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1 Introduction 

 

Outline 

Staphylococcus aureus (S. aureus) is a Gram-positive bacterium known to colonize parts of the 

human population persistently at various niches on the body surface, with the nares as main area 

of colonization [Wertheim 2004]. In a 19-month longitudinal study at the Statens Serum Institut in 

1995, different modes of colonization were described: 14.4% of the 104 persons investigated were 

characterized as persistent carriers showing detectable amounts of S. aureus in over 90% of swabs, 

16.3% as intermittent carriers (over 50% of swabs positive for S. aureus), 52.9% as occasional 

carriers (over 10% of swabs positive) and 16.3% as non-carriers with not a single culture-positive 

swab [Eriksen 1995]. With the introduction of more sensitive culture-independent detection 

technologies, the separation of groups was rephrased in 2009 by van Belkum et al.: only two groups, 

namely persistent colonization and intermittent carriage should remain due to similar responses of 

intermittent carriers and non-carriers to artificial inoculation [van Belkum 2009]. Colonization itself 

can remain unnoticed since no clinical symptoms are triggered, but due to the constant challenge 

with the bacterium, an increased risk of surgical site infections (SSIs) was described in persistent 

carriers [Kluytmans 1995]. Additionally, invasive events occur more often, when staphylococci are 

able to enter the organism e. g. via micro-lesions in the skin [Wertheim 2004]. Due to the persistent 

challenge in carriers, it was hypothesized that these individuals should reflect these circumstances 

with higher titers of anti-staphylococcal antibodies together with matching B- and T-cells primed to 

staphylococcal antigens [Wertheim 2004, Holtfreter 2006]. This idea was addressed in multiple 

small case-control studies [Verkaik 2009, Dryla 2005, Rigat 2019], but the bigger picture studying 

the general population was still missing.  

The work described in this dissertation focuses on the detection of specific antibodies against a set 

of 79 staphylococcal antigens in a multiplex bead-based assay format to describe the anti-

staphylococcal antibody repertoire in a study population resembling the general population. To 

achieve this goal, a highly sensitive analysis strategy was designed which is described in the first 

publication of this thesis άTechnical report: xMAPr - High-dynamic-range (HDR) quantification of 

antigen-specific antibody bindingέ. This report addresses the challenge of measuring over the wide 

dynamic range expected in the plasma samples of the Study of Health in Pomerania (SHIP), of which 

the SHIP-TREND cohort was used as a population-based cohort for the ǎŜŎƻƴŘ ǇǳōƭƛŎŀǘƛƻƴ άA 

Comprehensive View on the Human Antibody Repertoire Against Staphylococcus aureus Antigens 

in the General Populationέ. The resulting antibody dataset was added to the multi-factor analyses 

of the SHIP-TREND cohort allowing a correlation of the individual anti-staphylococcal antibody 
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response to the genetic features of the study subjects in a genome-wide association study (GWAS). 

The findings concerning one of the included antigens άǘƻȄƛŎ ǎƘƻŎƪ ǎȅƴŘǊƻƳŜ ǘƻȄƛƴ мέ ό¢{{¢-1) are 

ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ǘƘƛǊŘ ǇǳōƭƛŎŀǘƛƻƴ άToxin exposure and HLA alleles determine serum antibody 

binding to toxic shock syndrome toxin 1 (TSST-1) of Staphylococcus aureusέΦ The xMAPr assay setup 

can be applied to further fields of research where a quantitative antibody detection is needed, e. g. 

the induction of specific antibodies after vaccination as shown in the fourth publication άIntranasal 

Vaccination With Lipoproteins Confers Protection Against Pneumococcal ColonisationέΣ where mice 

were immunized with antigens derived from Streptococcus pneumoniae. 
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Factors influencing interactions between S. aureus and the human host 

Persistent carriage of S. aureus as part of the skin microbiome is influenced by multiple genetic and 

life-style factors. In return, continuous carriage can lead to health issues as well as help priming a 

distinct immune response towards S. aureus to avoid severe conditions like sepsis. 

Multiple studies have examined persistent carriage and host factors that increase its likelihood. 

They showed that distinct subgroups within the human population present increased percentages 

of colonization, for example atopic dermatitis patients [Totté 2016], where transepidermal water 

loss and a shifted pH on the skin promote the presence of S. aureus [Miajlovic 2010]. Similar findings 

were described for patients suffering from Epidermolysis bullosa, with a carriage rate of up to 100% 

in patients with chronic wounds and 75% without chronic wounds [van der Kooi-Pol 2012]. 

Besides major disturbances of the skin barrier and thereby disease-associated carriage promoting 

factors, age and sex showed a less pronounced but still detectable influence on carriage rates as 

shown in large cohort studies: children especially between 6 and 11 years old are colonized more 

frequently compared to adults, and the colonization rate is reported to decline at increasing age 

[Gorwitz 2008]. Overall males show higher carriage rates compared to females [Skråmm 2011, 

Mehraj 2014], and the bacterial load seems to be increased in males as well [Erikstrup 2019], 

opening the possibility for a lack of detection due to small numbers of staphylococci in female 

subjects. Using DNA sequencing techniques in a twin cohort study, carriage differences between 

men and women could not be reproduced [Liu 2015]. 

Using genetic analyses of single nucleotide polymorphisms (SNPs) within the human genome 

comparing persistent versus intermittent carriers, single loci could be identified that influence 

colonization in various manners. Multiple studies identified SNPs in the Toll-like receptor 2, 

Mannose-ōƛƴŘƛƴƎ ƭŜŎǘƛƴΣ 5ŜŦŜƴǎƛƴ ʲмΣ LƴǘŜǊƭŜǳƪƛƴ п ǘƻ ƘŀǾŜ ŀƴ ƛƳǇŀŎǘ on carriage rates 

[Vuononvirta 2011 - 489 children; Nurjadi 2013 - 603 adults; Emonts 2008 - 3,851 elderlies]. 

