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Abstract 

Infective endocarditis (IE) is a potentially life-threatening infection of the endocardial surfaces 

of the heart, most frequently the valves. It is typically caused by bacteria, less commonly by 

fungi. Over the past years, the morbidity and mortality of IE have gradually increased, and it is 

now the fourth most common life-threatening infection after sepsis, pneumonia, and intra-

abdominal abscess. Despite advances in cardiac imaging and diagnostic techniques, the 

diagnosis of IE remains challenging. The lack of fast and reliable diagnosis of IE can lead to 

serious complications. Therefore, new diagnostic and therapeutic tools are urgently needed.  

This study had two main aims: (i) to investigate whether a pathogen-specific antibody response 

in IE patients is mounted against different IE pathogens and whether analysis of such a response 

might be useful for complementing the classical blood culture diagnosis, and (ii) generate and 

characterize neutralizing monoclonal antibodies (mAbs) against three virulence factors of 

Staphylococcus aureus (S. aureus), which is the most common etiological agent in IE.  

Our research group has recently established an xMAP® (Luminex®) technology-based 

serological assay that simultaneously quantifies the antibody response against 30 different 

pathogens. Within the research consortium Card-ii-Omics, we conducted a prospective, 

observational clinical discovery study involving 17 IE patients and 20 controls (i.e., patients 

with non-infectious heart-related conditions). Plasma samples were obtained on the day of IE 

diagnosis from all patients, while samples at later dates over the course of infection were 

available for only some patients. Invasive pathogens were identified by blood culture.   

The infection array revealed antibodies against a broad range of pathogens in both controls and 

IE patients, suggesting a broad immune memory. Overall, antibody levels did not significantly 

differ between both groups, but we observed high antibody titers against those pathogens that 

were detected by blood culture. Whenever available (in the case of 13/17 IE patients), back-up 

and follow-up plasma samples (obtained before or after diagnosis, respectively) were included 

in the analyses that provided valuable information about the kinetics of antibody response 

during the course of infection. Notably, infection array data confirmed (and extended) the blood 

culture data in only 2/13 cases. In three cases, serology contradicted the microbiological 

diagnosis, and in three cases, the infection array was able to identify pathogens, while the 

microbiological diagnosis failed. In three cases, serology was negative while microbiological 

diagnosis was positive, and in two cases, both serology and microbiological diagnosis were 
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negative. In 6 out of 8 cases with increases in antibody levels, this response was directed against 

gut microbes. This supports the leaky gut hypothesis, which assumes that breaching of the gut 

barrier causes translocation of gut microbes into the bloodstream, which then infect the heart 

valves. Moreover, we observed an increase in antibody titers in 4 patients against the yeast 

C. albicans, suggesting a secondary fungal infection. Finally, this study emphasized that the 

timing of plasma collection is crucial for studying antibody kinetics in IE.  

After demonstrating that pathogen-specific antibodies are generated during IE, we aimed to 

generate mAbs against the prime IE pathogen S. aureus and study their functions on a molecular 

level. Using the hybridoma technology, our research group has recently generated mAbs against 

two S. aureus surface proteins/adhesion factors (clumping factor A (ClfA) and fibronectin-

binding protein A (FnBPA)), both involved in biofilm formation, as well as an extracellular 

enzyme, the staphylococcal serine protease–like protein B (SplB), a virulence factor. In this 

work, the sequences of the mAbs were determined from hybridoma RNA. Then those mAbs 

were produced at a larger scale in order to determine their binding and neutralizing capacities 

using in vitro assays such as ELISA, Western blot, Dot blot, microscale thermophoresis, and in 

a mouse model. 

The anti-SplB mAb specifically targeted SplB, with no cross-reactivity to other Spls or 

extracellular proteins (ECP) of S. aureus. Though anti-SplB mAb showed moderate binding to 

SplB with a Kd value of 2.54 μM and high sequence homology to the germline sequence, it 

neutralized the enzymatic activity of SplB up to 99% in 5-fold molar excess as showed in an in 

vitro substrate cleavage assay. Previous work showed that SplB facilitates the release of 

proinflammatory cytokines in endothelial cells and induces endothelial damage in mice. Here, 

we demonstrated that the anti-SplB mAb efficiently blocked the function of SplB in vivo, thus 

markedly reducing the damage to the endothelial barrier. In conclusion, we identified the strong 

neutralizing potential of a mAb against SplB, which merits further investigation as a candidate 

for the immunotherapy of SplB-induced S. aureus pathologies, including IE.  

High antibody titers against S. aureus adhesins, including ClfA and FnBPA, have been reported 

in IE patients. Besides, ClfA is involved in serious S. aureus bloodstream and biofilm-related 

infections. Similarly, FnBPA facilitates biofilm formation and inhibits macrophage invasion. 

These important properties make the two bacterial adhesins ideal candidates for a passive 

vaccination strategy. We generated two murine ClfA-mAbs, ClfA-002 and ClfA-004, which 

showed strong specificity to ClfA. However, ClfA-004 showed reduced binding strength 
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compared to ClfA-002 due to a single non-synonymous nucleotide change (Phe Tyr) at the 

CDR3 region. While the ClfA-002 mAb reduced the binding of ClfA to fibrinogen by around 

60%, the ClfA-004 had no inhibitory capacity. We also generated two murine and twelve 

humanized anti-FnBPA mAbs, which showed similar and moderate binding to FnBPA. One 

murine mAb (anti-FnBPA D4) partially inhibited the binding of FnBPA to fibronectin. FnBPA 

contains 11 tandem repeats that can all bind to fibronectin. This redundancy could be the reason 

for the lack of complete inhibition. Hence, in this work, we characterized the properties of 

neutralizing mAbs against two adhesins of S. aureus. These mAbs should be tested in the future, 

alone and in combination with other mAbs and antibiotics, for their ability to reduce 

staphylococcal biofilm formation. 

In conclusion, we showed that antibody profiling of IE patients can provide valuable insights 

into the causative agent(s), and can help in guiding the antibiotic therapy. However, sampling 

is crucial in IE, which often dwells for many weeks before being clinically diagnosed. Because 

of the severity of IE, which can be life-threatening, I suggest to establish biobanks to store 

patient samples upon hospital admission that will provide a baseline in case of a later microbial 

infection. Moreover, our results suggest that C. albicans plays an important and so far 

underestimated role in IE.  In the second part of the thesis, we characterized several mAbs 

against an S. aureus protease and two adhesins. Of high interest is a neutralizing mAb against 

SplB, which shows promising results in vitro and in vivo. Further in vitro and in vivo tests need 

to be conducted to study the anti-biofilm activity of the anti-FnBPA- and anti-ClfA-mAbs and 

explore their utility as therapeutic agents. 
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1. Introduction  

Infective endocarditis 

Infective endocarditis (IE) is a rare and life-threatening multisystem disease that results from 

infections, usually bacterial, of the endocardial surface of the heart. It affects 1.5 to 11.6 people 

out of 100,000 per year in primarily high-income countries, and studies suggest that these 

numbers are on the rise [1, 2]. The mortality from IE is almost 25%, and this situation has not 

improved in over two decades, leading to the fact that IE is now the fourth most common life-

threatening infection after sepsis, pneumonia, and intra-abdominal abscess [3–5]. More than 

50% of the cases are patients over the age of 50, and two-thirds of them are men [3, 6].

Most structural heart diseases can predispose to IE, with rheumatic heart disease as the most 

frequent cause, while the mitral valve is the most common site. Though IE cases related to 

rheumatic heart disease have dropped to 5% in developed countries, it still remains an important 

predisposing condition in less developed countries [3]. Individuals with prosthetic valve 

replacement and cardiac devices are susceptible to developing IE. Because of the increase in 

the implantation of these devices, the number of IE cases increases too [7]. Congenital heart 

disease is another important factor contributing to the increase in IE cases [3]. Other crucial 

factors predisposing to IE include intravenous drug users (IDU) and nosocomial infections, 

with the latter being on the rise in the past few decades in developed countries [3, 6]. 

Pathogens involved in IE 

Historically, the majority of IE infections were caused by streptococci from the oral and 

gastrointestinal tract. However, in recent times, Staphylococcus aureus (S. aureus) emerged as 

the leading cause of IE in developed countries [8]. Staphylococci and streptococci, collectively, 

have been responsible for 80% of IE cases, but the proportion of these organisms varies by 

region and has changed over time. The number of healthcare-associated IE caused by S. aureus

and coagulase-negative staphylococci has increased in the recent past, while the number of IE 

caused by viridans-group streptococci (VGS) has declined [9, 10]. In addition, the rate of 

infection due to MRSA in health care and community settings has increased in the past years 

[6]. In Europe, 28% of the IE infections are caused by S. aureus, and while in North America, 

it is 43% [2]. Enterococci are the third leading cause of IE and are associated with healthcare 

settings [11].  
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IE caused by Gram-negative bacteria and fungal pathogens is not common and is mainly 

healthcare-associated [12, 13]. The opportunistic fungus Candida albicans (C. albicans) is one 

of the most common pathogens among fungal species and accounts for 24-46% of all the cases 

of fungal IE [13, 14]. It is an emerging disease and a global health concern that mainly affects 

the elderly population and immunocompromised individuals [15]. Besides the vulnerable 

populations mentioned, C. albicans also infect patients with cardiac devices and targets IDUs 

(third most common cause of IE in IDUs) [16]. Because of the challenges faced in diagnosing 

C. albicans IE, its epidemiology, prognosis, and therapy is poorly defined [14, 17, 18].  

Diagnosis of IE 

Identification of the specific microbial pathogen causing the IE is essential for patient 

management and appropriate therapy. Delays in diagnosis can lead to late initiation of therapy, 

leading to severe health complications [19]. Duke criteria, which are a set of clinical criteria set 

for the diagnosis of IE, rely on detection of the infecting pathogen in addition to clinical findings 

and echocardiography [5, 20]. To date, various methods are used for IE diagnosis, including 

blood culture, molecular typing techniques, endocardiography, and serological assays. 

Blood cultures (BC) are the standard tests to determine the microbiologic etiology because of 

the persistent presence of a pathogen in the blood of IE patients. Modern BC techniques enable 

the detection of most pathogens causing IE and account for 2.5 to 70% of all IE cases depending 

on the country in which it was diagnosed [21]. However, the rate of positive cultures declines 

when the patient is taking antibiotics or the infectious agent is a fastidious pathogen [2, 22]. BC 

should be collected from the patients at different time points and before administering 

antibiotics [19].  A typical BC takes five days to detect a pathogen, including fungi, making it 

a time-intensive method. 

Molecular methods are routinely utilized for diagnosis in blood culture-negative IE and account 

for 2.5-31% of etiologic agent detection [23]. They include organism-specific PCR and broad-

range bacterial PCR (16S PCR) followed by sequencing. As the name suggests, in organism-

specific PCR, designated primers against one pathogen are used, while in broad-range bacterial 

PCR, primers targeting the bacterial 16s ribosomal RNA are used to detect bacteria in general, 

which is followed by comparing the DNA sequence to the established databases. The sensitivity 

of organism-specific PCR is higher than the broad-range bacterial PCR when diagnosing IE 

[24]. Care should be taken while interpreting PCR-based results because bacterial DNA has 
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been reported in patients even after resolving tissue lesions and infections and can give false-

positive results [25]. Simultaneously, PCR inhibitors and microbial DNA/RNA below the 

detection level can give false-negative results. Moreover, both blood samples and valve tissues 

are used in the molecular diagnosis, though blood samples have low sensitivity [2]. For 

example, the sensitivity of the organism-specific Bartonella PCR assay performed on valve 

tissue was 92% compared to 33% for the blood samples [26].  

Endocardiography is the second most common method after BC to diagnose IE in suspected 

patients though it cannot identify the pathogen [5, 27]. Transthoracic echocardiography (TTE) 

is used to visualize microbial vegetations in patients, and its sensitivity is highest when used in 

the right-sided IE due to the proximity of the tricuspid and pulmonic valves to the chest wall 

[28]. Transoesophageal echocardiography (TOE) performs better in diagnosis than TTE when 

the vegetation is on prosthetic valves [29]. Both techniques complement each other, and it is 

recommended to try TOE when TTE is negative. The timing of performing endocardiography 

is crucial as the test may be negative early in the course of the disease. It is suggested to repeat 

endocardiography after several days in patients when high suspicion of IE persists [5, 27]. Other 

imaging techniques have been evaluated for the diagnosis of IE. Some of these methods are 

three-dimensional transesophageal echocardiography (3D TEE), cardiac computed tomography 

(CT), and cardiac magnetic resonance imaging (MRI) [30, 31]. The use of these methods may 

increase in the future depending on their sensitivity and efficacy. 

Serological assays are widely used in research and medicine for the determination of antibodies 

in the blood. These assays have been included as diagnostic criteria for IE in the modified Duke 

criteria [32]. Serological testing is routinely used to diagnose  Coxiella burnetii, Bartonella

spp., Chlamydia spp., Brucella melitensis, Mycoplasma pneumoniae, and 

Legionella pneumophila, which are the most common pathogen involved in culture-negative IE 

[33–35]. Though Bartonella can be diagnosed via blood culture if special culture techniques 

are used, serological tests might be more effective [2].  

Serological tests have shown promising results so far in the case of IE, yet one must be careful 

relying solely on these tests because of cross-reactions. For instance, the currently available 

serological test for Bartonella-induced IE identification may not reliably distinguish between 

antibody response to either B. henselae and B. quintana or between those to Bartonella spp. 

and Chlamydia spp [34, 36].  
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Antimicrobial antibodies can be detected with different approaches. For the serologic diagnosis 

of Brucella melitensis, a tube agglutination test is used, while indirect immunofluorescence is 

used for Legionella pneumophilia. Furthermore, ELISA is performed to diagnose Mycoplasma 

pneumoniae, and ELISA or indirect immunofluorescence to diagnose Chlymadia spp [35, 36]. 

Serological tests are fast and reliable when performed to diagnose a single pathogen. However, 

if one wants to determine the plasma antibodies against a large number of pathogens, this 

method can become cost-intensive and time-consuming. The Luminex xMAP® technology has 

been used successfully in the serological detection of antibodies against multiple antigen targets 

in a single assay for various viruses (including SARS-CoV-2)  and also Staphylococcus aureus

[37–43]. Therefore, a high-throughput method such as the multiplex approach based on 

xMAP® technology (Luminex) is a desirable choice in research and the clinical setting. 

The multiplex approach was used in our research group by Dr. Nicole Normann [44] and Dr. 

Dina Raafat to establish the 20-plex infection array. ECP of 16 typical sepsis pathogens were 

used in this high-throughput screening method to study antibody response to the selected 

pathogens in sepsis patients. The preliminary work showed promising results and demonstrated 

that serological assays could provide crucial diagnostic information. Moreover, it has the 

potential to be used in biofilm-associated infections like IE and prosthetic joint infection (PJI), 

where the infection is often asymptomatic long before it is clinically diagnosed. 

Staphylococcus aureus as a major IE pathogen 

S. aureus, a Gram-positive bacterium, is one of the most common opportunistic human 

pathogens and a leading cause of various diseases ranging from mild infections to severe 

illnesses such as IE, bacteremia, toxic shock syndrome, and necrotizing pneumonia [45–47]. 

The bacteria harbor a large set of pore-forming toxins and superantigens, which cause host 

tissue damage and septic shock, respectively [48]. They are capable of attaching to host tissues 

(e.g., heart valves and bones) as well as medical devices (e.g., catheters, pacemakers, and 

prosthetic joints), thereby causing chronic infections such as osteomyelitis and endocarditis [47, 

49, 50].  

Though a serious pathogen, S. aureus is also a human commensal that permanently colonizes 

the anterior nares of nearly 20% of the healthy adult population while the remaining 80% are 

intermittent carriers [51, 52]. S. aureus nasal colonization increases the risk of infection [52–

54]. Nearly 65% of people with S. aureus skin lesions are colonized with the infecting strain, 
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while the percentage increases to 80% in the case of bacteremia [52]. Moreover, S. aureus

carriers can transmit the colonizing strain to the environment and contact persons, thereby 

amplifying the spread of S. aureus in health care settings [52, 55].  

S. aureus is equipped with a wide array of accessory factors to colonize and/or infect their host. 

Some factors promote bacterial fitness by promoting adherence to epithelial or damaged host 

tissues, and others support nutrient acquisition and iron uptake [56, 57]. It also produces a range 

of toxins, most prominently pore-forming toxins and superantigens that lyse immune cells and 

interfere with a coordinated T cell response, respectively [58, 59]. Moreover, S. aureus and 

other staphylococci form biofilms that shield the pathogens from the immune system of the host 

and enhance their resistance to antibiotics [60, 61]. Furthermore, these pathogens produce 

numerous immune-modulatory factors that can evade innate and adaptive defense mechanisms 

[62]. Many virulence and immune evasion genes are encoded on mobile genetic elements such 

as pathogenicity islands (e.g., toxic shock syndrome toxin-1 (TSST-1) and enterotoxins) or 

bacteriophages (e.g., Panton-Valentine leukocidin (PVL)) [63, 64]. 

The main problem with hospital-associated infections caused by S. aureus is that many hospital-

acquired strains are resistant to antibiotics [46]. This species has acquired resistance to 

penicillin and methicillin in a short period [65]. With a prevalence of around 20% among all 

S. aureus isolates in German hospitals and slightly less in the rest of Europe, methicillin-

resistant S. aureus (MRSA) continues to be a serious threat to the immunocompromised and 

hospitalized patients [66–68]. Additionally, the so-called community-associated MRSA (CA-

MRSA) can also infect healthy individuals without prior contact to healthcare settings because 

of unique virulence factors, combined with antibiotic resistance [69]. One specific strain, 

USA300, has become a recurrent source of skin and soft tissue infections in the USA [70–72]. 

Moreover, livestock-associated MRSA (LA-MRSA) is an emerging problem in various parts 

of the world due to the high use of antibiotics in farm animals [73, 74]. The continuously high 

prevalence of MRSA in hospital settings severely limits treatment options [75, 76].  

Even though S. aureus infections are associated with high morbidity and mortality, none of the 

S. aureus vaccines has made its way into clinical practice to date [65, 77]. On the other hand, 

alternative therapies like bacteriophages, natural antibacterial compounds, cationic 

antimicrobial compounds, and photodynamic therapies need further studies as some of them 

seem to be promising [78, 79]. 
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As IE is characterized by bacterial biofilms, it is important to understand its formation and 

clinical implications. Biofilms are composed of sessile communities of bacteria embedded in 

an extracellular matrix, which can attach to biotic and abiotic surfaces [80]. As mentioned 

before, S. aureus is a frequent cause of biofilm-associated infections in humans, which places 

an enormous strain on healthcare systems worldwide [81]. A big challenge presented by 

biofilms is their resistance to chemotherapies and host defense mechanisms, allowing S. aureus

to persist on host tissues. Moreover, S. aureus biofilms are responsible for 33% of all medical 

device-related infections, while the rest are caused by other pathogens [47]. The ability of 

S. aureus to cause biofilm-associated infections has attracted significant interest in studying the 

complex mechanisms governing the formation of persistent biofilms and different strategies 

that can be implemented to dismantle them. 

The stages involved in biofilm formation are quite complex and have been described 

comprehensively in many reviews [47, 77, 81, 82]. It is generally divided into at least three 

major events; attachment, maturation, and dispersal/detachment of biofilm [49]. During the 

attachment stage, planktonic cells reversibly adhere to biotic and abiotic surfaces and proliferate 

to form aggregations called microcolonies. During maturation, these microcolonies expand, and 

bacterial cells produce an extracellular polymeric matrix (ECM). This biofilm matrix varies in 

composition from one strain to another. In general, it comprises polysaccharides, proteins, host 

factors, and extracellular DNA (eDNA) [82–84]. Channels are also formed during this phase, 

facilitating the delivery of nutrients to all the layers of biofilm [45]. Upon reaching a specific 

cell density, mechanisms to initiate ECM degradation are activated, allowing the cells in the 

biofilm to disperse and reinitiate biofilm formation at another site. 

Numerous proteins and polysaccharides have been implicated as important components in 

attachment and biofilm formation. For attachment, staphylococcal adhesins, including the 

"microbial surface components recognizing adhesive matrix molecules" (MSCRAMMs) 

family, play a significant role [82]. These include proteins such as fibronectin-binding proteins 

(FnBPA and FnBPb), clumping factor A (ClfA), biofilm-associated protein (Bap), and 

S. aureus surface protein (SasG) [85–90]. The binding property of ClfA makes it an essential 

player in the colonization of implant material or damaging endothelial surfaces [82, 91].  FnBPs 

mediate binding to fibrinogen (Fg), fibronectin (Fn), and elastin and are also involved in biofilm 

development [82]. Moreover, secreted proteins like extracellular adherence protein (Eap) 

promote biofilm maturation [49]. 
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Another principal constituent of biofilm is the surface-associated exopolysaccharide polymeric 

N-acetyl-glucosamine (PNAG), also known as polysaccharide intercellular adhesin (PIA) [92]. 

Although PNAG is not involved in all staphylococcal biofilms, it is a crucial component of 

S. aureus and S. epidermidis biofilms and supports cell to cell adhesion [93–95]. The cationic 

nature of PNAG allows the attachment of bacteria to the cell surface of the host [96]. 

A more recently identified component of a biofilm matrix is eDNA. With its negative charge, 

eDNA facilitates binding to the cell surface, host factors, and also to other bacteria in biofilm 

[49]. Biofilms are sensitive to DNAse treatment in the attachment phase, suggesting that eDNA 

might be an essential player during this phase [97]. Autolysis of bacterial cells in the biofilms 

is responsible for the production of eDNA, and this activity is mediated through hydrolases 

encoded by atl and lytM genes [98]. Some studies have shown that eDNA interacts with certain 

proteins within biofilms. One of these proteins is S. aureus beta toxin (Hlb) which forms 

insoluble oligomers after binding to DNA that could help retain the biofilm structure [99]. 

Another vital protein family, DNABII, is often found associated with eDNA that helps to keep 

the structural integrity of the biofilms [100].  

Biofilms contain channels used for nutrient delivery to different parts of the biofilm. To create 

these channels, enzymatic digestion of the biofilm matrix molecules, like eDNA and proteins, 

is carried out by nucleases and proteases, respectively [49]. So far, only one enzyme has been 

reported in staphylococci that can digest PNAG [101]. Besides forming channels, some factors 

also aid in the dispersal of microbes. Phenol-soluble modulins (PSMs) are surfactant-like 

proteins that take part in the dissociation of biofilm by disrupting hydrophobic and hydrophilic 

bonds between biofilm matrix molecules [45, 102]. Lastly, various proteases, DNnases, 

hydrolases, and surfactants also contribute to dispersing the biofilm [103, 104]. 

Numerous studies demonstrated a broad spectrum of antibodies against S. aureus antigens in 

healthy individuals and patients [52, 105–109]. The quality of the immune response depends 

on the history of encounters with the invading strain. S. aureus carriers usually develop an 

endogenous infection with a rise in IgG antibodies, while non-carriers develop an exogenous 

infection with a strong but transient IgM response with new IgG antibody production. The rise 

in antibody titer is mostly specific against the invasive strain [108]. There is a strong variation 

in the antibody titers reflecting the history of an encounter of a person with S. aureus, suggesting

that an individual will have a different immunological "starting point" against an infection 

[110]. Moreover, S. aureus carriers tend to have more anti- S. aureus antibodies than non-
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carriers because the likelihood of carriers developing an infection from the colonizing strain is 

higher [108, 111]. Our group demonstrated that the antibody response in carriers is highly 

specific and targets only the SAgs produced by the colonizing strain [58]. A large prospective 

clinical trial has shown that carriers with S. aureus bacteremia have a better prognosis than non-

carriers. Additionally, high antibody titers against specific antigens like Hla, SAgs, PSMs, and 

PVL are correlated with protection against infections in humans [112–114]. In conclusion, these 

studies suggest that antibodies against S. aureus can provide protection, and the use of 

monoclonal antibodies is a promising approach to tackle infections. 

Clinical trials on anti-S. aureus vaccines  

Two different immunization strategies could be used to target S. aureus via a vaccine. Active 

immunization refers to the process of exposing the host to an antigen to provoke an adaptive 

immune response. The response takes days/weeks to develop, but it usually induces long-lasting 

and robust protective immune memory. Passive immunization refers to transferring 

antibodies/immune sera/immune cells to a host to protect against infection. It gives immediate 

and effective protection, but it is short-lived and can last from several weeks to 3 or 4 months 

at most [77, 115]. Both active and passive immunization techniques have been tried against 

S. aureus infections to obtain an effective vaccine. Here, we will focus on passive vaccination 

strategies used, the clinical trials already conducted using this strategy, and the prospects.  

Passive vaccines have been extensively studied. In 2021, FDA approved the 100th monoclonal 

antibody (mAb) product for testing in clinical trials. Out of the 100 mAbs, 10 are approved for 

use in infectious diseases mainly caused by viruses [116]. Passive immunization has also been 

in the spotlight of the SARS-CoV-2 pandemic. It can be used in regions of high incidence to 

protect immunocompromised patients whose responses to active vaccination is insufficient 

[117, 118]. 

Passive vaccination strategy has also been tested against S. aureus. Studies have reported that 

antibody response against S. aureus plays a major role in specific immunity against it [119]. 

