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Zusammenfassung 

 

Impfungen gegen das Schwere Akute Atemwegs Syndrom Coronavirus Typ 2 (SARS-CoV-2) 

werden immer noch anhand von festen Impfschemata durchgeführt, anstatt individuelle (Re-

)Immunisierungen entsprechend des persönlichen Immunschutzes und angepasst an die 

aktuelle Variante anzubieten.  

Wir haben diagnostische Strategien zur individuellen (Re-)Immunisierung entwickelt, die auf 

Antikörpern gegen die SARS-CoV-2 Spike-Protein-Rezeptor-Bindungsdomäne (S1-AB) und 

deren Neutralisierungskapazität in Surrogat-Tests sowie in Virusneutralisationstests in 

Zellkultur basieren. Die Neutralisierung gegen Wildtyp B.1 und Omikron BA.5.1 sechs Monate 

nach der Impfung mit dem unveränderten mRNA-Impfstoff wurde bewertet und führte zu 

Vorschlägen für individualisierte Impfschemata. Zu diesem Zweck wurden 124 Probanden vor, 

während und sechs Monate nach der Impfung gegen SARS-CoV-2 mit dem mRNA-basierten 

Impfstoff Spikevax (Moderna, Cambridge, MA, USA) durch serologische Tests begleitet.  

Die Immunreaktionen nach Impfung variierten erheblich zwischen den Probanden und 

ebenfalls in Bezug auf die untersuchte Variante. Ebenso konnte der langfristige Immunschutz 

nicht durch den unmittelbar nach der Impfung erreichten Antikörperspiegel vorhergesagt 

werden. Während 92% der Seren eine ausreichende Neutralisierungskapazität gegen Wildtyp 

B.1 aufwiesen, zeigten nur 20% eine Neutralisationskraft gegen Omikron BA.5.1 sechs 

Monate nach der zweiten Impfung. Zu diesem Zeitpunkt konnten die Teilnehmer, die noch 

positiv auf den Neutralisationstest in Zellkultur im B.1-Stamm reagierten, anhand von S1-AB-

Spiegeln ≥1000 U/mL als diagnostisches Instrument zur Messung der Ex-vivo-Immunreaktion 

bestimmt werden, während Seren, die BA5.1 hemmten, anhand der S1-AB-Serumspiegel 

nicht von Seren ohne suffizienten Immunschutz unterschieden werden konnten.  

Diese Studie unterstützt somit individualisierte Impfschemata auf der Grundlage serologischer 

Tests, die für die Routine der Gesundheitsversorgung geeignet sind und Impfprogramme zeit- 

und kosteneffizienter gestalten sowie die Zahl der Impfnebenwirkungen reduzieren können. Es 

zeigte sich aber auch, dass Impfstoffe gegen SARS-CoV-2 regelmäßig an die aktuelle 

Variante angepasst werden müssen und dass die diagnostischen Richtlinien für serologische 

Tests regelmäßig überarbeitet werden müssen, um ein ex-vivo Korrelat des Immunschutzes 

darzustellen. Da sich die Pandemie und die Virus-Varianten derzeit rasch weiterentwickeln, 

wäre eine solch regelmäßige Überarbeitung der SARS-CoV-2-Impfbegleitdiagnostik nicht 

sinnvoll und Auffrischungsimpfungen könnten in Zukunft eher auf einer individuellen 

Abwägung zwischen den Nebenwirkungen der Impfung und dem Risiko einer Infektion mit 

Covid-19 basieren.  
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Abstract 

 

Vaccination against severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) 

is still carried out according to fixed immunization-schedules instead of individualized (re-

)immunization in accordance with personal immune responsiveness and adapted to the 

current variant of concern.  

We developed diagnostic strategies based on antibodies against SARS-CoV-2 spike 

protein receptor-binding domain (S1-AB) and their neutralizing capacity in surrogate 

assays as well as in full virus neutralization tests in cell culture. Neutralization against 

wildtype B.1 and Omikron BA.5.1 six months after vaccination with unmodified mRNA 

vaccine was evaluated and led to proposals for individualized (re-)vaccination schedules. 

For this purpose, 124 subjects were monitored by serological testing before, during and 

six months after vaccination against SARS-CoV-2 with the mRNA-based vaccine 

Spikevax (Moderna, Cambridge, MA, USA).  

Vaccination responses varied substantially interindividual and regarding to the 

investigated variant of concern and long-term immune protection cannot be predicted by 

the achieved antibody level immediately after vaccination. While 92% of the sera exhibited 

sufficient neutralizing capacity against wildtype B.1, only 20% showed neutralization 

against Omikron BA.5.1 six months after the second vaccination. At this point participants 

still positive for the full virus NT in B.1 strain could be determined by S1-AB levels ≥1000 

U/mL as a diagnostic tool for gauging ex-vivo immune-responsiveness, while sera 

inhibiting BA5.1 could not be distinguished from non-inhibiting sera by serum levels of S1-

AB.  

