d). Antibody binding to Delta RBD was reduced as well 

(Figure 21e-h). Due to waning antibody levels, the samples taken at a later timepoint post positive 

PCR (≥ 50 days) showed lower ACE2 binding inhibition (Figure 21c, d) and antibody binding 

(Figure 21g, h) compared to samples taken within the first 49 days post positive PCR. We 

observed a positive correlation of COVID-19 disease severity from WHO grade 1 to WHO grade 

7 for both ACE2 binding inhibition and IgG binding for both WT and Delta RBDs. Although 

most of the differences in ACE2 binding inhibition between WHO severity grades were not 

significant, this finding is in line with previous reports, that SARS-CoV-2 anti-S IgG and NAb-

titres are higher in patients with severe COVID-19169,176-178.  

Interestingly however, this progressively increasing trend is interrupted in patients with fatal 

disease course (WHO grade 8). Other groups also found that individuals with fatal COVID-19 

had lower antibody responses to the SARS-CoV-2 spike protein than non-fatal disease 

outcomes161,179. Lucas, Klein et al. reported that the neutralising antibody response in patients 

with fatal COVID-19 was delayed, initially being lower than in discharged patients within the first 

3 weeks after symptom onset but reaching higher maximum antibody levels afterwards176. Since 

our sample set only contained samples of fatal COVID-19 patients taken at maximum 26 days 

after positive PCR result and lacked samples at later timepoints, this could explain the decreased 

antibody response in our samples from patients with fatal COVID-19. Together with the positive 

correlation found between disease severity and T-cell responses in COVID-19 patients, our 

findings suggests that both the humoral and cellular immune responses are amplified in more 

severe forms of the disease180-182. 
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Figure 21: Correlation between antibody response and COVID-19 disease severity 
Correlation of anti-RBD IgG levels and ACE2 binding inhibition with SARS-CoV-2 disease severity. Bar 
charts showing mean ACE2 binding inhibitions (%) against wild-type and delta RBD are correlated with 

WHO grades for disease severity for samples 7–49 days post PCR (a,b) and ≥ 50 days post PCR (c,d). Mean 

anti-WT RBD IgG and anti-RBD delta IgG levels are shown for samples 7–49 days post PCR (e,f) and ≥ 50 
days post PCR (g,h). Individual samples are displayed as coloured dots, bars indicate the mean of the dataset 
with error bars representing standard deviation. Number of samples is given below the columns (n). If no 
samples for a group were available, the column is labelled with “n/a”. WHO grade 1—ambulatory/no 
limitations of activities, 2—ambulatory/limitation of activities, 3—hospitalised, mild disease/no oxygen 
therapy, 4—hospitalised, mild disease/mask or nasal prongs, 6—hospitalised, severe 

disease/intubation + mechanical ventilation, 7—hospitalised, severe disease/ventilation + additional organ 
support (pressors, RRT, ECMO), 8—Death. The study did not contain samples of WHO grade 5. Figure 
and caption reproduced from Appendix II: Figure 6. 
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3.2.6 Impaired humoral immune response to Omicron VOCs induced by 

infection and vaccination  

When Omicron variants emerged and became globally dominant by December 2021, public health 

authorities feared a substantial decrease in immune protection by vaccination or infection with 

previous SARS-CoV-2 variants, since Omicron BA.1 and BA.2 carried an unprecedented high 

number of mutations in the RBD (15 and 16 mutations respectively, see Figure 4). To investigate 

the impact of Omicron subvariants in addition to other relevant VOCs and VOIs, we analysed 

IgG binding and ACE2 binding inhibition in sera of pre-pandemic negative, COVID-19 infected 

and vaccinated individuals (Appendix VI). For both vaccinated and convalescent samples, IgG 

binding and ACE2 binding inhibition was significantly reduced for BA.1 and BA.2 compared to 

WT, to a similar extent as the statistically significant reduction in binding towards Beta and Mu 

variants (see Figure 22a, b). We found that IgG binding towards BA.1 was significantly more 

reduced compared to BA.2. Analysing ACE2 binding inhibition, we again observed the reduction 

of both ACE2 binding inhibition for all tested variants compared to WT as illustrated in 

Figure 20. BA.2 had the lowest rate of responsive samples (ACE2 binding inhibition > 20 %) of 

all tested variants in both the infected and vaccinated sample groups, while BA.1 had a higher 

responsive rate than Beta, Gamma and Mu. 

We further included full-length S proteins of BA.1 and BA.2 as well as WT in our RBDCoV-

ACE2 measurements, to analyse the effect of spike mutations outside the RBD (Appendix VI: 

Figure 2a). ACE2 binding inhibition towards Omicron S proteins was significantly reduced 

compared to WT. The RBDCoV-ACE2 response rate towards S compared to RBD was reduced 

for both WT and BA.2 by 30 %. Interestingly, we observed no difference in the IgG binding 

towards the nucleocapsid of BA.2 compared to WT (Appendix VI: Figure 2f). 

Since both MULTICOV-AB and RBDCoV-ACE2 are endpoint assays, we used biolayer 

interferometry (BLI) analysis to assess the binding kinetics of RBD-specific antibodies induced 

by vaccination (two doses BNT162b2) and infection (WT) in serum samples to RBDs of WT and 

VOCs Delta, BA.1 and BA.2 (see Figure 22c, d). The antibody binding response towards BA.1 

and BA.2 was reduced compared to WT and Delta for all samples and the dissociation constant, 

despite variation between samples, was increased for most samples. 

Using BLI analysis, we also confirmed that both BA.1 an BA.2 RBDs bound to ACE2 with high 

affinity (Appendix VI: Supplementary Figure 2). 
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Figure 22: Significantly reduced antibody responses towards Omicron BA.1 and BA.2  
Antibody binding response is significantly reduced for both BA.1 and BA.2. Binding response by preexisting 
antibodies generated through either infection or vaccination was measured with MULTICOV-AB (a) and 
RBDCoV-ACE2 (b) assays and Biolayer interferometry (c and d). (a) Boxplot showing that immunoglobulin 
G binding is significantly reduced for both BA.1 and BA.2 as compared to other variants of concern 
(VOCs)/variants of interest (VOIs) for convalescent (n = 86) and vaccinated (n = 226) samples. Negative 
samples are included as controls (n = 15). (b) Boxplot showing that ACE2 binding inhibition is significantly 
reduced for both BA.1 and BA.2 as compared to other VOCs/VOIs for both convalescent and vaccinated 
samples. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest 
nonoutlier values. Outliers were determined by 1.5 interquartile range. (c and d) Binding kinetics of 
receptor-binding domain (RBD)–specific antibodies from serum samples of convalescent and vaccinated 
individuals (both n = 5). Binding response (c) and dissociation constant (d) were determined by 1:1 fitting 
model of the individual serum samples between the different RBD variants. Figure and caption reproduced 
from Appendix VI: Figure 1. 

 

To get a more detailed insight into the immune protection against Omicron BA.2 induced by 

vaccination, we analysed IgG binding and ACE2 binding inhibition in sera from individuals 

receiving different vaccine combinations in Figure 23 (analogous to Figure 16). Similar to the 

response to WT RBD, we could confirm that homologous mRNA-based vaccination was 

resulting in a higher and longer lasting median IgG titre compared to vector-based vaccination 

and was only surpassed by the antibody response of infected and vaccinated individuals (Figure 

23a). In contrast to the IgG binding response, which was still present, albeit reduced, we observed 
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a drastic reduction of ACE2 binding inhibition towards Omicron BA.2 regardless of the received 

vaccine type or infection status, with the median ACE2 binding inhibition of all examined groups 

classified as non-responsive (< 20%) by RBDCoV-ACE2 (Figure 23b). This drastically impaired 

neutralising activity towards Omicron BA.2 was also reported by other studies143,183,184. 

 

 

Figure 23: Binding and inhibitory response of vaccine-induced antibodies towards Omicron BA.2 
Differences in Omicron binding response among different populations of vaccinated samples. Binding 
response toward Omicron BA.2 was analysed by either MULTICOV-AB (a) or RBDCoV-ACE2 (b) assays 
for samples from different vaccine schemes (n = 30 for all samples, except for mRNA-1273 at 5–6 months 
(n = 16), heterologous vaccine schemes (both n = 20), and infected and vaccinated (n = 25). To determine 
the effect of time postvaccination, samples from both 1–2 months and 5–6 months postvaccination were 
included. Boxes represent the median with 25th and 75th percentiles; whiskers show the largest and smallest 
nonoutlier values. Outliers were determined by 1.5 interquartile range. The 20% cutoff for non-responders 
is indicated by the dashed line on (b). The equivalent data for BA.1 are provided as Supplementary Figure 
3. Abbreviations: A/A, AZD1222; A/M, first dose AZD1222, second dose mRNA-1273; A/P, first dose 
AZD1222, second dose BNT162b2; Inf, infected; M/M, mRNA-1273; P/P, BNT162b2; Vac, vaccinated. 
Figure and caption reproduced from Appendix VI: Figure 3. 
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After we established, that the antibodies elicited by two vaccine doses were still able to bind to 

Omicron RBDs but showed a strongly reduced neutralising capacity, we investigated the effect of 

a booster (third) vaccine dose on both antibody binding and ACE2 binding inhibition towards 

Omicron BA.1 and BA.2 and all current and previously circulating VOCs (Figure 24). 

Administration of a third dose increased ACE2 binding inhibition towards all VOCs significantly, 

including BA.1 and BA.2 (Figure 24a). Whereas 27 % and 0 % of samples post second dose 

showed neutralisation activity toward BA.1 and BA.2 respectively 1 - 2 months post second dose 

(Figure 24b), it increased to 55 % and 25 % after receiving the booster dose in a similar timeframe 

post vaccination. Median ACE2 binding inhibition of samples 5 - 6 months after second dose was 

significantly lower for all VOCs compared to 1 – 2 months after second vaccination (Figure 24c). 

This strong boost of neutralisation activity indicates that a booster dose with mRNA-based 

vaccines provides increased protection against Omicron BA.1 and BA.2185-188. 

In summary, we found that antibodies induced by vaccination or infection with WT or previously 

circulating variants did not completely lose their ability to bind to the extensively mutated 

Omicron RBDs, however IgG binding responses were significantly reduced. As numerous other 

studies have reported, neutralisation of BA.1 and BA.2 by sera from infected and vaccinated 

individuals was severely impaired, which could explain the large wave of infections in Germany 

during the dominance of BA.1 and BA.2 including frequent breakthrough infections123,124. 

Our study provided additional evidence that the recommendation of a third vaccine dose by the 

STIKO in Germany was justified and necessary to retain partial neutralising responses against 

Omicron62. In response to those findings, vaccine manufacturers started the development of 

vaccines adapted to Omicron sublineages BA.1 and BA.2 and did further adapt their vaccines to 

following subvariants63. 
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Figure 24: ACE2 binding inhibition responses after second vaccine dose wane within 5 - 6 months 
and are significantly boosted after third dose 
Angiotensin-converting enzyme 2 (ACE2) binding inhibition toward Omicron is boosted by a third vaccine 
dose. (a) Changes in ACE2 binding inhibition response following the third dose of BNT162b2 for all 
variants within the study. Samples come from either boosted (n = 20), 1–2 months post–second dose of 
BNT162b2 (n = 20, b), or 5–6 months post–second dose of BNT162b2 (n = 20, c). Individual samples are 
highlighted by connected lines with bars representing medians. The 20% cutoff for non-responders is 
indicated by the dashed line. Figure and caption reproduced from Appendix VI: Figure 4. 
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3.2.7 The effect of breakthrough infections on antibody responses 

The limited vaccine availability especially in the early pandemic, regularly changing vaccine 

recommendations due to safety concerns and new insights on vaccine effectiveness against 

emerging VOCs and breakthrough infections resulted in a highly heterogenous immune response 

to SARS-CoV-2 in the German population. We examined a cohort of vaccinated healthcare 

workers and medical researchers as part of the TüSeRe:exact study in Southwest Germany, to 

assess potential differences in their humoral immune responses and have summarised the results 

in an unpublished manuscript (Appendix X). 

 

 

Figure 25: Breakthrough Infections lead to increased breadth and longevity of the antibody 
response 
Antibody titre (a), ACE2 binding inhibition towards WT (b) and BA.5 (c), neutralising breadth index (d) 
were compared in samples from individuals with or without a breakthrough infection following 3 vaccine 
doses. Samples were compared at two timepoints: 14 to 42 days post most recent immunising event to 
capture the peak response and 150 to 200 days to capture the long term “lag” response (see Supplementary 
Figure 4 for further details on sample selection). box and whisker plots where boxes represent the 1st to 
3rd quartiles, whiskers represent 1.5 IQR and the line represents the median. Outliers are shown. MWU 
was used to identify statistically significant differences between the two groups with *** indicating p<0.001 
and n.s. indicating a non-significant p value >0.05. N’s and medians for each group are included within the 
figure panels. Figure and caption adapted from Appendix X: Figure 2. 
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While vaccinated-only individuals initially had a higher median IgG titre to WT RBD shortly after 

their last dose compared to individuals with an additional SARS-CoV-2 infection, it already waned 

significantly 150 – 200 days after the third dose. In contrast, IgG titres induced by three vaccine 

doses and breakthrough infection sustained and even increased during the same time (Figure 

25a). Similarly, ACE2 binding inhibition to Omicron BA.5 and WT RBD was also showing 

significant slower waning over time in individuals with both vaccination and infection (Figure 

25b, c). To assess the breadth of the antibody response towards SARS-CoV-2 variants, we 

specified the neutralising breadth index (NBI) as the WT ACE2 binding inhibition divided by the 

median ACE2 binding inhibition of Beta, Delta and Omicron BA.2189. 

As shown in Figure 25d, NBI for individuals with previous infection and vaccination was 

significantly lower compared to vaccinated only individuals, indicating a broader neutralising 

antibody response to current and previously circulating VOCs established by breakthrough 

infection. 

Furthermore, we examined the antibody response of individuals who were not recommended a 

booster dose due to a previous SARS-CoV-2 infection, therefore having received two doses and 

an infection with SARS-CoV-2 (hereinafter referred to as “hybrid immunity”). We also compared 

this group to the vaccinated-only individuals who received three vaccine doses (Appendix X: 

Figure 3). We again observed a significantly slower waning rate of IgG titre and ACE2 binding 

inhibition induced by hybrid immunity compared to the vaccinated-only group towards RBD WT. 

Interestingly, hybrid immunity also led to a broader neutralisation response even though most of 

the infections in this group occurred during earlier infection waves when either the Alpha or Delta 

variant were dominating infection events. 

In summary, we found that SARS-CoV-2 vaccination and infection with either two or three 

vaccine doses resulted in a significantly more sustainable IgG titre and ACE2 binding inhibition 

response than vaccination alone, although the median IgG titre initially is higher in the vaccinated-

only group. Moreover, both vaccinated and previously infected individuals have a broader 

inhibitory response to SARS-CoV-2 VOCs, which is in accordance with numerous other 

studies190-193. 