Moreover, passive immunization with antigen-specific antibodies has been shown to provide 

partial protection in various S. aureus infections [87, 120–124]. These studies suggest that 

passive vaccination could be a promising strategy against S. aureus. Passive vaccines could 

protect against S. aureus biofilms by the mechanisms explained in Figure 1. 
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Figure 1. Antibodies against S. aureus can penetrate the biofilm and hamper biofilm formation at different stages. It 
can target the adhesins on the surface of S. aureus to prevent its initial attachment to a surface. (a) S. aureus can secrete a wide 
range of proteins (e.g., immune evasion molecules, toxins, exoenzymes) and express surface proteins, which play an important 
role in biofilm development and can be used as a potential target for vaccine development. Neutralizing IgA and IgG can 
disrupt the function of bacterial toxins as well as surface proteins. Additionally, high-affinity antibodies can bind to the surface 
bacterial adhesins (e.g., ClfA, ClfB, FnBPA, FnBPB) and cell wall components (e.g., PNAG) and block the binding to bacteria 
to biotic and abiotic surfaces to block the initiation of biofilm formation. It can also block the cell-to-cell adhesion by targeting 
proteins involved in this process and retard biofilm maturation. (b) Surface-bound antibodies (primarily IgG) can enhance 
opsonophagocytosis carried out by neutrophils and macrophages, which express FC receptors (FcR) on their surfaces. The 
activation of neutrophils can lead to the release of trigger granules, NETosis, and oxidative burst. (c) Surface-bound antibodies 
(IgM and IgG) can also lead to the activation of the complement system through the classical pathway. The complement cascade 
is activated after C1q binds to the surface-bound antibody, leading to the formation of C3 convertase. C3 convertase cleaves 
the main component of the complement system, C3, into C3a and C3b. C3b can function as an opsonin and enables phagocytes, 
which express the C3b receptor, to engulf C3b coated bacteria. Besides, the other released factor, C3a functions as a 
chemoattractant, which recruits immune cells to the infection site, leading to inflammation. Additionally, C3 activation triggers 
the formation of membrane attack complex (MAC) that causes lytic pore formation in certain microbes. However, Gram-
positive pathogens, e.g., S. aureus, are not affected by it because of a thick peptidoglycan layer. (d) Antibodies can target 
certain components of the biofilm matrix, such as DNABII, and destabilize the biofilm matrix leading to bacterial dispersion. 
The dispersed bacteria can be targeted by immune cells and antibiotics. (adapted from Raafat et al., 2019) 

Passive vaccination strategy has been tested against various S. aureus antigens, including ClfA, 

capsular polysaccharide (CP) 5, CP8, lipoteichoic acids (LTA), wall teichoic acid (WTA), 

PNAG, GrfA (ABC transporter), and pore-forming toxins (Hla, HlgAB, HlgCB, LukED, 

LukSF, LukAB). They are discussed in detail below. 

Staphylococcal cells are covered with surface glycopolymers like WTA, LTA, peptidoglycans, 

and CP against which antibodies are found in the serum. Antibodies against WTA mediate 

complement C3 deposition via the classical pathway and facilitate opsonophagocytosis of 

S. aureus isolates by neutrophils [125, 126]. Human mAbs against WTA were ineffective in 

preventing S. aureus infection in a mouse infection model but showed promising results when 

conjugated to an antibiotic [127]. Furthermore, antibodies against the CPs have yielded 
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contradictory results so far. Rabbit polyclonal antibodies promoted opsonophagocytosis and 

provided partial protection, while murine antibodies were not protective [128–130].  

Adhesins, including MSCRAMMs, are amongst the most studied targets for passive 

immunization. For more than a decade, many monoclonal antibodies have been produced 

against ClfA, blocking biofilm formation in vitro. Anti-ClfA mAbs promoted 

opsonophagocytosis in vitro and interfered with biofilm formation (e.g., IE) as well as non-

biofilm-associated infections (e.g., sepsis) [131–133]. A humanized mAbs against ClfA, 

Tefibazumab by Aurexis, gave full protection against IE in rabbits when administered 

prophylactically but failed to achieve statistically significant results in bacteremia and cystic 

fibrosis patients even when administered with antibiotics [132, 134]. Another essential 

MSCRAMM protein is FnBPA, which binds to Fn, Fg, and elastin, and plays an integral part 

in forming biofilm [82]. Anti-FnBPA mAbs inhibited biofilm formation in vitro and protected 

mice against endocarditis following sepsis [87, 120]. 

Bacterial DNA-binding proteins (DNABII family) serve as an adapter protein for eDNA and 

help stabilize the biofilm matrix [135, 136]. Neutralizing antibodies against these scaffolding 

proteins leads to the dispersal of biofilm, which makes the bacteria more susceptible to be 

cleared by antibiotics and phagocytes [136, 137]. A human mAb (TRL1068) has been generated 

against an epitope of DNABII, which is conserved across Gram-positive and -negative bacteria 

[138]. TRL1068 was effective not only in an in vitro biofilm assay but also in vivo in murine 

infectious implant model and the catheter-related rat infection model [135, 138].  

Various proteomics studies have shown that some of the pore-forming toxins (e.g., Hla, LukAb, 

and γ-Hla [HlgAb]), immune evasion molecules (e.g., Chemotaxis inhibitory protein of 

staphylococci [CHIPs]), and Staphylococcal complement inhibitor [SCIN]) are found in 

biofilms in vitro and in vivo. Some of them are produced in higher amounts in biofilms 

compared to planktonic cultures, whereas others, like the immune evasion protein A, are down-

regulated [139–141]. The immune cells, including T cells, monocytes, and neutrophils, are 

under attack because of the pore-forming abilities of toxins like Hla, LukAB, and HlgAb, 

thereby crippling the immune response [142].  

Human anti-Hla mAbs (MEDI4893) have been generated, which can inhibit the interaction of 

Hla to its receptor ADAM10, thus effectively reducing its pore-forming ability. It dismantled 

the ex vivo biofilm formation on porcine vaginal mucosa explants and promoted wound healing 
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as a prophylactic treatment in a mice wound infection model [143, 144]. Because of the 

neutralizing ability of MEDI4893, it has been extensively studied in biofilm and non-biofilm-

related models [143–145]. Aridis pharmaceuticals also tested antibodies against Hla for 

countering S. aureus pneumonia, and the trial is now entering Phase 3 [146, 147]. Another 

important toxin that facilitates Hla to kill phagocytic cells is LukAB. It also helps in the 

persistence of staphylococcal biofilm [148]. Neutralizing Human IgG1 mAb, ASN-2, has been 

produced against LukAB, which binds strongly to the antibody-binding site on LukAB dimer. 

[149] Human mAbs against LukAB have also shown promising results in reducing bacterial 

load in a murine sepsis model [150]. 

Some of the targets, including ClfA, type 5 and 8 CP, Hla, HlgAb, and PNAG, which showed 

promising results in pre-clinical studies, were tested as passive vaccines in various stages of 

clinical trials. Unfortunately, none of the vaccines are widely and commercially available so 

far. Biosynexus developed a mAb against LTA named Pagimaximab, which failed in Phase III 

clinical trials. Similarly, Nabi generated a vaccine called Altastaph by deriving polyclonal 

antibodies against CP5 and CP8 from sera obtained from individuals who were treated with 

Staphvax. Two clinical trials were conducted in different sets of bacteremia patients to 

investigate the efficiency of Altastaph, and both failed in Phase II [151–154]. Moreover, anti-

PNAG mAb did not protect in Phase IIa clinical trials in ventilated intensive care unit patients, 

and the trial was terminated [77]. 

Failure to generate S. aureus vaccine to date 

As discussed before, various antigens have been tested as vaccine candidates against S. aureus,

but none of the clinical trials involving those vaccines have been successful so far. One reason 

single target adhesins vaccines have failed could be the high functional redundancy of these 

proteins. For example, there are five known Fg-binding proteins in S. aureus, and neutralizing 

the action of one is not sufficient [82].  Another major reason can be the agglutination of 

bacteria in the blood by antibodies, which may not be cleared by the host’s immune cells. These 

aggregated bodies can stick in various tissues, particularly in the lungs, leading to further 

complications [155, 156]. Finally, opsonophagocytosis might not be the ideal mechanism for 

protecting against S. aureus because S. aureus produces a wide variety of toxins and immune 

evasion factors that take part in pathogenesis.  
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Besides focusing on single-component vaccines, multi-component passive vaccines are also 

being prepared and tested for many S. aureus infections [157, 158]. Arsanis Biosciences 

prepared a combination of human mAbs against Hla, HlgAB, HlgCB, LukED, LukSF, and 

LukAB (ASN100) and tested it in pneumonia patients [149, 158]. Finally, mAbs have also been 

used as a means to deliver an antimicrobial to its specific target. For example, an antibody-

antibiotic conjugate (AAC), which has specificity for WTA, is currently used in S. aureus

bacteremia patients in phase 1b clinical trial [159, 160]. Because of the functional redundancy 

of various S. aureus antigens, a multi-component vaccine against different virulence factors 

might be more effective.

Monoclonal antibodies against biofilm-relevant targets 

Even though biofilms are involved in a majority of bacterial infections, they are frequently not 

specifically targeted by mAb generated so far. As our research group focuses on S. aureus

biofilm formation, candidate antigens for the generation of mAbs were chosen based on their 

roles in the life cycle of a biofilm. Some selected candidates are well known for their role in 

biofilm formation, while one new candidate was chosen because of its expected role in biofilms 

and other infections [77, 161]. 

The two well-known candidates are ClfA and FnBPA. As mentioned above, ClfA and FnBPA 

are involved in various life-threatening infections and take a crucial part in the life cycle of 

biofilm formation. Besides, mAbs against serine protease–like protein B (SplB) will be 

generated, which is part of the Spl family that elicits immune responses in asthmatic patients, 

cystic fibrosis patients, and healthy individuals colonized with S. aureus [162]. Though SplB 

might not be directly involved in biofilm formation, proteases play an essential and dual role in 

the biofilm life cycle. 

S. aureus is one of the major pathogens in IE alongside other major infections. Antibody 

response against S. aureus in the carriers has shown a better prognosis in bacteremia patients 

than non-carriers [163]. Interestingly, the S. aureus isolated from IE patients exhibits a higher 

expression of adhesin proteins such as ClfA, ClfB, FnBPA, and FnBPB. IE patients also 

produced significantly higher IgG antibody titers against these proteins as compared to the 

healthy controls. More importantly, IgG isolated from the patients moderately inhibited the 

binding of S. aureus to immobilized Fn [164]. Because of these reasons, mice and humanized 

monoclonal antibodies (mAbs) have been generated against ClfA, which have shown protection 

in different animal models, including IE. Moreover, anti-FnBPA mAbs also provided protection 
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in mice IE models. These reasons provide strong support to generate neutralizing mAbs against 

two adhesins, ClfA and FnBPA, and a protease SplB.  

SplB 

The staphylococcal serine protease–like proteins (Spls) are encoded on the νSaβ pathogenicity 

island in an operon comprising six genes: splA, splB, splC, splD, splE, and splF. The Spl operon 

is unique to the species S. aureus though some strains do not have the full operon [165–167]. 

Out of the array of virulence factors, including many proteases, the Spls are not well 

characterized so far. Recent work from our group has shed some light on the role of Spls during 

S. aureus infection. Interestingly, these proteases induce a type 2 response, characterized by 

anti-Spl-IgE and -IgG4 as well as a Th2 memory response in healthy individuals [162]. 

Similarly, Spls induce IgE and IgG4 antibody production in sepsis and asthmatic patients [162, 

168–170]. Notably, one of the Spls, SplB, might be involved in biofilm formation [161].  

Proteases have been reported to play a role in biofilm remodeling or disruption. Proteases like 

Esp from S. epidermidis and Staphopains from S. aureus either inhibit or disrupt the biofilm, 

thus allowing the increase of antibiotics efficacy [171, 172]. Similarly, proteases like Spls are 

reported to be involved in the biofilm dispersal by degrading extracellular polymeric 

substance’s ECP, and it may lead to colonization of new sites [104, 173, 174]. Vaccination with 

SplB, in combination with three other antigens ((LukE, LukS-PV, and SspB), provided modest 

antibody-independent protection against dermonecrosis in C57BL/6 mice [175]. Collectively, 

Spls potentially play an important role in S. aureus-host interactions and could be a useful target 

for vaccination. 

ClfA 

ClfA is an essential member of the MSCRAMMs family. As mentioned, ClfA is an adhesion 

that promotes bacterial binding to Fg and fibrin and plays a vital role in the colonization of 

biotic and abiotic surfaces [82, 91]. The Fg binding domain of ClfA is present in a 218-residue 

segment in the A region [176]. ClfA also mediates binding to human platelets membrane 

receptors [91, 177]. The clfA gene is present in nearly all clinical S. aureus strains and is 

expressed in vivo [178, 179]. The biological role of ClfA in various diseases (arthritis, biofilm-

related infections, bloodstream infections) has been shown in various studies, which suggest 

that it is one of the major virulence factors in S. aureus [180–182].  



Introduction 

14 

Murine, humanized, and human anti-ClfA monoclonal antibodies have been previously 

generated by several groups [131–133, 183]. These antibodies promote opsonophagocytosis 

and interfere with biofilm formation [131, 133]. Their protective potential in biofilm settings 

was studied in a range of assays, from in vitro biofilm models to biofilm-related infection 

models as well as non-biofilm-associated infections [131, 132]. In conclusion, previous 

research and data suggest that ClfA is a valid and vital target to develop a passive vaccine 

against S. aureus and should be tested in combination with other mAbs as well as antibiotics. 

FnBPA 

The cell wall-anchored protein FnBPA is a critical member of the MSCRAMMs family. FnBPA 

binds not only to Fn but also Fg and elastin [82]. The N-terminal A domain of FnBPA is 24% 

identical to the A domain of ClfA, and each of these binds to the C-terminus of the γ chain of 

Fg. Moreover, the A domain of FnBPA is structurally and functionally related to 

Staphylococcus epidermidis SdrG protein [184]. While the A domain of FnBPA binds to 

elastin, ClfA lacks this ability [87]. FnBPA promotes biofilm formation of clinically relevant 

MRSA strains and facilitates specific cell-cell interactions that involve its A domain and cause 

microscale cell aggregation [184]. Immunization with FnBPA provides protection against 

S. aureus infection in the immunized mice [185]. Rat antibodies against truncated FnBPA 

facilitated opsonization of S. aureus and promoted neutrophil activity as well as macrophage 

phagocytosis in vitro [120]. Murine antibodies against FnBPA reduced biofilm formation in 

vitro and inhibited the adherence of S. aureus to immobilized Fn [87, 186]. As discussed, 

antibodies against FnBPA have shown protection against IE and protected mice against weight 

loss due to SAB [120]. Because of these properties, FnBPA seems like a promising candidate 

for a passive vaccination strategy to protect humans against S. aureus biofilm-associated 

infections. 

Card-ii-Omics - Developing new approaches to prevent, diagnose and 

treat cardiac implant infections. 

The research consortium Card-ii-Omics was funded by the ESC from 2017 - 2021 and brought 

together expertises from the University Medicines of Greifswald and Rostock in implant 

development, infections, and proteomics to study cardiovascular implant infections. The 

consortium aimed at developing new approaches to prevent, diagnose and treat implant 

infections.  I was part of a junior research group comprising a junior group leader, three Ph.D. 

students, and several master students. Focussing on pathogen-specific antibodies, our research 
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group had two major aims: (1) Establishing the infection array 33-plex and exploiting it to 

investigate the pathogen-specific antibody response in a pilot study on IE patients, and (2)  

Generating and characterizing mAbs against S. aureus.  

To study the pathogen-specific antibody response, the above-mentioned xMAP®-based 

infection array was established by co-workers (Dr. Dina Raafat), the principle of which is 

explained in sections 1.3, 3.1, and Figure 2. The array was subsequently tested and evaluated 

in a pilot clinical study (GIES) on IE patients. The Greifswald IE study (GIES) is a small pilot 

study was performed in Greifswald under the direction of Dr. R. Busch (Cardiovascular Cell 

Research, Clinic and Polyclinic for Internal Medicine B, University Medicine Greifswald) in 

Greifswald. This study aimed at the analysis of cell mechanical properties of blood cells in 

endocarditis patients. It included 17 endocarditis patients and 20 cardiac control patients 

between July 2018 and April 2019. Biomaterials (plasma, PBMCs, blood culture isolates) were 

collected and stored for subsequent analyses. Detection of antibodies in the blood could provide 

crucial information about how the immune system responds during an infection caused by 

Gram-positive, Gram-negative, atypical bacteria and yeast. Furthermore, it can provide 

information about the infection-causing pathogen(s), which can be used as a potential 

diagnostic technique in the future. Once the pathogen is diagnosed, antimicrobial therapy can 

be optimized and directed against the infectious agent. 

In addition, several mAbs against S. aureus have been generated and extensively characterized 

by our junior research group within the Card-ii-Omics consortium. We have followed 2 

strategies: the production of murine mAbs and the - technically much more demanding - 

production of human mAbs. Murine and humanized mAbs against adhesion factors (FnBPA, 

ClfA) and extracellular bacterial enzymes (GlpQ, SplB, Plc) were generated using hybridoma 

technology. The production and characterization of some of these antibodies were conducted 

within this Ph.D. thesis. 
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Objectives 

Upon IE, antibodies are generated that are highly specific for the invading pathogen and 

mediate clearance of the infection [187–190]. These antibodies could form a basis for a 

diagnostic strategy as well as the generation of a passive vaccine against S. aureus, which is the 

most prominent pathogen in IE.  

This study aimed at utilizing the antibody response directed against IE pathogens to work 

towards better diagnosis and therapy of IE. In detail, we investigated if a pathogen-specific 

antibody response can be measured in IE patients and if this can complement the classical blood 

culture diagnosis. Moreover, we aimed to generate and characterize neutralizing monoclonal 

antibodies (mAbs) against three virulence factors of S. aureus, which is the most common 

etiological agent in IE.  

To study the pathogen-specific antibody response in IE patients, we conducted a prospective 

clinical observational discovery study on 17 IE patients and 20 controls (patients with non-

infectious heart-related conditions). A recently established xMAP® (Luminex®) technology-

based serological assay that simultaneously quantifies the antibody response against 30 

pathogens (infection array) was used for high-throughput antibody profiling.  

Recently, using hybridoma technology, our research group has generated mAbs against two 

S. aureus surface proteins/adhesion factors (clumping factor A (ClfA) and fibronectin-binding 

protein A (FnBPA)), both involved in biofilm formation, as well as an extracellular enzyme, 

the staphylococcal serine protease–like protein B (SplB), a virulence factor known to induce 

Th2 immune response in healthy individuals. In this work, these mAb were produced at a larger 

scale, and their sequence was determined. Afterwards, their binding and neutralizing capacities 

were investigated using in vitro assays such as ELISA, Western blot, Dot blot, microscale 

thermophoresis, and in a mouse model. 
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2. Materials  

Equipment 

Equipment Manufacturer 

Air shaker Sartorius AG, Göttingen, DE 
Analytical balance Sartorius AG, Göttingen, DE 
Autoclave Systec GmbH, Linden, DE 
BioPlex® 200 System Bio-Rad Laboratories, California, US 
Mini-Sub Cell DNA Cell Bio-Rad Laboratories, California, US 
Canon CanoScan LiDE 110 Canon Deutschland GmbH, Krefeld, DE 
Centrifugation tube 250 ml ThermoFisher Scientific, Massachusetts, US 
ChemoCam Imager Intas Science, Göttingen, DE 
Digital scales Sartorius AG, Göttingen, DE 
DynaMag™ -2 magnet ThermoFisher Scientific, Massachusetts, US 
Electronic pipette E4 XLS + Mettler-Toledo GmbH, Giesen, DE 
Freezer, -20°C Liebherr-International GmbH, Hamburg, DE 
Freezer, -80°C Heraeus Instruments, Hanau, DE 
Fridge, 4°C Liebherr-International GmbH, Hamburg, DE 
GenoPlex gel documentation 
system/imager 

VWR™ International GmbH, Darmstadt, DE 

Heidolph Pumpdrive 5001 peristaltic 
pump 

Heidolph Instruments, Schwabach, DE 

Heraeus Biofuge Pico ThermoFisher Scientific, Massachusetts, US 
HLC heating block HLC Biotech, Bovenden, DE 
Ice machine Manitowoc GmbH, Herbron, DE 
Incubator Binder Labortechnik, Tuttlingen, DE 
Induction hotplate Imtron GmbH, Ingolstadt, DE 
Magnetic 96-well separator ThermoFisher Scientific, Massachusetts, US
Microwave Bosch, Stuttgart, DE 
Mini-PROTEAN Tetra Bio-Rad Laboratories, California, US 
Monolith NT.115 NanoTemper Technologies GmbH, Munich, DE 
Multichannel pipettes Eppendorf AG, Hamburg, DE 
Multifuge X3R ThermoFisher Scientific, Massachusetts, US 
Olympus Microscope CKX31 Olympus Corporation, Tokyo, JP 
pH-meter Mettler-Toledo GmbH, Gießen, DE 
Pipettes Eppendorf AG, Hamburg, DE 
PowerPac™ Basic Power Supply Bio-Rad Laboratories, California, US 
Semi-Dry Transfer Unit (TE77XP) Hoefer, Inc., Massachusetts, US 
Spectrophotometer (DS–11) DeNovix Inc., Wilmington, US 
SpeedVac (Concentrator plus) Eppendorf AG, Hamburg, DE 
Sterile workbench ThermoFisher Scientific, Massachusetts, US 
TECAN Infinite M200 Tecan Group AG, Männedorf, DE 
Thermal magnetic stirrer Phoenix Instrument GmbH, Garbsen, DE 
Thermocycler T1 Biometra, Göttingen, DE 
Ultrasonic bath VWR™ International GmbH, Darmstadt, DE 
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UV-Photometer Biometra, Göttingen, DE 
UV-Transilluminator Fluo–Link, Marne-la-Vallée, FR 
Vortex mixer Heidolph Instruments GmbH & Co. KG, 

Schwabach, DE 
Water purification system Merck Millipore, Massachusetts, US 
Waterbath Grant Instruments, Shepreth, UK 

Consumables 

Materials Manufacturer 

96-well half area microplates Greiner Bio-One GmbH, Frickenhausen, DE 
Aluminum foil Carl Roth GmbH & Co. KG, Karlsruhe, DE
Aluminum foil for 96-well plates Sarstedt AG & Co. KG, Nümbrecht, DE 
Bioreclamation IVT 
Human Serum (Cat: HMSRM 
Lot: BRH1235375) 

Bioivt & Elevating Science, New York, US 

C-Chip, disposable hemocytometer NanoEntek, Seoul, KR 
Cryotubes (1.0 ml) Sarstedt AG & Co. KG, Nümbrecht, DE
Dialysis membrane (14 kDa) Sigma-Aldrich, Missouri, US 
Falcon® Cell Culture Flasks (353028) Corning Inc., Amsterdam, NL 
Falcon® Reaction tube (50 ml) 
(352070) 

Corning Inc., Amsterdam, NL 

Surgical gloves (latex free) Paul Hartmann AG, Heidenheim, DE 
MagPlex® - C Microspheres Luminex® corporation, Texas, US 
MagPlex® Beads Luminex® corporation, Texas, US 
Microcentrifuge tubes (0.5 ml, 1.5 ml, 
2 ml)

Sarstedt AG & Co. KG, Nümbrecht, DE

Microcentrifuge tubes 1.5 ml (protein 
low binding) 

Eppendorf AG, Hamburg, DE

Microplate, 96-well, black (655077) 
(ELISA) 

Greiner Bio-One GmbH, Frickenhausen, DE 

Monolith NT.115 Standard Capillaries NanoTemper Technologies GmbH, Munich, DE 
Nunc-Immuno module (469914) 
(ELISA) 

ThermoFisher, Massachusetts, US  

Nunc-Immuno plate, Maxisorp, 96-
well (439454) (ELISA) 

ThermoFisher, Massachusetts, US  

Nunclon Delta Surface, 96-well 
(167008), 12-well (150628), 6-well 
(140675) (cell culture) 

ThermoFisher, Massachusetts, US  

Pipette tips Eppendorf AG, Hamburg, DE
Polyethylene-10 catheter Portex, Grasbrunn, DE 
PVDF- membrane (Immobilon®- FL) Merck Millipore, Massachusetts, US 
Reaction tube (15 ml) (62.554.502) Sarstedt AG & Co. KG, Nümbrecht, DE 
Serological pipettes (5 ml, 10 ml, 
25 ml)

Sarstedt AG & Co. KG, Nümbrecht, DE

Syringe filter (0.2 μm) Sartorius AG,Göttingen, DE 
Syringes (50 ml) Braun, Melsungen, DE 
Whatman®- Paper Carl Roth GmbH & Co. KG, Karlsruhe, DE
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Chemicals and reagents 

Chemicals and reagents Manufacturer 

1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDC) 

ThermoFisher Scientific, Massachusetts, US 

2-(N-morpholino)ethanesulfonic acid 
(MES) 

Sigma-Aldrich, Missouri, US 

5× Gel loading buffer Sigma-Aldrich, Missouri, US 
Acetic acid  Sigma-Aldrich, Missouri, US
Acrylamide/bisacrylamide 40% (w/v) 
(29:1) 

AppliChem GmbH, Darmstadt, DE

Ac-VEID-AMC (substrate for SplB 
neutralization assay) 

PeptaNova GmbH, Sandhausen, DE 

Agarose ThermoFisher Scientific, Massachusetts, US 
Amido black 10B dye Sigma-Aldrich, Missouri, US 
Ammonium persulfate (APS) Serva Electrophoresis GmbH, Heidelberg, DE
Ammonium sulfate Sigma-Aldrich, Missouri, US 
Anti-Fibrinogen antibody (HRP) 
(ab10068) 

Abcam, Cambridge, UK 

Anti-Fibronectin antibody (HRP) 
(ab207628) 

Abcam, Cambridge, UK 

Anti-mouse kappa LC-PE Merck Millipore, Massachusetts, US 
Anti-mouse lambda LC-PE Merck Millipore, Massachusetts, US 
BD opteia TMB Substrate Reagent Set BD Biosciences, Heidelberg, DE 
Binding buffer NT1 Macherey–Nagel, Düren, DE 
Boric acid Sigma-Aldrich, Missouri, US 
Bovine serum albumin Sigma-Aldrich, Missouri, US 
Bromophenol blue Sigma-Aldrich, Missouri, US
CANDOR Low cross buffer CANDOR Bioscience GmbH, Wangen, DE 
Coomassie brilliant blue G250 Merck KGaA, Darmstadt, DE
Dimethylsulfoxid (DMSO) Sigma-Aldrich, Missouri, US
Dithiothreitol (DTT) ThermoFisher Scientific, Massachusetts, US 
Elution buffer NE Macherey–Nagel, Düren, DE 
Ethanol (ETOH, 96%, v/v) Carl Roth GmbH & Co. KG, Karlsruhe, DE
Ethylenediaminetetraacetic acid 
(EDTA)  