This study supports an individualized (re-)vaccination scheme based on serological tests 

suitable for health care routine shaping vaccination-programs more time- and cost efficient 

as well as reducing the amount of side-effects. Nevertheless, it also shows that vaccines 

against SARS-CoV-2 have to be regularly adapted to the current variant of concern as 

well as the diagnostic guidelines in serological testing have to be revised to depict an ex-

vivo correlate of immune protection. As the pandemic situation and variants of concern 

currently develop rapidly a regular revision of SARS-CoV-2 vaccination companion 

diagnostic would be elaborate and re-vaccination schemes in the future might be rather 

based on an individual assessment of the side effects of the vaccination and the risk of an 

infection with Covid-19. 
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Abbreviations 

 

ACE2 Angiotensin-converting enzyme 2 
full-virus NT full virus endpoint dilution neutralization test 
N  nucleocapsid protein 
N-AB antibodies against the SARS-CoV-2 nucleocapsid antigen 
PACS Post-acute Covid-19 syndrome 
PACVS Post-acute Covid-19 vaccination syndrome 
PRNT Plaque Reduction Neutralization Test 
RBD receptor-binding domain 
rt-PCR by reverse transcriptase polymerase chain reaction 
S1 spike-protein 
S1-AB antibodies against the SARS-CoV-2 spike (S1) protein receptor-binding domain 
SAGE WHO´s Strategic Advisory Group on Immunization 
SARS-CoV-2 severe acute respiratory syndrome coronavirus type 2 
STIKO Standing Commission on Vaccination 
TMPRSS2 transmembrane protease serine subtype 2 
VOC variant of concern 
WHO World Health Organization 
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1. Introduction  
 

1.1 Covid-19  
 

1.1.1 Etiology  
 

Covid-19 is an acute pulmonary and systemic disease caused by an infection with 

severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2) [1], which 

belongs to the group of Betacoronaviruses like the Middle East respiratory 

syndrome coronavirus (MERS-CoV) [2, 3]. SARS-CoV-2 is mainly transmitted by 

droplets or aerogenically by the release of respiratory particles [4-6]. Moreover, it 

can also be transmitted by indirect contact through surfaces and vertically 

diaplacental or perinatal [7]. Therefore, the main transmission happens from 

person-to-person contact. Main risk factors for an infection with SARS-CoV-2 are 

poverty, a low socio-economic status and local outbreaks for example in nursing 

homes [8-10]. Onset and duration of infectivity are very variable from five to over 

20 days after symptom onset due to different variants of the virus and the 

heterogenous courses of Covid-19 disease [10-12].  

SARS-CoV-2 is an RNA-virus with a diameter of 80-140 nm. It has a single 

stranded genome, which makes up the nucleocapsid together with the non-

membrane-bound nucleocapsid protein (N). Furthermore, the virus contains 

membrane-bound structural proteins such as the spike-protein (S1) [13, 14]. This 

specific protein is responsible for binding to the host cell with the receptor-binding 

domain (RBD) on the S1-subunit of the spike-protein and for inducing neutralizing 

antibodies. The S-protein binds to the Angiotensin-converting enzyme 2 (ACE2) of 

human cells and penetrates it with its transmembrane protease serine subtype 2 

(TMPRSS2) to enter the cell [15-18]. Moreover, the envelope-protein (E-protein), 

the matrix-protein (M-protein) and a huge number of other detected 

biomechanisms play a significant role in the pathophysiology and the lifecycle of 

SARS-CoV-2 [3, 14]. Each lifecycle is completed by the uncoating, translation, 

replication and transcription of the virus´ RNA followed by the assembly and 

exocytosis of newly created pathogens, which are about to infect other cells [14].  
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1.1.2 Epidemiology and variants of concern (VOCs) 
 

SARS-CoV-2 led to a global pandemic after originating in Wuhan, China in 

December 2019 [19]. Two competing ideas about the origin of the virus were 

under public consideration. While the emergence as a zoonosis from bats is 

nowadays considered the more probable option there is no evidence for the idea 

of a laboratory escape of the virus [20]. On 11th of March 2020 the World Health 

Organization (WHO) declared Covid-19 a global pandemic situation, which has 

thus been the first pandemic caused by a coronavirus [21]. Until now (July 2024) 

more than 775 million cases of Covid-19 have been reported globally and more 

than seven million people lost their lives due to severe Covid-19 infections [22]. 

Case numbers show an exponential increase after exceeding a certain basis 

reproduction number leading to infectious waves with different variants of concern 

(VOCs) of Covid-19 [11, 23]. Each strain was named after a letter of the Greek 

alphabet by the WHO and evolved by new mutations of the viral genome leading 

to different characteristics in transmissibility and mortality. Different VOCs also 

show alternating epidemiological patterns. These altered characteristics arise from 

mutations encoding important sections of the structural proteins leading to different 

interactions with infected cells, the immune system of a patient and potential 

medication [24].  