These findings are backed by a study in Great Britain which found that individuals with two 

vaccine doses and a breakthrough infection with Delta or Omicron had better protection against 

infection with omicron BA.4/BA.5 compared to SARS-CoV-2 naïve individuals who received 

three doses194. Infection rates have been found to be significantly lower for individuals with both 

previous SARS-CoV-2 infection and vaccination in several studies195-198. 

Taken together, our results emphasise the high individuality of the humoral immune response to 

SARS-CoV-2 dependent on the previous infection and vaccination history, which should be taken 

into consideration for the formulation of new vaccine recommendations. 
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3.2.8 Weakened humoral immune response in immunocompromised 

individuals  

Immunocompromised individuals were among the highly prioritised groups to receive SARS-

CoV-2 vaccines since they often have reduced immune responses to common vaccinations (e.g. 

Influenza) and had significantly higher mortality rates for COVID-19 during the early stages of 

the pandemic199-201. With their immune system either weakened by medical conditions or drugs, 

immunocompromised individuals are highly reliant on effective vaccination programs that 

provide them with protective immunity.  

The compromised immune system of hemodialysis patients is often the result of decreased renal 

function that leads to chronic inflammation, or it is induced by medications in transplant 

recipients68,69. After approval of the first generation of SARS-CoV-2 vaccines in 2021, 

hemodialysis patients received standard immunisation with two vaccine doses, however it was 

unclear whether this was sufficient to elicit a protective immune response, especially regarding the 

reduced effectiveness of the first-generation vaccines against new SARS-CoV-2 variants. We 

tested this by comparing B- and T-cell responses from 76 hemodialysis patients to the immune 

response of 23 healthcare workers from the dialysis centre with no underlying medical conditions 

3 weeks (T1) and 16 weeks (T2) after basic immunisation with two doses of BNT162b2 

(Appendix VII). 

We could show that both mucosal and systemic wild-type RBD-specific IgG responses at T2 were 

significantly reduced compared to T1 for both groups (Figure 26). Furthermore, titres in plasma 

and saliva were significantly reduced in the hemodialysis group compared to the control group at 

both T1 and T2 after second vaccination (Figure 26a, b). This reduction effect could also be 

observed with ACE2 binding inhibition in the serum of hemodialysis patients especially at T1. At 

T2, ACE2 binding inhibition for both groups was significantly reduced compared to T1 and most 

samples were classified non-neutralising by RBDCoV-ACE2 (Figure 26c). In addition, ACE2 

binding inhibitions of samples from both groups towards VOCs Alpha, Beta, Gamma and Delta 

were reduced for all tested variants (Appendix VII: Figure 2) in accordance to our previous 

findings (Figure 22 - 24) and to other studies on the neutralising antibody response of 

hemodialysis patients towards VOCs202,203.  

To examine spike-specific T-cell responses, we analysed the release of IFN-γ in whole-blood 

induced by vaccination (Figure 26d). Here, we observed a reduced, albeit not significant, release 

of IFN-γ in hemodialysis patients at both timepoints. These findings are in line with reports of 

significantly lower SARS-CoV-2 specific T-cell responses in dialysis patients and kidney transplant 

recipients after two doses of mRNA-1273 or BNT162b2204,205.  
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Figure 26: Impaired vaccine-induced immune responses in dialysis patients 
Significant decrease in humoral and cellular responses induced by Pfizer-BioNTech vaccine BNT162b2 
(https://www.pfizer.com) against SARS-CoV-2 from 3 weeks to 16 weeks after second vaccination, 
observed in a study of immune response against variants of concern in dialysis patients 4 months after 
SARS-CoV-2 mRNA vaccination. a) IgG response in plasma; b) IgG response in saliva; c) neutralising 
capacity toward SARS-CoV-2 wild-type B.1; d) T-cell response measured by IFN-γ release assay. Blue circles 
indicate dialysis patients (n = 76) and red circles controls (n = 23). Samples were taken 3 weeks (T1) and 
16 weeks (T2) after vaccination. Saliva (panel B) has reduced sample numbers in both groups because of 
issues in sample collection (T1 control, n = 22; T1 dialysis, n = 69; T2 control, n = 23; T2 dialysis. n = 71). 
T1 timepoint data has been published previously (13) and is reproduced here for clarity. Horizontal lines 
within boxes indicate medians; box tops and bottoms indicate the 25th and 75th percentiles; whiskers show 
the largest and smallest nonoutlier values. Outliers were determined by 1.5 times interquartile range. 
Statistical significance was calculated by Wilcoxon matched-pairs signed rank test when comparing T1 and 
T, and 2-sided Mann–Whitney–U test when comparing control and dialysis groups. Figure and caption 
reproduced from Appendix VII: Figure 1.  

 

Subsequently to our initial study, hemodialysis patients in our sample cohort received booster 

vaccinations according to the recommendations by the STIKO, during the subsequent infection 

waves caused by the Delta and Omicron variants. In a follow-up study, we analysed their humoral 

immune response to the RBDs of B.1 (WT), Delta and Omicron BA.1 after a third dose of 

BNT162b2 as well as before and after receiving a fourth dose of mRNA-1273 (Appendix VIII). 

Consistent with our previous results, we found that both IgG binding and ACE2 binding 

inhibition to RBD WT were significantly reduced in hemodialysis patients compared to the 

healthy control group shortly after the second vaccination and declined to similarly low levels with 

time after vaccination. After receiving a third BNT162b2 dose after six to eight months, the 

median IgG binding and ACE2 binding inhibition reached a new peak in both groups, with the 

values of the hemodialysis patients showing a higher variability (Appendix VIII: Figure 2). 
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Again, both median IgG titre and ACE2 binding inhibition waned as time passed post third 

vaccination, but with higher residual values compared to the timepoint three months after the 

second dose. Administration of a fourth dose strongly elevated anti-RBD IgG and ACE2 binding 

inhibition responses to a new maximum (Figure 27). Especially ACE2 binding inhibition towards 

Omicron BA.1, which was largely absent prior to the fourth dose, was significantly elevated. This 

further boost of humoral immunity after the fourth dose of either BNT162b2 or mRNA-1273 

against WT and Omicron variants was also reported by other groups, with cross-immunisation 

schemes of both vaccines inducing the highest responses206-209. However, in line with other 

studies, humoral immunity against Omicron subvariants after four vaccine doses was still 

significantly reduced compared to wild-type and Delta, which potentially affects the duration and 

quality of vaccine-induced protection against Omicron VOCs206,210. Additional doses with 

updated vaccines directed against Omicron such as the bivalent BA.4/BA.5 or monovalent 

XBB.1.5 mRNA-vaccines available since 202363, may help to achieve a higher immunity against 

Omicron subvariants. Available studies on the effect of a fifth dose of adapted vaccines provided 

promising results, finding increased antibody titres and neutralisation against both the wild-type 

virus and Omicron subvariants BA.4, BA.5, BQ.1.1 and XBB.1.5 in hemodialysis patients211,212.  

 
Figure 27: Effects of third and fourth vaccine doses on humoral immune response in hemodialysis 
patients 
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-d) towards the 
SARS-CoV-2 RBD of B.1 (a, b), δ (c) and Ο BA.1 (d) isolates were measured in plasma from haemodialysis 
patients (n = 50) using MULTICOV-AB (a) or an ACE2-RBD competition assay (b-d) after immunisation 
with a triple dose of BNT162b2 (green 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-d). Samples with an 
ACE2 binding inhibition of less than 20 % (dashed line) are classified as non-responders (b-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. Statistical significance was 
calculated by two-sided paired Wilcoxon rank test. Significance was defined as p < 0.05. Figure and caption 
reproduced from Appendix VIII: Figure 3. 
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Altogether, we could follow a cohort of immunocompromised hemodialysis patients from basic 

immunisation with two vaccine doses to booster vaccinations up to four doses and found a 

significantly impaired humoral immune response compared to healthy individuals. 

Using MULTICOV-AB and RBDCoV-ACE2, we could contribute evidence for the 

recommendation of further vaccinations for immunocompromised individuals.  

We further examined the vaccine efficacy in patients with inflammatory bowel disease (IBD) that 

require immunomodulatory medication, 2 - 16 weeks and 22 - 40 weeks after receiving the third 

mRNA vaccine dose (Appendix IX). Using RBDCoV-ACE2, we could show that ACE2 binding 

inhibition was significantly reduced for BA.1, BA.5, BQ.1.1 and XBB.1.5 compared to wild-type. 

Treatment with Anti-TNF biologics led to a significantly impaired neutralising capacity against 

wild-type and all tested Omicron variants after vaccination, compared to non-anti-TNF treated 

patients (Appendix IX: Figure 2), which was also reported in other studies213-215. This attenuated 

immune response in anti-TNF treated IBD patients was associated with a higher risk of 

breakthrough infection and a shorter time to reinfection with Omicron VOCs216,217. 

We further compared the longitudinal antibody response post third dose in patients with and 

without breakthrough infection (Figure 28). ACE2 binding inhibition of serum from patients 

without previous breakthrough infection declined between visits 1 and 2, in accordance with our 

previous findings. In contrast, patients with Omicron breakthrough infection between visit 1 and 

2 counteracted this waning response and exhibited strongly increased ACE2 binding inhibition 

against wild-type and all tested Omicron variants (Figure 28a). Consequently, in the group of 

patients with breakthrough infections, the proportions of non-inhibitory samples towards wild-

type and all variants were strongly reduced at the second visit compared to the first (Figure 28b). 

Similar to our findings in hemodialysis patients, the occurrence of breakthrough infections could 

broaden and lengthen the neutralising immune response against omicron VOCs. 

In summary, our findings underlined the importance of vaccine efficacy surveillance in IBD 

patients in the context of emerging highly infectious SARS-CoV-2 variants such as BQ.1 and 

XBB.1.5, especially in those treated with anti-TNF. Our results supported the administration of a 

fourth vaccine dose optionally updated to novel variants. 
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Figure 28: ACE2 binding inhibition towards Omicron VOCs in IBD patients 
Vaccine-elicited ACE2 binding inhibition against BQ.1.1 and XBB.1.5 wanes over time but is increased by 
omicron breakthrough infection. (A) Surrogate neutralisation against wild-type and omicron sublineages 
BA.1, BA.5, BQ.1.1 and XBB.1.5 at visit 1 (2-16 weeks) and visit 2 (22-40 weeks) after SARS-CoV-2 
vaccination, in SARS-CoV-2 naïve study participants (light teal) and participants with SARS-CoV-2 
breakthrough infection between visit 1 and 2 (dark teal). Individuals with fourth vaccination, SARS-CoV-2 
infection before vaccination, or with breakthrough infection before visit 1 were excluded from this analysis. 
Dotted line at 20 % indicates threshold for inhibitory ACE2 binding inhibition. Statistical analysis is based 
on Wilcoxon signed rank test (B) Proportions of individuals with non-inhibitory ACE2 binding inhibition 
against indicated SARS-CoV-2 variants at visit 2 in Individuals without (light teal) and with (dark teal) 
breakthrough infection between visits 1 and 2. Figure and caption reproduced from Appendix IX: Figure 
4 
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With MULTICOV-AB and RBDCoV-ACE2, I have developed two multiplex serological 

immunoassays during the COVID-19 pandemic that have numerous advantages over 

commercially available or standard methods. 

Using MULTICOV-AB, I was able to contribute to the exploration of the humoral immune 

response to SARS-CoV-2 in the early phase of the pandemic, investigate seroprevalence in 

nationwide cohorts and characterise and differentiate the immune response of vaccinated and 

infected individuals. The application of a binary cut-off for IgG and IgA classification led to a 

superior performance of MULTICOV-AB compared to commercially available test systems. 

With the progression of the pandemic and the emergence of new SARS-CoV-2 variants with 

partly altered properties such as infectivity, transmissibility and disease severity, I developed the 

surrogate neutralisation assay RBDCoV-ACE2, which can simultaneously determine the NAb-

mediated neutralisation capacity of serum against all circulating SARS-CoV-2 VOCs, VOIs and 

VUMs. Hereby, in addition to antibody binding, I gained a functional insight into the neutralising 

antibody response induced by infection or/and vaccination. 

Using RBDCoV-ACE2, I was able to show that the neutralisation capacity is reduced in a variant-

specific manner and that mutations of certain amino acids in the RBD, especially E484, lead to a 

strong reduction. Furthermore, I was able to analyse the vaccination regimens administered during 

the pandemic and confirm that mRNA-based vaccines induce a stronger humoral immune 

response than vector-based vaccines, but that this immune response is strongly reduced towards 

Omicron variants. The administration of a third dose of mRNA vaccines (booster dose) resulted 

in a significant increase in neutralising capacity against all analysed variants but remained largely 

unreactive in RBDCoV-ACE2 against Omicron. 

I also investigated the immunocompromised immune response of hemodialysis and IBD patients, 

who represent a particularly vulnerable group for severe COVID-19 courses. Here, I found 

significantly reduced IgG responses in serum and saliva and a greatly reduced neutralisation 

capacity compared to individuals without underlying medical conditions, providing evidence for 

the need for regular booster vaccination, preferably with variant-updated vaccines. 

In summary, I have developed two assays, MULTICOV-AB and RBDCoV-ACE2, which have 

been used in relevant research questions on the immune response to the previously unknown 

SARS-CoV-2, as well as in clinical practice and in nationwide seroprevalence studies. 

Furthermore, RBDCoV-ACE2 was used in pre-clinical studies for the development of an 

Omicron-adapted vaccine candidate. 

Although its status as a global health emergency was officially ended by the WHO in May 2023, 

SARS-CoV-2 continues to cause thousands of infections every day as of February 2024 with new 

variants constantly emerging that can suddenly impact the infection rate. It is therefore important 

that new virus variants, and the immune response to them, continue to be monitored in order to 

re-evaluate the impact on existing immunity, also with regard to the effectiveness of vaccination 

regimens. 



 4 Conclusion and Outlook 

70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 References 

71 
 

References 

1 Number of COVID-19 deaths reported to WHO (cumulative total) 
https://data.who.int/dashboards/covid19/deaths?n=c, last accessed 13.02.2024. 

2 Zhu, N. et al. A Novel Coronavirus from Patients with Pneumonia in China, 2019. N 
Engl J Med 382, 727-733 (2020). https://doi.org:10.1056/NEJMoa2001017 

3 Pneumonia of unknown cause – China (World Health Organization, 2020) 
https://www.who.int/emergencies/disease-outbreak-news/item/2020-DON229, last 
accessed 07.04.2024. 

4 Coronavirus disease 2019 (COVID-19) Situation Report – 55. (World Health 
Organization, 2020) https://www.who.int/docs/default-
source/coronaviruse/situation-reports/20200315-sitrep-55-covid-19.pdf, last 
accessed 07.04.2024. 

5 Statement on the second meeting of the International Health Regulations (2005) 
Emergency Committee regarding the outbreak of novel coronavirus (2019-nCoV). 
(World Health Organization, 2020) https://www.who.int/news-room/detail/30-01-
2020-statement-on-the-second-meeting-of-the-international-health-regulations-
(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-
ncov), last accessed 13.02.2024. 

6 WHO Director-General's opening remarks at the media briefing on COVID-19 - 11 
March 2020. (World Health Organization, 2020) https://www.who.int/director-
general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-
briefing-on-covid-19---11-march-2020, last accessed 13.02.2024. 