Sigma-Aldrich, Missouri, US 

Fetal calf serum (P30-3306) PAN Biotech, Aidenbach, DE 
Fibrinogen (human plasma) (341576) Merck KGaA, Darmstadt, DE 
Fibronectin (human plasma) (F2006) Sigma-Aldrich, Missouri, US 
FITC-dextran Sigma-Aldrich, Missouri, US 
Gel loading buffer (western blot) Sigma-Aldrich, Missouri, US 
GeneRuler 100 bp DNA ladder ThermoFisher Scientific, Massachusetts, US 
Glycerol (50%, v/v) Sigma-Aldrich, Missouri, US
Glycine  Sigma-Aldrich, Missouri, US
Goat Anti-Mouse IgG(H+L)-HRP 
(Cat. No.1036-05) 

Southern Biotech, Alabama, US 

HRP conjugation kit (ab102890) Abcam, Cambridge, UK 
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Hydrochloric acid (HCL) Sigma-Aldrich, Missouri, US
Igepal CA–630 Sigma-Aldrich, Missouri, US 
Isopropanol Merck KGaA, Darmstadt, DE
Magnesium chloride Sigma-Aldrich, Missouri, US
Methanol (100%) Carl Roth GmbH & Co. KG, Karlsruhe, DE
Milk powder Bio-Rad Laboratories, California, US
Milli-Q H2O  Merck Millipore, Massachusetts, US 
N,N,N′,N′-tetramethylethylendiamine 
(TEMED) 

GE Healthcare GmbH, Solingen, DE

N-hydroxysulfosuccinimide sodium salt 
(sulfo-NHS) 

ThermoFisher Scientific, Massachusetts, US 

Pancoll human PAN Biotech, Aidenbach, DE 
Penicillin (10,000 U/ml)/ Streptomycin 
(10,000 µg/ml) /L-Glutamine (29.2 
mg/ml) (10378-016) 

ThermoFisher Scientific, Massachusetts, US 

Phosphate-buffered saline (DPBS) 
(P04-36050P) 

PAN biotech, Aidenbach, DE 

Phosphate-buffered saline (DPBS) 
(P04-36500) 

PAN biotech, Aidenbach, DE 

Phosphoric acid  Sigma-Aldrich, Missouri, US 
Proclin300 Sigma-Aldrich, Missouri, US 
Protein G sepharose® 4 fast flow GE Healthcare, Illinois, US 
Proteinmarker VI (prestained) AppliChem GmbH, Darmstadt, DE
Redsafe nucleic acid staining solution JH Science / iNtRON Biotechnology, 

Washington, US 
RNase away Carl Roth GmbH & Co. KG, Karlsruhe, DE 
RNasin® plus ribonuclease inhibitor Promega, Wisconsin, US 
Roti®-Quant solution Carl Roth GmbH & Co. KG, Karlsruhe, DE 

R-Phycoerythrin AffiniPure F(ab')₂
Fragment Goat Anti-Human IgG (H+L) 
(109-116-088) 

Jackson ImmunoResearch, Cambridgeshire, GB 

RPMI 1640 (w/o: L-Glutamine, w: 2 g/l 
NaHCO3) (P04-17500)  

PAN Biotech, Aidenbach, DE 

Sheath fluid  Bio-Rad Laboratories, California, US
Sodium chloride  Carl Roth GmbH & Co. KG, Karlsruhe, DE
Sodium dihydrogen phosphate Sigma-Aldrich, Missouri, US 
Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. KG, Karlsruhe, DE
Sodium hydroxide  Carl Roth GmbH & Co. KG, Karlsruhe, DE
Sodium phosphate Carl Roth GmbH & Co. KG, Karlsruhe, DE 
Sulfuric acid Sigma-Aldrich, Missouri, US 
Superscript™ IV Reverse Transcriptase ThermoFisher Scientific, Massachusetts, US 
Supersignal™ West Femto Maximum 
Sensitivity Substrate 

ThermoFisher Scientific, Massachusetts, US 

Tetanus-Toxoid State Serum Institute, Copenhagen, DK 
TiterMax Gold Adjuvant Sigma-Aldrich, Missouri, US 
Trichloroacetic acid (TCA) Carl Roth GmbH & Co. KG, Karlsruhe, DE
Tris-base Carl Roth GmbH & Co. KG, Karlsruhe, DE
Tris-Buffered Saline Sigma-Aldrich, Missouri, US 
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Tris-Hydrochloride Sigma-Aldrich, Missouri, US 
Trypan blue solution Dr. K. Hollborn & Söhne GmbH & Co. KG, 

Leipzig, DE 
Tween 20 Bio-Rad Laboratories, California, US 
UltraPure™ DNase/RNase-Free 
Distilled Water (PCR water) 

Invitrogen, Massachusetts, US 

Wash buffer NT3 Macherey–Nagel, Düren, DE 
β-Mercaptoethanol (≥ 99%) Sigma-Aldrich, Missouri, US 

Softwares and databases 

Software / database Manufacturer 

Bio Plex® Manager 5.0 Bio-Rad Laboratories, California, US 
Biorender 2021 (https://biorender.com/) BioRender, California, 

US 
ChromasPro 2.1 (http://technelysium.com.au/wp/chromaspro/) 

Technelysium Pty Ltd. South Brisbane, AU 
Citavi 6 (https://www.citavi.com/en) Swiss Academic 

Software, Wädenswil, CH 
GraphPad Prism 7.0 (https://www.graphpad.com/) GraphPad Software 

Inc., California, US 
i–Control 1.10 Tecan, Mannerdorf, CH 
IgBlast (https://www.ncbi.nlm.nih.gov/igblast/) National 

Institutes of Health, Maryland, US 
ImageJ 1.52a [187] National Institutes of Health, Maryland, US 
ImMunoGeneTics [188] http://www.imgt.org/IMGT_vquest/input
Microsoft Office 2016 Microsoft Corporation, Redmond ,US 
MO Affinity Analysis 2.3 NanoTemper Technologies GmbH, Munich, DE 
MO Control software 1.6 NanoTemper Technologies GmbH, Munich, DE 
MultAlin [189] http://multalin.toulouse.inra.fr/multalin
SIB ExPASy [190] SIB Swiss Institute of Bioinformatics, Lausanne, 

CH 
SnapGene Viewer 5.0.7 SnapGene software (from Insightful Science; 

available at snapgene.com) 
UniProt [191] European Bioinformatics Institute (EBI), the 

Swiss Institute of Bioinformatics (SIB), and the 
Protein Information Resource (PIR) 

xMAPr https://michalik.shinyapps.io/xMAPr_app/

Kits  

Kits Manufacturer 

Accuprime Taq DNA Polymerase 
System (200 reactions) 

ThermoFisher Scientific, Massachusetts, US 

dNTPs 100 mm Solutions ThermoFisher Scientific, Massachusetts, US 
Mix2seq kit Eurofins Genomics, Kentucky, US 

https://biorender.com/
http://technelysium.com.au/wp/chromaspro/
https://www.citavi.com/en
https://www.graphpad.com/
https://www.ncbi.nlm.nih.gov/igblast/
http://www.imgt.org/IMGT_vquest/input
http://multalin.toulouse.inra.fr/multalin
https://michalik.shinyapps.io/xMAPr_app/
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Mouse Immunoglobulin isotyping 
Magnetic Bead Panel 96–well Plate 
Assay 

Merck Millipore, Massachusetts, US 

NucleoSpin™ Gel and PCR clean up Macherey-Nagel, Düren, DE 
Protein Labeling Kit RED-NHS 2nd 
Generation (Amine Reactive) 

NanoTemper Technologies GmbH, Munich, DE 

RNeasy mini kit Qiagen GmbH, Hilden, DE 
Superscript™ IV first-strand synthesis 
system 

ThermoFisher Scientific, Massachusetts, US 

Proteins  

Protein Abbreviation Cloned 
gene 

Stock 
conc. 
[mg/m
l]

Molecular 
weight 
(kDa) 

N-
Terminus 
Tag 

Expression 
system 

Serine protease–
like protein B 

SplB S. aureus
NCTC832
5 

1-5 26 HisTag E. coli BL21 

Clumping factor 
A 

ClfA S. aureus
NCTC832
5 

0.92 97 HisTag E. coli BL21

Fibronectin 
binding protein A 

FnBPA S. aureus
NCTC832
5 

1.03 105.2 HisTag E. coli BL21

The GMO E. coli strains harbouring the vectors encoding the above-listed N-terminal His-tag 

proteins were kindly provided by Tanja Meyer at the Interfaculty Institute for Genetics and 

Functional Genome Research, University of Greifswald. All proteins lacked the signal peptide 

and LPXTG anchor. Recombinant proteins were produced and purified by members of our 

research group, including Nico Wittmann, Daniel Mrochen, Juan José Izquierdo González, 

Jawad Iqbal, and Dr. Darisipudi Venkata Murthy. Since the stock concentrations of the proteins 

were different, the working stocks were prepared by diluting the proteins either in PBS or water 

and used for the experiments described in the material and methods sections. 
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Solutions, media, and buffers 

Cell culture and freezing medium  

R20F 

RPMI 1640  394.5 ml 

Fetal calf serum 100 ml 

Penicillin/ Streptomycin/L-Glutamine (ThermoFisher Scientific) 5.5 ml 

Freezing medium 

Fetal calf serum 9.25 ml 

DMSO  0.75 ml 

Buffers used for antibody purification 

Washing buffer 

Sodium phosphate (20mM)  2.84 g

Milli-Q H2O  ad 1 l 

Elution buffer 

Glycine 3.8 g 

Milli-Q H2O  ad 500 ml 

Adjust to pH 2.8 

B-cell receptor sequencing  

Gel electrophoresis of PCR products 

5× TBE 

Tris-base 54 g 

Boric acid  27.5 g  

EDTA  3.75 g 

Milli-Q H2O  ad 1 l 

Running buffer 

TBE  1× 

Redsafe 20 µl 

Agarose gel 

Agarose 1.2 g 

TBE (1×) 80 ml 

Redsafe 2.3 µl 
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ELISA 

10× PBS 

PBS  191 g 

Milli-Q H2O. ad 2 l 

Wash buffer  Final conc. (FC)

PBS  2 l (1×) 

(v/v) Tween 20 1 ml (FC: 0.05%) 

Blocking buffer (1%, w/v) 

Bovine serum albumin (BSA) 0.5 g  

Wash buffer  ad 50 ml 

Inhibition assay  

Fibrinogen solution 

Fibrinogen (stock solution: 4.1 mg/ml) 4.87 µl (FC: 20 µg/ml) 

Blocking buffer (2.7.4) 1 ml  

Fibonectin solution 

Fibronectin (stock concentration: 1 mg/ml)  2.5 µl (FC: 0.25 µg/ml) 

Blocking buffer (2.7.4.) 10 ml  

Substrate assay (SplB) 

Stock solution of the substrate 

Ac-VEID-AMC 5.5 µl 

PBS  ad 2 ml 

Working solution 

Stock solution of Ac-VEID-AMC  10 µl  

SplB  0.5 µg 

Anti-SplB mAb (1:1, 1:2, 1:5)

(SplB: Anti-SplB mAb) 

Microscale thermophoresis (MST) 

Assay buffer

PBS  2 l 

(v/v) Tween 20 1 ml (FC: 0.05%)  

MST buffer 

Tris-HCl (pH 6.8)  3.02 g (FC: 50 mM) 

MgCl2 (10 mM) 0.476 g (FC: 10 mM) 

NaCl  4.38 g (FC: 150 mM) 
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Milli-Q H2O  ad 500 ml 

SDS-PAGE 

APS (10%, w/v) 

Ammonium persulfate (APS)  1 g  

Milli-Q H2O  ad 10 ml 

Tris-HCl (0.5 M; pH 6.8; 0.4% SDS) 

Tris-Base   60.57 g 

SDS (20% w/v)  20 ml  

HCl   adjust pH to 6.8 

Milli-Q H2O  ad 1 l  

Tris-HCl (1.0 M; pH 6.8; 0.4% SDS) 

Tris-Base   121.1 g 

SDS (20%)   20 ml  

HCl   adjust pH to 6.8 

Milli-Q H2O  ad 1 l  

Tris-HCl (1.5 M; pH 8.8; 0.4% SDS) 

Tris-Base   181.7 g 

SDS (20%)   20 ml  

HCl   adjust pH to 6.8 

Milli-Q H2O  ad 1 l  

SDS-sample buffer (5×), reducing  

1 M Tris-HCl (pH 6.8)  0.6 ml  

SDS (10% w/v)  2 ml  

Glycerol (50% v/v)   5 ml  

Bromophenol blue (1% w/v)  1 ml  

β-Mercaptoethanol  0.5 ml  

Milli-Q H2O  0.9 ml  

SDS-PAGE-running buffer (10×) 

Tris-Base   30 g 

Glycine 144 g 

SDS   10 g 

Milli-Q H2O  ad 1 l  

Separation gel (12%)  

1.5 M Tris-HCl (pH 8.8)  3 ml  

Acrylamide/Bisacrylamide (40% w/v)  3.6 ml  

APS (10% w/v) 100 μl  
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TEMED 10 μl  

Milli-Q H2O  5.4 ml 

Stacking gel (4%)  

0.5 M Tris-HCl (pH 6.8)  1.25 ml 

Acrylamide/Bisacrylamide (40% w/v)  0.5 ml  

APS (10% w/v) 30 μl  

TEMED 7 μl  

Milli-Q H2O  3.2 ml  

Coomassie staining solution 

Methanol (100%)  200 ml  

Phosphoric acid (80%, w/v)  118 ml  

Ammonium sulphate  100 g  

Coomassie Brilliant Blue G250 1.2 g  

Milli-Q H2O  ad 1 l 

Dot blot and western blot 

Transfer buffer (pH ≤ 8.5) 

Tris-Base 3.025 g 

Glycine 15 g 

Methanol (100%)  200 ml  

HCl   for pH correction 

Milli-Q H2O  ad 1 l 

TBS (10×), pH 7.6  

Tris-Base   24.2 g  

NaCl   80 g 

HCl   for pH correction 

Milli-Q H2O  ad 1 l 

TBST 

TBS (1×)   1 L  

(v/v) Tween 20 1 ml (FC: 0.05%)  

Blocking buffer (0.5%, w/v) 

TBST  100 ml 

Milk powder  5 g 

Amido black 

Amido Black 10B dye 0.1 g  

Methanol 40 ml 

Acetic acid  10 ml 
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Milli-Q H2O  ad 100 ml 

Infection array 

Block store buffer without ProClin300 

BSA  0.1 g 

PBS   10 ml 

Bead buffer (with BSA) 

Block store buffer without ProClin300 250 ml 

CANDOR Low cross buffer  250 ml 

Block store buffer with ProClin300  

BSA  1.2 g 

ProClin300  60 μl  

PBS   120 ml 

Activation buffer 

Sodium dihydrogen phosphate (NaH2PO4)   1.2 g (100 mM) 

Milli-Q H2O  100 ml  

adjust pH  to 6.2 

EDC solution (pro bead region) 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)  2.5 mg 

Milli-Q H2O  50 μl 

Coupling buffer 

2-(N-morpholino)ethanesulfonic acid (MES) 1.066 g (FC: 50 mM) 

Milli-Q H2O  100 ml 

adjust pH to 6.2 

sulfo-NHS solution (pro bead region) 

N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) 2.5 mg 

DMSO  50 μl 

Extracellular proteins (ECPs) and tetanus toxoid (TT) coupled to the beads 

ECPs  10 mg/ml (stock sol.) 

0.5 mg/ml (working sol.) 

TT  1.96 mg/ml (stock sol.) 

0.25 mg/ ml (working sol.) 

Wash buffer 

PBS  2000 ml 

(v/v) Tween 20 1 ml (FC: 0.05%) 
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3. Methods 

Analyzing pathogen-specific antibody responses using the infection 

array 

The main aim of the study was to study the pathogen-specific antibody response and the 

immune memory against different pathogens in infectious endocarditis (IE) patients. 

The Greifswald Infectious Endocarditis Study (GIES) was conducted between 07/2018 and 

05/2019. At first, GIES was designed to test the Real-time deformability cytometry (RT-DC) 

as a tool for diagnosing IE. RT-DC is a microfluidic technique, co-founded by Dr. Oliver Otto 

(Universität Greifswald, Greifswald), to capture and analyze the morphology and rheology of 

up to 1000 cells in a microfluidic channel. Through this method, different subpopulations of 

cells in the whole blood can be studied together [192]. The study was extended at later stages 

to include the analysis of the antibody response in IE patients, with follow-up samples collected 

at d14-d200 after diagnosis. Follow-up samples were collected from 7 patients, while plasma 

(additional biosamples) from 8 patients were provided by the Institute of Clinical Chemistry 

and Laboratory Medicine. These samples were collected between d-7 to -1 before IE diagnosis 

and d1 to d21 after diagnosis. GIES comprises 17 IE patients and 20 controls, i.e., patients with 

non-infectious heart-related conditions. IE in the patients was confirmed by ultrasound, and 

pathogens isolated after BC were stored for later analysis. After diagnosis (d0), around 25 ml 

EDTA blood were obtained for PBMC and plasma isolation. PBMCs were used to analyze 

pathogen-specific B cell response for another study (discussed in section 5.1.3.2), while plasma 

samples were analyzed in this study. 

The tool used to study the pathogen-specific immune response and immune memory is the 

infection array, which is a multiplex suspension bead array that is based on the xMAP® 

technology (Luminex®). Antigens are covalently coupled to magnetic particles (MagPlex® 

Beads) and incubated with patient serum or plasma samples. The bound antibodies can then be 

detected with a phycoerythrin (PE)-conjugated detection antibody and quantified using the 

fluorescence signal. 

The infection array as a high-throughput screening method was established in our research 

group by Dr. Nicole Normann [44] and Dr. Dina Raafat. In this work, we used a 33-plex 

infection array panel containing the extracellular proteins (ECP) of 30 different pathogens 

(2 different strains of S. aureus and P. aeruginosa are added), as well as the control tetanus 
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toxoid (TT) antigen (Table 1). The cultivation of the various pathogens, the purification of their 

ECP through TCA (trichloroacetic acid) precipitation as well as the ECP quantification using 

the BCA kit were conducted by Dr. Dina Raafat and Fawaz Al’Sholui. The principle of the 

infection array is explained in Figure 2.  

Figure 2. Principle of infection array 33-plex. Infection array 33-plex, which is a bead-based suspension array, was used as 
a tool to study the pathogen-specific immune response in IE patients sera/plasma samples. (a) The pathogens added to the 
infection array were cultivated, and the ECP were collected at the stationary phase. Afterwards, the ECP were bound to 
MagPlex® beads with different autofluorescence. All the beads with ECP from different pathogens were collected in a storage 
buffer to prepare a bead master mix. (b) For antigen-antibody binding assay, the serum/plasma was serially diluted and 
incubated with the master mix to allow IgG binding to the respective ECP. Bound IgG was detected using PE-conjugated 
antibody. (c) The signal detection was performed in two steps by using BioPlex® 200. In the first step, the autofluorescence of 
the MagPlex® beads was determined, which is characteristic of the pathogens because of its ECP bound to the bead. In the 
second step, the fluorescence intensity of the bound detection antibody was determined, which would help determine the 
sera/plasma antibody binding to the ECP (adapted from Normann, 2021). This image is generated by using BioRender.  

Coupling of extracellular proteins to magnetic beads  

Washing the magnetic beads 

Coupling ECP and control antigen (TT) to the magnetic beads (MagPlex® beads, Luminex®) 

by covalent bonds is one of the crucial steps in the infection array, which has previously been 

described in detail [44]. Briefly, the bead stock solutions (1 ml) were vortexed for 30 seconds 

(sec) at room temperature (RT), placed in the ultrasonic bath for 3 minutes (min), and then 

vortexed again for 30 sec. Then, the bead stock solutions (1 ml of each bead region) were 

+

A) Bead coupling

B) Antigen/antibody binding assay

Cultivation of pathogens 
and purification of ECP 

Coupling of ECP to 
MagPlex® beads  

Preparation of MagPlex® 
beads  master mix

Incubation of serially diluted 
serum/plasma with bead 

master mix

Binding of 
serum/plasma 

antibodies to ECP 

Detection of bound IgG with 
PE-conjugated antibody

C) Signal detection

Signal 1 – Bead autofluorescence

Signal 2 – Bead antibody response

Data analysis with xMAPr app

+
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transferred to the respective 1.5 ml protein low binding reaction tube. To discard the bead 

storage buffer, the reaction tubes were placed onto a magnetic stand (DynaMag™ -2 magnet, 

Thermo Fisher Scientific) for 3 min to allow the beads to adhere to the wall of the reaction 

tubes, and the buffer was carefully removed by pipetting. Afterwards, the beads were washed 

3× (following the same washing technique and steps as described above) each with 400 μl of 

activation buffer per reaction tube to adjust the pH value to 6.8, which is required for the 

subsequent activation reaction.  

Bead activation 

Before coupling the ECPs and TT, the beads were activated by adding 50 µl 1-Eethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) solution and 50 µl N-hydroxysulfosuccinimide 

(sulfo-NHS) solution to each bead region, and the reaction tubes were incubated in the dark for 

20 min at RT on a shaker at 900 rpm. The addition and subsequent reaction of EDC and sulfo-

NHS activate the carboxyl groups of the beads, and a sulfo-NHS ester intermediate is produced. 

This semi-stable intermediate is replaced with primary amines from the ECP, leading to a 

covalent amide bond between the beads and ECP, the details of which are explained in the next 

section. 

Coupling proteins to the beads 

After activating the beads, the next step was to couple the desired proteins to it. For this purpose, 

the beads were washed 3× each with 500 μl coupling buffer, as explained above. The proteins 

to be coupled (ECPs and TT), which were dissolved in 5% SDS buffer for rehydration after 

purification, were diluted in the coupling buffer to the desired concentration (Table 1). Then, 

the washed beads were mixed with 1 ml protein solution (final conc.: 0.5 mg/ml for ECPs; 

0.25 mg/ml for TT) and incubated in the dark at RT for 2 hours (h) at 900 rpm. After incubation, 

the beads were washed 6× with wash buffer to remove all traces of SDS from the surface of the 

beads. SDS should be removed because it will reduce the binding of proteins to the beads. 

Finally, the respective beads were resuspended in 10 ml block store buffer (with ProClin300) 

and transferred to 15 ml protein low bind centrifugation tubes (2.7.10). Proclin 300 is a biocide 

used for controlling microbial growth in reagents and products in diagnostic tools. The protein-

coupled beads were stored overnight at 4°C. Finally, as the beads were later used in a multiplex 

assay, all 33 bead regions were pooled into a bead master mix. The bead master mix was 

adjusted to 1,250 beads/50 µl/bead region and was aliquoted and stored at 4°C until further use. 
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Table 1. List of microbial species targeted by the infection array 33-plex. 

* ECPs of species involved in multiple infections (IE, PJI, SE, PN) were coupled to different bead regions, and then a master mix of the beads was used in the infection array 33-plex. 
Abbreviations: IE, Infective Endocarditis; PJI, Prosthetic Joint Infection; PN, Pneumonia; SE, Sepsis; SSI, State Serum Institute, Copenhagen, Denmark
Amount of ECP of each pathogen used: 0.5 µg Protein/1 µl Bead stock solution. Amount of TT used: 0.25 µg Protein/1 µl Bead stock solution. ● Pathogen involved in infection (Table adapted from Dr. Dina Raafat)

Bacterial isolates Bead coupling 

No Species/Proteins* Isolate/Batch Source Natural habitat IE PJI SE PN Bead region (BR) Lot. No 

Gram-positive bacteria (rods) 

1 Corynebacterium striatum DSM 20668 Type strain Nose ● ● ● ● 35 B67629 

2 Cutibacterium acnes DSM 1897 Type strain Skin ● ● 37 B61756 

Gram-positive bacteria (cocci) 

3 Staphylococcus aureus USA300ΔspaΔhla Clinical isolate; laboratory strain Nose ● ● ● ● 8 B64927 

4 S. aureus subsp. aureus NCTC 8325Δspa IE patient Nose ● ● ● ● 13 B61351 

5 Staphylococcus epidermidis RP62A Biofilm-producing MRSE strain Skin ● ● ● ● 15 B64949 

6 Staphylococcus haemolyticus DSM 20263 Type strain, human skin Skin ● ● ● ● 19 B65772 

7 Staphylococcus hominis DSM 20328 Human skin Skin ● ● ● ● 22 B64499 

8 Staphylococcus lugdunsensis SL0902 Clinical isolate; pneumonia Skin ● ● ● 26 B68496 

9 Staphylococcus warneri DSM 20316 Type strain Skin ● ● 28 B63685 

10 Enterococcus faecalis ATCC 29212 Urine Gut ● ● ● ● 30 B62542 

11 Enterococcus faecium ATCC 51559 Clinical isolate, Brooklyn, NY Gut ● ● ● ● 33 B67638 

12 Streptococcus pneumoniae TIGR4Δcps Type strain Respiratory tract ● ● ● ● 39 B67628 

13 Streptococcus mitis DSM 12643 Oral cavity, human Respiratory tract ● 42 B67367 

14 Streptococcus oralis DSM 20627 Human mouth Respiratory tract ● 44 B65123 

15 Streptococcus sanguinis DSS-10 Subacute bacterial endocarditis Respiratory tract ● ● 46 B69173 

16 Streptococcus gallolyticus CCUG 35224T Koala, feces; Australia Gut ● ● 48 B70233 

17 Clostridioides difficile DSM 27147 Type strain Gut ● ● ● 51 B70689 

Aerobic Gram-negative bacteria (bacilli) 

18 Haemophilus influenzae DSM 24049 Human sputum; pneumonia Respiratory tract ● ● ● 53 B71686 

19 Klebsiella aerogenes DSM 30053 Type strain; sputum Gut ● ● ● ● 55 B64369 

20 Klebsiella pneumoniae ATCC 700721 Sputum Respiratory tract, Gut, Skin ● ● ● ● 57 B68150 

21 Klebsiella oxytoca DSM 5175 Pharyngeal tonsil Gut ● ● ● ● 59 B75054 

22 Enterobacter cloacae DSM 30054 Type strain; spinal fluid Gut ● ● ● ● 62 B64652 

23 Escherichia coli ATCC 47076 Transformation host Gut ● ● ● ● 66 B65692 

24 Proteus mirabilis DSM 4479 Clinical isolate Environment ● ● ● ● 64 B69678 

25 Serratia marcescens DSM 30121 Pond water Environment ● ● ● ● 68 B78022 

Non-lactose fermenting Gram-negative bacteria (bacilli) 

26 Pseudomonas aeruginosa PAO1 Type strain; wound infection Skin, Environment ● ● ● ● 73 B65125 

27 Pseudomonas aeruginosa PA6077 PA6077 Skin, Environment ● ● ● ● 90 B63814 

28 Acinetobacter baumannii DSM 105126 CSF, fatal meningitis Environment  (Hospital) ● ● ● ● 75 B61839 

29 Stenotrophomonas maltophilia SM1404 Clinical isolate; pneumonia Environment ● ● ● ● 77 B64776 

Atypical bacteria 

30 Legionella pneumophila DSM 25061 Respiratory tract secretions Environment ● ● ● 82 B68631 

Gram-negative bacteria (cocci) 

31 Moraxella catarrhalis DSM 9143 Type strain Respiratory tract ● ● ● ● 84 B64058 

Yeast 

32 Candida albicans SC5314 Human clinical isolate Gut ● ● ● ● 86 B68485 

Tetanus Toxoid 

33 Tetanus Toxoid SSI 88 B63308 
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Antigen-antibody binding assay 

The next step was the antigen-antibody binding assay, for which the bead master mix was first 

thoroughly resuspended as described above (vortexing, sonication, and vortexing), and then 50 

µl aliquots were transferred into each well of an assay plate (96-well half area microplates, 

Greiner Bio-One).  