While it is still hard to track these direct or indirect correlations to small changes in single molecules, 

other life-style associated factors are easier to examine. It was shown that smoking of tobacco can 

affect the mucosal microbiome in the oral and nasal cavities due to substances within the smoke, 

leading to lower carriage rates of S. aureus among current smokers [Nouwen 2004, Olsen 2012]. A 

similar effect was described for tannins contained in the steam of black tea, also decreasing the 

colonization rate [Gencer 2014]. Furthermore, in obese humans staphylococcal transmission was 

more pronounced, yet the mechanism is still unclear, but it was suggested to be linked to changes 

in metabolism [Gorwitz 2008].  



8 |  I n t r o d u c t i o n  

 

With increased carriage rates two observations were made in earlier studies: on the one hand an 

increased risk for invasive endogenous infections with the colonizing strain resulting in a higher 

number of cases among persistent carriers [Pujol 1996, von Eiff 2001], but also higher titers of 

probably protective anti-staphylococcal antibodies in the blood of colonized individuals [Holtfreter 

2006]. The aim of this work was to record the anti-staphylococcal antibody titers in plasma of 

healthy study subjects as another level of information that even covers the history of previous 

encounters with S. aureus and is more informative than current surface-associated colonization. 

 

The mucosal and humoral adaptive immune response 

Since S. aureus can colonize humans asymptomatically on skin and mucosae as well as cause 

invasive infections, multiple modes of the human adaptive immune response are involved in 

interactions with staphylococci. The bacterial colonization on mucosal areas is partially controlled 

by immunoglobulin A (IgA), secreted by plasma cells located in the lamina propria, and actively 

transported across the epithelial barrier as part of mucosal secretions in a dimeric form joined to a 

secretory component [Leong 2014] schematically depicted in figure 1A. The system reacts to the 

presence of bacteria and an introduction of new species [Hapfelmeier 2010], but it is not allowed 

to be over-protective, since a given amount of bacteria is needed to maintain a healthy surface-

associated microbiome. Mucosal IgA against staphylococci was detected in nasal secretions with a 

reliable correlation to serum IgA reflecting the specificities in similar proportions [Iversen 2017]. 

The role of monomeric IgA in the blood is still not well understood, increased levels of serum IgA 

were reported in multiple inflammatory diseases whereas the lack of IgA showed only limited 

influence on human health [Breedveld 2019]. As shown in figure 1B, not only secretory IgA, but also 

monomeric IgA is part of a balancing between pro- and anti-inflammatory effects for maintaining 

Figure 1: (A) IgA is produced by plasma cells (PC) in the lamina propria as a dimer (dIgA) and transported through the epithelia 
into the mucus joined to a secretory component (SIgA). In the lumen, it can coat microbiota, whereas intruding pathogens 
can be exported once bound to dIgA in the lamina propria. (B) In blood, monomeric IgA can inhibit pro-inflammatory 
responses through the interaction with monocytes (1) and deliver bound pathogens to Kupffer cells (KC) after leakage of the 
epithelium (2) [modified from Breedveld 2019, licence CC BY]. 

 

A B 
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homeostasis. By interacting with monocytes, IgA can inhibit pro-inflammatory responses in the 

circulation, but still deliver bound pathogens to Kupffer cells in the liver for their removal from the 

blood stream [Breedveld 2019]. 

In case bacterial cells can overcome the skin barrier and spread through tissues or even reach the 

blood stream, the production of matching immunoglobulin M (IgM) is triggered at the first contact 

of the humoral adaptive immune system, with the class switch to immunoglobulin G (IgG) occurring 

for repeated contacts with the same epitope as shown in figure 2. To establish a sustainable 

immune memory of these epitopes, multiple components of the adaptive immune response need 

to be triggered, including B cells carrying epitope matching B cell receptors leading to later antibody 

production of the same specificity, supported by co-stimulatory T cells and a pro-inflammatory 

cytokine milieu. In turn, the presence of a given antibody specificity hints to an earlier encounter 

with the matching antigen that might have occurred unnoticed without clinical symptoms of an 

infection. 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2: Development of a stable IgG antibody response [Mahalingam 2021, licence CC BY-NC-ND]. After the first contact 
with the antigen in the primary infection or vaccination, the antibody response is mainly comprised of IgM and only a 
small amount of IgG is produced. After repeated contacts to the same antigen, the IgG response is reinforced and shaped 
towards the antigen with larger amounts of matching memory cells.  
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Estimating specific antibody titers in blood ς serology 

The scientific field of serology was founded at the end of the 19th century with the discovery of 

treatment options for diphtheria ŀƴŘ ǘŜǘŀƴǳǎ ǳǎƛƴƎ ǎƘŜŜǇΩǎ ǎŜǊǳƳ ŀǎ ŀƴǘƛ-toxin by Emil Behring, 

{ƘƛōŀǎŀōǳǊǁ YƛǘŀǎŀǘƻΣ tŀǳƭ 9ƘǊƭƛŎƘ ŀƴŘ 9ǊƛŎƘ ²ŜǊƴƛŎƪŜΦ ¢ƘŜ ŀŎǘǳŀƭ ƳƻƭŜŎǳƭŜ ƳŜŘƛŀǘƛƴƎ ǘƘŜ 

protective function of serum in infectious diseases remained hidden until the end of the 1930s 

when the ɹ -globulins were identified as antibodies by electrophoresis [Tiselius 1939]. Besides the 

measurement of the total amount of immunoglobulin in blood as a clinical parameter, the selective 

detection of given antibody specificities and their titer is targeted e. g. to determine the protective 

capacity against known infectious diseases like measles, tetanus, and hepatitis A/B. The main 

commonly applied method in clinical routine are enzyme-linked immunosorbent assays (ELISA) 

where the antigen is coated onto a surface in an indirect assay format, followed by multiple 

incubation steps including the serum sample, a species- and subclass-specific detection antibody 

coupled to a detection system [Engvall 1971]. The actual capability to block the infectious agent 

from binding to target cells can only be proven in a neutralization assay using live cell cultures. 