7 Koh, D. COVID-19 lockdowns throughout the world. Occupational Medicine 70, 322-
322 (2020). https://doi.org:10.1093/occmed/kqaa073 

8 Hu, B., Guo, H., Zhou, P. & Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19. 
Nature Reviews Microbiology 19, 141-154 (2021). https://doi.org:10.1038/s41579-
020-00459-7 

9 Feng, D. et al. The SARS epidemic in mainland China: bringing together all 
epidemiological data. Trop Med Int Health 14 Suppl 1, 4-13 (2009). 
https://doi.org:10.1111/j.1365-3156.2008.02145.x 

10 Zumla, A., Hui, D. S. & Perlman, S. Middle East respiratory syndrome. Lancet 386, 
995-1007 (2015). https://doi.org:10.1016/s0140-6736(15)60454-8 

11 Lu, R. et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: 
implications for virus origins and receptor binding. Lancet 395, 565-574 (2020). 
https://doi.org:10.1016/s0140-6736(20)30251-8 

12 Harrison, C. M. et al. Evaluating the Virology and Evolution of Seasonal Human 
Coronaviruses Associated with the Common Cold in the COVID-19 Era. 
Microorganisms 11 (2023). https://doi.org:10.3390/microorganisms11020445 

13 Zhou, P. et al. A pneumonia outbreak associated with a new coronavirus of probable 
bat origin. Nature 579, 270-273 (2020). https://doi.org:10.1038/s41586-020-2012-7 

14 Worobey, M. et al. The Huanan Seafood Wholesale Market in Wuhan was the early 
epicenter of the COVID-19 pandemic. Science 377, 951-959 (2022). 
https://doi.org:10.1126/science.abp8715 

https://data.who.int/dashboards/covid19/deaths?n=c
https://doi.org:10.1056/NEJMoa2001017
https://www.who.int/emergencies/disease-outbreak-news/item/2020-DON229
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200315-sitrep-55-covid-19.pdf
https://www.who.int/docs/default-source/coronaviruse/situation-reports/20200315-sitrep-55-covid-19.pdf
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov
https://www.who.int/news-room/detail/30-01-2020-statement-on-the-second-meeting-of-the-international-health-regulations-(2005)-emergency-committee-regarding-the-outbreak-of-novel-coronavirus-(2019-ncov
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://www.who.int/director-general/speeches/detail/who-director-general-s-opening-remarks-at-the-media-briefing-on-covid-19---11-march-2020
https://doi.org:10.1093/occmed/kqaa073
https://doi.org:10.1038/s41579-020-00459-7
https://doi.org:10.1038/s41579-020-00459-7
https://doi.org:10.1111/j.1365-3156.2008.02145.x
https://doi.org:10.1016/s0140-6736(15)60454-8
https://doi.org:10.1016/s0140-6736(20)30251-8
https://doi.org:10.3390/microorganisms11020445
https://doi.org:10.1038/s41586-020-2012-7
https://doi.org:10.1126/science.abp8715


 References 

72 
 

15 Ellwanger, J. H. & Chies, J. A. B. Zoonotic spillover: Understanding basic aspects for 
better prevention. Genet Mol Biol 44, e20200355 (2021). 
https://doi.org:10.1590/1678-4685-gmb-2020-0355 

16 Hardenbrook, N. J. & Zhang, P. A structural view of the SARS-CoV-2 virus and its 
assembly. Curr Opin Virol 52, 123-134 (2022). 
https://doi.org:10.1016/j.coviro.2021.11.011 

17 Pizzato, M. et al. SARS-CoV-2 and the Host Cell: A Tale of Interactions. Frontiers in 
Virology 1 (2022).  

18 Liu, D. X., Yuan, Q. & Liao, Y. Coronavirus envelope protein: a small membrane 
protein with multiple functions. Cell Mol Life Sci 64, 2043-2048 (2007). 
https://doi.org:10.1007/s00018-007-7103-1 

19 Zhang, Z. et al. Structure of SARS-CoV-2 membrane protein essential for virus 
assembly. Nature Communications 13, 4399 (2022). 
https://doi.org:10.1038/s41467-022-32019-3 

20 Shang, J. et al. Compositional diversity and evolutionary pattern of coronavirus 
accessory proteins. Brief Bioinform 22, 1267-1278 (2021). 
https://doi.org:10.1093/bib/bbaa262 

21 Zandi, M. et al. The role of SARS-CoV-2 accessory proteins in immune evasion. 
Biomed Pharmacother 156, 113889 (2022). 
https://doi.org:10.1016/j.biopha.2022.113889 

22 Johnson, T. J. et al. Viral load of SARS-CoV-2 in droplets and bioaerosols directly 
captured during breathing, speaking and coughing. Scientific Reports 12, 3484 
(2022). https://doi.org:10.1038/s41598-022-07301-5 

23 Coronavirus disease (COVID-19): How is it transmitted? (2021), 
https://www.who.int/news-room/questions-and-answers/item/coronavirus-
disease-covid-19-how-is-it-transmitted, last accessed 16.02.2024. 

24 Hoffmann, M. et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is 
Blocked by a Clinically Proven Protease Inhibitor. Cell 181, 271-280.e278 (2020). 
https://doi.org:10.1016/j.cell.2020.02.052 

25 Wang, K. et al. CD147-spike protein is a novel route for SARS-CoV-2 infection to host 
cells. Signal Transduction and Targeted Therapy 5, 283 (2020). 
https://doi.org:10.1038/s41392-020-00426-x 

26 Fenizia, C. et al. SARS-CoV-2 Entry: At the Crossroads of CD147 and ACE2. Cells 10, 
1434 (2021).  

27 Cantuti-Castelvetri, L. et al. Neuropilin-1 facilitates SARS-CoV-2 cell entry and 
infectivity. Science 370, 856-860 (2020). 
https://doi.org:doi:10.1126/science.abd2985 

28 Yang, H. & Rao, Z. Structural biology of SARS-CoV-2 and implications for therapeutic 
development. Nat Rev Microbiol 19, 685-700 (2021). 
https://doi.org:10.1038/s41579-021-00630-8 

29 Roberts, S. Flattening the Coronavirus Curve (2020), 
https://www.nytimes.com/article/flatten-curve-coronavirus.html, last accessed 
22.02.2024. 

30 Shin, M. D. et al. COVID-19 vaccine development and a potential nanomaterial path 
forward. Nature Nanotechnology 15, 646-655 (2020). 
https://doi.org:10.1038/s41565-020-0737-y 

https://doi.org:10.1590/1678-4685-gmb-2020-0355
https://doi.org:10.1016/j.coviro.2021.11.011
https://doi.org:10.1007/s00018-007-7103-1
https://doi.org:10.1038/s41467-022-32019-3
https://doi.org:10.1093/bib/bbaa262
https://doi.org:10.1016/j.biopha.2022.113889
https://doi.org:10.1038/s41598-022-07301-5
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-how-is-it-transmitted
https://www.who.int/news-room/questions-and-answers/item/coronavirus-disease-covid-19-how-is-it-transmitted
https://doi.org:10.1016/j.cell.2020.02.052
https://doi.org:10.1038/s41392-020-00426-x
https://doi.org:doi:10.1126/science.abd2985
https://doi.org:10.1038/s41579-021-00630-8
https://www.nytimes.com/article/flatten-curve-coronavirus.html
https://doi.org:10.1038/s41565-020-0737-y


 References 

73 
 

31 Martin, J. E. et al. A SARS DNA vaccine induces neutralizing antibody and cellular 
immune responses in healthy adults in a Phase I clinical trial. Vaccine 26, 6338-6343 
(2008). https://doi.org:10.1016/j.vaccine.2008.09.026 

32 Lin, J. T. et al. Safety and immunogenicity from a phase I trial of inactivated severe 
acute respiratory syndrome coronavirus vaccine. Antivir Ther 12, 1107-1113 (2007).  

33 Krammer, F. SARS-CoV-2 vaccines in development. Nature 586, 516-527 (2020). 
https://doi.org:10.1038/s41586-020-2798-3 

34 Comirnaty https://www.ema.europa.eu/en/medicines/human/EPAR/comirnaty, last 
accessed 18.02.2024. 

35 Huang, C. et al. Clinical features of patients infected with 2019 novel coronavirus in 
Wuhan, China. Lancet 395, 497-506 (2020). https://doi.org:10.1016/s0140-
6736(20)30183-5 

36 Spikevax (previously COVID-19 Vaccine Moderna) 
https://www.ema.europa.eu/en/medicines/human/EPAR/spikevax-previously-covid-
19-vaccine-moderna, last accessed 18.02.2024. 

37 Vaxzevria (previously COVID-19 Vaccine AstraZeneca) 
https://www.ema.europa.eu/en/medicines/human/EPAR/vaxzevria-previously-
covid-19-vaccine-astrazeneca, last accessed 18.02.2024. 

38 Jcovden (previously COVID-19 Vaccine Janssen) 
https://www.ema.europa.eu/en/medicines/human/EPAR/jcovden-previously-covid-
19-vaccine-janssen, last accessed 18.02.2024. 

39 Current Vaccination Status -Deliveries by manufacturer and vaccine type (2023), 
https://impfdashboard.de/en, last accessed 18.02.2024. 

40 Heinz, F. X. & Stiasny, K. Distinguishing features of current COVID-19 vaccines: 
knowns and unknowns of antigen presentation and modes of action. npj Vaccines 6, 
104 (2021). https://doi.org:10.1038/s41541-021-00369-6 

41 Polack, F. P. et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N 
Engl J Med 383, 2603-2615 (2020). https://doi.org:10.1056/NEJMoa2034577 

42 Baden, L. R. et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N Engl 
J Med 384, 403-416 (2021). https://doi.org:10.1056/NEJMoa2035389 

43 Voysey, M. et al. Safety and efficacy of the ChAdOx1 nCoV-19 vaccine (AZD1222) 
against SARS-CoV-2: an interim analysis of four randomised controlled trials in 
Brazil, South Africa, and the UK. Lancet 397, 99-111 (2021). 
https://doi.org:10.1016/s0140-6736(20)32661-1 

44 Sadoff, J. et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against 
Covid-19. N Engl J Med 384, 2187-2201 (2021). 
https://doi.org:10.1056/NEJMoa2101544 

45 Walsh, E. E. et al. Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine 
Candidates. New England Journal of Medicine 383, 2439-2450 (2020). 
https://doi.org:10.1056/NEJMoa2027906 

46 Baden, L. R. et al. Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. New 
England Journal of Medicine 384, 403-416 (2020). 
https://doi.org:10.1056/NEJMoa2035389 

47 Cheng, F. et al. Research Advances on the Stability of mRNA Vaccines. Viruses 15 
(2023). https://doi.org:10.3390/v15030668 

https://doi.org:10.1016/j.vaccine.2008.09.026
https://doi.org:10.1038/s41586-020-2798-3
https://www.ema.europa.eu/en/medicines/human/EPAR/comirnaty
https://doi.org:10.1016/s0140-6736(20)30183-5
https://doi.org:10.1016/s0140-6736(20)30183-5
https://www.ema.europa.eu/en/medicines/human/EPAR/spikevax-previously-covid-19-vaccine-moderna
https://www.ema.europa.eu/en/medicines/human/EPAR/spikevax-previously-covid-19-vaccine-moderna
https://www.ema.europa.eu/en/medicines/human/EPAR/vaxzevria-previously-covid-19-vaccine-astrazeneca
https://www.ema.europa.eu/en/medicines/human/EPAR/vaxzevria-previously-covid-19-vaccine-astrazeneca
https://www.ema.europa.eu/en/medicines/human/EPAR/jcovden-previously-covid-19-vaccine-janssen
https://www.ema.europa.eu/en/medicines/human/EPAR/jcovden-previously-covid-19-vaccine-janssen
https://impfdashboard.de/en
https://doi.org:10.1038/s41541-021-00369-6
https://doi.org:10.1056/NEJMoa2034577
https://doi.org:10.1056/NEJMoa2035389
https://doi.org:10.1016/s0140-6736(20)32661-1
https://doi.org:10.1056/NEJMoa2101544
https://doi.org:10.1056/NEJMoa2027906
https://doi.org:10.1056/NEJMoa2035389
https://doi.org:10.3390/v15030668


 References 

74 
 

48 Rijkers, G. T. et al. Antigen Presentation of mRNA-Based and Virus-Vectored SARS-
CoV-2 Vaccines. Vaccines (Basel) 9 (2021). https://doi.org:10.3390/vaccines9080848 

49 Nance, K. D. & Meier, J. L. Modifications in an Emergency: The Role of N1-
Methylpseudouridine in COVID-19 Vaccines. ACS Central Science 7, 748-756 (2021). 
https://doi.org:10.1021/acscentsci.1c00197 

50 Nelson, J. et al. Impact of mRNA chemistry and manufacturing process on innate 
immune activation. Science Advances 6, eaaz6893 (2020). 
https://doi.org:doi:10.1126/sciadv.aaz6893 

51 Bos, R. et al. Ad26 vector-based COVID-19 vaccine encoding a prefusion-stabilized 
SARS-CoV-2 Spike immunogen induces potent humoral and cellular immune 
responses. npj Vaccines 5, 91 (2020). https://doi.org:10.1038/s41541-020-00243-x 

52 Travieso, T., Li, J., Mahesh, S., Mello, J. D. F. R. E. & Blasi, M. The use of viral vectors 
in vaccine development. npj Vaccines 7, 75 (2022). https://doi.org:10.1038/s41541-
022-00503-y 

53 Sadoff, J. et al. Safety and Efficacy of Single-Dose Ad26.COV2.S Vaccine against 
Covid-19. New England Journal of Medicine 384, 2187-2201 (2021). 
https://doi.org:10.1056/NEJMoa2101544 

54 Ständige Impfkommission - Aufgaben und Methodik 
https://www.rki.de/DE/Content/Kommissionen/STIKO/Aufgaben_Methoden/metho
den_node.html, last accessed 19.02.2024. 

55 Stufenplan der STIKO zur Priorisierung der COVID-19-Impfung (2021), 
https://www.rki.de/DE/Content/Infekt/Impfen/ImpfungenAZ/COVID-
19/Stufenplan.pdf?__blob=publicationFile, last accessed 19.02.2024. 

56 Durchführung der COVID-19-Impfung (Stand 26.1.2024). (Robert Koch Institute, 
2024) https://www.rki.de/SharedDocs/FAQ/COVID-
Impfen/FAQ_Liste_Durchfuehrung_Impfung.html, last accessed 19.02.2024. 

57 Das Paul-Ehrlich Institut informiert – Vorübergehende Aussetzung der Impfung mit 
dem COVID-19 Impfstoff AstraZeneca (Paul-Ehrlich-Institute, Langen, 2021) 
https://www.pei.de/DE/newsroom/hp-meldungen/2021/210315-voruebergehende-
aussetzung-impfung-covid-19-impfstoff-astra-zeneca.html, last accessed 
26.03.2024. 

58 Pressemitteilung der STIKO zum AstraZeneca-Impfstoff (30.03.2021). (Robert Koch 
Institute, 2021) 
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/AstraZeneca-
Impfstoff-2021-03-30.html, last accessed 26.02.2024. 