Seven serial 1:5 dilutions of the serum and plasma samples were prepared in bead buffer (with 

BSA), starting from a 1:20 dilution. Additionally, a reference serum pool of healthy donors, 

Bioreclamation IVT Human Serum (Bioivt & Elevating Science), was used for normalization. 

The assay plate was placed on the magnetic 96-well separator for 3 min to allow the beads to 

settle, and then the liquid was discarded by inverting the plate while attached to the magnet. 

After transferring 50 μl each of the serum/plasma dilutions into the assay plate, it was sealed 

with adhesive aluminum foil to ensure protection from light and then incubated in the dark at 

4°C on a shaker at 900 rpm. After 18 h of incubation, the beads were washed 3× with 100 μl 

wash buffer per well. Then, 50 μl of the detection antibody (R-Phycoerythrin AffiniPure F(ab')₂

Fragment Goat Anti-Human IgG (H+L)) (final concentration: 5 μg/ml) were added to each well, 

and the microtiter plate was incubated for 1 h at RT on a shaker at 900 rpm. Afterwards, the 

beads were washed 3× each with 100 μl wash buffer and finally resuspended in 100 μl sheath 

fluid for 1 min, shaking at 900 rpm. The measurement was carried out on the BioPlex® 200 

(measurement settings: bead type: MagPlex® beads; beads: 100 per bead region; sample 

timeout: 60 sec; sample volume: 80 μl; gate settings: 8,000-20,000) and data was retrieved by 

using Bio Plex® Manager 5.0 software. 

Analysis of the infection array data 

For analyzing the data generated from the infection array, the xMAPr® app was used, which 

performs multiple regression modeling on the data of each sample/antigen combination and 

calculates a Median Fluorescence Intensity (MFI) value at the end. Meyer et al. explained the 

process of generating MFI values in detail [193]. The xMAPr app was developed by Dr. 

Stephan Michalik from the Interfaculty Institute for Genetics and Functional Genome Research, 

University of Greifswald (https://michalik.shinyapps.io/xMAPr_app/) [193].  

After generating the MFI, the final antibody response levels were calculated as the product of 

the dilution factor at the half-maximal MFI and the half-maximal MFI itself, as explained before 

[44, 193]. 

https://michalik.shinyapps.io/xMAPr_app/
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Antibody level   =  
MFI max

2
  × dilution factor  (

MFI max

2
)

Finally, the increase in antigen-specific antibodies during the course of infection was measured. 

For determining the increase, the fold-change was calculated from the antibody level of the 

latest (follow-up samples) and earliest (d0 or retention samples) available serum/plasma 

samples. 

Fold-change in antibody levels =  
Antibody level (follow-up samples)

Antibody level (d0 or retention samples)

The infection array includes a wide range of microbes such as commensals, opportunistic and 

true pathogens. However, for ease in data interpretation and communication, the term 

“pathogen” was used in the entire thesis.

Statistics 

The statistical evaluation of the infection array data was carried out with GraphPad Prism 6. 

The comparison of age, CRP, ALAT, ASAT, leukocytes, WBC, RBC, and heart frequency 

between controls and IE patients was analyzed by using an unpaired t-test. p <0.05 was 

considered statistically significant. A two-sided Chi-square test was used to compare the sex of 

control and IE patients, and p <0.05 was considered statistically significant. For comparing the 

basal antibody levels against the pathogens between control and IE patients, a mean value was 

first calculated for each study participant, and then the Shapiro-Wilk test was used to assess the 

normality of data distribution with p < 0.05 as a threshold for data set not following the normal 

distribution. In normally distributed data sets, an unpaired t-test was used to compare the 

antibody increases against each pathogen in controls and IE patients, and p <0.05 was 

considered significant. The kinetics of the pathogen-specific antibody response was also 

analyzed. For determining a threshold of increase, the ratios of all the calculated response values 

from all the patients against the pathogens were taken, and then the median + 3× interquartile 

range (IQR) was calculated. This led to a threshold value of 2.0, meaning that a more than 2-

fold increase in antibody titers was considered to be meaningful. 
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Characterization of monoclonal antibodies 

For the production of murine and humanized monoclonal antibodies (mAbs), the antibody-

producing hybridomas were generated and kindly provided by Nico Wittmann [194], Daniel 

Mrochen, and Dr. Dina Raafat. In short, intraperitoneal (i.p.) immunization of male C57BL/6 

mice was carried out on day 0 (d0), d21, and d42 with 100 µg, 50 µg, and 30 µg, respectively, 

of the target proteins (SplB, ClfA, and FnBPA) (2.6) in 100 μl isotonic sodium chloride which 

was supplemented with the same amount (100 μl) of adjuvant (TiterMax Gold Adjuvant, 

Sigma-Aldrich). Booster immunization was performed on d63 with 10 µg antigen with no 

adjuvant. After 66 days, the animals were sacrificed, and the spleen was removed in a sterile 

manner. Then, splenocytes were isolated from the spleen and fused with myeloma cells 

(P3X63Ag8.653) to generate antibody-producing hybridomas. After cell fusion, the hybridoma 

cells were selected and tested for IgG production via ELISA. The IgG-producing hybridomas 

were frozen in the freezing medium (2.7.1) and stored at -80°C for future use.  

For the production of the humanized FnBPA mAbs, C57BL/6 mice were used which were 

provided by Prof. Dr. Hans-Martin Jäck (Friedrich-Alexander-University, Erlangen-Nürnberg). 

Two strains of humanized C57BL/6 mice were provided: HHKK (human: variable regions of 

the heavy chain and the kappa light chains; murine: lambda light chain of the variable region 

and constant regions) and HHKKLL (human: variable region of the heavy chain, variable region 

of the light chains; murine: constant regions). Immunization and downstream processes were 

performed as described before. This Ph.D. project aimed at the characterization of the 

antibodies produced by the hybridomas mentioned above. 

Subcloning of the hybridomas producing mAbs against the target proteins 

For obtaining a single clone producing the desired mAbs, subcloning of the hybridomas was 

performed by following a protocol established in our research group. Briefly, the IgG-

producing hybridoma cells were harvested, and the number of cells were counted by using a C-

Chip disposable hemocytometer (NanoEntek). Cells were diluted (1:10) in Trypan Blue dye 

(Dr. K. Hollborn & Söhne GmbH) to check their viability and to count them on the 

hemocytometer. The number of cells were then adjusted to 1×102 cells/ml with R20F medium 

(2.7.1). The resuspended hybridoma cells were inoculated into the first row of a 96-well 

microtiter plate (Thermo Fisher Scientific) and then serially diluted 1:2 in R20F medium to a 

final volume of 100 µl/well (12 wells per dilution). This serial dilution is performed in such a 

manner to ensure that, in the end, each diluted well contains only one cell. The plate was 
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incubated at 37°C for 4-5 days. Using a microscope (Olympus Microscope CKX31), those 

wells were identified where single hybridoma cells were starting to divide since those cells 

would be producing mAbs originating from one and the same cell. The hybridoma cells were 

fed twice a week (depending on cell divisions) with R20F medium, and the culture supernatant 

was collected when the R20F medium turned yellow (medium changes color as pH changes 

due to the metabolites released by the dividing cells). The collected hybridoma culture 

supernatants were subjected to a rapid primary screening process using ELISA to identify and 

select only those hybridomas that produce antibodies of appropriate antigen specificity. Once 

the hybridoma clones were selected, they were further kept in culture (initially in multi-well 

(96, 12, 6) plates and then in tissue culture flasks) to scale up the culture volume and to collect 

sufficient supernatant for subsequent investigations. The culture supernatants (Table 2) were 

stored at -20°C until further use. 

Purification of monoclonal antibodies 

For the purification of murine mAbs from the culture supernatants, Protein-G-Sepharose resin 

(GE Healthcare, Munich) were used, which will bind the antibodies in the supernatants and 

allow their purification. To prepare a Protein G-Sepharose column, a clean glass Econo-

Column® was rinsed with 20 ml of 20% (v/v) ethanol, and then the column was sealed at the 

bottom and filled with 1.5 ml of Protein-G-Sepharose resin (GE Healthcare. Munich). After 

1 h, the resin were rinsed first with 2 ml of 20% (v/v) ethanol and then with 10 ml of washing 

buffer (2.7.2). Now the Econo-Column® with the Protein-G-Sepharose resin is ready to be 

used. 

In parallel, the supernatant, collected from the antibody-producing hybridoma cells, was 

centrifuged (21,000 rpm, 20 min, 4°C) to remove the living cells and dead cell debris, and the 

supernatant was sterilized by membrane filtration. Afterwards, about 100 ml of the antibody-

containing solution was pumped (Heidolph Pumpdrive 5001) through the Econo-Column® 

with the Protein-G-Sepharose resin at a rate of 1 ml/min.  The slow flow rate allows the binding 

of antibodies to the sepharose resin. Unbound components were washed with 20 ml of washing 

buffer. To ensure that all unbound proteins from the supernatants were washed out, a few drops 

of the flow-through were collected. Aliquots of 10 μl of the washing fractions were mixed with 

40 μl of Roti®-Quant solution to perform a Bradford assay and quantify protein concentration. 

The presence of proteins turns the color of the Coomassie Brilliant Blue Dye-G250 in the 

Roti®-Quant solution from reddish-purple to blue. The change in color is proportional to the 
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protein concentration. After thorough washing, the elution of the bound antibodies was carried 

out with 10 ml of elution buffer (2.7.2). The eluate was collected in 1 ml fractions first, and 

later the eluate fractions were pooled together. Afterwards, the antibody-containing eluate was 

transferred into a dialysis membrane (14 kDa) for re-buffering and left for dialysis overnight in 

1× PBS. To determine the final concentration of the purified mAbs, the absorbance/extinction 

of the final antibody solution was measured on the DS-11 spectrophotometer from DeNovix 

(IgG: extinction coefficient E1% = 14; A280; 1g/100ml). A SpeedVac concentrator was used 

to concentrate the mAbs for the neutralization assay, to be able to use them in a high molar ratio 

without exceeding the total reaction volume. The yield of purified antibodies from the different 

hybridomas of SplB, ClfA, and FnBPA is listed in Table 2. 

Table 2. Yield of purified mAbs from the collected supernatants of each hybridoma

Target protein Hybridoma designation Volume of supernatant 
collected [ml] 

Yield of purified mAb 
[mg] 

SplB G8 3,000 48 

H7 3,000 54 

H9 3,000 49 

ClfA 001 500 10 

002 500 19 

003 500 14.8 

004 500 10 

005 500 16.5 

006 500 12 

FnBPA D4 400 15.7 

E9 400 5.3 

Isotyping of the purified monoclonal antibodies 

Antibody isotyping is an essential step in the characterization of mAbs, because the isotype 

strongly influences the induced biological effector functions of the antibodies. For this reason, 

MILLIPLEX MAP (Mouse Immunoglobulin Isotyping Magnetic Bead Panel, Merck), which 

can be used to accurately measure mouse IgG subclasses (1, 2a, 2b, and 3), IgM and IgA, was 

used to identify the isotype of the purified mAbs. In principle, there are beads with different 

fluorescent dyes and capture antibodies, which will bind to their respective heavy chains (HC) 

of the sample mAb depending on its isotype. After the mAb is captured by the bead, a 

biotinylated detection antibody is introduced, which will bind to the light chain (LC) of the 

mAb. The reaction mixture is then incubated with a Streptavidin-PE conjugate, a reporter 

molecule, to complete the reaction on the surface of each bead. 
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For isotyping, the MILLIPLEX MAP kit was used according to the manufacturer’s guidelines. 

Shortly, the microtiter plates were prepared by incubating the plates with 100 μl assay buffer 

(provided by the manufacturer) and left shaking in the dark for 10 min, after which the assay 

buffer was discarded. Then the bead solution was vortexed for 30 sec, sonicated for 15 sec, and 

then 18.75 μl were added to each well. To allow the binding of mAbs to the capture antibodies 

on the beads, the purified mAbs were diluted 1:5 in the assay buffer, and 50 μl of diluted mAbs 

were added to each well containing the beads and incubated at RT in the dark for 15 min on a 

shaker at 150 rpm. For removing the solution from each well, the plate was placed on a 

magnetic 96-well separator for 3 min allowing the beads to settle down, and the solution was 

discarded. Then the beads were washed 2× with 100 μL washing buffer (provided by the 

manufacturer), and the buffer was discarded, as explained above. Next, 18.75 μL of the 

biotinylated detection antibody, anti-mouse kappa LC-PE (κ-LC-PE), were added, and the plate 

was incubated on a shaker at 150 rpm in the dark for 15 min, allowing its binding to the LC of 

the mAb if the mAB has a kappa (κ) chain. Finally, the plates were washed as described above, 

and the beads were resuspended in 100 μL of sheath fluid, after which the fluorescent reporter 

signal was measured using BioPlex® 200 instrument (measurement settings: bead type: 

MagPlex®-C Microspheres; beads: 50 per bead region; sample timeout: 60 sec; sample volume: 

100 μl; bead numbers: 21 (IgG1), 36 (IgG2a), 51 (IgG2b), 54 (IgG3)). The data was recorded 

and retrieved by using Bio Plex® Manager 5.0 software. In case no signal was detected with 

the κ-LC-PE antibody, the above procedure was repeated with a λ-LC-PE antibody to check for 

a lambda (λ) LC.  

Sequencing of the variable regions of the heavy and light chain of the purified 

mAbs 

To sequence the variable regions of the heavy and light chains of the generated mAbs, the 

ribonucleic acid (RNA) was isolated from the respective hybridomas and then reverse-

transcribed into complementary DNA (cDNA). Then, a polymerase chain reaction (PCR) was 

performed to amplify the desired DNA sequence. The protocol used for the above-mentioned 

step was established in our research laboratory by using in-house techniques as well as by 

consulting literature [195, 196]. 

RNA isolation from the hybridomas 

For isolating RNA from the hybridomas, the RNeasy Kit from QIAGEN was used according to 

the manufacturer’s instructions. Shortly, a total of 1×106 cells were pelleted (2,000 rpm; 4 min), 
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mixed with 350 μL RLT buffer (provided by the manufacturer), and vortexed. The RLT buffer 

facilitates cell lysis while inactivating RNases, to ensure the purification of intact RNA. The 

cell mixture was then centrifuged at maximum speed (13,000 rpm; 3 min) to pellet down the 

cell debris. The RNA-containing supernatant was transferred to a new reaction tube. Then 

350 μl of 70% (v/v) ethanol was added and mixed to precipitate the RNA. The RNA-containing 

supernatant with ethanol (700 μl) was immediately pipetted into the RNeasy mini kit column 

from Qiagen (collection tube with the membrane), centrifuged (15 sec at 9,000 rpm), and the 

flow-through was discarded. RNA binds to the membrane of the RNeasy mini spin column. To 

remove any contaminants, the membrane in the spin column was washed with RW1 buffer 

(700 μl) and then twice with RPE buffer (500 μl), with a centrifugation step (15 sec at 

9,000 rpm) following each washing step, and the flow-through was discarded. For completely 

drying the spin column, it was centrifuged again (1 min at 9,000 rpm), and the remaining flow-

through was discarded. To elute the RNA, the spin column was then placed in a new 1.5 ml 

RNase-free reaction tube, and 40 μl RNase-free water was pipetted onto the column and 

centrifuged. Finally, the RNA concentration was measured using a DS-11 spectrophotometer 

from DeNovix at the wavelengths of 230, 260, and 280 nm. 

Complementary DNA (cDNA) synthesis 

For amplification and analysis of the variable regions of the gene segments encoding the B-cell 

receptor (BCR), the isolated RNA was first reverse transcribed into cDNA. This was done using 

a viral reverse transcriptase (Rt), as well as oligo-dT primers, which bind to the poly-A tail of 

the mRNA and serve as the starting sequence for the process of reverse transcription. 

For performing the cDNA synthesis, the Oligo-dT mix (Table 3) was prepared. Then, 3.5 μl 

oligo-dT Mix and 5 μl isolated RNA (between 10 pg to 5 μg) were added to each PCR reaction 

tube. Afterwards, the samples were hybridized for 5 min at 65°C by using a thermocycler 

(Thermocycler T1, Biometra) which allowed the binding of the oligo-dT to the poly-A tail of 

mRNA, and the samples were taken out of the thermocycler after the first hybridization step. 

For the synthesis of cDNA by using dNTPs and the Superscript™ IV first-strand synthesis 

system, 7 μl Rt mix (Table 4) were added to each sample from the first hybridization step and 

was returned to the thermocycler (50°C for 20 min, 80°C for 10 min, 4°C for 10 min). RNasin® 

plus (a ribonuclease inhibitor) was added to both oligo-dT and Rt mixes to inhibit RNAse 

activity and maintain RNA integrity. Finally, the cDNA samples were stored in the refrigerator 

at 4°C for one day or were frozen at -20°C for more extended storage. 
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Table 3. Composition of the oligo-dT mix 

Component Volume/ sample [μl] 

PCR water 2.8 

Oligo-dT primer 0.05 

Igepal CA-630 (10% v/v) 0.5 

RNasin® plus (40 U/μl) 0.15 

Total 3.5 

Table 4. Composition of the Rt mix

Rt mix Amount used/ sample [μl] 

PCR water 2.05 

5× Rt buffer 3 

DTT (100mM) 1 

dNTP 0.5 

RNasin® plus (40 U/μl) 3.5 

SuperScriptTM IV 0.25 

Total 10.3 

Polymerase chain reaction (PCR) used to amplify the cDNA 

After cDNA preparation, PCR was used to amplify the DNA. The main steps of PCR consist 

of denaturation, annealing, and elongation. During denaturation, the double-stranded (ds) DNA 

is converted into two single strands by heating the DNA. During annealing, the forward and 

reverse primers attach to the single strands of DNA. Lastly, elongation begins after the primers 

have attached, leading to the synthesis of ds DNA using the polymerase enzyme. The primers 

used for the PCR amplification of the cDNA are listed in Table 5. 

For the amplification of the cDNA of BCR, a master mix was prepared (Table 6) by using the 

Accuprime Taq DNA Polymerase System kit, primers, and the cDNA. Afterwards, 45 μl of the 

master mix and 5 μl of the cDNA sample were mixed into each PCR reaction tube, and the 

samples were placed in the thermocycler (Thermocycler T1, Biometra) for the amplification 

reaction. The settings of the thermocycler used for amplification are mentioned in Table 7. 

Finally, the amplified cDNA samples were stored in the refrigerator at 4°C, or at -20°C for 

extended storage. 
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Table 5. List of primers used for the amplification of the variable region of the heavy and light chains of B-cell receptor (BCR) 

Area 
amplified 

Number Name Specifics Sequence 

Forward primer in the variable region 
Heavy 
chain 

O839 VH deg mouse and human universal VH degenerate 
primer, FR1 

AGGTSMARCTGCAGSAGTCWGG 

msVHE mouse and human universal VH degenerate 
primer, FR1 

GGGAATTCGAGGTGCAGCTGCAGGAGTCTGG

Light chain p647 mouse VK deg 2 universal primer for mouse Vκ amplification, 
FR1 

GACATTCTGATGACCCAGTCT 

p648 mouse VK deg 1 universal primer for mouse Vλ amplification, 
FR1 

CAGGCTGTTGTGACTCAGGAATCT 

Reverse primer in the constant region 
Heavy 
chain 

p348 IgM-inner-as beginning of mouse constant region µ GAAGACATTTGGGAAGGACTGACT 

p350 IgG1-inner-as beginning of mouse constant region γ1 ATGGAGTTAGTTTGGGCAGCAGAT 
p354 IgG2b-inner-as beginning of mouse constant region γ2b AGGAACCAGTTGTATCTCCACACC 
p616 IgG2c-inner-as beginning of mouse constant region γ2c GAGCCAGTTGTACCTCCACACAC 
p614 IgG3-inner-as beginning of mouse constant region γ3 AGGGACCAAGGGATAGACAGATG 

IgG1 reverse beginning of mouse constant region γ1 GATCCAGGGGCCAGTGGATAG 
IgG2b reverse beginning of mouse constant region γ2b CACCCAGGGGCCAGTGGATAG 
IgG2a beginning of mouse constant region γ2a CACGCAGGGGCC AGTGGATAG 
IgG2c inner beginning of mouse constant region γ2c GCTCAGGGAAATAACCCTTGAC 
IgG3 inner GCTCAGGGAAGTAGCCTTTGAC 

Light chain p355 Kappa-outer beginning of mouse constant region κ CTCCAGATGTTAACTGCTCATGG 
p357 mlC1-outer beginning of mouse constant region λ1 ATCTACCTTCCAGTCCACTGTCAC 
p358 mlC23-outer beginning of mouse constant region λ2, 3 ATTTGCCTTCCAGGCCACTGTCAC 

Abbreviations: Gamma, γ; Kappa, κ, Lambda, λ
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Table 6. Composition of the PCR master mix

Component Amount used / sample [μl] 

Accu PCR buffer 1 5 

Forward primer 1 (for each primer) 

Reverse primer 1 (for each primer) 

Accu-Taq polymerase 1 

PCR water ad 45 

Total 45 

Table 7. Thermocycler settings

Cycle Temperature [°C] Time 

Activation 95 5 min 

Denaturation* 95 20 sec 

Annealing* 56 30 sec 

Elongation* 68 60 sec 

Final elongation 68 10 min 

Cooling 4 ∞ 

* steps repeated during 35 cycles of PCR 

PCR product purification for sequencing 

For the purification of the PCR product, agarose gel electrophoresis was performed to separate 

the DNA product on a gel (2.7.3). 30 μl of the PCR product were loaded on an agarose gel 

(1.5%) and ran in a Mini Sub DNA cell (Bio-Rad) at 100 V for 1 h. Image of the gel was taken 

by using GenoPlex (VWR). Next, the DNA was visualized by using UV-transilluminator 

(Fluo–Link). The DNA fragments of the size corresponding to the light and heavy chains 

(400 bp) were cut out and purified from the gel by using NucleoSpin™ Gel and PCR clean kit 

according to the manufacturer’s manual. Shortly, the 100 mg agarose gel cut-out was mixed 

with 200 μl binding buffer NT1 (provided by the manufacturer) and was heated at 50°C for 10-

15 min to melt and dissolve the gel. The mixture was transferred to a NucleoSpin Gel and PCR 

clean-up column and centrifuged (30 sec at 11,000 × g), allowing the DNA to bind to the silica 

membrane of the NucleoSpin Gel. Contaminations were removed by washing the gel twice with 

700 μl ethanolic wash buffer NT3 (30 sec at 11,000 × g) (provided by the manufacturer). 

Afterwards, the pure DNA, bound to the silica membrane, was eluted under a low salt condition 

with 30 μl elution buffer (1 min at 11,000 × g) (provided by the manufacturer). Finally, the 

DNA concentration was measured using DS-11 spectrophotometer, and 15 μl (5 ng/μl) of the 

DNA sample and 2 μl (10 pmol/μl) of primer were added to the Mix2seq kit and sent to Eurofins 

for sequencing. 
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To analyze the DNA sequence, ChromasPro 2.1 was used. Comparison to the germline 

sequence as well as identification of different regions of the antibody and mutations were 

detected by using IgBlast and ImMunoGeneTics (2.4). Moreover, the comparison of DNA 

sequences amongst the clones was analyzed by using MultAlin. Finally, the SnapGene viewer 

was used to generate figures showing the DNA and amino acid sequences, as well as the 

different regions of the antibody (Figure 9). 

ELISA used to analyze the binding of mAbs to the target proteins  

The supernatants from the antibody-producing hybridomas as well as purified antibodies were 

tested for their ability to bind to the respective target proteins (SplB, ClfA, and FnBPA) by 

using an ELISA. High-binding 96-well microtiter plates (Nunc-Immuno plate, Maxisorp, 

ThermoFisher Scientific) were coated with 2 µg/ml of target protein (SplB, ClfA, or FnBPA) 

in 1× PBS, pH 7.4, and incubated overnight at 4°C. Eighteen hours later, the plates were washed 

and blocked with a 1% (w/v) bovine serum albumin (BSA) solution for 1 h (2.7.4). Purified 

anti-SplB, anti-ClfA, and anti-FnBPA mAbs were 10-fold serially diluted in 1× PBS–

0.05 tween (w/v) 20–1% (w/v) BSA. Plates were incubated with the supernatants (undiluted) 

or purified mAbs (serially diluted) for 1 h at RT, allowing the antibodies to bind to their target 

proteins. Then the plates were washed 3× with wash buffer to remove the unbound mAbs and 

incubated with the POD-conjugated detection antibody (Goat–anti–mouse–IgG–POD, 

Southern Biotech) (1:30,000) in 1× PBS–0.05% (v/v) Tween 20–1% (w/v) BSA. Following 

incubation for 1 h at RT, plates were washed to remove the unbound detection antibodies, and 

the substrate (BD OptEIA) was added. Plates were incubated for 10 min at RT, to ensure that 

the peroxidase activated the substrate. Finally, the reaction was stopped by the addition of 

H2SO4 (2N) solution. The absorbance was read at 450 nm with a TECAN Infinite M200 

instrument, and values were retrieved by using i–Control 1.10 software. 