The first big infectious wave has been caused by the Alpha-variant, which 

originated in the United Kingdom in September 2020 and is characterized by 

higher virulence and transmissibility [25]. Over the time of the pandemic 

development new VOCs generally led to higher case numbers, a higher severity of 

the course of the infection and a different susceptibility of immunity achieved by 

vaccinations [26, 27]. Characteristics of the Covid-19 VOCs changed over time. 

Until now five strains called Alpha, Beta, Gamma, Delta and Omicron were of 

public concern, as VOCs and over one thousand strains were officially defined 

[28]. The nowadays predominant VOC Omicron emerged in spring 2022 is the 

most genetically diverse one but also shows a drastic decrease in hospitalizations 

and case fatality rates. This effect correlates with the average age of the patients, 

which is lower than in the high-mortality waves as mostly people in age groups 

under 65 years were infected by Omicron, and less tissue damage induced by 

mutations in the S-protein [24, 29-31]. An infection with a newer VOC therefore is 
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more probable due to mechanisms of immune escape after vaccination, but also 

less severe in most cases, which might have led to a higher rate of undocumented 

cases in the recent past [27, 32].  

 

1.1.3 Clinical manifestation of Covid-19  
 

Patients suffering from an infection with SARS-CoV-2 show a typical clinical 

presentation encompassing symptoms like fever, cough and dyspnea [19]. 

Moreover, due to a systemic hyperinflammation and dysregulation of the immune 

system, symptoms like changes in the gustatoric and olfactoric system called 

dysgeusia and anosmia appear. Pathogenesis behind these phenomena is still not 

understood completely [33]. Hyperinflammation leads to a massive production of 

proinflammatoric cytokines like interleukin 1 and 6 causing severe illness with 

acute respiratory distress syndrome and Covid-19 pneumonia with the need for 

ventilation as well as endothelial dysfunction causing thromboembolic events and 

acute kidney injury [34-36]. Other specific symptoms occurring in severe causes of 

Covid-19 are gastrointestinal manifestation, myocarditis mostly affecting young 

male patients and neurological disorders such as dysesthesia and strokes [37-39]. 

This diverse and complex cluster of clinical manifestation of Covid-19 can be 

explained by organotropism. As SARS-CoV-2 uses ACE2 and TMPRSS2 for 

entering cells, mostly tissues expressing this specific receptor get damaged during 

an infection with the virus [40]. Research even suggests that ACE2 gets 

upregulated by interferons during infection for enhancing SARS-CoV-2 

pathogenicity [16].   

According to the WHO, severe causes are classified by the need of hospitalization, 

ventilation, use of extracorporeal membrane oxygenation, kidney replacement 

therapy and other non-/invasive therapies [41]. Covid-19 tends to cause critical 

illness especially during infections with more aggressive VOCs, in old patients and 

in people already suffering from multimorbidity leading to significantly higher case 

fatality rates [30, 31, 42]. Nevertheless, asymptomatic and mild infections are very 

common especially in younger patients with good functional performance status. 

Since these patients are still able to transmit the virus, they constitute a challenge 

in infectious events and to their prevention [43]. However, even asymptomatic 

infections can reliably be detected and improve containment by different methods 
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of diagnostics when preventive testing in high-risk constellations is carried out [44].  

 

1.1.4 Covid-19 diagnostics and therapeutic approaches  
 

Two different methods are currently used in clinical routine for detecting an 

infection with SARS-CoV-2. Each is based on a nasopharyngeal swab test or other 

sampling of respiratory secretion. While the highly sensitive detection by reverse 

transcriptase polymerase chain reaction (rt-PCR) indicates the viral load of each 

specimen by measuring the cycle threshold and is the gold standard in medical 

institutions, rapid antigen tests detecting virus proteins are less sensitive but 

cheaper and available as self-test kits [45, 46]. Serological assays detecting 

antibodies against SARS-CoV-2 are of lower importance in primary care as their 

utility is limited due to a poor cost-benefit ratio and informative value concerning 

acute and undergone infections [47]. Seroconversion occurs 1-3 weeks after the 

onset of symptoms, making antibody tests obsolete as a tool for detecting SARS-

CoV-2 infections in health care settings [48].  

Therapeutic approaches to Covid-19 were of immediate urgency due to its 

massive impact on the health care system [49]. Besides supportive care in 

intensive care units such as ventilation, prophylaxis of thrombosis and 

management of fluids, electrolytes and nutrition, also specific drug therapy moved 

into focus [50, 51]. Steroids, antiviral therapeutics, plasma therapy and monoclonal 

antibodies were licenced and launched on the market to complete Covid-19 

therapy [51, 52]. However, it soon became clear that the hazardous course of the 

pandemic cannot be contained by new therapeutics but has to be curbed by a 

dedicated concept of prevention [19, 53].  