59 COVID-19 Vaccine AstraZeneca – Safety Assessment Result: The Vaccine is Safe and 
Effective in the Fight against COVID-19. (Paul-Ehrlich-Institute, Langen, 2021) 
https://www.pei.de/EN/newsroom/hp-news/2021/210319-covid-19-vaccine-
astrazeneca-safety-assessment-result-vaccine-safe-and-effective.html, last accessed 
26.03.2024. 

60 Cohn, B. A., Cirillo, P. M., Murphy, C. C., Krigbaum, N. Y. & Wallace, A. W. SARS-CoV-2 
vaccine protection and deaths among US veterans during 2021. Science 375, 331-
336 (2022). https://doi.org:doi:10.1126/science.abm0620 

61 Pressemitteilung der STIKO zur COVID-19-Auffrischimpfung und zur Optimierung der 
Janssen-Grundimmunisierung (7.10.2021). (Robert Koch Institute, 2021) 
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/PM_2021-10-
07.html, last accessed 26.02.2024. 

https://doi.org:10.3390/vaccines9080848
https://doi.org:10.1021/acscentsci.1c00197
https://doi.org:doi:10.1126/sciadv.aaz6893
https://doi.org:10.1038/s41541-020-00243-x
https://doi.org:10.1038/s41541-022-00503-y
https://doi.org:10.1038/s41541-022-00503-y
https://doi.org:10.1056/NEJMoa2101544
https://www.rki.de/DE/Content/Kommissionen/STIKO/Aufgaben_Methoden/methoden_node.html
https://www.rki.de/DE/Content/Kommissionen/STIKO/Aufgaben_Methoden/methoden_node.html
https://www.rki.de/DE/Content/Infekt/Impfen/ImpfungenAZ/COVID-19/Stufenplan.pdf?__blob=publicationFile
https://www.rki.de/DE/Content/Infekt/Impfen/ImpfungenAZ/COVID-19/Stufenplan.pdf?__blob=publicationFile
https://www.rki.de/SharedDocs/FAQ/COVID-Impfen/FAQ_Liste_Durchfuehrung_Impfung.html
https://www.rki.de/SharedDocs/FAQ/COVID-Impfen/FAQ_Liste_Durchfuehrung_Impfung.html
https://www.pei.de/DE/newsroom/hp-meldungen/2021/210315-voruebergehende-aussetzung-impfung-covid-19-impfstoff-astra-zeneca.html
https://www.pei.de/DE/newsroom/hp-meldungen/2021/210315-voruebergehende-aussetzung-impfung-covid-19-impfstoff-astra-zeneca.html
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/AstraZeneca-Impfstoff-2021-03-30.html
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/AstraZeneca-Impfstoff-2021-03-30.html
https://www.pei.de/EN/newsroom/hp-news/2021/210319-covid-19-vaccine-astrazeneca-safety-assessment-result-vaccine-safe-and-effective.html
https://www.pei.de/EN/newsroom/hp-news/2021/210319-covid-19-vaccine-astrazeneca-safety-assessment-result-vaccine-safe-and-effective.html
https://doi.org:doi:10.1126/science.abm0620
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/PM_2021-10-07.html
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/PM_2021-10-07.html


 References 

75 
 

62 Pressemitteilung der STIKO zur Auffrischimpfung einer COVID-19-Impfung bei 
Personen ab 18 Jahren (18.11.2021). (Robert Koch Institute, 2021) 
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/PM_2021-11-
18.html, last accessed 19.02.2024. 

63 COVID-19 medicines (2024), https://www.ema.europa.eu/en/human-regulatory-
overview/public-health-threats/coronavirus-disease-covid-19/covid-19-medicines, 
last accessed 22.02.2024. 

64 Shoham, S. et al. Vaccines and therapeutics for immunocompromised patients with 
COVID-19. eClinicalMedicine 59 (2023). 
https://doi.org:10.1016/j.eclinm.2023.101965 

65 Boyarsky, B. J. et al. Antibody Response to 2-Dose SARS-CoV-2 mRNA Vaccine Series 
in Solid Organ Transplant Recipients. Jama 325, 2204-2206 (2021). 
https://doi.org:10.1001/jama.2021.7489 

66 Abbasi, J. Researchers Tie Severe Immunosuppression to Chronic COVID-19 and 
Virus Variants. Jama 325, 2033-2035 (2021). 
https://doi.org:10.1001/jama.2021.7212 

67 Bordry, N. et al. SARS-CoV-2 m-RNA Vaccine Response in Immunocompromised 
Patients: A Monocentric Study Comparing Cancer, People Living with HIV, 
Hematopoietic Stem Cell Transplant Patients and Lung Transplant Recipients. 
Vaccines (Basel) 11 (2023). https://doi.org:10.3390/vaccines11081284 

68 Steiger, S., Rossaint, J., Zarbock, A. & Anders, H. J. Secondary Immunodeficiency 
Related to Kidney Disease (SIDKD)-Definition, Unmet Need, and Mechanisms. J Am 
Soc Nephrol 33, 259-278 (2022). https://doi.org:10.1681/asn.2021091257 

69 Szumilas, K. et al. Current Status Regarding Immunosuppressive Treatment in 
Patients after Renal Transplantation. Int J Mol Sci 24 (2023). 
https://doi.org:10.3390/ijms241210301 

70 What is inflammatory bowel disease (IBD)? https://www.cdc.gov/ibd/what-is-
IBD.htm#symptoms, last accessed 22.02.2024. 

71 Peyrin-Biroulet, L. et al. Tumour necrosis factor inhibitors in inflammatory bowel 
disease: the story continues. Therapeutic Advances in Gastroenterology 14, 
17562848211059954 (2021). https://doi.org:10.1177/17562848211059954 

72 Impfung bei Immunschwäche (Immundefizienz) (Stand: 11.1.2024) (2024), 
https://www.rki.de/SharedDocs/FAQ/COVID-
Impfen/FAQ_Liste_Impfung_Immundefizienz.html, last accessed 19.02.2024. 

73 Watson, O. J. et al. Global impact of the first year of COVID-19 vaccination: a 
mathematical modelling study. The Lancet Infectious Diseases 22, 1293-1302 (2022). 
https://doi.org:10.1016/S1473-3099(22)00320-6 

74 Mathieu, E. R., Hannah;  Rodés-Guirao, Lucas; Appel, Cameron; Giattino, Charlie; 
Hasell, Joe; Macdonald, Bobbie; Dattani, Saloni; Beltekian, Diana; Ortiz-Ospina, 
Esteban; Roser, Max (Published online at OurWorldInData.org., 2020). 

75 Markov, P. V. et al. The evolution of SARS-CoV-2. Nature Reviews Microbiology 21, 
361-379 (2023). https://doi.org:10.1038/s41579-023-00878-2 

76 Peck, K. M. & Lauring, A. S. Complexities of Viral Mutation Rates. Journal of Virology 
92, 10.1128/jvi.01031-01017 (2018). https://doi.org:doi:10.1128/jvi.01031-17 

https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/PM_2021-11-18.html
https://www.rki.de/DE/Content/Kommissionen/STIKO/Empfehlungen/PM_2021-11-18.html
https://www.ema.europa.eu/en/human-regulatory-overview/public-health-threats/coronavirus-disease-covid-19/covid-19-medicines
https://www.ema.europa.eu/en/human-regulatory-overview/public-health-threats/coronavirus-disease-covid-19/covid-19-medicines
https://doi.org:10.1016/j.eclinm.2023.101965
https://doi.org:10.1001/jama.2021.7489
https://doi.org:10.1001/jama.2021.7212
https://doi.org:10.3390/vaccines11081284
https://doi.org:10.1681/asn.2021091257
https://doi.org:10.3390/ijms241210301
https://www.cdc.gov/ibd/what-is-IBD.htm#symptoms
https://www.cdc.gov/ibd/what-is-IBD.htm#symptoms
https://doi.org:10.1177/17562848211059954
https://www.rki.de/SharedDocs/FAQ/COVID-Impfen/FAQ_Liste_Impfung_Immundefizienz.html
https://www.rki.de/SharedDocs/FAQ/COVID-Impfen/FAQ_Liste_Impfung_Immundefizienz.html
https://doi.org:10.1016/S1473-3099(22)00320-6
https://doi.org:10.1038/s41579-023-00878-2
https://doi.org:doi:10.1128/jvi.01031-17


 References 

76 
 

77 Harvey, W. T. et al. SARS-CoV-2 variants, spike mutations and immune escape. 
Nature Reviews Microbiology 19, 409-424 (2021). https://doi.org:10.1038/s41579-
021-00573-0 

78 Plante, J. A. et al. Spike mutation D614G alters SARS-CoV-2 fitness. Nature 592, 116-
121 (2021). https://doi.org:10.1038/s41586-020-2895-3 

79 López-Cortés, G. I. et al. The Spike Protein of SARS-CoV-2 Is Adapting Because of 
Selective Pressures. Vaccines (Basel) 10 (2022). 
https://doi.org:10.3390/vaccines10060864 

80 Nielsen, B. F., Eilersen, A., Simonsen, L. & Sneppen, K. Lockdowns exert selection 
pressure on overdispersion of SARS-CoV-2 variants. Epidemics 40, 100613 (2022). 
https://doi.org:10.1016/j.epidem.2022.100613 

81 Disease Outbreak News – -COVID-19 - Denmark (World Health Organization, 2020) 
https://www.who.int/emergencies/disease-outbreak-news/item/2020-DON297, last 
accessed 01.03.2024. 

82 Updated working definitions and primary actions for SARS-CoV-2 variants, 4 October 
2023. (World Health Organization, 2023) 
https://www.who.int/publications/m/item/updated-working-definitions-and-
primary-actions-for--sars-cov-2-variants, last accessed 01.03.2024. 

83 Tracking SARS-CoV-2 variants (2021-2024), https://www.who.int/activities/tracking-
SARS-CoV-2-variants, last accessed 15.02.2024. 

84 Leung, K., Shum, M. H., Leung, G. M., Lam, T. T. & Wu, J. T. Early transmissibility 
assessment of the N501Y mutant strains of SARS-CoV-2 in the United Kingdom, 
October to November 2020. Euro Surveill 26 (2021). https://doi.org:10.2807/1560-
7917.Es.2020.26.1.2002106 

85 Grint, D. J. et al. Severity of Severe Acute Respiratory System Coronavirus 2 (SARS-
CoV-2) Alpha Variant (B.1.1.7) in England. Clin Infect Dis 75, e1120-e1127 (2022). 
https://doi.org:10.1093/cid/ciab754 

86 Jangra, S. et al. SARS-CoV-2 spike E484K mutation reduces antibody neutralisation. 
The Lancet Microbe 2, e283-e284 (2021). https://doi.org:10.1016/S2666-
5247(21)00068-9 

87 Weisblum, Y. et al. Escape from neutralizing antibodies by SARS-CoV-2 spike protein 
variants. Elife 9 (2020). https://doi.org:10.7554/eLife.61312 

88 Garcia-Beltran, W. F. et al. Multiple SARS-CoV-2 variants escape neutralization by 
vaccine-induced humoral immunity. Cell 184, 2372-2383.e2379 (2021). 
https://doi.org:10.1016/j.cell.2021.03.013 

89 Deng, X. et al. Transmission, infectivity, and neutralization of a spike L452R SARS-
CoV-2 variant. Cell 184, 3426-3437.e3428 (2021). 
https://doi.org:10.1016/j.cell.2021.04.025 

90 Liu, Q. et al. Antibody neutralization to SARS-CoV-2 and variants after 1 year in 
Wuhan, China. Innovation (Camb) 3, 100181 (2022). 
https://doi.org:10.1016/j.xinn.2021.100181 

91 Annavajhala, M. K. et al. Emergence and expansion of SARS-CoV-2 B.1.526 after 
identification in New York. Nature 597, 703-708 (2021). 
https://doi.org:10.1038/s41586-021-03908-2 

https://doi.org:10.1038/s41579-021-00573-0
https://doi.org:10.1038/s41579-021-00573-0
https://doi.org:10.1038/s41586-020-2895-3
https://doi.org:10.3390/vaccines10060864
https://doi.org:10.1016/j.epidem.2022.100613
https://www.who.int/emergencies/disease-outbreak-news/item/2020-DON297
https://www.who.int/publications/m/item/updated-working-definitions-and-primary-actions-for--sars-cov-2-variants
https://www.who.int/publications/m/item/updated-working-definitions-and-primary-actions-for--sars-cov-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://www.who.int/activities/tracking-SARS-CoV-2-variants
https://doi.org:10.2807/1560-7917.Es.2020.26.1.2002106
https://doi.org:10.2807/1560-7917.Es.2020.26.1.2002106
https://doi.org:10.1093/cid/ciab754
https://doi.org:10.1016/S2666-5247(21)00068-9
https://doi.org:10.1016/S2666-5247(21)00068-9
https://doi.org:10.7554/eLife.61312
https://doi.org:10.1016/j.cell.2021.03.013
https://doi.org:10.1016/j.cell.2021.04.025
https://doi.org:10.1016/j.xinn.2021.100181
https://doi.org:10.1038/s41586-021-03908-2


 References 

77 
 

92 Ren, W. et al. Characterization of SARS-CoV-2 Variants B.1.617.1 (Kappa), B.1.617.2 
(Delta), and B.1.618 by Cell Entry and Immune Evasion. mBio 13, e00099-00022 
(2022). https://doi.org:doi:10.1128/mbio.00099-22 

93 Hoffmann, M. et al. SARS-CoV-2 variant B.1.617 is resistant to bamlanivimab and 
evades antibodies induced by infection and vaccination. Cell Reports 36, 109415 
(2021). https://doi.org:https://doi.org/10.1016/j.celrep.2021.109415 

94 Bhattacharya, M., Chatterjee, S., Sharma, A. R., Lee, S. S. & Chakraborty, C. Delta 
variant (B.1.617.2) of SARS-CoV-2: current understanding of infection, transmission, 
immune escape, and mutational landscape. Folia Microbiol (Praha) 68, 17-28 
(2023). https://doi.org:10.1007/s12223-022-01001-3 

95 Bast, E., Tang, F., Dahn, J. & Palacio, A. Increased risk of hospitalisation and death 
with the delta variant in the USA. The Lancet Infectious Diseases 21, 1629-1630 
(2021). https://doi.org:10.1016/S1473-3099(21)00685-X 

96 Acevedo, M. L. et al. Differential neutralizing antibody responses elicited by 
CoronaVac and BNT162b2 against SARS-CoV-2 Lambda in Chile. Nature Microbiology 
7, 524-529 (2022). https://doi.org:10.1038/s41564-022-01092-1 

97 Arora, P. et al. SARS-CoV-2 variants C.1.2 and B.1.621 (Mu) partially evade 
neutralization by antibodies elicited upon infection or vaccination. Cell Reports 39, 
110754 (2022). https://doi.org:https://doi.org/10.1016/j.celrep.2022.110754 

98 Bálint, G., Vörös-Horváth, B. & Széchenyi, A. Omicron: increased transmissibility and 
decreased pathogenicity. Signal Transduction and Targeted Therapy 7, 151 (2022). 
https://doi.org:10.1038/s41392-022-01009-8 

99 Wang, L., Møhlenberg, M., Wang, P. & Zhou, H. Immune evasion of neutralizing 
antibodies by SARS-CoV-2 Omicron. Cytokine Growth Factor Rev 70, 13-25 (2023). 
https://doi.org:10.1016/j.cytogfr.2023.03.001 

100 Lyngse, F. P. et al. Household transmission of SARS-CoV-2 Omicron variant of 
concern subvariants BA.1 and BA.2 in Denmark. Nature Communications 13, 5760 
(2022). https://doi.org:10.1038/s41467-022-33498-0 

101 SARS-CoV-2 variants of concern as of 15 March 2024 (2024), 
https://www.ecdc.europa.eu/en/covid-19/variants-concern, last accessed 
08.04.2024. 