Analysis of the binding affinity of mAbs to their target using Microscale 

thermophoresis (MST) 

To assess the binding affinity of anti-SplB mAb to SplB, SplB was labeled using the Protein 

Labeling Kit RED-NHS 2nd Generation (Amine Reactive) (NanoTemper Technologies) by 

following the methods explained before with certain modifications [197].  Briefly, 2 μM SplB 

(in 100 μl volume) was mixed with RED-NHS dye (molar dye: protein ratio ≈ 3:1) and 

incubated at RT for 30 min in the dark. The dye carries a reactive NHS-ester group that binds 

with lysine residues in the target protein. Excessive dye was removed using the supplied dye 
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removal column, which was previously equilibrated with MST buffer (2.7.7). The degree of 

labeling was determined using UV/VIS spectrophotometry at 650 nm and 280 nm. Typically, a 

degree of labeling (DOL) of 0.8 was achieved. The degree of labeling shows the number of dye 

molecules bound to the target protein, and labeling between 0.5 and 1.0 is considered optimum. 

DOL of 1.0 means that 1 dye is bound to 1 target protein (dye:protein, 1:1), while above 1.0 

suggests that more than 1 dye is attached to the target protein, which is not recommended. The 

labeled SplB protein was adjusted to 120 nM with MST buffer supplemented with 

0.05% (w/v) Tween-20. Anti-SplB mAb G8, as a ligand, was dissolved in MST buffer 

supplemented with 0.05% (w/v) Tween-20, and a series of 16 dilutions (2-fold) were prepared 

using the same buffer, producing ligand concentrations ranging from 0.000244 μM to 7.32 µM. 

For the measurement, each ligand dilution was mixed with one volume of labeled SplB (25 μl 

+ 25 μl), which led to a final concentration of 60 nM SplB and final anti-SplB mAb G8 

concentrations ranging from 0.000122 µM to 3.66 µM. Samples were loaded into Monolith 

NT.115 Standard Capillaries (NanoTemper Technologies). MST was measured using a 

Monolith NT.115 instrument (NanoTemper Technologies) at an ambient temperature of 25°C. 

Instrument parameters were adjusted to 80% LED power and medium MST power, and the data 

was generated by using MO Control software 1.6. Data of three independently pipetted 

experiments performed on the same day were analyzed (MO Affinity Analysis software, 

NanoTemper Technologies) using the signal from an MST at a time of 15 sec. The software 

measures the normalized fluorescence (Fnorm (‰)), which is calculated by using the equation 

described before [198].  

Fnorm = (1 − FB) Fnorm,unbound + (FB) Fnorm,bound)

FB: fraction bound 

Fnorm, unbound: normalized fluorescence of the unbound state 

Fnorm, bound: normalized fluorescence of the bound state 

Visualization of mAbs binding to native and denatured proteins by using dot 

blot 

Dot blot was performed to demonstrate and visualize the binding of antibodies to native and/or 

denatured proteins. 1 μg of the recombinant protein (SplB, ClfA, or FnBPA) was pipetted onto 

a polyvinylidene fluoride (PVDF) membrane (Immobilon-P PVDF Membrane, Merck) and left 

for a few seconds to dry. The membrane was incubated in amido black dye (2.7.9) for 10 min 

to stain the proteins, and images were taken by using a Canon CanoScan LiDE 110 scanner. 
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Later, the membrane was washed for 5 min with Tris Buffered Saline with 0.05% (w/v) Tween-

20 (TBST) to decolorize it and then incubated for 60 min at RT in a blocking buffer to block 

the free binding sites and avoid non-specific binding of the mAbs in the subsequent step (2.7.9). 

The membrane was then incubated for 1 h at RT (or overnight at 4°C) on a shaker with antigen-

specific mAbs (1:10,000 in blocking buffer), facilitating its binding to the target protein. After 

incubation, the membrane was washed three times for 10 min with a washing buffer to remove 

the unbound mAbs, and incubated with the peroxidase (POD)-conjugated detection antibody 

(Goat–anti–mouse–IgG–POD, Southern Biotech) (1:100,000 in blocking buffer) for 1 h at RT. 

The membrane was then rewashed with washing buffer for 10 min (3×), to remove the unbound 

detection antibodies, and finally, chemiluminescent western blotting substrate was added (3 ml 

of luminol reagent A and peroxide reagent (1:1) (Supersignal™ West Femto Maximum, 

ThermoFisher Scientific)) for 3 min. The signal strength of the reaction was detected on the 

chemiluminescence measuring device (ChemoCam Imager, Intas Science) with an exposure 

time of 15-30 sec. Signal intensities of bands were quantified by using ImageJ 1.52a. 

Separation of extracellular proteins and target proteins on SDS-PAGE 

Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) is an analytical 

technique to separate proteins according to their molecular mass. Shortly, SDS-PAGE gel was 

prepared by first preparing the separation gel, and after polymerization, the stacking gel was 

added on top and left for 30 min till the stacking gel was also completely polymerized (2.7.8.). 

After preparing the gel, 10 µg/ml of ECP were mixed with 5× Gel Loading Buffer (Sigma), 

which contains SDS and denatures and linearizes the proteins, conveying them with a negative 

charge. Similarly, 1 µg/ml of the protein candidate (SplB, ClfA, or FnBPA) were also mixed 

with 5× Gel Loading Buffer (Sigma). The samples were heat-denatured at 95°C for 10 min. A 

total of 10 µl sample was loaded in each lane, and the gel was run at 100 volts (V) for 120 min 

using Mini-PROTEAN Tetra (Bio-Rad). For visualizing the proteins, the gel was stained 

overnight with Coomassie Brilliant Blue G250 with shaking at RT, and the next day it was 

washed for 10 min (3×) with water to remove the extra unbound stain and finally, images were 

taken by using a Canon CanoScan LiDE 110 scanner. 

Western blot used to analyze the binding specificity of mAbs  

Western blot was employed to analyze if the generated mAbs bind specifically to the target 

proteins and do not cross-react with other ECPs of S. aureus. For western blot, SDS-PAGE was 

run the same way and with the same protein concentration as explained before (3.2.8). The 
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proteins were then transferred to a PVDF membrane (Immobilon-P PVDF Membrane, Merck) 

by using a Semi-Dry Transfer Unit (Hoefer) (80 milliamperes (mA)/gel, 100 min). The 

membrane was stained with Amido black dye for 10 min to visualize the proteins, and images 

were taken via a Canon CanoScan LiDE 110 scanner. Afterwards, the membrane was washed 

for 5 min with TBST to decolorize it and then incubated for 60 min at RT in a blocking buffer 

(2.7.9). Blocking will prevent the non-specific binding of primary antibodies (mAbs) to the 

membrane. Next, the membrane was incubated with antigen-specific mAbs (1:10,000 in 

blocking buffer) for 1 h at RT (or overnight at 4°C) on a shaker. After incubation, the membrane 

was washed for 10 min (3×) with a washing buffer to remove the excess and unbound mAbs. 

The membrane was then incubated with the POD-conjugated detection antibody (Goat–anti–

mouse–IgG–POD, Southern Biotech) (1:100,000 in blocking buffer) for 1 hr at RT, which will 

bind to the mAbs. The membrane was rewashed with washing buffer for 10 min (3×) to remove 

the unbound antibodies, chemiluminescent western blotting substrate (luminol reagent A and 

peroxide reagent (1:1) (Supersignal™ West Femto Maximum, ThermoFisher Scientific)) was 

added for 3 min, and reaction signal was detected as explained in 3.2.7. 

ELISA-based inhibition assay (ClfA) 

An inhibition assay was performed to test the ability of the anti-ClfA mAbs to inhibit the 

binding of ClfA to human fibrinogen (Fg) as described before but with certain modifications 

[183]. For performing the assay, high-binding 96-well microtiter plates (Nunc-Immuno plate, 

Maxisorp, ThermoFisher Scientific) were coated with ClfA (2 µg/ml in 1× PBS, pH 7.4) 

overnight at 4°C. Eighteen hours later, the plates were washed to remove the unbound ClfA and 

blocked with a 1% BSA solution for 1 h (2.7.4). Next, purified anti-ClfA mAbs were diluted in 

1× PBS–0.05% (w/v) Tween-20–1% (w/v) BSA ranging from 0.01 to 1000 μg/ml. Plates were 

incubated with purified mAb for 1 h at RT with shaking at 150 rpm to allow the blocking of 

Fg-binding sites of ClfA by the mAbs. To allow the binding of Fg to ClfA, 20 µg/ml Fg was 

added, and the plates were incubated for 2 h at 37°C with shaking. Afterwards, the plates were 

washing 3× to remove the unbound Fg. A 1:4,000 dilution of the detection antibody (anti-

fibrinogen antibody (HRP)) in 1× PBS–0.05% Tween (w/v) 20–1% (w/v) BSA) was then 

added to the plate and incubated for 1 h at RT with shaking. Following incubation, plates were 

washed 3×, and the 3,3',5,5' tetramethylbenzidine (TMB) substrate (BD OptEIA, BD 

Biosciences) was added. In the presence of peroxide-labeled conjugates, the solution develops 

a vivid blue color. After incubating the plates for 10 min at RT, the reaction was stopped by the 

addition of H2SO4 (2N) solution, which will change the color from blue to yellow. Finally, the 
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absorbance was read at 450 nm with a TECAN Infinite M200 instrument and i–Control 1.10 

software. 

ELISA-based inhibition assay (FnBPA) 

A similar inhibition assay, as explained above (3.2.10), was carried out to test the ability of 

anti-FnBPA mAbs to inhibit the binding of Fg and human fibronectin (Fn). As FnBPA has 

different binding sites to interact with Fg and Fn [87], both the binding protein partners were 

tested in the inhibition assay. Anti-FnBPA mAbs were used in the range of 1 to 1000 μg/ml, 

and the rest of the steps were followed as mentioned in 3.2.10. 

SplB-specific substrate cleavage assay  

To test if the anti-SplB mAb G8 neutralizes the enzymatic activity of SplB, a substrate-specific 

neutralization assay was performed. The substrate peptidyl-AMC substrate, Ac-VEID-AMC 

(Peptanova), was used, which has a cleavage site for SplB [199]. This substrate is covalently 

linked to an α-(4-methyl-coumaryl-7-amide (MCA)). Upon proteolytic cleavage, MCA is 

converted into the fluorescent amino-methyl-cumarin (AMC), which can be quantified in a 

fluorescence reader. Recombinantly produced and purified SplB (0.5 μg) was incubated with 

different molar ratios (1:1, 1:2, and 1:5) of anti-SplB mAb at 37°C for 1 h. Anti-SplB mAb will 

bind to the target protein and inhibit the enzymatic activity in a concentration-dependent 

manner. Native-SplB served as a positive control, while heat-inactivated SplB (90°C for 

30 min) was used as a negative control. For preparing the working solution of the substrate 

(5 mg/ml stock), 5.5 μl of the substrate was taken, and it was diluted with 1× PBS, and the final 

volume was raised to 2 ml to reach the final concentration of 13.75 μg/ml. 10 μl of the SplB in 

one well and SplB + anti-SplB mAb mix in another well were taken, and 90 μl of the diluted 

substrate were added, allowing SplB to cleave the substrate (2.7.6). After the addition of the 

substrate, AMC generation was quantified over 75 min on a TECAN Infinite M200 (excitation= 

360 nm, emission= 460 nm). 

Intravital microscopy of cremaster muscles to test anti-SplB mAb neutralizing 

capacity 

For testing the neutralizing capacity of anti-SplB mAbs in vivo, a mouse cremaster muscle 

microvascular leakage model was used. The surgical preparation of the mouse cremaster muscle 

was executed as described before [200]. Briefly, 6-8 weeks old male C57BL/6 WT mice were 

sedated with ketamine/xylazine (100 mg/kg ketamine and 10 mg/kg xylazine; intraperitoneal 
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(i.p) injection). The left femoral artery was then cannulated in a retrograde manner using a 

polyethylene-10 catheter (inner diameter 0.28 mm, Portex) to ease the administration of SplB 

± anti-SplB mAb. Afterwards, through a ventral incision of the scrotum, the right cremaster 

muscle was uncovered. The muscle was exposed ventrally in a fairly avascular zone, and then 

it was spread over the glass (see-through) pedestal of a custom-made microscopy stage. Next, 

the epididymis and testicle were separated from the cremaster muscle and placed in the 

abdominal cavity. The muscle was super-fused with buffered saline (at 37°C) throughout the 

procedure to maintain the metabolic and physiological activity. After intrascrotal stimulation 

with 10 μg SpIB, leakage of intravenously applied FITC-dextran (Sigma-Aldrich) to the 

perivascular adipose tissue was analyzed in the mice. In similar experiments, mice also received 

mAbs directed against SpIB before SplB administration to observe if the mAb could neutralize 

the effect of SplB. Each animal experiment that was carried out complied with the German 

animal protection laws and was approved by the local animal protection authority (AZ ROB-

55.2Vet-2532.Vet_02-17-68; Regierung von Oberbayern, Munich, Germany). The signal was 

quantified using fluorescence microscopy (excitation 488 nm and emission >515 nm), and the 

images were recorded by a CCD camera (Sensicam, PCO, Kelheim, Germany). Mean 

Fluorescence Intensity (MFI) values in six randomly selected regions of interest (ROIs, 50×50 

μm2) localized ∼50 μm apart from the postcapillary venule under observation were measured 

by using the Image J software. Data were calculated as the mean MFI ± SD of 4-5 animals per 

group. A t-test was utilized to determine the statistical significance (*p <0.05 SplB vs. 

SplB+anti-SplB mAb). 
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4. Results 

Pathogen-specific antibody response in infective endocarditis 

Greifswald Infective Endocarditis Study (GIES) 

Infective endocarditis is a life-threatening condition that, despite advances in cardiac imaging, 

is difficult to diagnose. Diagnosis of IE can be delayed for up to 35 days due to inadequate 

diagnosis methods leading to clinical complications [50]. Blood cultures (BC) are standard tests 

for diagnosing IE, but the rate of positive cultures drops if the patient is undergoing antibiotics 

treatment [2, 22]. Our research group has recently established xMAP® (Luminex®) 

technology-based serological assay that simultaneously quantifies the antibody response 

against 30 pathogens. Within Card-ii-Omics, we conducted a prospective clinical trial on IE 

patients to analyze if a pathogen-specific antibody response can be determined in IE patients 

and if it complements the classical blood culture (BC) diagnosis.  

The Greifswald Infective Endocarditis Study (GIES) is a pilot study conducted by the Clinic 

for Internal Medicine B at the University Medicine Greifswald between 07/2018 and 05/2019. 

GIES aimed at identifying biomarkers for IE using plasma proteomics (Department of 

Functional Genomics, Greifswald) and real-time deformability cytometry (ZIK HIKE, 

Greifswald) as well as identifying the causative agent(s) by antibody profiling (Institute of 

Immunology, Greifswald). GIES comprised 17 IE patients and 20 controls, i.e., patients with 

non-infectious heart-related conditions (Figure 3). The type of IE was confirmed by ultrasound. 

Furthermore, the BC isolates were stored for later analyses. On day 0, ~25 ml EDTA blood was 

obtained for PBMC and plasma isolation. PBMCs were stored for later analysis of the pathogen-

specific B cell response while plasma samples were used in this study. From 7 patients, another 

biosample (check-up) was obtained during a control visit in the hospital (between d14 to 200 

after diagnosis). In addition, back-up and follow-up plasma samples from eight patients, 

collected between d-7 to -1 before IE diagnosis and d1-d21 after diagnosis, respectively, were 

provided by the Institute of Clinical Chemistry and Laboratory Medicine (IKCL). The 

important point to note here is that the back-up and follow-up samples from patients collected 

at IKCL were for routine analysis and were stored at 4°C for nearly a week before they were 

handed over to us and stored at -80°C. On the other hand, the check-up samples were collected 

from patients who visited the hospital for a control visit, and fresh plasma and cells were 

obtained from their blood, which were immediately stored at -80°C. The logistics and 

documentation of the samples were coordinated by Dr. Silva Holtfreter and Jawad Iqbal. The 
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complex sample processing and storage (collection and storage of immune cells and plasma 

from whole blood) was performed by Mr. Iqbal. Information about the number of back-up, 

follow-up, and check-up samples is provided in Table 8.  

Figure 3. A graphical representation of the timeline at which clinical samples were collected in GIES. Greifswald 
Infective Endocarditis Study (GIES) comprised of 17 patients and 20 control (patients with non-infectious heart-related 
conditions). Biological samples were collected from patients at different time points. Blood was collected at day 0 (d0) to 
isolate PBMCs and EDTA plasma. Plasma of back-up and follow-up samples (*) were provided by the Institute of Clinical 
Chemistry and Laboratory Medicine, which were collected between d-7 to -1 and d1 to 21, respectively. Back-up and follow-
up samples were stored at 4°C for nearly a week before they were handed over to the Institute of Immunology and stored at -
80°C. Check-up samples were collected during a control visit to the hospital (between d14 to 200 after diagnosis). Fresh PBMCs 
and plasma were obtained, and the samples were immediately stored at -80°C 

The control cohort comprised continuously recruited patients in the Clinic for Internal Medicine 

B with non-infectious heart-related diseases, mostly atrial fibrillation (N=11), but also 

thrombosis (N=2), and others (Table 8). The IE study cohort comprised of controls and patients 

of mean age 61.6 (± 12.4) and 69.9 (± 8.9), respectively, and the difference was statistically 

significant. The number of males was higher than females in both the control cohort (65% and 

35%) and in the IE cohort (70.6% and 29.4%). Further information about the health status of 

the patients, infection status, medication, and biomarkers is provided in Table 8 and Table 9.  

Pathogens were isolated from the blood culture (BC) (n=13), wound swabs (decubitus, n=2), 

urine (n=3), and tracheal secretions (n=1). In our data analysis, we clearly distinguished the 

pathogens isolated from the BC and other colonization/infection sites. A list of pathogens 

isolated from the BC and other colonization/infection sites is provided in Table 8.
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Table 8. Patient characteristics in GIES (age, sex, clinical diagnosis, microbiological findings, antibiotics, and immunosuppressive drugs). 

Patient 
ID 

Age Sex Check-up 
(days) 

Back-up and 
follow-up 
(days) 

CRP 
[mg/l] 
<5.0 

Main diagnosis Blood culture (BC) Other colonization/infection sites Antibiotics Immunosuppresive 
drugs* 

1-1 C 81 f 4.4 Secondary glaucoma  
2-1 C 48 m <3.1 CI due to cerebral artery thrombosis - 
3-1 C  65 f <3.1 A-Fib, persistent - 
4-1 C 40 m <3.1 CI due to thrombosis of precerebral arteries  - 

5-1 C 62 f 11.5 A-Fib, paroxysmal - 
6-1 C 35 m <3.1 Internal carotid artery syndrome (unilateral)  - 

7-1 C 57 m 4.9 Infections of the optic nerve - 
18-1 C 66 m 29.9 A-Fib, paroxysmal - 
20-1 C 84 f 3.7 PE - 
21-1 C 51 m <3.1 Ischemic optic nerve neuropathy (+) 

23-1 C 50 m 5.4 A-Fib, persistent - 
26-1 C 59 m 11.7 A-Fib, paroxysmal (+) 
27-1 C 61 m 8.5 A-Fib, persistent (+) 
28-1 C 69 m <3.1 Retinal artery occlusion - 
30-1 C 69 f 10.8 A-Fib, persistent (+) 
31-1 C 72 f <3.1 A-Fib, paroxysmal - 
32-1 C 69 f 18.3 A-Fib, persistent - 
33-1 C 78 m <3.1 A-Fib, persistent - 
39-1 C 58 m 12.0 Secondary right heart failure - 
41-1 C 59 m <3.1 A-Fib, persistent - 
8-1 P 57 m 100 41.4 Tube E with pocket infection S. epidermidis, S. aureus Nasal swab: S. aureus CLI  - 

9-1 P † 63 m 49 TVE with transit thrombus S. saccharolyticus Nasal swab: MRSA-PCR positive 
Rectal smear: K. pneumoniae, 

TZP, FLX, VAN (+) 

10-1 P 81 f 4.3 Tube E with TVE S. epidermidis FLX (+) 

11-1 P † 78 m 21.8 Tube E with tricuspid and AVE S. epidermidis From decubitus at Sacrum: K. pneumoniae, A. baumannii
complex, E. coli, S. epidermidis
Urine: E. coli, K. oxytoca

RIF/LZD + 

12-1 P 67 m 54 46.5 AVE after biological AV replacement VRE Enterococcus faecium RIF/LZD/GEN + 

13-1 P 69 f 110 TAVI-E S. epidermidis Urine: P. aeruginosa, S. aureus VAN/TAZ + 

14-1 P 54 m 193 59.2 AVE / Dressler syndrome sterile AMP/FLX/GEN + 
16-1 P 75 f 94 146 TVE acute infection S. aureus FLX  + 

17-1 P 75 m 16 55.0 Tube E sterile CIP, GEN, VAN  - 

24-1 P 72 m 63 d-3, d-1, d30 71.0 MVE S. capitis FLX/TAZ + 
25-1 P † 81 f d-7, d-5 81.2 AVE S. gallolyticus From decubitus at Sacrum: E. faecium, C. amycolatum, C. xerosis TAZ + 
34-1 P 77 m d-4 31.4 Abscess around the prosthetic AVE sterile FLX/GEN/VAN - 
36-1 P 55 m d-6, d+11, d+21 157 AVE DD Lenta sterile Tracheal secretions: C. albicans, streptococci, bronchial 

secretions: Enterococcus species, S. dysgalactiae. Rectal swab: 
E. faecium

AMP/GEN/FLX - 

37-1 P 84 f d-3, d-2 143 AVE S. oralis/mitis Urine: E. cloacae complex Unacid - 
38-1 P † 65 m 14 d-4, d-5, d-6, d+13 61.5 MVE (MitraClip) S. aureus FLX,GEN/RIF + 
40-1 P 68 m d-5, d+9 38.8 AVE and MVE S. warneri GEN/FLX - 
42-1 P 68 m d-2 152 AVE and early E abscess E. faecalis  GEN/RIF/VAN + 

† deceased patients, Abbreviations: A-Fib, atrial fibrillation;  AMP, ampicillin; AVE, aortic valve endocarditis; CI, cerebral infarction; CIP, ciprofloxacin; CLI, clindamycin; C, control; E, endocarditis; f, female; FLX, flucloxacillin; GEN, gentamycin; LZD, linezolid; m, male; MVE, mitral valve 

endocarditis; P, patient; TZP, piperacillin/tazobactam; PE, pulmonary embolism; RIF, rifampicin; TAZ, tazobactam; TVE, tricuspid valve endocarditis; VAN, vancomycin; +, taking immunosuppressive drugs, e.g. (Desloratadin, Amitryptilin,  Buprenorphin, Ibuprofen, Ranitidin, Targin, Metamizol); 

-, not taking immunosuppressive drugs; (+), potential immunosuppressive drugs, e.g. (Clexane, Diclofenac, Noscapin)  
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Table 9. Cohort description of the  IE study Greifswald (GIES). 

*An unpaired t-test was used for the comparison between age, CRP, ALAT, ASAT, leukocytes, WBC, RBC, and heart 

frequency of controls and IE patients. p values for each parameter indicate the difference between the controls and IE patients, 

and *p <0.05 was considered statistically significant. For comparing sexes of control and IE patients, A two-sided Chi-square 

test was used, and p <0.05 was considered statistically significant. 

High level of C-reactive protein detected in IE patients 

In all GIES patients, several blood and serum parameters were assessed during routine 

diagnostics. C-reactive protein (CRP) was significantly elevated in the IE cohort as compared 

Control 
(n=20) 

IE patients 
(n=17) 

p - value 

Age (Years, mean ± SD) 
[Min.-Max.] 

61.6 ± 12.4 
[35-84] 

69.9 ± 8.9 
[54-84] 

0.0324*  

Sex (m/f, absolute No.(%)) 13/7 
(65%/35%) 

12/5 
(70.6%/29.4%) 

0.9139 n.s.  

Diabetes mellitus (absolute No. (%)) 1 (5%) 10 (59%) <0.0001*** 

Medication 

Heart

Beta blockers 12 (60%) 12 (71%) n.s. 

Loop diuretics / diuretics 5 (25%) 10 (59%) 0.0375* 

If-Inhibitors 1 (5%) 1 (6%) n.s. 

Angiotensin-converting enzyme (ACE)-
Inhibitors

2 (10%) 5 (29%) n.s. 

Aldosteron blockers 1 (5%) 2 (12%) n.s. 

Calcium channel blockers 3 (15%) 4 (24%) n.s. 

Angiotensin (AT)1-Receptor antagonists 5 (25%) 4 (24%) n.s. 

Statins 6 (30%) 10 (59%) n.s. 

Thrombosis prophylaxis 

Anticoagulants 10 (50%) 8 (47%) n.s. 

Acetylsalicylic acid 8 (40%) 3 (16%) n.s. 

Others

Glucocorticoids 1 (5%) 1 (6%) n.s. 

Opioids 0 4 (24%) 0.0212* 

Analgesics 1 (5%) 3 (16%) n.s. 

Antihistamines 1 (5%) 0 

Antidepressants 0 4 (24%) 0.0212* 

Antiepileptics 0 4 (24%) 0.0212* 

Biomarkers

CRP [mg/l] (mean ± SD) 7.25 ± 6.7 74.7 ± 48.7 <0.0001**** 

Alanine transaminase (ALAT) [µkatal/L] 0.60 ± 0.32 3.12 ± 9.4 0.2860 n.s. 