 

1.1.5 Prevention of Covid-19 and its relevance 
 

As soon as the pandemic developed into a burden bearing down on the 

population, health care system and economy prevention concepts were set up to 

limit the damage the pandemic has already caused and to prevent public systems 

from collapsing [49, 54, 55]. Prevention control measures mainly encompass 

social distancing, hand hygiene, wearing face masks, preventive testing and the 
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isolation of cases [45, 56, 57]. These prevention techniques could flatten the curve 

and were partly able to control the spread of SARS-CoV-2. However, they were 

also associated with a massive impact on mental health due to shutdowns and 

major financial loss [58, 59]. Thus, a long-term solution to contain the pandemic 

had to be found and the development of a vaccination became the focus of 

attention [60].  

In addition to the reasons for urgent prevention already mentioned another threat 

arose during the course of the pandemic. Long Covid or the Post-acute Covid-19 

syndrome (PACS) is a new entity underestimated for a long time. Long Covid 

describes persistent symptoms after an infection with SARS-CoV-2 for more than 

four weeks after infection and occurs with an estimated incidence of 10-30% in un-

hospitalized and 50-70% in hospitalized cases [61]. This new entity includes 

disorders of the nervous, respiratory and cardiovascular system as well as mental 

health generating symptoms like fatigue, myalgia, dyspnoea, depression and 

vertigo [62]. Symptoms are diverse and diagnostic tools are not yet standardized, 

which leads to serious consequences for patients and the health care system as a 

whole [63]. Pathomechanisms behind Long Covid remain unconfirmed until today 

but latest research suggests ongoing immune dysregulation, dysautonomia, virus 

persistence and endotheliopathy as potential pathogenesis behind the illness [64]. 

A severe cause and a low socio-economic status constitute main risk factors for 

suffering from PACS [61]. Research regarding Long Covid is still at a young age 

and therapeutic regimes have not been implemented so far. Beside therapeutic 

apharesis also anti-thrombotic therapy and antihistamines state possible 

therapeutic approaches [65, 66]. Since the complete impact of Long Covid cannot 

be estimated at the time, the importance of prevention of Covid-19 becomes even 

more concrete.  

1.2 Vaccination against SARS-CoV-2  
 

1.2.1 Different types of Covid-19 vaccines  
 

On the 11th of December 2020, not even one year after the emergence of SARS-

CoV-2, the first vaccine against Covid-19 was offered to the population by an 

emergency use authorization in the United States and the European Union [67]. 

The first vaccine type launched on the market was an mRNA-based vaccine. In 
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2023 Katalin Karikó and Drew Weissman were rewarded with the Nobel Prize in 

Physiology and Medicine for the discovery of foundational genomic mechanisms 

that enabled the development of mRNA-based vaccines against Covid-19 [68]. 

This type of vaccine has then soon been followed by DNA-based vaccines, viral 

vector-based ones and vaccines with inactivated or attenuated proteins. They 

induce cellular and humoral immune response [69]. mRNA-based vaccines 

contain synthetic mRNA encoding the S-protein protected by lipid nanoparticles. 

Human cells synthetize the S-protein after vaccination and transport it to the 

surface of the cell. It can then get recognized by the immune system and leads to 

the production of protective antibodies. This technology states an innovation in 

vaccinology since the S-protein itself is not pathogenic for the human body [67]. 

Until today more than 13 billion doses have been administered globally, which 

makes up a population share of 56% vaccinated with a complete primary series of 

a Covid-19 vaccine [70, 71].  

Covid-19 vaccinations have positive effects on preventing symptomatic infections 

with SARS-CoV-2, reducing the number of severe cases, hospitalizations and 

mortality [72]. Moreover, Covid-19 vaccination is associated with a lower risk of 

suffering from Long Covid when vaccination has been administered prior infection 

[73]. 

Recommendations on Covid-19 vaccinations orientate to the patient´s age, health 

condition and vaccination history. According to the WHO´s Strategic Advisory 

Group on Immunization SAGE all adults as well as children and adolescents with 

comorbidities should receive one dose of a vaccine or two doses of an inactivated 

vaccine. Immunecompromised patients, health care workers and patients older 

than 75 years should receive 2-3 doses as they belong to high priority-use groups 

[74]. The Standing Commission on Vaccination STIKO at the Robert Koch Institute 

in Germany recommends at least three contacts with the SARS-CoV-2 antigen to 

achieve basic immunity. These contacts can be achieved either by infection or 

vaccination, while at least two of the three contacts should take place by 

vaccinations. Immunity achieved by the combination of undergone infection and 

vaccination was designated hybrid immunity [75].  
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1.2.2 Booster immunization and the adjustment to VOCs 