However, in routine practice for many diseases only the antibody concentration in blood is studied 

by ELISA and not using the highly time-consuming neutralization assay. The selection of presented 

antigen is the easiest for toxin-mediated conditions like tetanus or pertussis since only one 

molecule is in the focus of a protective antibody response within blood. But for many other diseases 

caused by viruses and bacteria the selection of the antigens for a quantitative assay is more 

complex. Various strategies are used ranging from selecting a single or multiple well-conserved 

surface-associated proteins involved in e. g. receptor binding in the human host as main targets for 

the detection of specific antibodies to applying whole culture lysates of the pathogens at antigen 

coating to detect multiple specific antibody levels against the disease-causing agent. Using a lysate 

for coating increases the risk of cross-reactivities since complex antigen mixtures are not as well 

defined and reproducible compared to a single protein and moreover, these have the problem of 

over- or under-representation of single antigens. These problems led to the development of new 

methods with the capacity to multiplex ς including the usage of multiple well-defined antigens ς to 

detect matching specific antibodies for each of the presented antigens in one run. 

A multitude of advanced technologies has emerged from the basic principle of an indirect ELISA 

since its development. Complex antigen mixtures were analyzed more detailed using Western blot-

based applications to identify single compounds of the mixture mediating the binding of specific 

antibodies. The experimental setup was shifted to more automatization increasing reproducibility, 

with fully automated workflows like the Simple Westernϰ [Nguyen 2011]. Starting from single 

proteins of interest, multiplexing methods were developed to combine multiple antigens in one 



I n t r o d u c t i o n  |  11 

 

measurement. In planar protein array formats, these antigens are spotted onto either flat array 

surfaces or on the bottom of wells to detect matching antibodies visually side-by-side [Kingsmore 

2006]. In nucleic acid programmable protein arrays (NAPPA), a template DNA library is used for 

synthesis of the antigens directly on the planar array surface [Díez 2015], schematically shown in 

figure 3A. Suspension arrays are based on small, color-coded microspheres to which antigens can 

be bound, as shown in figure 3B. This approach allows the detection of antigen responses to 

different antigens in one measurement. 

 

 

For the presentation of a selected set of staphylococcal antigens, a suspension array was selected 

in this work using the bead-based Luminexϰ technology, since this application was most versatile 

and easily adaptable to the project needs. One main advantage of multiplexing over single analyte 

technologies besides time and cost savings is the improved consistency of data, since all antigens 

are addressed in one measurement and thus, additional technical variance due to multiple separate 

measurements and liquid handling steps can be avoided.  

The antigens can be coupled directly to the carboxylated bead surface using the carbodiimide 

chemistry including 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (Sulfo-NHS) to generate amine-reactive esters on the bead surface that 

react with primary amines (-NH2) of the antigens to form a covalent amide bond. For handling the 

paramagnetic beads in liquids, a magnetic separator is necessary to remove solutions containing 

the antigens at coupling as well as the unbound sample and detection reagents along the assay 

Figure 3: Methods for multiplexed protein/antibody detection [Tighe 2015, licence CC BY-NC-
ND]. Multiple antigens can be either spotted separately on a planar surface (A) or coupled to 
color-coded beads in a suspension array (B). 
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protocol. For the detection of the color-coded beads and the measurement of the amount of bound 

detection reagent, the FLEXMAP® 3D multiplexing instrument from Luminexϰ was used. Briefly, it 

scans the magnetic spheres one-by-one with two lasers emitting light in two distinct wavelengths 

to detect the fluorophores coding for the bead region (unique composition of three fluorophores 

allows the separation of 500 colors) as well as the streptavidin-phycoerythrin (SA-PE) coupled to 

the antibody class-specific detection antibody.  

 

Taking a high dynamic range into account for serological profiling 

When serological assays are used to screen for the presence of a protective level of antibodies e. g. 

towards a specific disease-causing agent like tetanus toxin, only a small dynamic range is of 

particular interest separating sera with a sufficient titer to neutralize a given amount of toxin versus 

sera with titers below this threshold. This small range of interest can be established by selecting 

borderline sera with a well-established neutralization assay or single analyte ELISA followed by the 

adaption of the necessary sample dilution for a bead-based suspension assay. 

In the case of anti-staphylococcal antibodies, a much wider range of titers was expected in the study 

of healthy individuals of the SHIP-TREND cohort. The variability is derived from the differences 

between carriers and non-carriers as well as the differences in antigenicity of the selected antigens 

within the panel. To avoid saturation effects and broaden the dynamic range of the applied bead-

based multiplex assay, the developed xMAPr approach with seven dilutions was used for all plasma 

samples to reliably detect small differences in titers even at very low or very high concentrations of 

antibodies. This approach increased the complexity of the resulting data set since seven raw 

fluorescence intensity values were retrieved to characterize the level of matching antibodies for 

each antiƎŜƴ ƛƴ ŜŀŎƘ ƛƴŘƛǾƛŘǳŀƭΩǎ ǎŜǊǳƳΦ To integrate these multiple raw data points into one 

characteristic value for each antigen/individual, a multi-step analysis pipeline was set up in R 

including the fitting of a non-linear and linear regression to the data of the seven dilutions followed 

by a decision tree choosing the best fit for each set of seven dilutions per antigen/individual to 

calculate a representative antibody response value. The whole data analysis workflow was set up 

in R, accompanied by a Shiny application adding a user interface to improve the accessibility of the 

data. The development of this experimental strategy was published in the Journal of Proteomics as 

άTechnical report: xMAPr - High-dynamic-range (HDR) quantification of antigen-specific antibody 

bindingέΦ 

The described procedure allows the analysis of numerous samples without prior screening to 

determine the most appropriate dilution for a single dilution approach. In addition, the used 
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regression analysis allows the extraction of a quantitative data point located within the linear part 

of the various dynamic ranges of the antigen-sample combinations. The quantitative readout is 

therefore always derived from the point at half-maximal occupancy of the antigen by the antibodies 

based on the saturation curve model. This provides a reliable quantitative measure of immune 

responses. However, a common problem in the use of immunoassays is the Hook eũect, which 

describes the phenomenon of signal decay at very high analyte concentrations. The high-dose Hook 