Aspartate transaminase (ASAT)[µkatal/L] 0.61 ± 0.27 3.62 ± 11.3 0.2867 n.s. 

Others

Leukocytes [Gpt/L] 7.8 ± 2.2 9.4 ± 4.6 

White blood cells × 109 (WBC) 5.99 ± 1.79 17.75 ± 32.4 0.0657 n.s. 

Red blood cells × 1012 (RBC) 4.2 ± 0.81 3.9 ± 1.47 0.5213 n.s. 

Heart frequency [bpm 70-90] 72.15 ± 18.4 81.2 ± 17.8 0.1457 n.s. 
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to the control group (74.7 vs. 7.25 mg/l, p <0.0001) (Figure 4). CRP is an acute-phase protein, 

and its serum concentration increases in response to tissue injury, infection, or inflammation 

[201]. Normal CRP levels in a healthy individual are between 0 and 8 mg/l, and >40 mg/l is 

associated with adverse outcomes [202]. All the IE patients were taking antibiotics at the time 

of collecting the samples (Table 8), which has been reported to reduce the CRP levels rapidly 

[203]. However, in this study, the CRP levels in IE patients were significantly higher than 

controls. 

Figure 4. High CRP levels in IE patients. CRP levels (mg/l) of 20 controls and 17 patients were measured for each control 
(C) and patients (P) at baseline (d0). The blank circles represent the controls, while the filled circles represent the patients. The 
IE patients with positive BC are represented by a red circle, while an orange circle represents patients from whom pathogens 
were isolated from swabs. Bars indicate the mean values for both controls and IE patients. Dashed lines indicate the CRP levels 
in a healthy state (between 0 and 8 mg/l) and the CRP level associated with adverse outcomes (>40 mg/l). Groups were 
compared with an unpaired t-test “****”, p < 0.0001. p <0.05 was considered statistically significant. 

Infection array - an xMAP®-based assay for antibody profiling of bacterial 

infections 

During the past 2 years, Dr. Dina Raafat from our Department has established an xMAP® 

(Luminex®) technology-based array, called the infection array, to simultaneously analyze the 

antibody response against numerous clinically relevant pathogens. Antigens from different 

pathogens are covalently coupled to magnetic particles (MagPlex® Beads) and incubated with 

diluted serum/plasma, similar to an ELISA. Later, the bound antibodies can then be detected 

with a PE-conjugated detection antibody and quantified using the fluorescence signal. 

****

<0.0001
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Initially, our group established a 20-plex to examine the antibody response against different 

pathogens in sepsis patients. It provided valuable insight into the immune response and showed 

that serological assays could provide important information about the infectious agent(s). These 

promising results prompted Dr. Raafat to establish a 33-plex array.  

The pathogens included in the 33-plex cover the main causative agents of several severe 

bacterial infections: IE, prosthetic joint infections (PJI), sepsis, and pneumonia [2, 204–206]. 

A comprehensive literature survey and clinical data from several studies facilitated shortlisting 

the pathogens. The selected 30 pathogens include 16 Gram-positive bacteria, 12 Gram-negative 

bacteria, one atypical bacterium, and a yeast (Table 1). Tetanus toxoid (TT) served as an internal 

control. Out of the 30 pathogens, 20 are common infectious agents in all 4 clinical conditions 

(Table 1). Although many pathogens can cause IE, the most common pathogens involved are 

S. aureus, S. epidermidis, and streptococci. For each species, one isolate was selected based on 

the following criteria: (i) it is a clinical isolate, (ii) it is a representative strain, (iii) the whole 

genome sequence is available, and (iv) it is commercially available. The established assay is a 

highly informative tool and is currently employed to unravel the pathogen-specific antibody 

response in various clinical studies with a focus on infectious diseases, including infective 

endocarditis (Card-ii-Omics), joint infections, pneumonia, and sepsis.  

IE patients show high antibody titers against pathogens detected in blood 

culture 

Using the infection array, we compared pathogen-specific serum IgG antibody profiles in 20 

controls and 17 IE patients at baseline (d0). Baseline (d0) is the day on which IE was diagnosed 

in the patients. The vaccine antigen TT served as a positive control. To ease data interpretation, 

pathogens were stratified on the basis of their natural habitat (gut, skin, nose, throat, and 

environment) and their status as Gram-positive or Gram-negative pathogen (Figure 5 a and b). 

As explained in section 3.1.3, for ease in communication, the term “pathogen” is used for all 

microbes in the entire thesis while explaining and discussing the results, although the microbes 

in the infection array also include commensals, opportunistic and true pathogens.  

The antibody response at d0 provided interesting information. First, antibodies were detected 

against a broad range of pathogens in controls and IE patients, and the level of antibodies did 

not differ significantly except for E. faecalis and S. lugdunensis. The detection of antibodies 

against the range of pathogens in both controls and IE patients could be explained by their 

periodic exposure to the pathogens in their lifetime, and the difference in antibody response 
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could be a latest exposure, thus leading to a high antibody titer. Second, in most cases, higher 

antibody titers were detected against microbes residing on the skin and nose than against 

microbes residing in the gut, throat, or the environment. Third, antibodies titer against 

opportunistic pathogens (E. faecalis, E. faecium, C. albicans, S. haemolyticus, S. sanguinis, 

S. aureus, and S. epidermidis) was high as compared to commensals (e.g., K. aerogenes, 

K. oxytoca, K. pneumoniae, S. hominis). Fourth, high antibody titers were detected against the 

pathogens (S. epidermidis, E. faecium, and S. aureus) isolated from the BCs or wound swabs 

of the IE patients even though the samples were collected at d0 (Figure 5 c). In the case of 

S. epidermidis, the antibody titers detected against the isolated pathogen cross the mean value 

in one patient, while in E. faecium and S. aureus, the mean value was crossed in two and three 

patients, respectively (Figure 5 c). This could mean that the immune system already mounted 

an antibody response, and the infection might have started before the day of IE diagnosis. This 

phenomenon is explained in detail in a later section (4.1.5.4). 

Interestingly, the highest antibody titers were detected against an opportunistic fungus, 

C. albicans. The antibody titer was significantly higher than the titer against pathogens 

habitating the skin and nose in both patients and controls. This suggests that frequent, probably 

unnoticed, (micro-)invasions with this fungus trigger a strong B cell memory.  

Finally, higher antibody titers against the gut commensal E. faecalis were observed in IE 

patients than in control patients. A similar trend was observed for E. faecium. This trend could 

support the leaky gut hypothesis. The integrity of the intestinal barrier can be disturbed by 

changes in the epithelial mucosa of the change in gut microbiota. This can be triggered by 

various factors, including age, diet, and antibiotics. Certain dietary habits and medications have 

also been reported to cause the episodic breach of microbes from the gut and induce the 

production of IgG antibodies [207, 208]. The factors causing the disturbance of the gut barrier 

could lead to the breach of gut microbes, like E. faecalis and E. faecium, leading to the IgG 

antibody response.  
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Figure 5. Basal antibody levels of controls and IE patients against the pathogens included in the infection array. The 
antibody response against extracellular proteins of common IE pathogens and TT was quantified with the infection array. The 
basal IgG levels were determined from plasma of 20 controls (C) and 17 IE patients (P), which were taken at the time of clinical 
diagnosis. The plasma samples were measured in 7 dilution steps, and the IgG levels were calculated using the xMAPr app. 
The mean values for both controls and IE patients are marked and shown on a logarithmic scale. Pathogens were stratified into 
5 groups depending on their natural habitat (gut, skin, nose, throat, and environment). The blank circle represents the controls, 
and a black-filled circle represents the patients. The patients from whom the pathogens were isolated via BC are represented 
by a red circle, and the patients from whom the pathogens were isolated from decubitus at sacrum wound swabs, tracheal 
secretions, and urine are represented by an orange circle. Figure (a) shows the IgG response against gut and skin pathogens, 
while Figure (b) shows IgG response against nose, throat, and environmental pathogens. Figure (c) compares the antibody titers 
against the pathogens isolated from the BC or swabs of patients compared to antibodies titers against the same pathogen in BC-
negative (against the respective pathogens) patients and controls at d0.  The Shapiro-Wilk test evaluated the normality of the 
data distribution. A threshold of p < 0.05 was set for data not following the normal distribution. For each pathogen, the IE 
patients and control samples were compared with an unpaired t-test. p <0.05 was considered statistically significant. 
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Kinetics of pathogen-specific antibody responses in IE patients 

Moderate concordance of antibody signatures with the microbiological 

diagnosis 

Besides analyzing the IgG antibody response against the pathogens in the infection array at the 

baseline level, available back-up (d-7 to d-1; n=8), follow-up (d1-d21; n=7), and check-up 

samples (d14-d200; n=7) from the IE patients were also analyzed and compared to baseline 

levels. This approach provided valuable information about the kinetics of the pathogen-specific 

IgG response during infection and helped identify putative causative pathogen(s). To compare 

the IgG profile of patients from different time points, a fold-change was calculated from the 

IgG level of the latest and earliest available plasma samples. A threshold of 2.0 was calculated 

as explained before (3.1.4), and a value above that was considered biologically significant. The 

patients were divided into five groups according to the concordance of their antibodies 

signatures with the microbiological diagnosis (BC) diagnosis (Table 10). 

Table 10. Patients were classified into groups according to the concordance of the antibodies signature with the 
microbiological diagnosis (BC).

Group Classification No. of patients (in group/total) Patient’s ID 

1 Serology = blood culture 2/13 P16, P38 

2 Serology ≠ blood culture 3/13 P8, P12, P40 

3 Serology +; blood culture - 3/13 P24, P34, P36 

4 Serology -, blood culture + 3/13 P25, P37, P42 

5 Serology -, blood culture - 2/13 P14, P17 

Group 1: Serology confirms (and extends) microbiological diagnosis: Group 1 consists of 

2 IE patients where serology confirmed the BC. Interestingly, the serological assay also 

provided indications of additional pathogens. In P38, S. aureus was detected in blood culture. 

In line with this, we observed a 4.7-fold increase in IgG antibodies against S. aureus at day 14 

as compared to d-6. Additionally, a more than 2-fold increase in antibody titers was observed 

for E. cloacae, and S. lugdunensis (Figure 6, a). In P16, we saw a similar phenomenon where 

antibodies titers against the BC diagnosed S. aureus increased alongside S. hominis, S. mitis, 

and L. pneumophila (Table 11).  

Group 2: Serology contradicts microbiological diagnosis: In 3/13 cases, high antibody titers 

were detected against pathogens that were not detected in the BC. In P40, S. warneri was 

isolated from the blood culture, but we observed no increase in antibody titers against this 

pathogen. In contrast, antibody titers were increased against two other pathogens (K. oxytoca 
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and S. haemolyticus), which were not detected in the BC (Figure 6, b). Similarly, in P8, 

S. aureus and S. epidermidis were isolated from the BC, but high antibody titers were observed 

against C. albicans. It could mean that multiple pathogens were involved in infection, and BC 

tests were negative for those pathogens. However, we cannot rule out the possibility of 

contamination in the BC tests, leading to a false BC diagnosis. 

Group 3: Serology identifies pathogens while microbiological diagnosis is negative: In 3/13 

cases, high antibody titers were detected against different pathogens while the BC was negative. 

In P24, BC results were negative, while serology showed an increase in antibody titers against 

C. albicans and C. acnes (Figure 6, c). Similarly, in P36, serology identified C. striatum and 

C. albicans, while BC diagnosis is negative (Table 11). C. albicans was isolated from the 

tracheal secretions though suggesting a parallel Candida pneumonia and possibly a reason for 

the increase in anti-C. albicans antibodies. Moreover, in P34, BC diagnosis was negative while 

an increase in antibody titer was detected against S. sanguinis. 

Group 4: Serology does not identify pathogens while microbiological diagnosis is positive: 

In 3/13 cases, microbiological diagnosis was positive, but the serology did not detect an increase 

in antibody titers. In P37, BC diagnosed S. mitis while E. cloacae was detected in urine, but 

antibody titers did not show an increase against any pathogen (Table 11). Similarly, in P25, 

S. gallolyticus was isolated from the BC, and E. faecium was isolated from an infection site, 

while no increase in antibody titers was detected against any pathogen. Additionally, in P42, 

E. faecalis was isolated from BC without any increase in antibody titers (Figure 6, d, Table 11).

Group 5: Both serology and microbiological diagnosis are negative. In 2/13 cases, BCs, as 

well as a serological diagnosis, were negative (P14 and P17, Figure 6, e, Table 11). This 

phenomenon could be attributed to several reasons. The infecting pathogen might not be 

included in the infection array panel, or the patient may not generate a robust immune response. 

Moreover, in 11/17 cases, patients were taking immunosuppressive drugs (e.g., Desloratadin, 

Ibuprofen, Ranitidin, Targin, Metamizol), which could compromise the immune system. The 

BC diagnosis could be negative if the infectious agent is a fastidious pathogen.  
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Figure 6. Kinetics of pathogen-specific antibody responses in IE patients. The fold-change in pathogen-specific antibody 
titers during the course of infection was determined by calculating by dividing the IgG binding values for the latest time point 
by the earliest time point. Black dotted lines mark the significance threshold of 2.0, and an antibody response above this 
threshold is represented by green bars. Antibody profiles were compared to the microbiological diagnosis. Fold-change against 
the BC- and swab-detected pathogens are depicted as red and orange bars, respectively. The patients were divided into five 
groups according to the concordance of their antibodies signatures with the microbiological diagnosis: (a) Serology confirms 
(and extends) the microbiological diagnosis. (b) Serology contradicts microbiological diagnosis. (c) Serology identifies 
pathogens while microbiological diagnosis is negative. (d) Serology does not identify pathogens, while microbiological 
diagnosis is positive. (e) Both serology and microbiological diagnosis are negative. The significance threshold of 2.0 was 
determined as median + 3 interquartile range (IQR) of the ratios of the antibodies response values from all patients against all 
30pathogens. Abbreviations: AVE, aortic valve endocarditis; E, endocarditis; IE, infective endocarditis; M, male 
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Serology frequently detects an antibody response against C. albicans

Notably, we observed increased serum IgG against C. albicans in 4/13 IE patients. Three of 

them (P8, P24, and P36) showed a > 5-fold increase in antibody binding, corresponding to the 

strongest antibody increases observed in the whole study (Table 11). None of these patients 

were BC-diagnosed with C. albicans infection. However, in P36, it was detected in tracheal 

secretions. Of the 4 patients, 1 patient (P36) had an artificial valve, and none of the 4 patients 

died till the end of the IE study (Table 8). 

In 2/4 cases, the increase in antibody titers against C. albicans coincided with the increase in 

antibody titers against C. acnes (P12, P24). In both the patients, the microbiological diagnosis 

was negative (Table 11). One of them had an infection on the aortic valve, which was replaced, 

while the other one had an infection on the mitral valve. None of the 2 patients died until the 

end of the IE study (Table 8). Patients showed a 2.3 - (P24) and 3.5-fold (P12) increase against 

C. acnes (Table 11).  

IE patients present with high antibody titers against some gut microbes 

As mentioned above, IE patients represented with higher antibody titers against some gut 

microbes (E. faecium, E. faecalis) than control patients. In line with this, the analysis of 

consecutive plasma samples revealed that 6/13 (46.1%) patients (P8, P12, P24, P36, P38, and 

P40) showed an increase in the IgG antibody titer against some gut microbes during the course 

of infection (Table 11). These microbes include C. albicans, K. oxytoca, E. cloacae, and 

C. difficile. The increase of Ab levels in consecutive plasma samples may suggest the leakage 

of gut microbes because of the antibiotics treatment or other factors mentioned before. 

Interestingly, P25 showed a marked reduction in anti-S. gallolyticus antibodies, which was 

isolated from BC, suggesting infection-induced antibody consumption (Table 11, Figure S 2).  

Time matters - insights from back-up samples 

For a total of 8 patients, we had access to back-up plasma samples obtained before the diagnosis 

of IE (d0). These samples provided valuable insights into the kinetics of the antibody response. 

For instance, antibodies titer did not rise against any of the pathogens in P36 between d0 and 

d21, but the difference in titers became apparent when the d21 sample was compared to a back-

up sample obtained 6 days before IE diagnosis (d-6) (Figure 7). Now the rise in antibody titers 

against C. albicans and C. striatum was clearly visible. Similarly, in P38, antibodies titers did 
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not increase at all between d0 and d14. However, a comparison with a d-6 back-up sample 

revealed a more than 4-fold increase in antibody titers against S. aureus (Figure 7, Figure S 1).  

Figure 7. For studying the antibody response to IE, the timing of sample collection is crucial. Antibody response values 
against the extracellular proteins of pathogens included in infection array 33-plex were quantified in consecutive plasma 
samples. The response values reflecting IgG binding against the pathogens are depicted on a logarithmic scale on the y-axis 
and are plotted against the time point of sample collection.  Fold-changes in antibody binding were determined by calculating 
the ratio of the time of point of interest vs. the earliest sampling time point. The red lines show the BC-diagnosed pathogens, 
against which we observed a more than 2-fold rise in antibody titers during the course of infection. The green lines show the 
pathogens which were detected by the infection array but not isolated from the BC. The orange lines depict the pathogens 
isolated from other infection sites, which did not cross the threshold of significance.

This suggests that the infection developed days or even weeks before the clinical diagnosis, and 

hence we observed the rise in antibodies a few days before the clinical diagnosis. Timing is 

therefore essential in antibody profiling in chronic infectious diseases. Moreover, in this study, 
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the samples were collected over a large span of time, as shown in Table 8. During such an 

extended period, the patient could have developed further infections in the meantime, which 

might not be directly related to IE. Therefore, the data should be interpreted while considering 

these critical points.  

In summary, antibody titers were detected against a broad range of pathogens in both the 

controls and IE patients. High antibody titers were observed against pathogens that were BC-

diagnosed, suggesting that the infection array can complement BC diagnosis and offers 

diagnostic potential. While analyzing the kinetics of antimicrobial antibody titers, it was 

observed that in some cases, serology not only confirms but extends the BC diagnosis. This 

shows that crucial information is missed by only analyzing the BC results. In some cases, 

serology contradicted microbiological diagnosis, while in others, the serological assay 

identified pathogens while the microbiological diagnosis failed. Interestingly, antibodies 

against intestinal microbes increased during the course of infection in a total of six patients 

supporting the leaky gut hypothesis. Moreover, we also observed antibody formation against 

the fungus C. albicans in 4/13 patients. This clearly shows that fungi play a more important 

role in infectious endocarditis than previously thought. The finding is clinically highly relevant, 

as fungi are hard to detect via microbiological diagnosis and are not covered by standard 

antibiotic regimens. Furthermore, an increase in antibodies against C. acnes was detected in the 

patients with native valve infection, suggesting that it may play an essential part in native valve 

IE. Finally, the timing of collecting the plasma sample is crucial, and biobanks should be 

established to collect and store patient samples before, on the day of surgery, and after surgery. 
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Table 11. Comparison of the infection array-based increase in pathogen-specific antibody responses with the BC-diagnosed pathogen(s). 

This table shows the fold-change of the antibody response against the pathogens for all 13 patients with consecutive serum/plasma samples. The fold-change was calculated by dividing the latest time 
point by d0 or - if applicable - by an earlier time point. Pathogens were stratified into 5 groups depending on their natural habitat (gut, skin, nose, throat, and environment). The BC-diagnosed pathogens 
are depicted in blue, while the pathogens isolated via swabs are depicted in orange. The fold-changes of IgG levels against the pathogens isolated from the BC that crossed the significance threshold 
are depicted in red, the IgG fold-change against the swab-isolated pathogens that crosses the significance threshold are depicted in violet, while the green color depicts the pathogens with increased 
IgG levels, but without any BC or swab diagnosis. The threshold of 2.0 was measured as median + 3 interquartile range (IQR) of the ratios of the antibodies response values from all IE patients against 
all the pathogens in infection array. 

Pathogen isolated from blood culture 

Pathogen isolated from blood culture + increase in anti-microbial IgG levels 

No pathogen isolated from blood culture + increase in anti-microbial IgG levels 

Pathogen isolated from other infection sites 

Pathogen isolated from other infection sites + increase in anti-microbial IgG levels 
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8 100/0 0.3 1.0 1.4 1.2 1.4 1.1 1.3 1.8 1.2 5.5 0.5 0.6 0.3 0.8 0.5 1.3 0.6 0.7 0.7 1.0 0.8 0.9 1.2 1.7 1.1 1.5 1.6 1.6 1.5 1.0 1.1 0.8

12 54/0 1.1 1.0 2.2 1.2 1.5 1.1 1.4 1.0 1.2 3.7 1.4 2.0 2.1 2.5 1.2 3.5 1.5 1.3 2.0 1.4 1.8 1.3 1.1 1.3 1.5 1.3 1.5 1.1 1.3 1.3 1.8 1.8

14 193/0 0.5 0.4 0.4 0.4 0.5 0.5 0.3 0.4 0.4 0.6 0.4 0.5 0.3 0.3 0.1 1.0 1.3 0.2 0.8 0.4 0.6 0.4 0.4 0.4 0.5 0.4 0.4 0.4 0.3 1.1 0.5 1.5

16 94/0 1.3 1.3 1.0 1.8 0.9 1.0 0.8 0.9 1.0 1.8 1.7 1.9 2.7 1.3 0.7 1.3 2.3 1.7 0.8 2.0 1.3 1.5 0.8 0.7 1.1 0.8 0.8 1.0 0.8 0.8 3.4 2.5

17 16/0 0.8 0.8 1.0 0.8 0.9 0.6 1.2 1.0 0.8 0.8 1.3 1.2 0.8 0.4 1.0 0.5 1.1 0.8 0.8 0.7 0.7 0.7 1.0 0.8 0.7 0.8 1.0 0.9 0.8 0.9 0.7 1.2

63/0 0.8 0.6 1.1 0.7 0.8 0.7 0.6 0.7 0.9 5.8 0.6 0.8 0.6 0.6 0.9 1.6 0.7 0.7 0.8 0.7 0.7 0.7 0.8 0.7 0.8 0.7 0.6 0.7 0.8 0.7 1.1 0.6

63/-3 1.0 0.9 1.0 0.9 1.0 0.9 0.9 0.9 1.1 8.3 0.8 0.8 0.9 0.7 1.0 2.3 1.0 0.8 1.2 0.9 0.9 1.0 0.9 0.9 1.0 0.8 0.8 0.9 0.9 0.8 1.2 0.9

25 0/-7 0.6 0.8 0.9 0.3 1.3 0.9 1.0 0.8 0.9 0.8 0.8 0.8 0.9 0.8 1.1 1.2 1.0 1.0 0.7 0.6 0.8 0.5 1.0 0.9 0.9 1.1 1.1 1.0 1.1 1.0 0.9 1.0

34 0/-4 0.9 1.3 1.0 1.0 0.9 1.0 0.9 1.0 1.0 1.0 0.8 1.9 0.8 0.8 1.2 1.1 1.0 1.0 1.1 0.9 1.1 2.0 1.0 1.0 0.8 0.8 0.9 0.9 1.1 0.9 1.0 0.9

21/0 0.9 0.8 0.7 0.8 0.8 0.7 0.9 1.4 0.8 0.7 0.8 1.2 1.0 1.1 0.9 0.9 0.9 1.1 1.1 0.9 0.7 0.6 0.9 0.8 0.9 0.9 0.8 0.7 0.7 0.9 0.6 0.9

21/-6 0.8 0.6 0.7 0.6 0.8 0.8 0.6 0.9 1.0 6.5 0.8 0.8 0.9 0.6 0.7 1.8 0.9 0.8 2.4 0.7 0.6 0.6 0.4 0.8 0.7 0.6 0.7 0.6 0.6 0.7 0.6 0.8

37 0/-2 1.2 1.2 0.9 1.1 1.2 1.0 1.2 1.0 1.0 1.1 1.0 0.9 1.0 1.0 1.0 1.0 1.1 1.0 1.4 1.2 1.0 1.1 1.1 1.2 1.0 1.0 0.9 1.2 1.1 1.2 1.0 1.1

14/0 0.7 0.9 0.8 0.8 0.7 1.3 0.7 0.6 1.1 0.7 1.0 1.1 1.0 1.0 0.8 0.8 0.8 0.8 1.1 0.8 1.1 0.9 0.8 0.8 0.7 0.7 0.8 0.9 0.9 0.9 0.8 0.9

14/-6 1.2 1.2 1.6 1.2 1.2 2.5 1.1 1.0 1.7 0.9 1.1 1.4 1.1 2.2 1.0 0.8 4.7 4.9 1.1 0.9 1.0 1.0 0.7 1.3 1.0 1.0 1.3 1.2 1.3 1.8 1.1 0.9

9/0 0.8 1.1 1.0 0.9 1.1 1.0 1.0 2.7 0.8 0.9 1.1 2.6 1.1 0.9 0.8 1.1 0.9 1.1 1.0 0.9 1.0 1.3 1.1 1.1 1.3 0.9 1.5 1.2 1.0 1.2 0.9 0.8

9/-5 0.8 1.2 1.0 0.9 1.2 1.1 1.0 3.1 0.8 0.9 1.1 1.2 0.9 0.9 1.0 1.0 1.2 1.0 1.2 1.0 0.9 1.0 1.1 1.0 1.5 0.9 1.5 1.1 1.2 1.2 1.0 0.9

42 0/-2 1.0 1.0 1.0 1.1 1.0 0.5 1.0 0.9 0.9 1.0 1.0 1.0 1.1 1.0 1.0 1.0 1.1 1.0 0.9 1.0 1.0 1.1 1.2 1.0 1.1 1.0 1.0 1.0 0.9 1.0 1.0 1.1
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Characterization of antibacterial monoclonal antibodies 

 Purification and characterization of murine anti-SplB mAbs 

Purification of anti-SplB mAbs 

Our group has previously generated three murine mAbs against SplB (anti-SplB G8, H7, and 

H9) using hybridoma technology. This work aimed at purifying these mAbs at a large scale and 

characterizing them in depth. First, the frozen hybridomas were thawed, subcloned, and tested 

for anti-SplB mAb production. Second, ELISA-positive clones were expanded in 24-well tissue 

culture plates, followed by 750 ml cell culture flasks. The cell-free culture supernatants were 

collected, and finally, the mAbs in the supernatants were purified by affinity-based 

chromatography using Protein-G columns (Figure S 3). A total of 50 mg highly pure mAbs was 

obtained for each anti-SplB mAb from 3 liters of hybridoma culture supernatant.  