102 Khan, K. et al. Omicron BA.4/BA.5 escape neutralizing immunity elicited by BA.1 
infection. Nat Commun 13, 4686 (2022). https://doi.org:10.1038/s41467-022-
32396-9 

103 Dewald, F. et al. Impaired humoral immunity to BQ.1.1 in convalescent and 
vaccinated patients. Nat Commun 14, 2835 (2023). https://doi.org:10.1038/s41467-
023-38127-y 

104 Yue, C. et al. ACE2 binding and antibody evasion in enhanced transmissibility of 
XBB.1.5. Lancet Infect Dis 23, 278-280 (2023). https://doi.org:10.1016/s1473-
3099(23)00010-5 

105 Kurhade, C. et al. Low neutralization of SARS-CoV-2 Omicron BA.2.75.2, BQ.1.1 and 
XBB.1 by parental mRNA vaccine or a BA.5 bivalent booster. Nat Med 29, 344-347 
(2023). https://doi.org:10.1038/s41591-022-02162-x 

106 Uriu, K. et al. Enhanced transmissibility, infectivity, and immune resistance of the 
SARS-CoV-2 omicron XBB.1.5 variant. Lancet Infect Dis 23, 280-281 (2023). 
https://doi.org:10.1016/s1473-3099(23)00051-8 

https://doi.org:doi:10.1128/mbio.00099-22
https://doi.org:https:/doi.org/10.1016/j.celrep.2021.109415
https://doi.org:10.1007/s12223-022-01001-3
https://doi.org:10.1016/S1473-3099(21)00685-X
https://doi.org:10.1038/s41564-022-01092-1
https://doi.org:https:/doi.org/10.1016/j.celrep.2022.110754
https://doi.org:10.1038/s41392-022-01009-8
https://doi.org:10.1016/j.cytogfr.2023.03.001
https://doi.org:10.1038/s41467-022-33498-0
https://www.ecdc.europa.eu/en/covid-19/variants-concern
https://doi.org:10.1038/s41467-022-32396-9
https://doi.org:10.1038/s41467-022-32396-9
https://doi.org:10.1038/s41467-023-38127-y
https://doi.org:10.1038/s41467-023-38127-y
https://doi.org:10.1016/s1473-3099(23)00010-5
https://doi.org:10.1016/s1473-3099(23)00010-5
https://doi.org:10.1038/s41591-022-02162-x
https://doi.org:10.1016/s1473-3099(23)00051-8


 References 

78 
 

107 Gangavarapu, K. et al. Outbreak.info genomic reports: scalable and dynamic 
surveillance of SARS-CoV-2 variants and mutations. Nature Methods 20, 512-522 
(2023). https://doi.org:10.1038/s41592-023-01769-3 

108 Tian, F. et al. N501Y mutation of spike protein in SARS-CoV-2 strengthens its binding 
to receptor ACE2. Elife 10 (2021). https://doi.org:10.7554/eLife.69091 

109 Liu, Y. et al. The N501Y spike substitution enhances SARS-CoV-2 infection and 
transmission. Nature 602, 294-299 (2022). https://doi.org:10.1038/s41586-021-
04245-0 

110 SARS-CoV-2 Alpha variant (2024), https://en.wikipedia.org/wiki/SARS-CoV-
2_Alpha_variant, last accessed 27.03.2024. 

111 Planas, D. et al. Sensitivity of infectious SARS-CoV-2 B.1.1.7 and B.1.351 variants to 
neutralizing antibodies. Nature Medicine 27, 917-924 (2021). 
https://doi.org:10.1038/s41591-021-01318-5 

112 Shen, X. et al. SARS-CoV-2 variant B.1.1.7 is susceptible to neutralizing antibodies 
elicited by ancestral spike vaccines. Cell Host Microbe 29, 529-539.e523 (2021). 
https://doi.org:10.1016/j.chom.2021.03.002 

113 Duong, D. Alpha, Beta, Delta, Gamma: What's important to know about SARS-CoV-2 
variants of concern? Cmaj 193, E1059-e1060 (2021). 
https://doi.org:10.1503/cmaj.1095949 

114 Uwamino, Y. et al. The effect of the E484K mutation of SARS-CoV-2 on the 
neutralizing activity of antibodies from BNT162b2 vaccinated individuals. Vaccine 
40, 1928-1931 (2022). https://doi.org:10.1016/j.vaccine.2022.02.047 

115 Hodcroft, E. B. CoVariants: SARS-CoV-2 Mutations and Variants of Interest (2021), 
https://covariants.org/, last accessed 23.02.2024. 

116 Rettner, R. L., Nicoletta Coronavirus variants: Facts about omicron, delta and other 
SARS-CoV-2 mutants (2023), https://www.livescience.com/coronavirus-
variants.html, last accessed 24.02.2024. 

117 Planas, D. et al. Reduced sensitivity of SARS-CoV-2 variant Delta to antibody 
neutralization. Nature 596, 276-280 (2021). https://doi.org:10.1038/s41586-021-
03777-9 

118 Di Giacomo, S., Mercatelli, D., Rakhimov, A. & Giorgi, F. M. Preliminary report on 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Spike mutation 
T478K. J Med Virol 93, 5638-5643 (2021). https://doi.org:10.1002/jmv.27062 

119 Khare, S. et al. GISAID's Role in Pandemic Response. China CDC Wkly 3, 1049-1051 
(2021). https://doi.org:10.46234/ccdcw2021.255 

120 Hodcroft, E. Overview of Variants in Countries (2024), https://covariants.org/per-
country, last accessed 23.02.2024. 

121 Qu, P. et al. Distinct Neutralizing Antibody Escape of SARS-CoV-2 Omicron 
Subvariants BQ.1, BQ.1.1, BA.4.6, BF.7 and BA.2.75.2. bioRxiv (2022). 
https://doi.org:10.1101/2022.10.19.512891 

122 Parums, D. V. Editorial: The XBB.1.5 ('Kraken') Subvariant of Omicron SARS-CoV-2 
and its Rapid Global Spread. Med Sci Monit 29, e939580 (2023). 
https://doi.org:10.12659/msm.939580 

123 Coronavirus Resource Center - Cumulative Cases (2023), 
https://coronavirus.jhu.edu/data/cumulative-cases, last accessed 24.02.2024. 

https://doi.org:10.1038/s41592-023-01769-3
https://doi.org:10.7554/eLife.69091
https://doi.org:10.1038/s41586-021-04245-0
https://doi.org:10.1038/s41586-021-04245-0
https://en.wikipedia.org/wiki/SARS-CoV-2_Alpha_variant
https://en.wikipedia.org/wiki/SARS-CoV-2_Alpha_variant
https://doi.org:10.1038/s41591-021-01318-5
https://doi.org:10.1016/j.chom.2021.03.002
https://doi.org:10.1503/cmaj.1095949
https://doi.org:10.1016/j.vaccine.2022.02.047
https://covariants.org/
https://www.livescience.com/coronavirus-variants.html
https://www.livescience.com/coronavirus-variants.html
https://doi.org:10.1038/s41586-021-03777-9
https://doi.org:10.1038/s41586-021-03777-9
https://doi.org:10.1002/jmv.27062
https://doi.org:10.46234/ccdcw2021.255
https://covariants.org/per-country
https://covariants.org/per-country
https://doi.org:10.1101/2022.10.19.512891
https://doi.org:10.12659/msm.939580
https://coronavirus.jhu.edu/data/cumulative-cases


 References 

79 
 

124 Coronavirus Resource Center - Number of Daily Cases (2023), 
https://coronavirus.jhu.edu/region/germany, last accessed 24.02.2024. 

125 Current Vaccination Status - Vaccination progress (2023), 
https://impfdashboard.de/en, last accessed 24.02.2024. 

126 Relan, P. et al. Severity and outcomes of Omicron variant of SARS-CoV-2 compared 
to Delta variant and severity of Omicron sublineages: a systematic review and 
metanalysis. BMJ Glob Health 8 (2023). https://doi.org:10.1136/bmjgh-2023-
012328 

127 Mogensen, T. H. Pathogen recognition and inflammatory signaling in innate immune 
defenses. Clin Microbiol Rev 22, 240-273, Table of Contents (2009). 
https://doi.org:10.1128/cmr.00046-08 

128 Katze, M. G., He, Y. & Gale, M. Viruses and interferon: a fight for supremacy. Nature 
Reviews Immunology 2, 675-687 (2002). https://doi.org:10.1038/nri888 

129 Murphy, K. M. & Weaver, C. Janeway's immunobiology. 9th edn,  399-411 (New 
York: Garland Science, 2017). 

130 Avalos, A. M. & Ploegh, H. Early BCR Events and Antigen Capture, Processing, and 
Loading on MHC Class II on B Cells. Frontiers in Immunology 5 (2014). 
https://doi.org:10.3389/fimmu.2014.00092 

131 Zou, Y.-R., Grimaldi, C. & Diamond, B. in Kelley and Firestein's Textbook of 
Rheumatology (Tenth Edition)   (eds Gary S. Firestein et al.)  207-230.e203 (Elsevier, 
2017). 

132 Schroeder, H. W., Jr. & Cavacini, L. Structure and function of immunoglobulins. J 
Allergy Clin Immunol 125, S41-52 (2010). https://doi.org:10.1016/j.jaci.2009.09.046 

133 Woof, J. M. & Mestecky, J. Mucosal immunoglobulins. Immunol Rev 206, 64-82 
(2005). https://doi.org:10.1111/j.0105-2896.2005.00290.x 

134 Majidi, J., Baradaran, B., Hassan, Z. M. & Mostafaie, A. Production and 
characterization of monoclonal antibodies against human IgG in Balb/c mouse. Hum 
Antibodies 14, 1-5 (2005).  

135 Zan, H. & Casali, P. in Encyclopedia of Medical Immunology: Autoimmune Diseases   
(eds Ian R. Mackay, Noel R. Rose, Betty Diamond, & Anne Davidson)  517-528 
(Springer New York, 2014). 

136 Lu, L. L., Suscovich, T. J., Fortune, S. M. & Alter, G. Beyond binding: antibody effector 
functions in infectious diseases. Nat Rev Immunol 18, 46-61 (2018). 
https://doi.org:10.1038/nri.2017.106 

137 Janeway CA Jr, T. P., Walport M, et al.     Ch. Chapter 8, T Cell-Mediated Immunity, 
(2001). 

138 Freund, N. T. Antibodies: what makes us stronger. Hum Vaccin Immunother 17, 
3551-3553 (2021). https://doi.org:10.1080/21645515.2021.1929034 

139 Senefeld, J. W. et al. COVID-19 Convalescent Plasma for the Treatment of 
Immunocompromised Patients: A Systematic Review and Meta-analysis. JAMA 
Network Open 6, e2250647-e2250647 (2023). 
https://doi.org:10.1001/jamanetworkopen.2022.50647 

140 Almagro, J. C., Mellado-Sánchez, G., Pedraza-Escalona, M. & Pérez-Tapia, S. M. 
Evolution of Anti-SARS-CoV-2 Therapeutic Antibodies. International Journal of 
Molecular Sciences 23, 9763 (2022).  

https://coronavirus.jhu.edu/region/germany
https://impfdashboard.de/en
https://doi.org:10.1136/bmjgh-2023-012328
https://doi.org:10.1136/bmjgh-2023-012328
https://doi.org:10.1128/cmr.00046-08
https://doi.org:10.1038/nri888
https://doi.org:10.3389/fimmu.2014.00092
https://doi.org:10.1016/j.jaci.2009.09.046
https://doi.org:10.1111/j.0105-2896.2005.00290.x
https://doi.org:10.1038/nri.2017.106
https://doi.org:10.1080/21645515.2021.1929034
https://doi.org:10.1001/jamanetworkopen.2022.50647


 References 

80 
 

141 FDA updates Sotrovimab emergency use authorization (2022), 
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-sotrovimab-
emergency-use-authorization?utm_medium=email&utm_source=govdelivery, last 
accessed 06.04.2024. 

142 VanBlargan, L. A. et al. An infectious SARS-CoV-2 B.1.1.529 Omicron virus escapes 
neutralization by therapeutic monoclonal antibodies. Nat Med 28, 490-495 (2022). 
https://doi.org:10.1038/s41591-021-01678-y 

143 Wilhelm, A. et al. Limited neutralisation of the SARS-CoV-2 Omicron subvariants 
BA.1 and BA.2 by convalescent and vaccine serum and monoclonal antibodies. 
eBioMedicine 82 (2022). https://doi.org:10.1016/j.ebiom.2022.104158 

144 Thau L, A. E., Mahajan K. Physiology, Opsonization.  (StatPearls Publishing, 2023). 

145 Luminex xMAP Technology https://int.diasorin.com/en/licensed-technologies/xmap-
technology, last accessed 07.04.2024. 

146 Wagner, T. R. et al. NeutrobodyPlex—monitoring SARS-CoV-2 neutralizing immune 
responses using nanobodies. EMBO reports 22, e52325 (2021). 
https://doi.org:https://doi.org/10.15252/embr.202052325 

147 Becker, M. Serological Analysis to Accompany Clinical Research, Vaccination and 
Evolution of the COVID-19 Pandemic, University of Tübingen,Doctoral Dissertation 
(2023). 

148 Junker, D. Development and Application of a Bead-Based Multiplex Assay System to 
analyze the humoral Immune Response of SARS-CoV-2 infected individuals, 
University of Tübingen,Master Thesis (2020). 

149 Roth, N. et al. Assessment of Immunogenicity and Efficacy of CV0501 mRNA-Based 
Omicron COVID-19 Vaccination in Small Animal Models. Vaccines (Basel) 11 (2023). 
https://doi.org:10.3390/vaccines11020318 

150 ICH guideline M10 on bioanalytical method validation and study sample analysis 
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-
bioanalytical-method-validation_en.pdf, last accessed 06.04.2024. 

151 M10 Bioanalytical Method Validation and Study Sample Analysis - Guidance for 
Industry (2022), https://www.fda.gov/media/162903/download, last accessed 
06.04.2024. 

152 MuSPAD - Nationwide antibody study on the spread of SARS-CoV-2 infections 
https://hzi-c19-antikoerperstudie.de/en/, last accessed 07.04.2024. 