ŜũŜŎǘ ǿŀǎ especially observed for antigens eliciting a strong immune response in subjects leading 

to false-negative results. Examinations ƻŦ ǘƘŜ ŜũŜŎǘ ƛƴ ŀ ǎŜǊƻƭƻƎƛŎŀƭ Ȅa!tϯ ƳǳƭǘƛǇƭŜȄ ŀǎǎŀȅ ǳǎƛƴƎ 

serial dilutions showed that the concentration of the secondary detection antibody was not 

saturated and therefore the signal per bead decreased due to the dilution of the detection antibody 

across all beads present, preventing full saturation of all binding sites. Increasing the concentration 

of the secondary antibody eliminated the observed effect, but this would increase the costs of the 

assays beyond an economically feasible range. The signal drop detection algorithm implemented in 

the xMAPr app detects these effects and excludes the corresponding data points from the 

calculation, resulting in a Hook effect-free calculation. In addition, the presented method 

outperforms single dilution approaches as it has been demonstrated within the publication for the 

staphylococcal antigen LukF-PV in a comparison of bacteremia patient sera. The group comparison 

shows a huge single dilution-based variation in ratios and statistical significance. Additionally, the 

immune response intensities calculated by xMAPr coincided with the higher dilution levels of this 

highly immunogenic antigen, showing that the xMAPr approach is much more accurate and thus 

fewer incorrect assumptions are made from the data.  

The xMAPr shiny app furthermore includes quality control measures like bead-count checking and 

plots providing a direct overview of the resulting data set, including principle component analyses 

(PCA), heatmap analyses, single antigen/sample data inspection, and group-wise non-parametric 

statistical analyses all providing additional value to the research community. The overview of the 

full workflow from wet lab to data visualization using the xMAPr app is shown in figure 4. 
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Figure 4: Schematic overview of the presented assay workflow including the analysis strategy of the xMAPr app. The samples 
are diluted in seven stages, added to the antigen-presenting beads, incubated with the detection reagents and read out in 
the FLEXMAP® 3D. Raw data are exported from the xPonent® software and imported with additional meta data in the xMAPr 
app, quality checks are performed along the extractor module, followed by normalization, signal drop detection and 
response value calculation. The output includes data tables as well as plots, that can be inspected using the visualization 
model. 
[https://github.com/stemicha/xMAPr_app/blob/master/www/xMAPr_manual/figures/xMAPr_analysis_workflow.png] 
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Selecting staphylococcal antigens 

The selection of antigens used to profile the anti-staphylococcal antibody repertoire in a 

population-based study cohort was influenced by multiple factors. At first, the species S. aureus 

exhibits an enormous genetic variability, with a pan-genome based on 64 strains sequenced and 

annotated according to Bosi et al. comprising in total of over 7,400 genes, with a core genome 

accounting for only about one fifth of the pan-genome with 1,400 genes [Bosi 2016]. The main 

overview reported by Bosi et al. is shown in figure 5. With more than 13,000 genome assemblies 

listed on NCBI until now, one can only guess the actual chromosomal genetic diversity in S. aureus 

not to mention additional plasmid- and phage-derived genes. 

 

 

 

 

 

 

 

 

 

 

 

To classify the vast number of staphylococcal strains into groups in epidemiological studies, the 

gene for the staphylococcal protein A (Spa) was selected for a typing approach to differentiate 

global lineages [Harmsen 2003] besides a multi-locus sequence typing approach [Enright 2000]. 

Regarding the local diversity for the geographical region of the SHIP cohort, Holtfreter et al. 

[Holtfreter 2016] reported over 350 spa types detected with nasal swabs of the study population, 

with 75% of the isolates belonging to seven major clonal complexes. Since the goal of the study was 

the depiction of the antibody repertoire in a large population-based cohort, both core and variable 

genome encoded antigens were selected to ensure the detection of matching antibodies against 

Figure 5: Genetic variability in staphylococci [modified from Bosi 2016, non-commercial use]. Only 19% 
of the pan-genome was described as core genome, 42% as stain-specific unique genome and 39% as 
accessory genome shared by multiple strains. 
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highly conserved structures as well as to allow the link of unique antibodies present in higher titers 

only in individuals colonized by a strain carrying these genes. 

Based on earlier findings [Stentzel 2015] and an initial study with a broader set of antigens but a 

limited number of subjects [unpublished data], mostly secreted and surface-associated antigens 

were included in the final panel resulting in 79 antigens. Along the course of an infection those 

antigens seem ǘƻ ōŜ ƳƻǊŜ ǇǊƻƳƛƴŜƴǘƭȅ ŜȄǇƻǎŜŘ ǘƻ ǘƘŜ ƘƻǎǘΩǎ ƛƳƳǳƴŜ ǎȅǎǘŜƳ leading to promising 

results for the detection of antigen-specific immunoglobulin. Stenzel et al. used serum samples 

from patients developing a S. aureus bloodstream infection and included extracellular, surface-

associated, as well as intracellular proteins to analyze specific serum IgG at the onset of sepsis. It 

was reported that escpecially extracellular and surface-bound staphylococcal antigens were 

recognized by serum antibodies in the study cohort as shown in figure 6 [Stentzel 2015]. 