Next, we performed an ELISA to confirm that all three anti-SplB mAbs bind to SplB. All three 

clones (anti-SplB G8, H7, and H9) showed similar strong binding to the recombinant SplB 

protein, with a mean half-maximal (EC-50) binding at 0.18, 0.17, 0.19 µg/ml, respectively 

(Figure 8). 

Figure 8. Murine anti-SplB mAbs bind to recombinant SplB in a concentration-dependent manner. The purified anti-
SplB mAbs were tested for their ability to bind to recombinant SplB. ELISA plates were coated with 1 µg/ml SplB, blocked, 
and subsequently incubated with serially diluted anti-SplB mAbs. The signal was detected using a goat-anti-mouse-IgG 
conjugated to POD and TMB as a substrate (BD OptEIA™). The data from 1 of 3 similar experiments is shown. 

Isotyping of anti-SplB mAbs 

Constant region of antibodies determines the isotype and mediates the biological effector 

functions, including complement activation and antibody-dependent cytotoxicity. Since 

antibody isotypes differ strongly in their induced effector functions and this information is also 

relevant for BCR sequencing, we next determined the isotype of the three anti-SplB mAbs. 
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SplB hybridomas were initially selected for producing IgG antibodies. Moreover, the 

immunized C57Bl/6 mice do not form antibodies of the subclass IgG2a [209]. Hence, the 

produced mAbs were only tested for the subclasses IgG1, IgG2b, IgG2c, and IgG3 using the 

MILLIPLEX® Mouse Immunoglobulin Isotyping Magnetic Bead Panel. The LC types kappa 

(κ) and lambda  (λ) were also determined. All 3 anti-SplB mAbs belonged to the IgG1 subclass 

and had κ LCs (Table 12). Based on the isotyping results, suitable primers were selected for the 

subsequent BCR sequencing.   

Table 12. Isotyping of the 3 murine anti-SplB mAbs, 6 murine anti-ClfA mAbs and 2 murine anti-FnBPA mAbs

Sequencing revealed that the three anti-SplB mAbs are identical 

All three mAbs were derived from a single immunized mouse, showed similar binding affinities 

and an identical isotype. To test whether the mAbs were identical, we sequenced the gene 

segments encoding the variable regions of HC and LCs. RNA was isolated from anti-SplB G8, 

H7, and H9 hybridoma cultures, and cDNA was generated via reverse transcription. 

Afterwards, the gene regions encoding variable regions of the LCs and HCs of each clone were 

amplified by PCR and sequenced. 

Notably, all three anti-SplB mAbs were identical (Figure S 5, a – b). Different regions of the 

mAb, like framework regions (FRs) and complementarity determining regions (CDRs), were 

identified using IgBLAST and were graphically represented using SnapGene Viewer (Figure 9 

a – b). The variable region of the HC of G8 was 94.9 % identical to the germline sequence. 

There were 4 silent and 16 non-silent mutations in the DNA sequence (some mutations in the 

Antigen mAbs
IgG Subclass Light chain type

IgG1 IgG2b IgG2c IgG3 κ λ

SplB G8 ● ● 

H7 ● ● 

H9 ● ● 

ClfA 001 ● ● 

002 ● ● 

003 ● ● 

004 ● ● 

005 ● ● 

006 ● ● 

FnBPA D4 ● ● 

E9 ● ● 
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same codons); the latter led to 12 amino acid (AA) changes as compared to germline sequence. 

Similarly, the variable region of the LC was 98.6 % identical to the germline sequence with 2 

silent and 2 non-silent mutations leading to 2 AA changes (Table S 1). In consequence, all 

subsequent experiments were performed only with the anti-SplB G8 clone. 

Figure 9. Annotated variable regions of LC and HC of SplB G8. RNA was isolated from anti-SplB G8 hybridoma culture 
and reverse transcribed into cDNA. Afterwards, the gene regions encoding the variable regions of the LCs and HCs of each 
clone were amplified by PCR and sequenced. (a – b) The DNA sequence of the anti-SplB G8 mAb was analyzed by using Ig-
BLAST software to annotate the variable/diversity/joining (VDJ) or variable/joining region of the HC or LC along with 
framework regions (FRs, red) and complementarity-determining regions (CDRs, light blue). The final image was generated by 
using SnapGene Viewer. The translated amino acid sequence is also shown underneath the DNA sequence. Primers used for 
amplification of variable regions of HC and LC are framed in purple. 

a.  Light chain_G8

b.  Heavy chain_G8
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Anti-SplB mAb shows a moderate binding affinity to SplB 

The next step was to analyze the binding affinity of anti-SplB G8 mAb to SplB using Microscale 

Thermophoresis (MST) analysis. This method quantifies biomolecular interactions in the liquid 

phase. SplB was labeled using the Monolith Protein Labeling Kit RED-NHS, which contains a 

dye that carries a reactive NHS ester group that covalently reacts with random lysine residues 

of the target. Labeled SplB protein (60 nM) was incubated with different dilutions of anti-SplB 

G8 mAb (0.000112 μM - 3.66 μM), and binding was recorded at 25 ⁰C.  

The anti-SplB G8 mAb bound to SplB in a concentration-dependent manner (Figure 10). The 

calculated dissociation constant (Kd) value for anti-SplB G8 and SplB interaction was 2.54 μM. 

Since the Kd value for antigen-antibody interaction is frequently in the nM range [210, 211], 

this represents a moderate binding affinity between SplB and anti-SplB G8 mAb.  

Figure 10. Anti-SplB mAb shows a moderate binding affinity to SplB. The binding affinity of anti-SplB G8 mAb to SplB 
was determined by MST. The concentration of NHS-RED -labeled SplB was kept constant (60 nM), while the concentration 
of the non-labeled anti-SplB G8 mAb ranged between 0.000112 μM - 3.66 μM. The samples were loaded into capillaries and 
analyzed using the Monolith NT.115 (NanoTemper Technologies). Normalized fluorescence (Fnorm (‰)) is shown on the y-
axis. Fnorm is the function of the concentration of the titrated anti-SplB G8. The value of the fraction bound molecules is derived 
from measuring the change in normalized fluorescence of the unbound and bound state of the binding partners (SplB and anti-
SplB G8). Mean ± standard deviation (SD) of three independent measurements are depicted.

Anti-SplB mAb binds to native and denatured SplB 

To test if the anti-SplB G8 mAb binds to a three-dimensional or linear epitope on SplB, dot 

blots were performed using native and heat-denatured SplB as the target antigen. Both proteins 

were pipetted onto a PVDF membrane, and two different concentrations of anti-SplB G8 mAb 

(10 ng/ml and 50 ng/ml) were used as a primary antibody. The anti-SplB G8 mAb bound to 

both native and denatured SplB with similar strength (Figure 11 a – b), suggesting that the mAb 

recognizes a linear, surface-exposed epitope.  
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Figure 11. Anti-SplB mAb binds to native and denatured SplB. (a – b) 1 μg of recombinant SplB was pipetted on the PVDF 
membrane in its native and denatured (heated at 95 ⁰C for 30 mins) form. Proteins were visualized with amido black 10B 
(upper panel). Anti-SplB antibody binding to native and denatured SplB was afterwards determined by western blotting using 
10 ng/ml or 50 ng/ml of the mAb (middle panel). For quantification of the signal derived from the protein bands, densitometry 
was performed for each blot by using ImageJ 1.52a, and figures were generated by using GraphPad Prism 7.0 (bottom panel). 
A representative blot from three independent experiments is shown. Mean +SD of densitometry data of the representative 
experiments are shown. 

Anti-SplB mAb does not cross-react with other S. aureus proteins 

To determine whether the anti-SplB G8 mAb cross-reacts with other S. aureus proteins, western 

blots were performed. The ECP of S. aureus strain USA300Δspa were obtained from a 

stationary phase of a TSB culture. As SplB is a secreted protein, it was expected that anti-SplB 

mAb binds to SplB present in the ECP. First, 10 μg of ECP, 1 μg of SplB, and a mixture of both 

were run on an SDS-PAGE and stained with Coomassie Brilliant Blue R-250 Dye (Figure 12 

a). Another gel, which was run parallel, was used for western blot and incubated with 300 ng/ml 

of anti-SplB G8 mAb as a primary antibody. The anti-SplB G8 mAb specifically bound to 

recombinant SplB and did not cross-react with any other protein in the ECP (Figure 12 b, right 

panel). However, we could not detect a SplB in the ECP preparation. This could be attributed 

to the relatively moderate amount of SplB expressed by USA300Δspa under the used culture 

conditions (personal communication with Dr. Leif Steil). Overall, the western blot showed that 

this mAb did not cross-react with any other abundant ECP of S. aureus and is specific for SplB. 

SplB shows 47.7 - 56.2% AA sequence homology to the other Spl proteins. Hence, we 

additionally tested whether the anti-SplB mAb cross-reacts with other Spl proteins by ELISA. 

Native Denatured

Native Denatured
0

20000

40000

60000

80000

SplB G8 mAb

SplB:

a. b.

Native Denatured

10 ng/ml mAb 50 ng/ml mAb
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Anti-SplB G8 did not bind to SplA, SplD, SplE, and SplF (Figure S 4, a – d), indicating that 

the produced mAb binds specifically to SplB.  

Figure 12. Anti-SplB does not cross-react with other S. aureus proteins. (a) 10 μg of ECP, 1 μg of SplB, or a mixture of 
both were analyzed by SDS-PAGE. Another SDS gel, which was run in parallel, was blotted onto a PVDF membrane. (b, left 
panel) The membrane was stained with amido black 10B for 10 mins to visualize the transferred proteins. (b, right panel) 
Afterwards, a western blot was performed using 300 ng/ml of the anti-SplB antibody, an α-mouse-IgG-POD detection antibody 
(1:100,000), and a luminol substrate. One out of 2 similar experiments is depicted. 

Anti-SplB mAb neutralizes the enzymatic activity of SplB 

Since we demonstrated that anti-SplB G8 mAb specifically and moderately binds to SplB, the 

next step was to test if anti-SplB G8 mAb neutralizes the enzymatic activity of SplB. Dubin G. 

et al. previously identified a synthetic substrate, Ac-VEID-MCA, which was preferentially 

cleaved by SplB [199]. This substrate, Acetyl-L-valyl-L-glutamyl-L-isoleucyl-L-aspartic acid 

(Ac-VEID), is covalently linked to a α-(4-methyl-coumaryl-7-amide (MCA). Upon proteolytic 

cleavage, MCA is converted into the fluorescent AMC (7-amino-4-methyl-cumarin), which can 

be quantified with a fluorescence reader. 2.8 μg SplB was incubated with increasing molar 

ratios of anti-SplB G8 mAb, i.e., 1:1, 1:2, and 1:5, at 37 °C for 1 h. Native SplB served as a 

positive control, while heat-inactivated SplB (90 °C for 30 mins) was used as a negative control. 

After addition of the substrate, AMC generation was quantified over 75 mins. SplB efficiently 

cleaved the Ac-VEID-MCA substrate in a time-dependent manner (Figure 13). The activity of 

SplB was neutralized by up to 50% when anti-SplB mAb was used in a molar ratio of 1:2, while 

the activity of SplB was completely neutralized with a 1:5 molar ratio. In conclusion, our anti-

SplB G8 mAb not only binds to SplB but also efficiently neutralizes its enzymatic activity.  

a. b.
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Figure 13. Anti-SplB mAb neutralizes the enzymatic activity of SplB. The enzymatic activity of SplB was quantified using 
the synthetic substrate Ac-VEID-MCA. (a) Proteolytic cleavage converts MCA into fluorescent AMC, which can be quantified 
using a fluorescent reader. (b) 0.5 μg recombinant SplB was incubated with different molar ratios (1:1, 1:2, and 1:5) of anti-
SplB G8 mAb at 37 °C for 1 h. For positive control, native SplB was employed, whereas heat-inactivated SplB (90 °C for 30 
mins) served as a negative control. After the addition of the Ac-VEID-MCA substrate, AMC generation was quantified over 
75 mins. Native SplB efficiently cleaved the substrate in a time-dependent manner. The protease activity of SplB was 
neutralized by up to 50% when anti-SplB mAb was used in a 1:2 molar ratio, while complete neutralization was reached at a 
1:5 molar ratio. The black lines show the substrate and anti-SplB mAb alone. One out of 3 similar experiments is depicted.
Figure a was generated by using BioRender.

Anti-SplB mAb blocks SplB-induced vascular leakage 

Several proteases, cytokines, and bacterial toxins are known to promote endothelial barrier 

damage. Various studies have demonstrated that endothelial barrier disruption can be induced 

by proteases that can activate PAR2. Our research group has shown that SplB activates PAR2, 

which leads to the induction of proinflammatory cytokines in endothelial cells [212]. Therefore, 

we hypothesized that SplB disrupts the endothelial barrier. To test this hypothesis, we carried 

out intravital microscopy to observe the integrity of the endothelial barrier in vivo in a mouse 

model of microvascular leakage. This work was initiated by a colleague Dr. Darisipudi Venkata 

Murthy and all experiments were performed in the laboratory of Prof. Christoph Reichel at the 

Walter-Brendel-Zentrum für Experimentelle Medizin, LMU München. 

The cremaster mouse model is a commonly used model to visualize microcirculation and 

vascular injury in mice [213]. After sedating the mice and exposing the cremaster muscles, 

a.

b.
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intrascrotal stimulation with 10 μg SpIB was carried out to observe the effect of SplB on the 

endothelial barrier. FITC dextran was intravenously applied, followed by administration of 

SplB. Administration of SplB led to massive leakage of FITC dextran across the vasculature 

into the perivascular space in the murine cremaster muscle. Treatment of animals with an anti-

SplB G8 mAb 1 h prior to SplB administration almost abolished the SplB effect (Figure 14 a 

and b). These results demonstrate that SplB induces endothelial dysfunction and that anti-SplB 

mAb blocks SplB activities in vivo.  

Figure 14. Anti-SplB mAb blocks SplB-induced vascular leakage. (a) Leakage of intravenously applied FITC-dextran to 
the perivascular tissue was analyzed in 6-8 weeks old male C57BL/6 WT mice after intrascrotal stimulation with SplB with or 
without pre-treatment with anti-SplB G8 mAb. The leakage of FITC-dextran was analyzed using fluorescence microscopy 
(excitation 488 nm, emission >515 nm), and a CCD camera was used to record the images. (b) The quantified FITC signal is 
shown in the graph. Mean Fluorescence Intensity (MFI) values in multiple (6) randomly selected regions of interest (ROIs, 
50×50 μm2), which are localized nearly 50 μm distant from the postcapillary venule under investigation, were measured with 
the use of Image J software. Data are mean MFI ± SD of 4-5 mice per group. T-test was utilized to determine statistical 
significance, *p <0.05.

In conclusion, we successfully generated a neutralizing SplB-mAb, which shows specific 

binding to the target protein. Though it shows moderate binding to SplB and has high sequence 

homology to the germline antibody sequence, it can efficiently neutralize the enzymatic activity 

of SplB up to 99% in vitro in a substrate-specific assay and in vivo in a mouse model of 

microvascular leakage. 

SplB SplB+mAb
a.

b.
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Purification and characterization of murine anti-ClfA monoclonal antibodies 

Purification of anti-ClfA murine mAbs 

Along with the SplB hybridomas, our group has also generated six hybridomas that produce 

anti-ClfA mAbs from a single ClfA-immunized C57Bl/6 mouse: ClfA-001 - ClfA-006. As 

explained before (4.2.1.1), these hybridomas were expanded and the secreted mAbs purified by 

affinity chromatography (Figure S 6). An average of 13.7 mg of mAb was obtained for each 

anti-ClfA mAb from 1 liter of hybridoma culture supernatant (Table 2).  

Anti-ClfA mAbs bind to the target ClfA 

Out of 6 ClfA clones, 5 showed an identical strong binding to the recombinant ClfA in an 

ELISA, with a mean EC-50 of 0.067 µg/ml (range: 0.06-0.08). In contrast, ClfA-004 mAb did 

not show strong binding with an EC-50 of 2.16 µg/ml (Figure 15). The difference in the binding 

capacity of the ClfA-004 was intriguing. Therefore, we performed isotyping and BCR gene 

sequencing of all hybridomas to see if the 5 clones were identical and to which degree the ClfA-

004 clone differed from them.  

Figure 15. Murine anti-ClfA mAbs binds ClfA in a concentration-dependent manner. The ability of six purified murine 
anti-ClfA mAbs to bind to recombinant ClfA was determined by ELISA. Plates were coated with 1 µg/ml ClfA, blocked, and 
consequently incubated with serially diluted anti-ClfA mAbs. The binding of mAbs was visualized using a goat anti-mouse 
IgG conjugated to POD and TMB substrate. One of 3 similar experiments is depicted.

All six mAbs were subjected to isotyping as described before (4.2.1.2). The 6 ClfA mAbs (001-

006) all belonged to the IgG2b subclass and had κ LCs (Table 12). Based on the isotype 

determination, suitable primers were selected for the BCR sequencing.  
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Sequencing revealed that 5 out of 6 anti-ClfA mAbs were identical 

All 6 mAbs were derived from a single immunized mouse and showed comparable binding 

affinities except for ClfA-004 mAb. Sequencing of the DNA of mAbs was performed to analyze 

if the mAbs showing comparable binding have similar or identical sequences. Interestingly, the 

HCs of all 6 ClfA 001-006 mAbs were identical (Figure S 7). The LC of ClfA-004, however, 

differed in a single nucleotide from the other five sequences, resulting in an AA exchange from 

phenylalanine to tyrosine at the CDR3 region (Figure 16 a and b). Phenylalanine is a 

hydrophobic AA, while tyrosine is a polar AA that contains a hydroxyl group attached to the 

aromatic ring, making it hydrophilic, whereas its aromatic ring itself gives it hydrophobic 

characteristics. Fascinatingly, this single non-synonymous mutation greatly affected the 

binding property of the ClfA-004 mAb.  

Finally, FRs and CDRs of the mAbs ClfA-002 (as a representative for the 5 identical mAbs) 

and ClfA-004 were identified by using IgBLAST and were graphically represented by using 

SnapGene Viewer (Figure 16). The HCs of ClfA-002 and ClfA-004 showed 97.4% similarity 

with the germline sequence. There were 4 silent and non-silent mutations each, and the non-

silent mutations led to 2 AA changes compared to the germline sequence. The LC of ClfA-002 

showed 100% similarity to the germline sequence, while LC of ClfA-004 has 99.6% similarity 

with the germline sequence with 2 non-silent mutations leading to 1 AA change (Table S 1). 

Since 5 mAbs were identical, ClfA-002 and ClfA-004 mAbs were chosen for the subsequent 

experiments. 

Anti-ClfA mAbs bind the native and denatured ClfA to a varying degree  

To test if the ClfA-002 and ClfA-004 mAbs bind to a three-dimensional or linear epitope on 

ClfA, dot blots were performed using native and denatured ClfA protein as the target antigen. 

As before, both preparations were pipetted on PVDF membrane, and 50 ng/ml of ClfA-002 and 

300 ng/ml of ClfA-004  mAb was used as a primary antibody. The dot blot images revealed 

that both the mAbs bound much stronger to native than denatured ClfA (Figure 17, a – b), 

indicating that ClfA-002 mAb binds to a three-dimensional epitope that is destroyed upon 

heating. However, a partial refolding of the denatured protein during the experimental 

procedure and hence a recognition of a three-dimensional epitope cannot be fully excluded 

[214]. 
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Figure 16. ClfA-002 and ClfA-004 mAbs differ in only a single amino acid in the LC. Hybridomas were lysed, and mRNA 
was extracted, transcribed into cDNA, and amplified via PCR. (a – c) The DNA sequence of the ClfA-002 and ClfA-004 mAbs 
were analyzed by using Ig-BLAST software to annotate the VDJ regions along with FRs (red) and CDRs (light blue) of LCs 
and HC, and the final image was generated by using SnapGene Viewer. The LCs differed in a single nucleotide, resulting in 
an AA exchange from thyrosine (Tyr) to phenylalanine (Phe) (shown in red), while the HC was identical for ClfA-002 and 
ClfA-004. The translated amino acid sequence is shown underneath the DNA sequence. Primers used for amplification are 
framed in purple. 

Anti-ClfA mAbs shows no cross-reactivity with ECP of S. aureus

To determine whether the ClfA-002 and ClfA-004 mAbs cross-react with other S. aureus

proteins, western blots were performed with S. aureus ECP. The ClfA-002 and ClfA-004 mAbs 

specifically bound to the recombinant ClfA and did not cross-react with any other protein in the 

a.  Light chain_ClfA-002

b.  Light chain_ClfA-004

c.  Heavy chain_ClfA-002 and ClfA-004
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ECP extract, except for a weak band at ca. 35 kDa (Figure 18). Again, the strength of binding 

of ClfA-004 mAb was weaker as compared to ClfA-002 mAb. 

Figure 17. Anti-ClfA mAbs bind the native and denatured ClfA to varying degrees. (a – b) Native and denatured (heated 
at 95 ⁰C for 5 mins) recombinant ClfA (1 μg) was pipetted on the PVDF membrane. Amido black 10B (upper panel) was used 
to visualize the proteins. ClfA-002 and ClfA-004 mAbs binding to native and denatured ClfA was subsequently established by 
western blotting using 50 ng/ml of ClfA-002 and 300 ng/ml of ClfA-004 (middle panel). To quantify the intensity of the band 
signal, densitometry was carried out by using ImageJ 1.52a (bottom panel). A representative blot from three experiments, as 
well as mean +SD of densitometry data is shown. 

Figure 18. No cross-reactivity of anti-ClfA mAbs with other S. aureus proteins. (a) 10 μg of ECP, 1 μg of ClfA, and a 
mixture of both were analyzed by SDS-PAGE. (b and c, left panel) Two other SDS gels, which were run in parallel, were 
blotted onto PVDF membranes. Protein transfer was visualized with amido black 10B. (b and c, right panel) After that, a 
western blot was performed using 300 ng/ml of the ClfA-002 and ClfA-004 mAbs, α-mouse-IgG-POD detection antibody 
(1:100,000), and luminol substrate. One out of 2 similar experiments is depicted.
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Anti-ClfA mAbs inhibits binding of fibrinogen (Fg) to ClfA 

The binding of ClfA to Fg facilitates S. aureus attachment to surfaces coated with Fg during 

bloodstream infections. Besides that, this interaction also promotes bacterial agglutination in 

plasma, which plays a critical role in bloodstream infections. Therefore, the next step was to 

analyze if the ClfA-002 and ClfA-004 mAbs inhibit the interaction between ClfA and Fg. To 

perform that, ClfA was coated onto an ELISA plate and incubated with ClfA-002 and ClfA-

004 mAbs. Then, human Fg was added, and its binding ability to ClfA was measured, which 

was detected by anti-Fg antibodies.  

ClfA-002 mAb inhibited the binding of ClfA to human Fg in a concentration-dependent manner 

(Figure 19). This mAb inhibited ClfA binding to Fg by ~60% when 100 µg/µl mAb was used. 

Inhibition increased to ~ 70% when 1,000 µg/µl mAb was used. In contrast, ClfA-004 showed 

an inhibitory effect only at the highest tested concentration. Since both mAbs differ in only a 

single AA, these findings point to a lower binding strength and faster dissociation of ClfA-004.  

Figure 19. ClfA-002 mAb inhibits binding of Fg to ClfA. 2 μg/ml ClfA was coated on a plate and incubated overnight at 
4°C. Following incubation with different concentrations of the mAbs, human Fg (20 µg/ml) was added, and Fg binding to ClfA 
was quantified using an anti-Fg-HRP detection antibody. ClfA-002 inhibited the binding of ClfA to Fg in a concentration-
dependent manner, while ClfA-004 showed an inhibitory effect only at 1,000 µg/ml. Concentrations are depicted as µg/ml. 
Data from 3 replicates are shown here. 

Overall, both ClfA-002 and ClfA-004 mAbs bind to ClfA with different strengths because of 

the single AA change. Besides, both the mAbs showed stronger binding to the native ClfA 

rather than the heat-denatured. Moreover, ClfA-002 mAb can inhibit Fg binding to ClfA while 

ClfA-004 did not show the same inhibitory effect. 
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Purification and characterization of murine and humanized anti-FnbpA mAbs 

Purification of anti-FnBPA mAbs 

Using hybridoma technology, two murine and twelve humanized hybridomas producing anti-

FnBPA mAbs were recently generated. The two murine mAbs E9 and D4 were generated by 

immunizing C57Bl/6 mouse. Moreover, twelve humanized mAbs (5F12/D2/F8, 5F12/D3/D1, 

6E1/C1, 6E1/B4, 6A10/A1, 5F12/D2/D11, 5F12/E4, 6H10/H1/B11, 6G1/H1, 6H10/A1/B8, 

5F12/D2/E9 and D3/D7) were generated by immunizing C57Bl/6 (HHKK and HHKKLL) with 

FnbpA. All the mAbs were purified as mentioned before (4.2.1.1) (Figure S 8). A total of 10-

15 mg of mAbs were obtained for each anti-FnBPA mAb from 1 liter of hybridoma supernatant.  

Murine and humanized anti-FnBPA mAbs bind to FnBPA 

The two murine mAbs showed strong binding to FnBPA with an EC-50 of 0.11 (D4) and 0.019 

µg/ml (E9) in an indirect ELISA (Figure 20, a). Notably, the twelve humanized FnBPA mAbs 

showed a similar, moderate binding to the recombinant FnBPA, with an EC-50 between 2.54 – 

5.4 for 5F12/E4, 6A10/A1, D3/D7, 6E1/C1, 5F12/D2/F8, 5F12/D2/D11, 5F12/D3/D1, 

6H10/H1/B11, an EC-50 between 8.2 – 11.97 for 6E1/B4, 5F12/D2/E), 6G1/H1 and an EC-50 

of 59.75 µg/ml for 6H10/A1/B8 (Figure 20, b).  