153 Liu, X. et al. Safety and immunogenicity of heterologous versus homologous prime-
boost schedules with an adenoviral vectored and mRNA COVID-19 vaccine (Com-
COV): a single-blind, randomised, non-inferiority trial. The Lancet 398, 856-869 
(2021). https://doi.org:10.1016/S0140-6736(21)01694-9 

154 Schmidt, T. et al. Immunogenicity and reactogenicity of heterologous ChAdOx1 
nCoV-19/mRNA vaccination. Nature Medicine 27, 1530-1535 (2021). 
https://doi.org:10.1038/s41591-021-01464-w 

155 Slomka, S., Zieba, P., Rosiak, O. & Piekarska, A. Comparison of Post-Vaccination 
Response between mRNA and Vector Vaccines against SARS-CoV-2 in Terms of 
Humoral Response after Six Months of Observation. Vaccines (Basel) 11 (2023). 
https://doi.org:10.3390/vaccines11101625 

https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-sotrovimab-emergency-use-authorization?utm_medium=email&utm_source=govdelivery
https://www.fda.gov/drugs/drug-safety-and-availability/fda-updates-sotrovimab-emergency-use-authorization?utm_medium=email&utm_source=govdelivery
https://doi.org:10.1038/s41591-021-01678-y
https://doi.org:10.1016/j.ebiom.2022.104158
https://int.diasorin.com/en/licensed-technologies/xmap-technology
https://int.diasorin.com/en/licensed-technologies/xmap-technology
https://doi.org:https:/doi.org/10.15252/embr.202052325
https://doi.org:10.3390/vaccines11020318
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-bioanalytical-method-validation_en.pdf
https://www.fda.gov/media/162903/download
https://hzi-c19-antikoerperstudie.de/en/
https://doi.org:10.1016/S0140-6736(21)01694-9
https://doi.org:10.1038/s41591-021-01464-w
https://doi.org:10.3390/vaccines11101625


 References 

81 
 

156 Botton, J. et al. Effectiveness of Ad26.COV2.S Vaccine vs BNT162b2 Vaccine for 
COVID-19 Hospitalizations. JAMA Network Open 5, e220868-e220868 (2022). 
https://doi.org:10.1001/jamanetworkopen.2022.0868 

157 Vygen-Bonnet, S. e. a. Beschluss der STIKO zur 8. Aktualisierung der COVID-19-
Impfempfehlung und die dazugehörige wissenschaftliche Begründung. 14-31 
(Robert Koch Institut, 2021) 
https://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2021/Ausgaben/27_21.pdf?
__blob=publicationFile, last accessed 07.04.2024. 

158 Madhi, S. A. et al. Efficacy of the ChAdOx1 nCoV-19 Covid-19 Vaccine against the 
B.1.351 Variant. New England Journal of Medicine 384, 1885-1898 (2021). 
https://doi.org:10.1056/NEJMoa2102214 

159 Shinde, V. et al. Efficacy of NVX-CoV2373 Covid-19 Vaccine against the B.1.351 
Variant. New England Journal of Medicine 384, 1899-1909 (2021). 
https://doi.org:10.1056/NEJMoa2103055 

160 Zhou, D. et al. Evidence of escape of SARS-CoV-2 variant B.1.351 from natural and 
vaccine-induced sera. Cell 184, 2348-2361.e2346 (2021). 
https://doi.org:https://doi.org/10.1016/j.cell.2021.02.037 

161 Atyeo, C. et al. Distinct Early Serological Signatures Track with SARS-CoV-2 Survival. 
Immunity 53, 524-532.e524 (2020). https://doi.org:10.1016/j.immuni.2020.07.020 

162 Fernández-Ciriza, L. et al. Humoral and cellular immune response over 9 months of 
mRNA-1273, BNT162b2 and ChAdOx1 vaccination in a University Hospital in Spain. 
Scientific Reports 12, 15606 (2022). https://doi.org:10.1038/s41598-022-19537-2 

163 Kontopoulou, K. et al. Second dose of the BNT162b2 mRNA vaccine: Value of timely 
administration but questionable necessity among the seropositive. Vaccine 39, 
5078-5081 (2021). https://doi.org:10.1016/j.vaccine.2021.07.065 

164 Karron, R. A. et al. Assessment of Clinical and Virological Characteristics of SARS-
CoV-2 Infection Among Children Aged 0 to 4 Years and Their Household Members. 
JAMA Network Open 5, e2227348-e2227348 (2022). 
https://doi.org:10.1001/jamanetworkopen.2022.27348 

165 Jacobsen, E.-M. et al. High antibody levels and reduced cellular response in children 
up to one year after SARS-CoV-2 infection. Nature Communications 13, 7315 (2022). 
https://doi.org:10.1038/s41467-022-35055-1 

166 Tomasi, L. et al. Younger Children Develop Higher Effector Antibody Responses to 
SARS-CoV-2 Infection. Open Forum Infect Dis 9, ofac554 (2022). 
https://doi.org:10.1093/ofid/ofac554 

167 Dufloo, J. et al. Asymptomatic and symptomatic SARS-CoV-2 infections elicit 
polyfunctional antibodies. Cell Rep Med 2, 100275 (2021). 
https://doi.org:10.1016/j.xcrm.2021.100275 

168 Wang, W. B. et al. E484K mutation in SARS-CoV-2 RBD enhances binding affinity with 
hACE2 but reduces interactions with neutralizing antibodies and nanobodies: 
Binding free energy calculation studies. J Mol Graph Model 109, 108035 (2021). 
https://doi.org:10.1016/j.jmgm.2021.108035 

169 Ahmad, A., Fawaz, M. A. M. & Aisha, A. A comparative overview of SARS-CoV-2 and 
its variants of concern. Infez Med 30, 328-343 (2022). https://doi.org:10.53854/liim-
3003-2 

https://doi.org:10.1001/jamanetworkopen.2022.0868
https://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2021/Ausgaben/27_21.pdf?__blob=publicationFile
https://www.rki.de/DE/Content/Infekt/EpidBull/Archiv/2021/Ausgaben/27_21.pdf?__blob=publicationFile
https://doi.org:10.1056/NEJMoa2102214
https://doi.org:10.1056/NEJMoa2103055
https://doi.org:https:/doi.org/10.1016/j.cell.2021.02.037
https://doi.org:10.1016/j.immuni.2020.07.020
https://doi.org:10.1038/s41598-022-19537-2
https://doi.org:10.1016/j.vaccine.2021.07.065
https://doi.org:10.1001/jamanetworkopen.2022.27348
https://doi.org:10.1038/s41467-022-35055-1
https://doi.org:10.1093/ofid/ofac554
https://doi.org:10.1016/j.xcrm.2021.100275
https://doi.org:10.1016/j.jmgm.2021.108035
https://doi.org:10.53854/liim-3003-2
https://doi.org:10.53854/liim-3003-2


 References 

82 
 

170 Thakur, S. et al. SARS-CoV-2 Mutations and Their Impact on Diagnostics, 
Therapeutics and Vaccines. Frontiers in Medicine 9 (2022). 
https://doi.org:10.3389/fmed.2022.815389 

171 Goher, S. S., Ali, F. & Amin, M. The Delta Variant Mutations in the Receptor Binding 
Domain of SARS-CoV-2 Show Enhanced Electrostatic Interactions with the ACE2. 
Med Drug Discov, 100114 (2021). https://doi.org:10.1016/j.medidd.2021.100114 

172 Zhang, Y. et al. SARS-CoV-2 spike L452R mutation increases Omicron variant 
fusogenicity and infectivity as well as host glycolysis. Signal Transduction and 
Targeted Therapy 7, 76 (2022). https://doi.org:10.1038/s41392-022-00941-z 

173 Graham, M. S. et al. Changes in symptomatology, reinfection, and transmissibility 
associated with the SARS-CoV-2 variant B.1.1.7: an ecological study. The Lancet 
Public Health 6, e335-e345 (2021). https://doi.org:10.1016/S2468-2667(21)00055-4 

174 Dejnirattisai, W. et al. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell 184, 
2939-2954.e2939 (2021). https://doi.org:10.1016/j.cell.2021.03.055 

175 Hoffmann, M. et al. SARS-CoV-2 variants B.1.351 and P.1 escape from neutralizing 
antibodies. Cell 184, 2384-2393.e2312 (2021). 
https://doi.org:10.1016/j.cell.2021.03.036 

176 Lucas, C. et al. Delayed production of neutralizing antibodies correlates with fatal 
COVID-19. Nature Medicine 27, 1178-1186 (2021). https://doi.org:10.1038/s41591-
021-01355-0 

177 Guthmiller, J. J. et al. SARS-CoV-2 Infection Severity Is Linked to Superior Humoral 
Immunity against the Spike. mBio 12, 10.1128/mbio.02940-02920 (2021). 
https://doi.org:doi:10.1128/mbio.02940-20 

178 Legros, V. et al. A longitudinal study of SARS-CoV-2-infected patients reveals a high 
correlation between neutralizing antibodies and COVID-19 severity. Cellular & 
Molecular Immunology 18, 318-327 (2021). https://doi.org:10.1038/s41423-020-
00588-2 

179 McNaughton, A. L. et al. Fatal COVID-19 outcomes are associated with an antibody 
response targeting epitopes shared with endemic coronaviruses. JCI Insight 7 
(2022). https://doi.org:10.1172/jci.insight.156372 

180 Du, J. et al. Persistent High Percentage of HLA-DR(+)CD38(high) CD8(+) T Cells 
Associated With Immune Disorder and Disease Severity of COVID-19. Front Immunol 
12, 735125 (2021). https://doi.org:10.3389/fimmu.2021.735125 

181 Georg, P. et al. Complement activation induces excessive T cell cytotoxicity in severe 
COVID-19. Cell 185, 493-512.e425 (2022). https://doi.org:10.1016/j.cell.2021.12.040 

182 Mathew, D. et al. Deep immune profiling of COVID-19 patients reveals distinct 
immunotypes with therapeutic implications. Science 369 (2020). 
https://doi.org:10.1126/science.abc8511 

183 Nemet, I. et al. Third BNT162b2 Vaccination Neutralization of SARS-CoV-2 Omicron 
Infection. N Engl J Med 386, 492-494 (2022). 
https://doi.org:10.1056/NEJMc2119358 

184 Schmidt, F. et al. Plasma Neutralization of the SARS-CoV-2 Omicron Variant. N Engl J 
Med 386, 599-601 (2022). https://doi.org:10.1056/NEJMc2119641 

185 Wan, J. et al. Booster vaccination protection against SARS-CoV-2 infections in young 
adults during an Omicron BA.1-predominant period: A retrospective cohort study. 
PLoS Med 20, e1004153 (2023). https://doi.org:10.1371/journal.pmed.1004153 

https://doi.org:10.3389/fmed.2022.815389
https://doi.org:10.1016/j.medidd.2021.100114
https://doi.org:10.1038/s41392-022-00941-z
https://doi.org:10.1016/S2468-2667(21)00055-4
https://doi.org:10.1016/j.cell.2021.03.055
https://doi.org:10.1016/j.cell.2021.03.036
https://doi.org:10.1038/s41591-021-01355-0
https://doi.org:10.1038/s41591-021-01355-0
https://doi.org:doi:10.1128/mbio.02940-20
https://doi.org:10.1038/s41423-020-00588-2
https://doi.org:10.1038/s41423-020-00588-2
https://doi.org:10.1172/jci.insight.156372
https://doi.org:10.3389/fimmu.2021.735125
https://doi.org:10.1016/j.cell.2021.12.040
https://doi.org:10.1126/science.abc8511
https://doi.org:10.1056/NEJMc2119358
https://doi.org:10.1056/NEJMc2119641
https://doi.org:10.1371/journal.pmed.1004153


 References 

83 
 

186 Assawakosri, S. et al. Omicron BA.1, BA.2 and COVID-19 Booster Vaccination The 
Journal of Infectious Diseases 226, 1480-1481 (2022). 
https://doi.org:10.1093/infdis/jiac158 

187 Gruell, H. et al. mRNA booster immunization elicits potent neutralizing serum 
activity against the SARS-CoV-2 Omicron variant. Nat Med 28, 477-480 (2022). 
https://doi.org:10.1038/s41591-021-01676-0 

188 Pajon, R. et al. SARS-CoV-2 Omicron Variant Neutralization after mRNA-1273 
Booster Vaccination. N Engl J Med 386, 1088-1091 (2022). 
https://doi.org:10.1056/NEJMc2119912 

189 Moriyama, S. et al. Temporal maturation of neutralizing antibodies in COVID-19 
convalescent individuals improves potency and breadth to circulating SARS-CoV-2 
variants. Immunity 54, 1841-1852.e1844 (2021). 
https://doi.org:10.1016/j.immuni.2021.06.015 

190 Hoffmann, M. et al. Effect of hybrid immunity and bivalent booster vaccination on 
omicron sublineage neutralisation. The Lancet Infectious Diseases 23, 25-28 (2023). 
https://doi.org:10.1016/S1473-3099(22)00792-7 

191 Muik, A. et al. Omicron BA.2 breakthrough infection enhances cross-neutralization 
of BA.2.12.1 and BA.4/BA.5. Sci Immunol 7, eade2283 (2022). 
https://doi.org:10.1126/sciimmunol.ade2283 

192 Quandt, J. et al. Omicron BA.1 breakthrough infection drives cross-variant 
neutralization and memory B cell formation against conserved epitopes. Sci 
Immunol 7, eabq2427 (2022). https://doi.org:10.1126/sciimmunol.abq2427 

193 Hornsby, H. et al. Omicron infection following vaccination enhances a broad 
spectrum of immune responses dependent on infection history. Nature 
Communications 14, 5065 (2023). https://doi.org:10.1038/s41467-023-40592-4 

194 Wei, J. et al. Protection against SARS-CoV-2 Omicron BA.4/5 variant following 
booster vaccination or breakthrough infection in the UK. Nature Communications 
14, 2799 (2023). https://doi.org:10.1038/s41467-023-38275-1 

195 Ntziora, F. et al. Protection of vaccination versus hybrid immunity against infection 
with COVID-19 Omicron variants among Health-Care Workers. Vaccine 40, 7195-
7200 (2022). https://doi.org:10.1016/j.vaccine.2022.09.042 

196 Altarawneh, H. N. et al. Effects of Previous Infection and Vaccination on 
Symptomatic Omicron Infections. N Engl J Med 387, 21-34 (2022). 
https://doi.org:10.1056/NEJMoa2203965 

197 de Gier, B. et al. Effects of COVID-19 vaccination and previous infection on Omicron 
SARS-CoV-2 infection and relation with serology. Nature Communications 14, 4793 
(2023). https://doi.org:10.1038/s41467-023-40195-z 

198 Bobrovitz, N. et al. Protective effectiveness of previous SARS-CoV-2 infection and 
hybrid immunity against the omicron variant and severe disease: a systematic 
review and meta-regression. Lancet Infect Dis 23, 556-567 (2023). 
https://doi.org:10.1016/s1473-3099(22)00801-5 