 

 

Figure 6: Staphylococcal proteins included in the sepsis study by Stentzel et al. [Stentzel 2015, licence CC BY]. The proteins 
are schematically shown depending on their predicted localization in relation to the bacterial cell components. The color 
is coding for the normalized median serum IgG binding intensities with blue representing low amounts and red high levels 
ƻŦ ǎǇŜŎƛŦƛŎ LƎD ƛƴ ǘƘŜ ǇŀǘƛŜƴǘǎΨ ǎŜǊŀΦ 

 

The production of the majority of the proteins was accomplished in E. coli SCS1, using a two-plasmid 

expression system with iǎƻǇǊƻǇȅƭ ʲ-D-1-thiogalactopyranoside (IPTG) for induction of protein 

expression, with a His-tag attached to all sequences for purification via a nickel-iminodiacetic acid 

resin column. The only exception was the strain E. coli BL21 expressing truncated non-functional 

staphylococcal protein A (Spa) after induction with anhydrotetracyline transformed with the 

plasmid pASK-IBA33+, which was constructed in the lab of Isabelle Bekereijang-Ding. 
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The SHIP-TREND cohort 

The Study of Health in Pomerania first started in 1997 as a population-based study with regular 

follow-up examinations of the SHIP-START cohort of about 4,300 subjects [Völzke 2011]. Follow-

ups were performed every five years. Besides a personal interview of the subjects multiple biofluids 

were collected, including blood, urine, and saliva, and basic medical examinations were performed 

(e. g. measurement of height, weight, and blood pressure). At each time point clinical and 

subclinical data were recorded as well as possible risk factor associations and biomarkers were 

addressed by investigating sample material from the subjects included. In 2008 a second 

independent cohort SHIP-TREND was established in parallel to the second follow-up examination 

of the first SHIP cohort (SHIP-START). The full timeline of SHIP is shown in figure 7. 

 

Figure 7: Examination scheme of SHIP [modified from Völzke 2022, non-commercial use]. Two parallel cohorts were 
ŜǎǘŀōƭƛǎƘŜŘΣ ǘƘŜ ŦƛǊǎǘ ƻƴŜ ά{ILt-{¢!w¢έ ŘŜǇƛŎǘŜŘ ƛƴ ōƭǳŜ ǿƛǘƘ ǘƘŜ ōŀǎŜƭƛƴŜ ŜȄŀƳƛƴŀǘƛƻƴ ǎǘŀǊǘƛƴƎ ƛƴ мффтΦ ¢ƘŜ ǎŜŎƻƴŘ ŎƻƘƻǊǘ 
ŎŀƭƭŜŘ ά{ILt-¢w9b5έ ŘŜǇƛŎǘŜŘ ƛƴ ƎǊŜŜƴ ǿŀǎ ǎŜǘ ǳǇ ǎǘŀǊǘƛƴƎ ǿƛǘƘ ǘƘŜ ōŀǎŜƭƛƴŜ ƛƴ нллуΦ For SHIP-START four follow-up 
examinations were performed until 2021, for SHIP-TREND the first follow-up was finished in 2019.  

 

For this work a subset of 996 subjects of the SHIP-TREND-0 cohort was included. For these subjects 

an extended multi-omics data set was established to allow additional association studies. Plasma 

samples of each individual were used to investigate the anti-staphylococcal antibody repertoire for 

IgG and IgA. Besides the plasma samples examined in the multiplexed anti-staphylococcal antibody 

detection, a wide variety of meta data were available for the included study subjects to set the 

newly acquired antibody data into context. Sex, age, body-mass-index (BMI), presence of 

staphylococci in the nasal mucosa, smoking habits, and reported allergies could be included in a 

comprehensive data analysis. 
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New findings from studying a population-based cohort with the xMAPr high-

dynamic range (HDR) approach 

In the manuscript άA Comprehensive View on the Human Antibody Repertoire Against 

Staphylococcus aureus Antigens in the General Populationέ ǇǳōƭƛǎƘŜŘ ƛƴ CǊƻƴǘƛŜǊǎ ƛƴ LƳƳǳƴƻƭƻƎȅΣ 

the following findings were presented: A full set of IgG and IgA antibody response data was acquired 

for the study cohort of 996 subjects from SHIP-TREND for 79 staphylococcal antigens. Combining 

the large number of samples and the HDR approach, this study surpasses the limitations of earlier 

studies of anti-staphylococcal antibodies in a healthy human population. The inclusion of multiple 

dilutions allows the depiction of a broad range of results in one data set with a high sensitivity and 

a broad dynamic range and the large sample size facilitates insightful statistical analysis and 

correlation to the available meta data. 

In the following figure 8, an overview is given for all considered factors with their overall influences 

on the antibody levels. All findings are explained in full detail afterwards. 

 

Multiple genetic and life-style factors were already described to influence the carriage of 

staphylococci in humans. But the link of those factors beyond carriage directly to serum antibody 

levels against staphylococcal antigens remained elusive. In the presented study a positive 

correlation of carriage and antibody titers against the included antigens was confirmed.  

For all 79 antigens the mean IgG response value was higher for the group of carriers compared to 

non-carriers. For 74 antigens the increased concentration of specific antibodies in carriers reached 

statistical significance at a level of 0.05 in the applied Wilcoxon signed rank test after Benjamini-

Hochberg (BH) correction for multiple testing. For IgA, all antibody responses showed higher mean 

values in the carrier group compared to the non-carriers as well, with 75 antigens reaching 

significance. The overlap of significant antigens between IgG and IgA included 72 antigens, with Scc 

Figure 8: Overview of all antigens displaying increased or decreased antibody titers in addressed groups or with adressed 
factors [data from Meyer 2021, publication included in chapter 4]. IgG results are shown in the left, IgA in the right panel. 
Colored bars depict the statistically significant results after BH correction (increased in orange, decreased in blue), 
whereas grey bars show counts of antigens with non-significant changes in antibody titers in the respective categories. 
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(a protein suspected to inhibit complement) and SspA (a secreted proteinase) constituting the most 

outstanding antigens for both immunoglobulin classes tested. These results agree with previous 

studies [Dryla 2005, Verkaik 2009], but also allow a more profound statistical interpretation due to 

the increased number of study subjects and the more sensitive experimental approach using the 

multiplexing HDR workflow.   