 

Immune response after vaccination against SARS-CoV-2 is inter-individually 

heterogeneous depending not only on the use of different types of vaccines but 

also on e.g. the patient´s age and comorbidities [76-78]. Among groups of elderly 

and male patients even non-responders after basic immunization became 

apparent, which therefore state another group at risk [79]. In addition, vaccination 

against Covid-19 does not guarantee lifelong immune protection. Studies have 

shown that immunity already wanes one to four months after vaccination and half 

a year after administration there is already no protective effect of the vaccination 

left. Protection against severe illness remains up to nine months excluding male 

patients and people with comorbidities [80]. Due to bottlenecks in comprehensive 

provision of vaccination people were offered heterologous immunization schedules 

in which a patient primary vaccinated with an mRNA-based vaccination gets a 

second dose of another vaccination type or vice versa. Research found that 

heterologous vaccination leads to a longer immune protection against SARS-CoV-

2 than homologous vaccination schedules [81]. Nevertheless, both strategies 

show weaning immunity after a certain time, which led to the instruction of 

administering booster immunization. Boosting the immunity with a third vaccination 

after six months leads to a reduction in infection rates and reduces the risk of a 

severe outcome. Immune protection thus is prolonged by booster immunization 

[82, 83]. In addition undergone infection do not provide life-long immunity against 

re-infection either and in cases of infections with Omicron protection against re-

infection and severe causes was even lower than it was after infections with 

previous VOCs [84].  

Because of waning immunity after infection and vaccination breakthrough 

infections have appeared more frequently. Due to the ability of immune escape 

this phenomenon became apparent especially since Omicron is the predominant 

VOC [85, 86]. As a reaction to that a bivalent Covid-19 vaccine producing 

antibodies both against ancestral VOCs and against Omicron has been released 

[87]. This bivalent vaccination was recommended as a booster dose after a 

monovalent primary series in September 2022 and vaccine effectiveness against 

severe causes was again determined [88]. Till the end of 2023 28% of total 
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population has been vaccinated with at least one monovalent or bivalent booster 

dose of a Covid-19 vaccine [70].  

In addition to the high costs associated with Covid-19 vaccination governments 

had to bear also adverse effects have occurred during vaccination period [89]. 

Beside mild side effects like muscle pain, swelling and fever also severe side 

effects became apparent [90]. These rare but severe adverse effects include 

myocarditis primarily in young patients, vaccine-associated immune thrombosis 

and thrombocytopenia and other symptoms [91, 92]. Moreover, Covid-19 

vaccination brought forth a new disease entity named Post-acute Covid-19 

vaccination syndrome (PACVS). Patients suffering from PACVS report symptoms 

like chronic fatigue, cardiovascular dysautonomia, cognitive deficits and nausea. 

Symptom set on in close temporal context to vaccination and continue in waves 

associated with an extreme reduction in quality of life. Elevated levels of 

Interleukin 6 and altered levels of receptor autoantibodies are recently suggested 

as the somatic correlate of PACVS and thus could state probable therapeutical 

targets [93]. PACS and PACVS have the similarity that both entities have a long 

time to diagnosis and optional therapy as they are incompletely understood, and 

patients often are tainted with prejudices concerning these medical novelties.   

Due to the complexity of medical phenomena during the Covid-19 pandemic so far 

it becomes apparent that the long-term impacts of both the infection with SARS-

CoV-2 and the vaccination against Covid-19 are not yet fully revealed [94].  

 

1.2.3 Monitoring SARS-CoV-2 immune-status  
 

Vaccination against SARS-CoV-2 results in humoral and cellular immune 

response. Main objects of interest when considering immunological parameters 

are antibody levels and T-cell response [95, 96]. Testing for cellular immunity is 

elaborate as methods like fluorescence activated cell sorting FACS are used [97]. 

Therefore, mainly serological evaluation of immune response after Covid-19 

vaccination became the focus of attention.  

Two different types of immune response regarding Anti-SARS-CoV-2 serology can 

be differentiated. Immunity after an infection with SARS-CoV-2 and immune 

response after Covid-19 vaccination constitute different antibody profiles. While 

https://flexikon.doccheck.com/de/FACS
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antibodies against the SARS-CoV-2 spike (S1) protein receptor-binding domain 