199 Evans, R. A. et al. Impact of COVID-19 on immunocompromised populations during 
the Omicron era: insights from the observational population-based INFORM study. 
The Lancet Regional Health – Europe 35 (2023). 
https://doi.org:10.1016/j.lanepe.2023.100747 

https://doi.org:10.1093/infdis/jiac158
https://doi.org:10.1038/s41591-021-01676-0
https://doi.org:10.1056/NEJMc2119912
https://doi.org:10.1016/j.immuni.2021.06.015
https://doi.org:10.1016/S1473-3099(22)00792-7
https://doi.org:10.1126/sciimmunol.ade2283
https://doi.org:10.1126/sciimmunol.abq2427
https://doi.org:10.1038/s41467-023-40592-4
https://doi.org:10.1038/s41467-023-38275-1
https://doi.org:10.1016/j.vaccine.2022.09.042
https://doi.org:10.1056/NEJMoa2203965
https://doi.org:10.1038/s41467-023-40195-z
https://doi.org:10.1016/s1473-3099(22)00801-5
https://doi.org:10.1016/j.lanepe.2023.100747


 References 

84 
 

200 Turtle, L. et al. Outcome of COVID-19 in hospitalised immunocompromised patients: 
An analysis of the WHO ISARIC CCP-UK prospective cohort study. PLoS Med 20, 
e1004086 (2023). https://doi.org:10.1371/journal.pmed.1004086 

201 Zbinden, D. & Manuel, O. Influenza vaccination in immunocompromised patients: 
efficacy and safety. Immunotherapy 6, 131-139 (2014). 
https://doi.org:10.2217/imt.13.171 

202 Ling, T. C. et al. Trajectory of Humoral Responses to Two Doses of ChAdOx1 nCoV-19 
Vaccination in Patients Receiving Maintenance Hemodialysis. Microbiol Spectr 11, 
e0344522 (2023). https://doi.org:10.1128/spectrum.03445-22 

203 Speer, C. et al. Neutralizing antibody response against variants of concern after 
vaccination of dialysis patients with BNT162b2. Kidney International 100, 700-702 
(2021). https://doi.org:10.1016/j.kint.2021.07.002 

204 Imhof, C. et al. SARS-CoV-2 Spike-specific IFN-γ T-cell Response After COVID-19 
Vaccination in Patients With Chronic Kidney Disease, on Dialysis, or Living With a 
Kidney Transplant. Transplant Direct 8, e1387 (2022). 
https://doi.org:10.1097/txd.0000000000001387 

205 Sattler, A. et al. Impaired humoral and cellular immunity after SARS-CoV-2 
BNT162b2 (tozinameran) prime-boost vaccination in kidney transplant recipients. J 
Clin Invest 131 (2021). https://doi.org:10.1172/jci150175 

206 Affeldt, P. et al. Immune Response to Third and Fourth COVID-19 Vaccination in 
Hemodialysis Patients and Kidney Transplant Recipients. Viruses 14, 2646 (2022).  

207 Housset, P. et al. Humoral response after a fourth "booster" dose of a Coronavirus 
disease 2019 vaccine following a 3-dose regimen of mRNA-based vaccination in 
dialysis patients. Kidney Int 101, 1289-1290 (2022). 
https://doi.org:10.1016/j.kint.2022.04.006 

208 Einbinder, Y. et al. Humoral Response and SARS-CoV-2 Infection Risk following the 
Third and Fourth Doses of the BNT162b2 Vaccine in Dialysis Patients. Am J Nephrol 
53, 586-590 (2022). https://doi.org:10.1159/000525309 

209 Cheng, C. C. et al. Improved SARS-CoV-2 Neutralization of Delta and Omicron BA.1 
Variants of Concern after Fourth Vaccination in Hemodialysis Patients. Vaccines 
(Basel) 10 (2022). https://doi.org:10.3390/vaccines10081328 

210 Anft, M. et al. Inferior cellular and humoral immunity against Omicron and Delta 
variants of concern compared with SARS-CoV-2 wild type in hemodialysis patients 
immunized with 4 SARS-CoV-2 vaccine doses. Kidney Int 102, 207-208 (2022). 
https://doi.org:10.1016/j.kint.2022.05.004 

211 Liao, B.-H. et al. SARS-CoV-2 Neutralization Capacity in Hemodialysis Patients with 
and without a Fifth Vaccination with the Updated Comirnaty Original/Omicron BA.4-
5 Vaccine. Vaccines 12, 308 (2024).  

212 Huth, L. et al. Immunologic Effect of Bivalent mRNA Booster in Patients Undergoing 
Hemodialysis. N Engl J Med 388, 950-952 (2023). 
https://doi.org:10.1056/NEJMc2216309 

213 Alexander, J. L. et al. COVID-19 vaccine-induced antibody and T-cell responses in 
immunosuppressed patients with inflammatory bowel disease after the third 
vaccine dose (VIP): a multicentre, prospective, case-control study. Lancet 
Gastroenterol Hepatol 7, 1005-1015 (2022). https://doi.org:10.1016/s2468-
1253(22)00274-6 

https://doi.org:10.1371/journal.pmed.1004086
https://doi.org:10.2217/imt.13.171
https://doi.org:10.1128/spectrum.03445-22
https://doi.org:10.1016/j.kint.2021.07.002
https://doi.org:10.1097/txd.0000000000001387
https://doi.org:10.1172/jci150175
https://doi.org:10.1016/j.kint.2022.04.006
https://doi.org:10.1159/000525309
https://doi.org:10.3390/vaccines10081328
https://doi.org:10.1016/j.kint.2022.05.004
https://doi.org:10.1056/NEJMc2216309
https://doi.org:10.1016/s2468-1253(22)00274-6
https://doi.org:10.1016/s2468-1253(22)00274-6


 References 

85 
 

214 Schell, T. L. et al. Humoral Immunogenicity of 3 COVID-19 Messenger RNA Vaccine 
Doses in Patients With Inflammatory Bowel Disease. Inflamm Bowel Dis 28, 1781-
1786 (2022). https://doi.org:10.1093/ibd/izac082 

215 Wellens, J. et al. Combination therapy of infliximab and thiopurines, but not 
monotherapy with infliximab or vedolizumab, is associated with attenuated IgA and 
neutralisation responses to SARS-CoV-2 in inflammatory bowel disease. Gut 71, 
1919-1922 (2022). https://doi.org:10.1136/gutjnl-2021-326312 

216 Kennedy, N. A. et al. Vaccine escape, increased breakthrough and reinfection in 
infliximab-treated patients with IBD during the Omicron wave of the SARS-CoV-2 
pandemic. Gut 72, 295-305 (2023). https://doi.org:10.1136/gutjnl-2022-327570 

217 Lin, S. et al. Antibody decay, T cell immunity and breakthrough infections following 
two SARS-CoV-2 vaccine doses in inflammatory bowel disease patients treated with 
infliximab and vedolizumab. Nat Commun 13, 1379 (2022). 
https://doi.org:10.1038/s41467-022-28517-z 

 

  

https://doi.org:10.1093/ibd/izac082
https://doi.org:10.1136/gutjnl-2021-326312
https://doi.org:10.1136/gutjnl-2022-327570
https://doi.org:10.1038/s41467-022-28517-z


 References 

86 
 

 

 



 Acknowledgements 

87 
 

Acknowledgements 

 

I want to thank all the people who have accompanied me on my way to this exciting point in my 

scientific career. 

I would especially like to thank Dr. Nicole Schneiderhan-Marra for the opportunity she gave me 

to write my doctoral thesis in her group. I am very grateful for the trust placed in me during my 

work on various projects, especially the research on SARS-CoV-2, through which I was able to 

gain a lot of knowledge and interesting insights. 

I would also like to thank Dr. Alex Dulovic for his great support as a supervisor, and his constant 

availability to answer my questions. I wish him all the best for his new position as group leader at 

the NMI. 

I want to thank Prof. Dr. Ulrich Rothbauer and Prof. Dr. Katja Schenke-Layland for supervising 

my doctoral thesis and supporting me during my time at the NMI. 

I would also like to thank our cooperation partners from clinics and research institutes for their 

interesting and productive collaboration, without which this dissertation would not have been 

possible. I would particularly like to mention Prof. Dr. Bitzer and Dr. Siri Göpel from the 

University Hospital Tübingen and the group of Prof. Dr. Georg Behrens at Hannover Medical 

School. 

I would like to give special thanks to my colleagues at the Multiplex Immunoassays group, who 

have become wonderful friends and have provided so much fun in the lab and office, while always 

lending me a helping hand. I couldn't have wished for a better working atmosphere, especially in 

the sometimes stressful day-to-day life of science. I would particularly like to thank Matthias 

Becker, who gave me great support in my early days at the NMI as Master’s student and with 

whom it was great fun to work on the SARS-CoV-2 projects. Our time in and out of the lab 

bonded us together and a close friendship developed. 

I would like to thank Michelle Knodel for her full support of my work and her great patience with 

me, and gratefully mention our cat Debbie, who always made sure that I got up early on the 

weekends so that I could continue working on my dissertation. 

Finally, I would like to thank my family for their unconditional support throughout my time at 

university. With your warmth and care, I could always rely on you, and you always encouraged me 

to pursue my goals. 

  



 Acknowledgements 

88 
 

 

 



 Appendix 

89 
 

 

 

 

Appendix 

 

  



 Appendix 

90 
 

 

  



 Appendix 

91 
 

 

 

Appendix I: Exploring beyond clinical routine SARS-CoV-2 

serology using MultiCoV-Ab to evaluate endemic 

coronavirus cross-reactivity 

Becker M*, Strengert M*, Junker D, Kaiser PD, Kerrinnes T, Traenkle B, Dinter H, Häring J, 

Ghozzi S, Zeck A, Weise F, Peter A, Hörber S, Fink S, Ruoff F, Dulovic A, Bakchoul T, Baillot 

A, Lohse S, Cornberg M, Illig T, Gottlieb J, Smola S, Karch A, Berger K, Rammensee HG, 

Schenke-Layland K, Nelde A, Märklin M, Heitmann JS, Walz JS, Templin M, Joos TO, 

Rothbauer U, Krause G, Schneiderhan-Marra N. 

Nature Communications. 2021. 12(1):1152 

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

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


 Appendix 

92 
 

  



 Appendix 

93 
 

 

 

 

 

  



 Appendix 

94 
 

 

 

 

 

 

  



 Appendix 

95 
 

 

 

 

 

  



 Appendix 

96 
 

 

 

 

 

  



 Appendix 

97 
 

 

 

 

 

 

 

 

  



 Appendix 

98 
 

 

 

 

 

 

  



 Appendix 

99 
 

 

 

 

 

  



 Appendix 

100 
 

 

 

 

 

  



 Appendix 

101 
 

 

 

 

 

  



 Appendix 

102 
 

 

 

 

 

  



 Appendix 

103 
 

 

 

 

 

 

  



 Appendix 

104 
 

 

 

 

  



 Appendix 

105 
 

 

 

 

  



 Appendix 

106 
 

 

 

 

  



 Appendix 

107 
 

 

 

 

  



 Appendix 

108 
 

 

 

 

 

 

 



 Appendix 

109 
 

 

  



 Appendix 

110 
 

 

 

 

  



 Appendix 

111 
 

 

 

 

  



 Appendix 

112 
 

 

 

 

  



 Appendix 

113 
 

 

 

 

  



 Appendix 

114 
 

 

 

 

  



 Appendix 

115 
 

 

 

 

  



 Appendix 

116 
 

 

 

 

  



 Appendix 

117 
 

 

 

 

  



 Appendix 

118 
 

 

 

 

  



 Appendix 

119 
 

 

 

 

  



 Appendix 

120 
 

 

 

 

  



 Appendix 

121 
 

 

 

 

Appendix II: COVID-19 patient serum less potently inhibits 

ACE2-RBD binding for various SARS-CoV-2 RBD mutants  

Junker D, Dulovic A, Becker M, Wagner TR, Kaiser PD, Traenkle B, Kienzle K, Bunk S, 

Struemper C, Haeberle H, Schmauder K, Ruetalo N, Malek N, Althaus K, Koeppen M, 

Rothbauer U, Walz JS, Schindler M, Bitzer M, Göpel S, Schneiderhan-Marra N. 

Scientific Reports. 2022. 12(1):7168 

https://doi.org/10.1038/s41598-022-10987-2 

  

https://doi.org/10.1038/s41598-022-10987-2


 Appendix 

122 
 

  



 Appendix 

123 
 

 

 

 

 

  



 Appendix 

124 
 

 

 

 

 

  



 Appendix 

125 
 

 

 

 

 

  



 Appendix 

126 
 

 

 

 

 

 

 

 

 



 Appendix 

127 
 

 

 

 

  



 Appendix 

128 
 

 

 

 

 

 

  



 Appendix 

129 
 

 

 

 

 

 

  



 Appendix 

130 
 

 

 

 

 

 

  



 Appendix 

131 
 

 

 

 

 

 

  



 Appendix 

132 
 

 

 

 

 

 

  



 Appendix 

133 
 

 

 

 

 

 

  



 Appendix 

134 
 

 

 

 

 

 

  



 Appendix 

135 
 

 

 

 

 

 

  



 Appendix 

136 
 

 

 

 

  



 Appendix 

137 
 

 

 

 

  



 Appendix 

138 
 

 

 

 

  



 Appendix 

139 
 

 

 

 

 

 

 



 Appendix 

140 
 

 

  



 Appendix 

141 
 

 

 

 

  



 Appendix 

142 
 

 

 

 

  



 Appendix 

143 
 

 

 

 

  



 Appendix 

144 
 

 

 

 

 

 

 



 Appendix 

145 
 

Appendix III: Comparative Magnitude and Persistence of 

Humoral SARS-CoV-2 Vaccination Responses in the Adult 

Population in Germany 

Dulovic A*, Kessel B*, Harries M*, Becker M, Ortmann J, Griesbaum J, Jüngling J, Junker D, 

Hernandez P, Gornyk D, Glöckner S, Melhorn V, Castell S, Heise JK, Kemmling Y, Tonn T, 

Frank K, Illig T, Klopp N, Warikoo N, Rath A, Suckel C, Marzian AU, Grupe N, Kaiser PD, 

Traenkle B, Rothbauer U, Kerrinnes T, Krause G, Lange B, Schneiderhan-Marra N, Strengert 

M. 