Regarding sex, the mean antibody response for most of the included antigens was elevated in males 

compared to females. For IgG, specific antibody responses against 68 antigens were higher in males, 

but only 26 of these antigens reached statistical significance. Of the 11 antigens showing higher 

responses in females, only one (LtaS, a transmembrane lipoteichoic acid synthase) tested 

statistically significant. The differences between sexes seemed more pronounced for IgA, with 78 

antigens with higher responses in males of which 68 reached statistical significance. The increased 

influence on IgA in males could be coupled to overall higher bacterial loads on mucosae as described 

in the Danish Blood Donor Study [Erikstrup 2019]. Still, staphylococcal presence was shown to be 

evenly distributed in males and females, emphasizing the importance of non-culture dependent 

detection approaches using DNA sequencing [Liu 2015]. But for IgG levels and B cell numbers, 

females were described to mount stronger reactions [Klein 2016]. Since no measurement of total 

IgG was included in the examination scheme of SHIP, the detected amounts of anti-staphylococcal 

IgG could not be set into perspective regarding the percentage of specific anti-staphylococcal 

antibodies within the full spectrum of total IgG. Therefore, it is still not clear if the higher anti-

staphylococcal IgG responses in males shown in this study is reflected in higher overall IgG levels of 

the included subjects or if there really is a strong enrichment of anti-staphylococcal antibodies 

within probably lower total IgG levels.  

For smoking habits, the study subjects were grouped in current smokers and non-smokers. The 

group of subjects that had reported quitting of smoking in the past in the personal interview was 

excluded because of the variability within this group. Regarding IgG, a clear trend towards lower 

anti-staphylococcal antibody responses in current smokers was detected for the majority of 75 

antigens with 34 of these reaching statistical significance. This trend could not be seen in the 

analysis of the correlation of IgA responses to smoking, with 36 antigens showing higher responses 

in current smokers (three reaching statistical significance) versus 43 antigens with higher response 

values in non-smokers (four antigens reaching statistical significance). Since carriage rates were 

reported to be lower in current smokers [Nouwen 2004, Olsen 2012], the immune system seems to 

be challenged by staphylococci systemically less frequently compared to non-smokers, resulting in 

differences on the immunoglobulin level as well. Interestingly, the IgA levels reflecting mucosal 



20 |  I n t r o d u c t i o n  

 

challenges did not differ between the groups, emphasizing the need for a more detailed view on 

mucosal changes and the microbiome of the nares in smokers. 

Since earlier studies [Stentzel 2017, Bachert 2020] had reported the allergic potential of 

staphylococcal proteins, the detected antibody responses were correlated to medically diagnosed 

allergies that were reported in the personal interview of the study subjects, but no trend could be 

detected for neither IgG nor IgA. 

Besides the above-mentioned categorical variables, three continuous sets of meta data were 

included in the presented work. In contrast to the Wilcoxon signed rank test applied for the 

categorical variables, a spline regression followed by linear modeling was used to address the 

continuous variables. The Pearson correlation coefficient of the model was reported including the 

p-value of the spline analysis after correction for multiple testing according to BH. 

A clear trend of declining IgG anti-staphylococcal antibody responses with increasing age was 

detected for 69 antigens, with 61 antigens reaching statistical significance. Interestingly, the 

increased responses with increasing age of the remaining 10 antigens reached statistical 

significance for six of those antigens, including two enterotoxins and the pair of LukS-PV and LukF-

PV. In contrast to IgG, no clear overall trend was visible in the antibody responses of IgA with 52 

antigens showing a decrease in responses with increasing age (nine antigens reaching statistical 

significance) and 27 antigens inversely correlated (six antigens statistically significant, including 

LukS-PV). The decrease in antibody responses reflects lower carriage rates at increasing age 

[Gorwitz 2008] for IgG, but also parts of the process of immunosenescence, with a reported 

increase in IgA [Khan 2021] potentially counterbalancing the lower colonization. 

With BMI and serum glucose levels, two mainly life-style dependent factors were included to target 

their influence on the anti-staphylococcal antibody responses, since obesity was described as a risk 

factor for colonization earlier [Gorwitz 2008]. Compared to the strength of influence of age, only 

weak correlations were detected for BMI and serum glucose. Nevertheless, for both factors a 

negative correlation was retrieved from the IgG data, whereas a positive correlation was shown for 

IgA. IgG responses against 66 antigens decreased with increasing BMI and serum glucose levels with 

two antigens reaching statistical significance, ten antigens showed increased responses with 

increasing BMI and serum glucose concentrations, and the remaining three antigens showed no 

common trend for both factors. In contrast, IgA responses were increased with increasing BMI and 

serum glucose for 71 antigens, but only three antigens reached statistical significance for both 

parameters.  
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Besides the analysis of the specific factors influencing anti-S. aureus antibody responses, the 

extreme diversity of binding patterns to the included staphylococcal antigens exceeded the 

expectations. Trying to define overall low and high responsive individuals as particular groups, only 

66 of the 996 subjects showed antibody response values in the upper third of the full range of 

results for all 79 antigens regarding IgG, and 59 subjects with the same criteria for IgA. The overlap 

of high responders between IgG and IgA was comprised of only eight individuals, again highlighting 

the independent modes of action of the two immunoglobulins. The same observation holds true 

for the group of overall low responders, with 60 individuals showing response values in the lower 

third of the full range for IgG responses and only 68 individuals for IgA, and an overlap of only 21 

individuals for the combination of both requirements. 

Comparing the ranking of antigens between IgG and IgA, some antigens showed antibody responses 

shifted more to IgG including the serine proteases SplA/B/C, whereas others were far more 

pronounced in the IgA ranking like fibronectin-binding protein A (FnbA) and superantigen-like 

protein 7 (Ssl7).  

The study provides a baseline of the S. aureus targeting antibody profiles in the general population 

but might also have an impact on the development of future anti-S. aureus vaccines.  Past and 

current vaccine candidates strongly differ in their natural immunogenicity. If the past vaccination 

development approaches are extended to and complemented by antibody profiling studies in 

patient cohorts, a more rational design of multicomponent vaccines might be possible. 