(S1-AB) serve as a marker both for infection and vaccination antibodies against 

the SARS-CoV-2 nucleocapsid antigen (N-AB) only occur after an infection with 

Covid-19 [98]. For the determination of antibody levels methods like Enzyme-

linked Immunosorbent Assay (ELISA) and Electrochemiluminescence 

Immunoassay (ECLIA) are currently used [99, 100]. The WHO Expert Committee 

on Biological Standardization released the first WHO International Standard and 

International Reference Panel for anti-SARS-CoV-2 immunoglobulin in December 

2020, which serves as a calibrator for serological tests and secondary methods 

[101]. Since the determination of antibody levels only deliver quantitative results 

regarding the levels of S1-AB or N-AB, they are not of qualitative value concerning 

the functionality of these circulating antibodies. Functionality of antibodies also 

known as neutralizing capacity can be measured by surrogate assays, which 

detect the inhibition of binding to ACE2 by formed antigen-antibody complexes 

with S1-protein and the patient´s serum [102]. However, the gold standard when 

assessing neutralizing capacity as a correlate to immune protection is the full virus 

endpoint dilution neutralization test (full-virus NT) or Plaque Reduction 

Neutralization Test (PRNT). This test has to be conducted in a containment level 3 

facility in cell culture and thus is very time and cost consuming. It measures the 

varying dilution of serum inhibiting virus-plaque growth, from which the neutralizing 

antibody-titre is then derived [103].  

 

1.3 Scope of the dissertation 
 

This study assesses serological routine methods for establishing a diagnostic 

method for serostatus as a correlate of immune protection after vaccination 

against Covid-19.  

Until today the WHO recommends booster immunization for elderly and 

immunocompromised patients, people with comorbidities and health care workers 

every 6-12 months and revaccination for women in every pregnancy [104]. 

Research also suggests annually revaccination against Covid-19 together with 

Influenza and vaccines for that purpose have already been experimentally 

developed [105]. The question as to whether revaccination following fixed 
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schedules is of a favourable cost-benefit ratio concerning economic, medical and 

social aspects or individual revaccination schemes are superior is core of this 

study.  

The currently circulating Omicron VOC still leads to high infestation rates due to its 

potential of immune escape and the pandemic situation might already have turned 

into endemic conditions [24, 85, 86, 106]. In May 2023 the WHO announced that 

Covid-19 is no Public Health Emergency of International Concern (PHEIC) 

anymore [106]. Over 775 million cases have been reported globally since the 

beginning of the pandemic and vaccination rates are high in almost every country 

[70]. Many people achieved hybrid immunity as a consequence of the combination 

of both high infestation and immunization rates, which leads to a stronger immune 

protection [107, 108]. Considering the high rate of asymptomatic courses during 

the Omicron wave, this effect would be even stronger [43, 109]. However, immune 

protection became heterogenous regarding different vaccination schedules with 

numerous different types of vaccines and different severity of the cases during the 

course of the pandemic, which makes an individualized vaccination schedule 

necessary [109, 110]. Studies proved that this heterogeneity is even greater 

among elderly, frail and male patients [79]. Closing these gaps in immunization 

and thus preventing higher case rates and severe causes could be practicable by 

regular serological testing.  

In contrast to that avoiding unnecessary booster vaccinations becomes even more 

relevant when considering severe side effects of Covid-19 vaccination like PACVS 

[93]. Serological antibody tests prior to revaccination could prevent patients from 

these adverse effects.   

Since there has not been a method for determining immune protection against an 

infection with SARS-CoV-2 established in health care routine, we examined how 

levels of circulating immunoglobulins can serve as a correlate for immune 

protection [45]. We also aimed to adapt this algorithm to different VOCs using 

Omicron as a suitable and currently relevant example.  

For evaluating routine methods determining SARS-CoV-2 serostatus and 

establishing a diagnostic algorithm for serostatus as a correlate of immune 

protection we examined sera drawn in the University hospital of Düsseldorf. 

Permission for the study from the ethics committee of the medical faculty at 
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Heinrich Heine University in Düsseldorf was granted (study numbers: 2021-1455 

(23 April 2021) and 2020-1259 (22 January 2021)).  
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4. Discussion 

 

 

4.1 Salient findings  

 
99% of the participants were positive for S1-antibodies after first vaccination and 

100% showed positive antibody levels for S1-protein after second vaccination 

indicating no poor- and non-responders among the participants. Six months after 

second vaccination average S1-antibody-levels reduced to 18% of the initial value 

after second vaccination (from 5.704 U/ml to 1.019 U/ml after six months). These 

results underline the fast waning of immune protection after vaccination and 

correspond to immune response observed in different research [80, 111]. Time 

course of immune response was highly heterogenous throughout the study 

participants and correlation between antibody-levels immediately after second 

vaccination and six months later was poor. Waning of immunity thus cannot be 

predicted by the initial antibody level achieved immediately after vaccination and 

might depend according to current research on the patients age, number of prior 

infections and the interval between first and second dose of vaccine [112]. 

Exhibiting higher antibody-levels after vaccination after undergoing prior infection 

was a central result of this study, too. Nevertheless, this augmentation in antibody-

levels when prior infected decreased after six months and did not lead to a 

preserved immune protection in the long-term. Research confirms this effect of 

higher antibody levels the first months after immunization when considering hybrid 

immunity and simultaneously affirms the fast waning of this special type of immune 

protection [113]. 