Frontiers in Immunology. 2022. 13:828053 

https://doi.org/10.3389/fimmu.2022.828053 

  

https://doi.org/10.3389/fimmu.2022.828053


 Appendix 

146 
 

  



 Appendix 

147 
 

 

 

 

 

 

  



 Appendix 

148 
 

 

 

 

 

 

  



 Appendix 

149 
 

 

 

 

 

 

  



 Appendix 

150 
 

 

 

 

 

 

  



 Appendix 

151 
 

 

 

 

 

 

  



 Appendix 

152 
 

 

 

 

 

 

 

 

 



 Appendix 

153 
 

 

 

 

  



 Appendix 

154 
 

 

 

 

 

 

  



 Appendix 

155 
 

 

 

 

 

 

  



 Appendix 

156 
 

 

 

 

 

 

  



 Appendix 

157 
 

 

 

 

 

 

  



 Appendix 

158 
 

 

 

 

 

 

  



 Appendix 

159 
 

 

 

 

 

 

  



 Appendix 

160 
 

 

 

 

 

 

  



 Appendix 

161 
 

 

 

 

 

 

  



 Appendix 

162 
 

 

 

 

 

 

  



 Appendix 

163 
 

 

 

 

  



 Appendix 

164 
 

 

 

 

  



 Appendix 

165 
 

 

 

 

  



 Appendix 

166 
 

 

 

 

  



 Appendix 

167 
 

 

 

 

  



 Appendix 

168 
 

 

 

 

  



 Appendix 

169 
 

 

 

 

  



 Appendix 

170 
 

 

 

 

  



 Appendix 

171 
 

 

 

 

  



 Appendix 

172 
 

 

 

 

  



 Appendix 

173 
 

 

 

 

  



 Appendix 

174 
 

 

 

 

  



 Appendix 

175 
 

 

 

 

  



 Appendix 

176 
 

 

 

 

  



 Appendix 

177 
 

 

 

 

  



 Appendix 

178 
 

 

 

 

  



 Appendix 

179 
 

 

 

 

Appendix IV: Immune response to SARS-CoV-2 variants of 

concern in vaccinated individuals 

Becker M*, Dulovic A*, Junker D, Ruetalo N, Kaiser PD, Pinilla YT, Heinzel C, Haering J, 

Traenkle B, Wagner TR, Layer M, Mehrlaender M, Mirakaj V, Held J, Planatscher H, Schenke-

Layland K, Krause G, Strengert M, Bakchoul T, Althaus K, Fendel R, Kreidenweiss A, 

Koeppen M, Rothbauer U, Schindler M, Schneiderhan-Marra N. 

Nature Communications. 2021. 12(1):3109 
https://doi.org/10.1038/s41467-021-23473-6 

  

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


 Appendix 

180 
 

  



 Appendix 

181 
 

 

 

 

 

 

  



 Appendix 

182 
 

 

 

 

 

 

  



 Appendix 

183 
 

 

 

 

 

 

  



 Appendix 

184 
 

 

 

 

 

 

  



 Appendix 

185 
 

 

 

 

 

 

  



 Appendix 

186 
 

 

 

 

 

 

  



 Appendix 

187 
 

 

 

 

 

 

  



 Appendix 

188 
 

 

 

 

 

 

  



 Appendix 

189 
 

 

 

 

  



 Appendix 

190 
 

 

 

 

  



 Appendix 

191 
 

 

 

 

  



 Appendix 

192 
 

 

 

 

  



 Appendix 

193 
 

 

 

 

  



 Appendix 

194 
 

 

 

 

  



 Appendix 

195 
 

 

 

 

  



 Appendix 

196 
 

 

 

 

  



 Appendix 

197 
 

 

 

 

  



 Appendix 

198 
 

 

 

 

  



 Appendix 

199 
 

 

 

 

  



 Appendix 

200 
 

 

 

 

  



 Appendix 

201 
 

 

 

 

  



 Appendix 

202 
 

 

 

 

  



 Appendix 

203 
 

 

 

 

  



 Appendix 

204 
 

  



 Appendix 

205 
 

 

 

Appendix V: Robust and durable serological response 

following pediatric SARS-CoV-2 infection 

Renk H*, Dulovic A*, Seidel A*, Becker M, Fabricius D, Zernickel M, Junker D, Groß R, 

Müller J, Hilger A, Bode SFN, Fritsch L, Frieh P, Haddad A, Görne T, Remppis J, 

Ganzemueller T, Dietz A, Huzly D, Hengel H, Kaier K, Weber S, Jacobsen EM, Kaiser PD, 

Traenkle B, Rothbauer U, Stich M, Tönshoff B, Hoffmann GF, Müller B, Ludwig C, 

Jahrsdörfer B, Schrezenmeier H, Peter A, Hörber S, Iftner T, Münch J, Stamminger T, Groß 

HJ, Wolkewitz M, Engel C, Liu W, Rizzi M, Hahn BH, Henneke P, Franz AR, Debatin KM, 

Schneiderhan-Marra N, Janda A, Elling R. 

Nature Communications. 2022. 13(1):128 
https://doi.org/10.1038/s41467-021-27595-9 

 

  

https://doi.org/10.1038/s41467-021-27595-9


 Appendix 

206 
 

  



 Appendix 

207 
 

 

 

 

 

 

  



 Appendix 

208 
 

 

 

 

 

 

  



 Appendix 

209 
 

 

 

 

 

  



 Appendix 

210 
 

 

 

 

 

 

  



 Appendix 

211 
 

 

 

 

 

 

  



 Appendix 

212 
 

 

 

 

 

 

  



 Appendix 

213 
 

 

 

 

 

 

  



 Appendix 

214 
 

 

 

 

 

 

 

 

 



 Appendix 

215 
 

 

 

 

  



 Appendix 

216 
 

 

 

 

 

  



 Appendix 

217 
 

 

 

 

 

 

  



 Appendix 

218 
 

 

 

 

  



 Appendix 

219 
 

 

 

 

  



 Appendix 

220 
 

 

 

 

  



 Appendix 

221 
 

 

 

  



 Appendix 

222 
 

 

 

 

  



 Appendix 

223 
 

 

 

 

 

 

 



 Appendix 

224 
 

 

 

 

 

 

  



 Appendix 

225 
 

 

 

 

  



 Appendix 

226 
 

 

 

 

  



 Appendix 

227 
 

 

 

 

  



 Appendix 

228 
 

 

 

 

  



 Appendix 

229 
 

 

 

 

  



 Appendix 

230 
 

 

 

 

  



 Appendix 

231 
 

 

 

 

  



 Appendix 

232 
 

 

 

 

  



 Appendix 

233 
 

 

 

 

  



 Appendix 

234 
 

 

 

 

  



 Appendix 

235 
 

 

 

 

  



 Appendix 

236 
 

 

 

 

  



 Appendix 

237 
 

 

 

 

  



 Appendix 

238 
 

 

 

  



 Appendix 

239 
 

 

 

 

 

 

 



 Appendix 

240 
 

 

  



 Appendix 

241 
 

 

 

 

  



 Appendix 

242 
 

 

 

 

  



 Appendix 

243 
 

 

 

 

Appendix VI: Antibody Binding and Angiotensin-

Converting Enzyme 2 Binding Inhibition Is Significantly 

Reduced for Both the BA.1 and BA.2 Omicron Variants 

Junker D*, Becker M*, Wagner TR*, Kaiser PD, Maier S, Grimm TM, Griesbaum J, Marsall P, 

Gruber J, Traenkle B, Heinzel C, Pinilla YT, Held J, Fendel R, Kreidenweiss A, Nelde A, 

Maringer Y, Schroeder S, Walz JS, Althaus K, Uzun G, Mikus M, Bakchoul T, Schenke-Layland 

K, Bunk S, Haeberle H, Göpel S, Bitzer M, Renk H, Remppis J, Engel C, Franz AR, Harries M, 

Kessel B, Lange B, Strengert M, Krause G, Zeck A, Rothbauer U, Dulovic A, Schneiderhan-

Marra N. 

Clinical Infectious Diseases. 2023. 76(3):e240-e249 
https://doi.org/10.1093/cid/ciac498 

 

  

https://doi.org/10.1093/cid/ciac498


 Appendix 

244 
 

  



 Appendix 

245 
 

 

 

 

 

 

  



 Appendix 

246 
 

 

 

 

 

  



 Appendix 

247 
 

 

 

 

 

  



 Appendix 

248 
 

 

 

 

 

  



 Appendix 

249 
 

 

 

 

 

 

  



 Appendix 

250 
 

 

 

 

 

  



 Appendix 

251 
 

 

 

 

 

  



 Appendix 

252 
 

 

 

 

 

  



 Appendix 

253 
 

 

 

 

 

  



 Appendix 

254 
 

 

 

 

 

  



 Appendix 

255 
 

 

 

 

  



 Appendix 

256 
 

 

 

 

  



 Appendix 

257 
 

 

 

 

  



 Appendix 

258 
 

 

 

 

  



 Appendix 

259 
 

 

 

 

  



 Appendix 

260 
 

 

 

 

  



 Appendix 

261 
 

 

 

 

  



 Appendix 

262 
 

 

 

 

  



 Appendix 

263 
 

 

 

 

  



 Appendix 

264 
 

 

 

 

  



 Appendix 

265 
 

 

 

 

  



 Appendix 

266 
 

 

 

 

  



 Appendix 

267 
 

 

 

 

  



 Appendix 

268 
 

 

 

 

  



 Appendix 

269 
 

 

 

 

  



 Appendix 

270 
 

 

 

 

  



 Appendix 

271 
 

 

 

 

  



 Appendix 

272 
 

 

 

 

  



 Appendix 

273 
 

 

 

 

  



 Appendix 

274 
 

 

 

 

  



 Appendix 

275 
 

 

 

 

  



 Appendix 

276 
 

 

 

 

  



 Appendix 

277 
 

 

 

 

  



 Appendix 

278 
 

 

 

 

  



 Appendix 

279 
 

 

 

 

Appendix VII: Diminishing Immune Responses against 

Variants of Concern in Dialysis Patients 4 Months after 

SARS-CoV-2 mRNA Vaccination 

Dulovic A*, Strengert M*, Ramos GM*, Becker M, Griesbaum J, Junker D, Lürken K, Beigel A, Wrenger 

E, Lonnemann G, Cossmann A, Stankov MV, Dopfer-Jablonka A, Kaiser PD, Traenkle B, Rothbauer U, 

Krause G, Schneiderhan-Marra N, Behrens GMN. 

Emerging Infectious Diseases. 2023. 76(3):e240-e249 
https://doi.org/10.3201/eid2804.211907 

 

  

https://doi.org/10.3201/eid2804.211907


 Appendix 

280 
 

  



 Appendix 

281 
 

 

 

 

 

 

  



 Appendix 

282 
 

 

 

 

 

  



 Appendix 

283 
 

 

 

 

 

  



 Appendix 

284 
 

 

 

 

 

  



 Appendix 

285 
 

 

 

 

 

  



 Appendix 

286 
 

 

 

 

 

  



 Appendix 

287 
 

 

 

 

 

  



 Appendix 

288 
 

 

 

 

 

  



 Appendix 

289 
 

 

 

 

 

  



 Appendix 

290 
 

 

 

 

 

  



 Appendix 

291 
 

 

 

 

 

 

  



 Appendix 

292 
 

 

 

 

 

  



 Appendix 

293 
 

 

 

Appendix VIII: Longitudinal cellular and humoral immune 

responses after triple BNT162b2 and fourth full-dose 

mRNA-1273 vaccination in haemodialysis patients 

Becker M*, Cossmann A*, Lürken K, Junker D, Gruber J, Juengling J, Ramos GM, Beigel A, Wrenger E, 

Lonnemann G, Stankov MV, Dopfer-Jablonka A, Kaiser PD, Traenkle B, Rothbauer U, Krause G, 

Schneiderhan-Marra N, Strengert M, Dulovic A, Behrens GMN. 

Frontiers in Immunology. 2022. 13:1004045 
https://doi.org/10.3389/fimmu.2022.1004045 

 

  

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


 Appendix 

294 
 

  



 Appendix 

295 
 

 

 

 

  



 Appendix 

296 
 

 

 

 

  



 Appendix 

297 
 

 

 

 

  



 Appendix 

298 
 

 

 

 

  



 Appendix 

299 
 

 

 

 

  



 Appendix 

300 
 

 

 

 

  



 Appendix 

301 
 

 

 

 

  



 Appendix 

302 
 

 

 

 

  



 Appendix 

303 
 

 

 

 

  



 Appendix 

304 
 

 

 

 

  



 Appendix 

305 
 

 

 

 

  



 Appendix 

306 
 

 

 

 

  



 Appendix 

307 
 

 

 

 

  



 Appendix 

308 
 

 

 

 

  



 Appendix 

309 
 

 

 

 

  



 Appendix 

310 
 

 

 

 

  



 Appendix 

311 
 

 

 

 

  



 Appendix 

312 
 

 

 

 

  



 Appendix 

313 
 

 

 

 

  



 Appendix 

314 
 

 

 

 

  



 Appendix 

315 
 

 

 

Appendix IX: STAR SIGN study: Evaluation of COVID-19 

vaccine efficacy against the SARS-CoV-2 variants BQ.1.1 and 

XBB.1.5 in patients with inflammatory bowel disease 

Woelfel S, Dütschler J, König M, Dulovic A, Graf N, Junker D, Oikonomou V, Krieger C, Truniger S, 

Franke A, Eckhold A, Forsch K, Koller S, Wyss J, Krupka N, Oberholzer M, Frei N, Geissler N, Schaub 

P; STAR SIGN Study Investigators; Albrich WC, Friedrich M, Schneiderhan-Marra N, Misselwitz B, 

Korte W, Bürgi JJ, Brand S. 

Alimentary Pharmacology and Therapeutics. 2023. 58(7):678-691 
https://doi.org/10.1111/apt.17661 

 

  

https://doi.org/10.1111/apt.17661


 Appendix 

316 
 

  



 Appendix 

317 
 

 

 

 

 

  



 Appendix 

318 
 

 

 

 

 

  



 Appendix 

319 
 

 

 

 

 

  



 Appendix 

320 
 

 

 

 

 

  



 Appendix 

321 
 

 

 

 

 

  



 Appendix 

322 
 

 

 

 

 

  



 Appendix 

323 
 

 

 

 

 

  



 Appendix 

324 
 

 

 

 

 

  



 Appendix 

325 
 

 

 

 

 

  



 Appendix 

326 
 

 

 

 

 

  



 Appendix 

327 
 

 

 

 

 

  



 Appendix 

328 
 

 

 

 

 

  



 Appendix 

329 
 

 

 

 

 

  



 Appendix 

330 
 

 

 

 

 

  



 Appendix 

331 
 

 

 

Appendix X: Dynamics of humoral response towards SARS-

CoV-2 from vaccination and breakthrough infection 

Becker M*, Dulovic A*, Uzun G, Bareiß A, Mikus M, Junker D, Griesbaum J, Michel T, Fandrich M, 

Schenke-Layland K, Althaus K, Bakchoul T, Schneiderhan-Marra N. 

Unpublished Manuscript 
 

  



 Appendix 

332 
 

  



 Appendix 

333 
 

 

 

 

  



 Appendix 

334 
 

 

 

 

  



 Appendix 

335 
 

 

 

 

  



 Appendix 

336 
 

 

 

 

  



 Appendix 

337 
 

 

 

 

  



 Appendix 

338 
 

 

 

 

  



 Appendix 

339 
 

 

 

 

  



 Appendix 

340 
 

 

 

 

  



 Appendix 

341 
 

 

 

 

  



 Appendix 

342 
 

 

 

 

  



 Appendix 

343 
 

 

 

 

  



 Appendix 

344 
 

 

 

 

  



 Appendix 

345 
 

 

 

 

  



 Appendix 

346 
 

 

 

 

  



 Appendix 

347 
 

 

 

 

  



 Appendix 

348 
 

 

 

 

  



 Appendix 

349 
 

 

 

 

  



 Appendix 

350 
 

 

 

 

  



 Appendix 

351 
 

 

 

 

  



 Appendix 

352 
 

 

 

 

  



 Appendix 

353 
 

 

 

 

  



 Appendix 

354 
 

 

 

 

  



 Appendix 

355 
 

 

 

 

  



 Appendix 

356 
 

 

 

 

  



 Appendix 

357 
 

 

 

 

 