 

Colonizing strain influence, eradication and vaccination strategies 

Using genetic data from the staphylococcal strains derived from the colonized blood donors, a co-

occurrence of superantigens produced by a given strain and a matching specific antibody response 

within the human host was reported [Holtfreter 2006]. For the colonized individuals of the SHIP-

TREND cohort included in this work, information on superantigen gene presence was available for 

a subset of 240 strain/host pairs [Holtfreter 2016]. Individuals carrying a tst-positive strain showed 

significantly increased antibody responses against TSST-1 as well as SEP for both IgG and IgA 

compared to carriers of tst-lacking strains. A similar result was detected for individuals carrying 

strains with the superantigen genes sek and seq located within the pathogenicity island SaPI1, who 

also showed increased amounts of antibodies for the matching antigens. These findings support 

the hypothesis of re-occurring subclinical infections and a constant challenge with the colonizing 

strain previously described [von Eiff 2001]. But antigenic diversity can blur this picture, as reported 
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for SEP, where only 77% sequence identity between sequenced gene and included protein derived 

from differing strains disguised a correlation of results. 

The enormous genetic diversity of staphylococci is part of the struggle to fight the wide variety of 

clinical manifestations caused by infections with staphylococci. In patients with skin and soft tissue 

infections, 70% will experience recurrent events, even if the initial treatment with incision and 

drainage or additional antibiotic treatment was successful [Creech 2015]. Repeated use of 

antibiotics can drive the emergence of resistance, favoring alternative strategies in management of 

staphylococcal infecǘƛƻƴǎΦ ¢ŀǊƎŜǘŜŘ ŘŜŎƻƭƻƴƛȊŀǘƛƻƴ ƻŦ ǘƘŜ ǇŀǘƛŜƴǘΩǎ ōƻŘȅ ǎǳǊŦŀŎŜ ōȅ ǘƻǇƛŎŀƭ 

application of intranasal mupirocin and antimicrobial washes was thought to help avoid future 

infections with staphylococci, but only short-term success was shown, if the eradication procedure 

worked at all [Creech 2015]. To increase to success rate, a decolonization of the whole household 

was purposed, but only slight improvements could be detected [Fritz 2012]. 

To avoid excessive use of antibiotics, a vaccination strategy would be favorable evading future 

infection events in colonized as well as non-colonized individuals. Since regularly colonized 

individuals already show increased anti-staphylococcal antibody titers, a vaccination could boost 

the pre-existing immune response in a targeted way, whereas in non-colonized individuals, a 

protective level of antibody response could be initiated by vaccination. Until now, all trials to 

establish a staphylococci-targeted vaccination have failed in humans [reviewed in Proctor 2015], 

both for passive and active immunization approaches. Comparing the list of candidate antigens to 

the pre-existing antibody repertoire in a healthy population, this work showed that candidates with 

a seemingly low natural immunogenicity like ClfA (targeted in the passive vaccine Tefibazumab) 

were selected as well as medium- to high-ranking antigens including the pore-forming toxins Hla, 

HlgBC, and multiple leukocidins. Still, an individualized boost of lacking antibody specificities by a 

combination of manufactured antibodies in a passive vaccination approach could help in 

management of staphylococcal infections. 

 

Correlating anti-staphylococcal antibody levels to human genetic features 

Using the comprehensive multi-layer data of the SHIP-TREND cohort, a link between ƘǳƳŀƴ ƘƻǎǘΩǎ 

genetic features and the level ƻŦ ǎǇŜŎƛŦƛŎ ŀƴǘƛōƻŘƛŜǎ ǘŀǊƎŜǘŜŘ ŀƎŀƛƴǎǘ ǘƘŜ ǎǘŀǇƘȅƭƻŎƻŎŎŀƭ ǘƻȄƛƴ άǘƻȄƛŎ 

ǎƘƻŎƪ ǎȅƴŘǊƻƳŜ ǘƻȄƛƴ мέ ό¢{{¢-1) was discovered. The analysis was published in Frontiers in 

LƳƳǳƴƻƭƻƎȅ ǳƴŘŜǊ ǘƘŜ ǘƛǘƭŜ άToxin exposure and HLA alleles determine serum antibody binding to 

toxic shock syndrome toxin 1 (TSST-1) of Staphylococcus aureusέ and is included as third publication 

within this thesis. 
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TSST-1 was described in the focus of menstrual toxic shock syndrome (TSS) in the 1980s causing 

severe life-threatening conditions in young women using menstrual supplies with highly absorbent 

materials [Shands 1980]. Besides menstrual TSS, a non-menstrual TSS can occur due to infection 

with S. aureus at various parts of the human body, with a strong link to strains carrying the gene for 

TSST-1 [DeVries 2011]. ¢ƻ ŀǎǎŜǎǎ ƻƴŜ ƛƴŘƛǾƛŘǳŀƭΩǎ Ǌƛǎƪ ŦƻǊ ŀ ǎŜǾŜǊŜ ŎƻƴŘƛǘƛƻƴ ŘǳŜ ǘƻ ¢{{¢-1, specific 

antibody levels against this antigen came into focus of studies targeting TSS [Bonventre 1984]. In 

the study of Bonventre et al. the absence or low titers of anti-TSST-1 was shown to be correlated 

with the occurrence of TSS. They further described that ǘƘŜǊŜ ǿŀǎ ŀ άǘǊŜƴŘ toward elevated 

antitoxin titers [...] apparent after recovery [from TSS, but] no vigorous immunologic response to 

TST [i. e. TSST-1] was notedέ ώ.ƻƴǾŜƴǘǊŜ мфупϐΦ ¢hey already concluded that the lack of anti-TSST-

1 could be assumed a predisposing factor for TSS, and that in healthy women previous or current 

colonization with TSST-1 producing strains led to a substantial amount of specific antibodies, but 

the underlying mechanism hindering the establishment of a profound anti-TSST-1 antibody 

response in those suffering from TSS remained hidden.  