Surrogate assays as a link between antibody-levels and PRNT as the gold 

standard did not provide useful information immediately after vaccination as 

immune protection was overestimated by surrogate assays in comparison to 

results supplied by PRNT. For estimating long-term immune protection surrogate 

assays showed excellent correlation with PRNT six months after vaccination when 

considering medium to high antibody-levels and a 6% rate of false-positive results 

when considering low-range antibody-levels. These findings are in line with 

previous studies [114]. Addressing the strong correlation between humoral 

quantitative immune response and results in PRNT six months after vaccination 
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we defined a cut-off at 1.000 U/ml of S1-AB as a predictor for immune protection. 

This value could be transferred to the surrogate assay and corresponds to results 

of 64% and 72% considering different manufacturers of surrogate assays. 

Moreover, our study showed that surrogate assays also enable to discriminate 

between strong and poor immune protection when falling below the recommended 

cut-off of 1000 U/ml of S1-AB with a sensitivity of 83,3% and a specificity of 84,2% 

to 96,2%.   

In the second publication of this study, we examined whether this diagnostic 

algorithm can be transferred to Omicron BA5.1. Central results were only 20% of 

the specimen exhibiting neutralizing capacity in BA5.1 PRNT and a poor 

correlation between PRNT and surrogate assays. Moreover, BA5.1-titres and B1-

titres did not correlate in PRNT either. Deriving a diagnostic algorithm for humoral 

immune response as a correlate to immune protection against Omicron BA5.1 was 

not sensible in the latter context. Consequently, these results support the 

necessity for booster immunization and adapting the vaccination to the circulating 

VOC as soon as immune escape mechanisms become apparent [86, 87, 115]. 

 

4.2 Significance for Covid-19 vaccination companion 

diagnostics  
 

This study proves that qualitative immune protection can be derived from 

quantitative humoral immune response, which enables implementing Covid-19 

vaccination companion diagnostics. This could lead away from fixed 

reimmunization schedules to individual immunization schemes when referring to 

the B1-strain. In the context of heterogenous effects on immunity by different 

vaccination schedules, numerous different types of vaccines and different amounts 

of undergone infection with again different types of VOCs fixed reimmunization 

schedules appear to be outdated. On account of the pandemic situation turning 

into endemic conditions fixed timepoints for revaccination to encounter infectious 

waves became obsolete and individualized revaccination gains importance [116, 

117]. Moreover, Covid-19 vaccination companion diagnostics can provide patients 

from severe side effects of the vaccination by avoiding unnecessary 

reimmunization without prior serological assessment of the immune state. PACVS 
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and other adverse effects of Covid-19 vaccination state enormous reduction in life 

quality and lead to economic loss [93, 118]. Covid-19 vaccination companion 

diagnostics could prevent these negative impacts on patients and society [119].  

The diminishing power of monovalent Covid-19 vaccination against new VOCs 

able to escape immune response with mutations in S1-RBD makes our diagnostic 

strategy for gauging individual humoral immune responsiveness after Covid-19 

vaccination inapplicable in the current state. Therefore, unadapted serological 

assays need to be adapted to new VOCs serving as correlate to immune 

protection furthermore. A new diagnostic algorithm could be then applied to 

adapted laboratory methods and vaccines.  

After initially high demands of Covid-19 vaccines hesitancy against the vaccination 

has been an issue during the whole pandemic. Doubts about vaccine 

effectiveness, its fast development, fear of severe side effects and individual 

believes made herd immunity almost unattainable [120]. Declaring Covid-19 

vaccination as mandatory was highly controversial but let immunization coverage 

rise in many countries [121, 122]. Since Covid-19 vaccination is not compulsory 

anymore new discourse about the vaccination´s benefit arouse. It has been 

unambiguous ever since that the vaccination prevents critical illness and 

hospitalization. This effect persists during Omicron as the predominant VOC 

despites high infestation rates and breakthrough infections maintaining the 

benefits of Covid-19 vaccination [72, 88]. Since basic immunity is achieved by 1-3 

vaccinations depending on the risk profile of each patient according to the WHO 

and alternatively by three antigen contacts either by vaccination or infection 

according to the STIKO a huge share of population possesses basic immunity [74, 

75]. Booster immunization is currently recommended for elderly and 

immunocompromised patients, people with comorbidities and health care workers 

every 6-12 months and for women in every pregnancy. There is no 

recommendation for revaccination for healthy children, adolescents and adults 

which make up a huge proportion of society [104].  