Nowadays, TSST-1 is still a staphylococcal antigen of high interest and it was also included in the 

ǎŜŎƻƴŘ ǇǳōƭƛŎŀǘƛƻƴ ƻŦ ǘƘƛǎ ǿƻǊƪΥ άA Comprehensive View on the Human Antibody Repertoire 

Against Staphylococcus aureus Antigens in the General PopulationέΦ Lƴ ŎƻƴǘǊŀǎǘ ǘƻ ǘƘŜ Řŀǘŀ ŦǊƻƳ 

the 1980s using ELISA and radioimmunoassay measurements, no complete absence of TSST-1-

specific antibodies was detected in the samples from the SHIP cohort. The wide dynamic range of 

the applied xMAP®-bead based methodology using seven dilutions of each plasma sample may have 

helped to detect even small amounts of matching antibodies below the detection limit of the 

methods applied in the 1980s. The definition of the antibody level ensuring protection against TSS 

had to be adapted to the new quality of data. Since earlier studies [e. g. Parsonnet 2008] assumed 

about 15% of the population lack anti-TSST-1-antibodies (or have only very low levels of specific 

antibodies with no sufficient protective value), the data of the SHIP-TREND cohort was split up 

accordingly in two groups comprised of the bottom 15% versus the remaining 85% for the levels of 

circulating IgG and IgA. In the case of IgG4, 3.8% of the SHIP cohort plasma samples had no 

detectable amount of anti-TSST-1 even with the applied HDR approach. 

Increased anti-TSST-1 antibody levels due to recent colonization with TSST-1 producing strains were 

shown for the SHIP-TREND cohort confirming earlier findings from Bonventre et al. [Bonventre 

1984]. A subgroup of 49 individuals was colonized with strains capable of producing TSST-1 at the 

time point samples for the SHIP-TREND cohort were collected, out of 976 participants included in 

the analysis for the third publication. Only one individual out of the 49 specific carriers showed low 
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anti-TSST-1 IgG levels and was included in the bottom 15% group. For IgA two individuals fell below 

the applied threshold dividing the two groups. 

To correlate anti-TSST-1 antibody levels to genetic determinants, a genome-wide association study 

(GWAS) was performed including the phenotypes anti-TSST-1 IgGt, IgA, and IgG4 levels. The single 

nucleotide variants (SNV) genetic information was retrieved using genomic DNA from whole blood 

samples analyzed with the Illumina Infinium Omni2.5 BeadChip [described in Völzke 2011 and 

2022], and additional alleles were imputed based on the HRC (r1.1 2016) dataset [McCarthy 2016]. 

For IgGt and IgA anti-TSST-1 antibody levels, a strong association with a specific genetic region on 

chromosome 6 comprising the human leukocyte antigen (HLA) class II genes DQ and DR was 

identified, whereas only weak associations with other loci were found for IgG4. HLA-DQ and HLA-

DR are highly polymorphic genes encoding the two chains ( h and )̡ of the human major 

histocompatibility complex (MHC) II, which is localized on the surface of professional antigen-

presenting cells presenting peptide fragments to helper T cells. To ensure a high-quality 

identification of the HLA-DQB1 and -DRB1 alleles, an HLA-typing of the given ̡ -chains was 

performed by either whole genome sequencing or targeted sequencing. The results revealed a 

positive association of HLA-DQB1*02:01 and HLA-DRB1*03:01 with anti-TSST-1 IgGt and IgA levels, 

whereas HLA-DQB1*05:01 and HLA-DRB1*01:01 were negatively associated. Due to the co-

dominant expression of HLA alleles, an additional dosage analysis confirmed a cumulative effect of 

influencing alleles by linear regression. The calculated effect size between the group with the most 

negatively associated alleles and the group with all four alleles of the positively associated features 

was a 4.9-fold increase in median antibody levels for IgGt and 4.5-fold for IgA. This value shows that 

the influence of the individual HLA genotype is only a minor factor contributing to the anti-TSST-1 

antibody level, whereas recent colonization with a strain capable of producing TSST-1 has a more 

pronounced effect: Comparing the group of carriers to the non-carriers, anti-TSST-1 IgGt levels were 

12.3-fold higher in carriers, IgA levels 5.3-fold. 

 

Applying the multiplexing HDR approach to other research areas 

The presented multiplexing HDR workflow can be adapted to a wide range of immunity-related 

ǘƻǇƛŎǎΦ Lƴ ǘƘŜ ǇǳōƭƛŎŀǘƛƻƴ άIntranasal Vaccination With Lipoproteins Confers Protection Against 

Pneumococcal Colonisationέ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀn antibody response against pneumococcal 

antigens was monitored in a mouse model. The mice were challenged intranasally using selected 

surface-associated recombinantly produced pneumococcal antigens (MetQ, PnrA, PspA, and DacB) 

to prime an anti-pneumococcal immune response. The induced response was verified through the 
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detection of specific antibody species (after 3 weeks) as well as the detection of local IL-17A. In a 

second step, the immunized mice and a control group were challenged with actual pneumococci to 

verify the protective function of the primed immune response. 

To detect small differences between the antigens included in the vaccine, the high sensitivity of the 

HDR multiplexing method was applied to this project, the selected pneumococcal antigens were 

coupled to the beads and the sera of the mice were measured in a serial dilution resembling the 

HDR approach described above. The intranasal immunization with the recombinant antigens MetQ, 

PnrA, PspA, and DacB triggered a strong systemic antigen-specific antibody response in mice. 

However, a substantial systemic IgG response to recombinant DacB was detected only in one of six 

mice included in the study. 

 With the help of the multiplexing technology multiple antigens could be addressed within one 

experiment resulting in a wide set of data despite the small volume of sample material and technical 

variation was avoided due to the inclusive approach. 
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