Taking the basic immunization coverage, the high number of mild courses in cases 

with current VOCs and a missing recommendation for booster immunization for 

huge parts of the population into account the relevance of determining individual 

vaccination titres has to be scrutinized.  
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4.3 Limitations of the study  
 

All participants of the study received basic immunization with the mRNA-based 

vaccine Spikevax by Moderna Biotech. This standardized the conditions under 

which the study has been performed and excluded different vaccine types as a 

confounder. Results thus are of a huge comparability and highly representative for 

the vaccine used in this study on the one hand. On the other hand, results cannot 

be applied on the entirety of the vaccinated population as different kind of vaccines 

are under current use and they might lead to different results. Differing efficacy 

and effectiveness depending on the vaccine type as well as varying longevity of 

immune protection after vaccination is described in current research [123, 124].  

Moreover, serological tests used for this study are only adapted to the SARS-CoV-

2 B1 Wuhan virus isolate but not to any kind of VOC that has arose during the 

pandemic course. Since surrogate assays showed only poor correlation when 

comparing results obtained by testing against the B1 strain and Omicron BA5.1 it 

becomes comprehensible that every VOC has its own characteristics and 

performance in serological tests might differ greatly.  

In addition, the plaque reduction neutralization test which serves as gold standard 

for estimating immune protection has been used as correlate of immune protection 

in this study. However, it can only be understood as approximation to immune 

protection as immunity is based on complex interaction of humoral and cellular 

mechanisms including t-cell response and other parameters, which were left out in 

these investigations [97, 125].  

Another limitation of the study is that we cannot suggest optimized timepoints for 

serological testing after vaccination since the tempo of immunity waning is not 

correlated with the initially achieved level of antibodies after vaccination. We can 

recommend the level of antibodies that indicates the necessity for reimmunization 

if it has been undercut but we cannot estimate the interval for retesting the patient 

if the cut-off has still been exceeded. This leads to the dilemma of determining 

serostatus too often which is associated with high costs on the one hand and 

performing serological testing in bigger intervals which might lead to missing the 

optimal timepoint for revaccination out leading to gaps in immunization on the 

other hand.  
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4.4 Conclusion and future implications  
 

According to leading health - and vaccination authorities it is indisputable that 

Covid-19 and vaccinations against SARS-CoV-2 will belong to health care routine 

at least for mid-term future and will be a part of the daily life in our society for an 

indefinite time. Regular revaccination at least for people at risk and health care 

personnel thus is currently recommended [75, 104].  

Summarizing the findings of this study and their future implications it becomes 

distinct that revaccination against SARS-CoV-2 is a subject of high complexity. 

Several phenomena have to be taken into account when evaluating revaccination 

schemes against Covid-19 in the future: Humoral and cellular immune response 

exhibit huge interindividual variability and long-term immune protection cannot be 

derived by the initially achieved antibody level immediately after vaccination [80, 

126, 127]. Variance in immune response and prediction of long-term immunity 

becomes even more complex when considering combinations of different types of 

vaccines and effects of hybrid immunity [110, 113, 128, 129]. Both an infection with 

SARS-CoV-2 and the vaccination against it are associated with the risk of severe 

side effects encompassing PACS and PACVS, which both state new disease 

entities. As their epidemiology and impact on the patient´s physical and mental 

health, the economy and society cannot be comprehensively estimated by now 

PACS and PACVS state new challenges when considering opportunities and 

disadvantages of regular reimmunization against Covid-19 [93, 94].  

Disregarding the fast development of the pandemic and the accumulation of 

genomic changes of each VOC this study suggests a practicable diagnostic 

algorithm for individualized reimmunization adapted to SARS-CoV-2 companion 

diagnostics and the patient´s serostatus. The diagnostic algorithm allows the 

estimation of immune protection by determining serostatus with methods 

practicable in health care routine and thus helps facing the above challenges. 

When considering SARS-CoV-2 B.1 Wuhan virus isolate this study enables 

optimized revaccination schemes and the assessment of a patient´s immunity 

against SARS-CoV-2 with serological tests as a correlate to immune state without 

time- and cost consuming methods like PRNT.  

However, the rapid development of VOCs and the strongly deviating 

characteristics of each VOC concerning transmissibility, pathogenicity and their 
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capability of immune escape makes the algorithm for SARS-CoV-2 vaccination 

companion diagnostics lose its predictive value [24, 26, 27, 130]. Each serological 

assay would have to be adapted to new VOCs and new vaccines to obtain 

predictive power. These circumstances make establishing SARS-CoV-2 

companion diagnostics in health care routine elaborate and unattractive when 

taking Covid-19 becoming an endemic situation into account [106, 117].  

In conclusion, risks and long-term consequences of an infection with SARS-CoV-2 

including severe causes and the possibility of suffering from Long-Covid have to 

be weighed up individually against the side effects of (re-)vaccination against 

Covid-19 in the future. Covid-19 will state a part of the daily life as well as 

questions regarding opportunities and disadvantages of vaccination against 

SARS-CoV-2 will.  
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