Figure 20. Murine anti-FnBPA mAbs bind with higher affinity to the recombinant FnBPA than the humanized anti-
FnBPA mAbs. (a – b) The capacity of the purified murine and humanized anti-FnBPA mAbs to bind to recombinant FnBPA 
was tested by ELISA. The 96-well microtiter plates were coated with 1 µg/ml FnBPA, blocked, and afterwards incubated with 
serially diluted anti-FnBPA mAbs. The binding of mAbs was visualized using a goat α-mouse IgG-POD secondary antibody 
and TMB substrate. One of 3 similar experiments is depicted. 
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Anti-FnBPA mAb inhibits binding of fibronectin to FnBPA 

Next, the ability of anti-FnBPA mAbs to inhibit binding of FnBPA to Fg and Fibronectin (Fn) 

was tested to shortlist the candidate mAbs for further downstream analysis (Figure 21). FnBPA 

binding to Fg and Fn facilitates S. aureus biofilm formation and invasion. The A domain of 

FnBPA, which binds to Fg and elastin, is involved in biofilm formation and helps in forming 

cell aggregates, while the Fn-binding R domain is used by S. aureus to bind to the N-terminus 

of Fn (Figure 21, a). 

Figure 21. One murine anti-FnBPA mAb moderately inhibits binding of Fn to FnBPA. (a) Schematic representation of 
the S. aureus FnBPA protein. The primary translation product of FnBPA contains a secretory signal sequence (S), the A region 
comprising N1, N2, and N3 subdomains that are involved in Fg and elastin binding as well as cell-cell aggregation during 
biofilm formation, 11 tandem repeats of Fn-binding domains (R region), proline-rich repeats (PRR), the cell wall-spanning 
region (W), the membrane-spanning domain (M), and the positively charged tail (adapted from O’Neill et al. 2008). (b – c) 96-
well ELISA plates were coated with 2 μg/ml recombinant FnBPA. After washing and blocking, purified murine and humanized 
anti-FnBPA mAbs, in different concentrations (1, 10, 1000 µg/ml), were incubated for 1 h at room temperature. Afterwards, 
20 µg/ml human Fn or 20 µg/ml human Fg was added to the respective plates. Fn or Fg binding to FnBPA was quantified using 
anti-Fn, and anti-Fg HRP labeled antibodies. D4 and E9 are murine mAb, and all other clones are humanized mAb. Figure a is 
generated by using BioRender. 
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FnBPA-coated ELISA plates were incubated with murine and humanized anti-FnBPA mAbs in 

different concentrations, followed by the addition of human Fn or human Fg. Ligand binding 

was quantified using anti-Fn and anti-Fg antibodies. Out of the two murine and twelve 

humanized mAbs, only the murine mAb D4 slightly inhibited (21%) the binding of FnBPA to 

Fn when 1µg/ml of the D4 mAb was used. None of the other mAbs inhibited Fn or Fg binding 

to FnBPA (Figure 21, b – c). FnBPA has eleven Fn-binding repeat motifs, and each motif can 

bind the N-terminus of Fn. To focus further analysis on the most interesting mAbs, the two 

murine mAbs (D4 and E9) were chosen for downstream analyses. 

The immunoglobulin subclass determination (isotyping) showed that the two murine anti-

FnBPA mAbs (D4 and E9) belonged to the IgG2b subclass and had κ LCs (Table 12).  

Sequencing revealed that the two murine mAbs are not identical  

The two murine mAbs D4 and E9 were derived from the same immunized mouse but showed 

different functional properties. To correlate mAb function with its underlying sequence, the 

gene segments encoding the variable regions of LCs and HCs were analyzed as mentioned 

before ( 

Figure 22). Notably, the LCs and HCs of D4 and E9 showed multiple nucleotide differences in 

FR1, CDR1, FR2, CDR2, FR3, and CDR3 regions (Figure S 9). The LC of D4 had 97% 

similarity with the germline sequence with 2 silent and 7 non-silent mutations, which resulted 

in 6 AA changes. The HC of D4 has 95.3% similarity with the germline sequence. It has 3 silent 

mutations and 12 non-silent mutations leading to 11 AA changes. Similarly, the E9 LC has 

82.8% similarity with 11 silent mutations and 41 non-silent mutations. The non-silent 

mutations, in this case, led to 31 AA changes. The HC of E9 has 80.1% similarity with the 

germline sequence with 15 silent and 44 non-silent mutations, which translated to 25 AA 

changes (Table S 1). 
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Figure 22. Major differences in the sequenced variable regions of the HCs and LCs of the murine anti-FnBPA mAbs. 
RNA was isolated from anti-FnBPA D4 and E9 hybridomas, followed by cDNA generation, PCR amplification, and 
sequencing. (a – d) The DNA sequence of the two murine mAbs was analyzed by using Ig-BLAST software to annotate the 
VDJ regions along with FRs (red) and CDRs (light blue) of LCs and HC. The final image shown here was generated by using 
SnapGene Viewer. The LCs and HCs of FnBPA D4 and E9  have differences in the nucleotide sequence in FR and CDR 
regions. The translated sequence of the amino acids is shown underneath the DNA sequence. Primers used to amplify the DNA 
sequences are framed in purple.
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Murine anti-FnBPA mAbs bind both the native and denatured FnBPA  

To test if the murine FnBPA mAbs bind to a three-dimensional or linear epitope on FnBPA, 

dot blots were performed using native and heat-denatured FnBPA as the target antigen. The 

murine anti-FnBPA mAbs (D4 and E9) bound to both native and denatured FnBPA with similar 

strengths, suggesting that mAbs recognize the linear, surface-exposed epitope (Figure 23).  

Figure 23. Murine anti-FnBPA mAbs bind the native and denatured FnBPA. (a – b) Recombinantly produced native and 
denatured (heated at 95 ⁰C for 5 mins) FnBPA (1 μg) was pipetted on the PVDF membrane. The proteins were visualized with 
amido black 10B (upper panel). Anti-FnBPA mAb binding to native and denatured FnBPA was afterwards determined by 
western blotting using 50 ng/ml of the murine mAbs D4 and E9 (middle panel). Densitometry was performed using ImageJ 
1.52a to analyze the signal intensity of the blot (bottom panel). A representative blot from three experiments is shown, and 
mean +SD of densitometry data is shown  

Anti-FnBPA mAbs do not cross-react with other S. aureus ECPs 

To check if the anti-FnBPA mAbs cross-reacts with other S. aureus proteins, western blots were 

performed, as explained before. The murine mAbs specifically bound to the recombinant 

protein and showed a slight cross-reactivity with ECP preparation which could be a protein with 

sequence homology to FnBPA (Figure 24 a and b).  
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Figure 24. Anti-FnBPA mAbs do not cross-react with S. aureus ECP. (a – b) For analyzing the cross-reactivity of the anti-
FnBPA mAbs to S. aureus ECP, 10 μg of ECP, 1 μg of FnBPA, and a mixture of both were run on an SDS-PAGE, and then, 
they were blotted onto PVDF membranes. Protein transfer was visualized using amido black 10B. (a – b, right panel) Western 
blotting was performed using 300 ng/ml of anti-FnBPA mAbs (D4 and E9), α-mouse IgG-POD antibody, and luminol substrate. 
One of two similar experiments is depicted.

Overall, the dot blot confirms that the mAbs recognized a linear epitope. Furthermore, both of 

the murine mAbs showed slight cross-reactivity with ECP of S. aureus. Besides, both the DNA 

sequences of D4 and E9 are not identical. Moreover, only anti-FnBPA D4 slightly inhibited the 

binding of Fn to FnBPA. 

b.a.
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5. Discussion 

Pathogen-specific antibody response in IE 

GIES - a pilot study aiming at identifying novel biomarkers for IE  

IE is a potentially lethal multisystem disease with highly variable clinical signs that make its 

diagnosis challenging [5, 215]. The difficulty in diagnosis can be attributed to the lack of fast 

and reliable diagnostic procedures, which can lead to the diagnostic latency of 29 to 35 days, 

further complicating the infection [50, 216]. The consortium Card-ii-Omics aimed at 

identifying biomarkers for IE by analyzing plasma proteomics (Department of Functional 

Genomics, Greifswald), as well as identifying the causative agent(s) by using antibody profiling 

(Institute of Immunology, Greifswald). 

The GIES cohort comprised of 17 IE patients and 20 controls with a mean age of 69.9 and 61.6, 

respectively. The majority of the IE patients were males (70.6%). This observation confirms 

previous studies reporting that IE is more prevalent in older male adults [2, 217–219].  

In our pilot study, pathogens were isolated from BC in 13/17 (76.5%) IE cases. This rate is 

similar to other studies where 30-80% of IE cases could be diagnosed via microbiological 

assays. The variation of successful BC diagnosis depends on the usage of antibiotics by the 

patients and the country of study [2, 19, 21, 220]. Moreover, in our study, S. aureus and 

S. epidermidis were isolated from BC in 3/17 (17.6%) and 4/17 (23.5%) of the cases, which are 

also reported to be the most prevalent pathogens in IE [2, 19, 219, 221–223]. The gut pathogens 

E. faecalis and E. faecium were isolated from two patients. These pathogens are the third 

leading cause of IE [5, 222, 224]. Hence, despite our small sampling size, our GIES data reflect 

the previously reported ranking of causative pathogens. 

In our pilot study, we observed strongly elevated CRP levels in IE patients as compared to 

controls (74.7 vs. 7.25 mg/l, p <0.0001). Moreover, WBC counts tended to be higher in patients 

than controls (17.8 vs. 6.0 × 109/l, p <0.05). CRP and WBC counts have been previously 

evaluated for their prognostic values in IE patients [225]. 13/17 IE patients had a CRP value 

above 40 mg/l, which is considered a threshold for serious clinical outcomes [202]. CRP values 

of 93 mg/l or above and WBC of 11.6 × 109/l or above have been associated with severe 

complications or death in IE patients [225, 226].  
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Various methods are used in research and clinical settings to diagnose IE and identify the 

causing pathogen. An early and accurate diagnosis will help initiate effective antimicrobial 

therapy and influence morbidity and mortality. The modified Duke criteria require a 

combination of clinical, microbiological, and endocardiography results [19]. BC is the standard 

and most important diagnostic approach, upon failure of which molecular techniques are 

employed [2, 4, 23]. More recently, serological assays moved into focus for diagnosing 

pathogens, especially in the case of BC-negative IE. Serological assays may aid in diagnosing 

fastidious pathogens or those bacterial agents that are hard to culture [19]. Moreover, they are 

not affected by antibiotic treatment. 

In this work, we used the infection array to determine the pathogen-specific antibody response 

on the day of diagnosis in IE patients. As plasma samples were collected at different time points 

for some patients, we were also able to analyze the kinetics of the humoral immune response. 

Since IgG is the most common antibody class in normal human serum (70-85%) and the most 

important for defense against various pathogens, only IgG was measured in the infection array 

[227]. The infection array allowed us to study the antibody response in IE patients against 30 

different pathogens, making it the first study to use a comprehensive IE-related pathogen panel 

using xMAP technology. It also allowed us to study the antibody response and the immune 

memory generated against commensals and opportunistic pathogens. 

Antibody profiling at day 0 provides insights into the pathogen-specific 

antibody repertoire  

Initially, pathogen-specific IgG antibodies were determined in plasma samples of controls and 

patients at the time of diagnosis. Antibodies against a broad range of pathogens were detected 

in both controls and IE patients, corroborating previous studies [44, 228]. There was no 

significant difference in the antibodies titers between controls and IE patients, except for 

E. faecalis and S. lugdunensis. In line with our data, antibodies against pathogens such as 

S. aureus, E. faecalis, C. albicans, and E. coli were previously reported in healthy individuals 

[105, 108, 205, 229–231]. This suggests that over time the immune system comes in contact 

with these pathogens, and under steady-state conditions, memory B cells and plasma cells 

maintain a basal level of IgG antibodies.  

Higher antibody titers were detected against microbes residing on the skin than against 

microbes residing in the gut, throat, or the environment. Human skin is densely populated by 

microbes ranging from commensal bacteria, fungi, and viruses which interact with our immune 
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system and promote homeostasis [232]. Though intact skin is a formidable barrier to both the 

commensals and pathogens, a disruption of this barrier could be harmful [232]. Additionally, 

human skin epithelial surface area is nearly 30 m2 [233, 234], thus providing a large ground for 

skin microbes to trigger an immune response in the case of breach of the skin barrier. Under 

steady-state conditions, the human epidermis harbors billions of T cells composed mainly of 

resident cells and recirculating memory T cells. In the case of skin breach, microbes trigger a 

localized immune response [235]. Skin homing T cells carry the memory of the antigens which 

enter through the skin and play an important role in host defense [236]. Upon reexposure of the 

antigens, it can activate other immune cells (e.g., B cells) or cells in the local environment (e.g., 

keratinocytes). If the infection is more invasive, then a systemic response is triggered, leading 

to B cells activation and IgG response [235, 237]. The adaptive immune system takes almost a 

week to mount a response against an antigen that is encountered for the first time. In our study, 

skin breaches and repeated minor exposure could lead to high antibody titers against skin 

microbes and could explain our observation. 

Serum IgG titers against gut microbes were detectable but comparably low in both IE patients 

and controls, except for C. albicans. Gut microbes do not pose a threat unless the gut epithelium 

is compromised. Immunosuppression, damage to the mucosal barrier integrity, or disturbance 

of the bacterial microbiota can lead to local or disseminated infections [238, 239]. Usually, the 

gut-associated immune system protects the mucous membrane from penetrating microbes by 

stimulating mucus production and secreting antimicrobial peptides and IgA. This prevents the 

transfer of gut microbes from the gut to the bloodstream [240]. Upon the damage of the gut 

epithelium, the microbes can cross the mucosa into the bloodstream and cause systemic 

infection, which will lead to IgG response [237, 241]. Previous studies have revealed through 

antibody profiling with a protein microarray that robust IgG response against gut microbes is 

common in healthy individuals [230] as well as patients (Crohn’s disease, ulcerative colitis) 

[242]. Similarly, IgG antibodies were present against purified microbiota in healthy individuals 

when they were tested by flow cytometry assay. About 1% of the gut microbes were bound by 

the serum IgG of healthy individuals [231]. Serum IgG levels against the gut microbes belong 

to bacteroidia, and clostridia class develop between 6 and 12 months of age, peak around 2 

years of age, and become stable in adulthood [230, 231]. These reports support our observation 

of the IgG response against gut microbes on the day of diagnosis (d0).  

Moreover, higher antibodies titers were detected in controls and patients against opportunistic 

pathogens (E. faecalis, E. faecium, C. albicans, S. haemolyticus, S. sanguinis, S. aureus, and 
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S. epidermidis) than commensals (K. aerogenes, K. oxytoca, K. pneumoniae, S. hominis). This 

phenomenon illustrates the differential ability of microbes to mount corresponding antibody 

responses [44, 229]. A huge fraction of commensal microbes (75%) on the mucosal surfaces 

(nasal and gut) are covered by IgA antibodies during homeostatic conditions, which may 

contribute to the immune exclusion of its target [52, 237]. Besides, toll-like receptors (TLRs) 

can differentiate between commensal microbes and pathogens and trigger immune responses 

accordingly [243]. However, commensals can become pathogens, and thus no microbe can be 

considered exclusively beneficial [244]. In some conditions, commensals can cause infections 

if their growth is not kept in check or when the host is immunocompromised [237]. 

Nevertheless, it is suggested that the opportunistic pathogens cause more damage and harbour 

more virulence factors which activate the immune response in a stronger way leading to a higher 

antibody response [245, 246]. This could explain the higher antibody titers against opportunistic 

pathogens in our study. 

Interestingly, the highest antibody titers in both IE patients and controls were detected against 

an opportunistic fungus, C. albicans. It is well documented that IgG antibodies are readily 

generated against C. albicans upon systemic infection, and serological assays have been 

suggested for diagnosing candidiasis [247–250]. Antibodies inhibit the adhesion of C. albicans

to the host surfaces to different degrees. They may also contribute to controlling its 

multiplication and can be immunoprotective during infections [251]. The high antibody titers 

against C. albicans could be explained by the arguments provided in detail in section 5.1.3.4. 

Extraordinary high antibody titers were detected against S. aureus in both controls and IE 

patients. Similarly, our group recently observed very high anti-S. aureus antibody titers in 

healthy controls and sepsis patients using the 20-plex infection array [44]. Our observations 

corroborate other studies that have shown that anti-S. aureus antibodies occur in almost all 

carriers and non-carriers and get triggered and boosted by S. aureus infections [52, 105–108]. 

In the event of an endogenous S. aureus infection, the strong, strain-specific antibody response 

is thought to provide protection from severe disease courses [52, 107, 252]. The factors 

determining the difference between S. aureus as a commensal and as a pathogen are still not 

clear. Feil et al. reported no significant differences between strains isolated from carriers and 

strains isolated from patients with invasive pathogens [253]. On the contrary, certain strains 

belonging to a certain clonal complex (e.g., CC30) are more invasive [52]. Similarly,  Jenkins 

et al. reported that upregulation of virulence factors like sdrC, fnbA, fhuD, sstD, and hla 

(adhesins and toxins) in invasive pathogenic strains [246, 254]. These might explain the duality 
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of interaction between S. aureus and the host and might explain why some strains present more 

vigorous challenges to the host. 

Already at the day of IE diagnosis, high antibodies titers were detected against those pathogens 

that we also diagnosed through BC, e.g., E. faecium, S. aureus, and S. epidermidis. This shows 

that the serological assay is consistent with the microbiological diagnosis. Interestingly, it 

suggests that the onset of infection was several days before the day of diagnosis (d0), because 

in the case of the primary response, it would take 7-10 days to mount an antibody (IgM > IgG) 

response while in secondary response, it will take 3-5 days (predominantly IgG) [237]. 

Detecting higher IgG antibodies at d0 against the pathogens isolated from the BC suggests that 

the infection started before d0. This is supported by the analysis of consecutive IE biosamples 

as outlined below. Hence, the timing of sample collection is crucial in serological assays, 

especially in chronic infectious diseases such as IE, and strongly impacts data interpretation.  

Kinetics of pathogen-specific IgG responses in IE patients 

To gain insights into the kinetics of the pathogen-specific IgG responses in IE patients, we also 

analyzed antibody levels in the back-up (before d0) and follow-up (after d0) samples from the 

IE patients. Since the production of pathogen-specific IgG takes time during primary and 

secondary infections, the inclusion of back-up and follow-up samples could give us a clue about 

the causative pathogen. As GIES was originally designed to study the plasticity of immune cells 

in whole blood on the day of IE diagnosis using RT-DC, only d0 samples were collected. Later 

on, the scope of the study was extended to analyze the antibody response in IE patients. Back-

up and follow-up samples were collected at ZIK HIKE, Greifswald, as well as the Institute of 

Immunology, Greifswald. Moreover, only a few patients visited the hospital for a check-up, 

and hence follow-up samples were only collected from those patients. Furthermore, the time 

distance between the sample collections was not uniform. In some cases, the follow-up and 

check-up sample was collected a couple of weeks after diagnosis (14 days, P38), while in some 

cases, it took months (6.5 months, P14). Therefore, these limitations must be considered when 

interpreting the obtained antibody profiles.

In 8/13 cases, we observed a > 2-fold increase in IgG antibody titers against one or more 

pathogens. Based on the comparison of the antibody profiles with BC results, the patients were 

divided into 5 groups: (1) serology confirms (and extends) microbiological diagnosis (2 cases), 

(2) serology contradicts microbiological diagnosis (3 cases), (3) serology identifies pathogens 

while microbiological diagnosis is negative (3 cases), (4) serology does not identify pathogens 
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while microbiological diagnosis is positive (3 cases), and (5) both serology and microbiological 

diagnosis are negative (2 cases). 

The reasons for the observed discrepancies fall into two categories. (1) BC was negative or 

detected a different pathogen than the infection array, and (2) the infection array was negative. 

Negative BCs are a major hurdle in IE diagnosis and can have several reasons. BC can be 

negative in 60-65% of cases when a patient is using antibiotics, which could obfuscate diagnosis 

[19, 35]. Another reason for the serological assay being positive and BC being negative could 

be an unrelated infection at another body site. For instance, in P36, C. albicans was not detected 

in the BC but was isolated from the tracheal secretions, and the infection array indeed detected 

an increase in antibody titers against it. C. albicans, though rarely, is involved in causing 

pneumonia and accounts for 0.7% of the cases in primarily immunocompromised patients 

[255]. Similarly, in P38, BC was negative, but E. cloacae was detected in urine, and high 

antibody titers were detected against it in the infection array. E. cloacae is involved in urinary 

tract infections and could possibly be involved in causing infection, thus explaining our findings 

[256]. This suggests that a concurrent and unrelated infection at other body sites could lead to 

positive serology while the BC is negative.  

In 3/13 cases (P8, P12, P40), high antibody titers were detected against pathogens that did not 

correspond to the pathogens detected by BC. This could be attributed to contamination of the 

BC during sampling by skin commensals. Indeed, 15-30% of the isolated organisms in the 

hospitals are contaminants, and the majority of them are coagulase-negative staphylococci 

(CoNS) [257]. Interestingly, these findings corroborate our study, where 2/3 cases (P12 and 

P40) showed an increase in antibody titers against CoNS. 

Conversely, a negative infection array can also have several reasons, e.g., timing, 

immunosuppression, and pathogen coverage. In our pilot study, in 3/13 cases BC was positive 

while the infection array was negative. This could be attributed to the timing at which samples 

were collected, and it is explained in detail later (5.1.3.1). Shortly, if the onset of infection was 

before d0 then the antibody titers might have reached the plateau, and the increase in titers 

would not be detected unless a series of samples are taken before and after the onset of infection. 

Moreover, the patients might not generate a robust immune response because of various factors, 

including immunosenescence and the usage of immunosuppressive drugs [258–261]. The mean 

age of IE patients is approximately 70, which could strongly impact the generation of a robust 

immune response and contribute to the disproportionate rate of IE infections in the elderly. For 
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instance, in P17, P25, and P37 (all above 75 years of age), an increase in IgG titer was not 

observed, suggesting that age could be an important factor. Furthermore, the majority (11/17) 

of the patients were on immunosuppressive drugs (e.g., Desloratadin, Ibuprofen, Ranitidin, 

Targin, Metamizol); yet, a strong correlation could not be observed between drugs usage and 

antibody response. Besides, IE prevalence in immunocompromised patients is not well 

documented [2, 262]. 

Another reason for negative serology could be that the infecting species or strain type is not 

included in the infection array. For instance, pathogens like Coxiella burnetii, Bartonella spp., 

and Brucella spp., are not added to our infection array panel, which might be causing IE. 

Moreover, most of the S. aureus species are genetically highly variable, and the chosen strain 

might not represent the clinical isolate very well. In fact, no bacterial strain can truly represent 

its species [263]. Genetic variation in species like P. aeruginosa and S. aureus can correlate 

with disease severity [264, 265]. Furthermore, S. aureus isolates encoding tst show a 

significantly higher IgG and IgA response against TSST-1 as compared to tst-negative isolate 

[41, 58], thus supporting the argument that strain-specific antibody response could be a limiting 

factor in a serological assay. Nevertheless, a similar increase was observed in our study against 

both the S. aureus strains. Overall, more species and, if necessary, also strain types should be 

added to the infection array to broaden its coverage. 

Fastidious microbes are hard to culture and could lead to false-negative results in routine BCs 

[2, 19]. Therefore, alternative assays such as serological assays and PCR are used to suggest a 

causative pathogen in 60% of the IE cases [266]. In another study, serology assay provided a 

diagnosis in 77% of the BC-negative IE [267]. Serological assays have been successfully used 

against IE-causing pathogens such as Coxiella burnetii, Bartonella spp., Brucella spp., and 

Tropheryma whipplei, and because of this reason, it has been added to the major clinical criteria 

for IE diagnosis [2, 266, 267]. Because of the success of serological assay in the diagnosis of 

BC-negative IE, it could be used to detect fastidious pathogens, which could reduce the chances 

of false-negative BC diagnosis. Besides serology, 16 and 18S rRNA sequencing is employed 

to diagnose the IE causing pathogen from the blood and valvular biopsies. 

Timing of sample collection is crucial 

As discussed before, initiating or amplifying an antibody response takes time: 7-10 days for 

primary infections and 3-5 days for secondary infections [237]. In consequence, the timing of 

sample collection is an important factor for antibody profiling [106, 237, 268].  
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As discussed in section (5.1.3), the samples in GIES were not collected in a uniform manner. 

On the one hand, in some cases, the time distance between samplings is too short (2 to 3 days 

in the case of P42 and P37), and further follow-up samples of the later time points were not 

available. In both of these cases, an increase in antibody titer was not observed. On the other 

hand, the follow-up samples were collected after more than 30 days in the case of 5 patients. 

Samples collected at such a late time point could complicate the interpretation of data because 

the patients could suffer from further IE-unrelated infections in the meantime. 

Interestingly, in P36 and P38, no significant change in antibodies titers was observed against 

any pathogen from d0 to d21 and d14, respectively, but a significant increase against multiple 

pathogens was recorded from d-6 to d21 and d14 (Table 11). This observation suggests that the 

time point at which diagnosis was confirmed (d0) was not the actual day of the start of infection. 

At d0 the antibody titer might have already reached a plateau, and because of this reason, the 

fold change in the follow-up samples was not significant.  

In conclusion, the timing of sample collection is very crucial to detect a change in antibody 

titers. Therefore, samples should be collected during routine check-ups from patients who are 

more susceptible to diseases such as IE. Having a biobank of back-up samples from patients at 

regular check-ups as well as regular follow-up samples after diagnosis might solve this issue 

and help detect an antibody response against pathogens causing the infection. 

Infection array data support the leaky gut hypothesis 

In our pilot study, we observed an increase in antibody titers against different gut microbes in 

6/13 (46.1%) cases. In detail, an increase in antibody titers was detected against C. albicans, 

K. oxytoca, E. cloacae, and C. difficile. Increasing antibody titers against gut microbes support 

the leaky gut hypothesis. They suggest that in IE the gut barrier becomes more permeable and 

allows the translocation of gut microbes into the bloodstream. This could trigger a systemic 

immune response against gut microbes [269]. As discussed in section 5.1.2, in health, intestinal 

integrity prevents the transfer of microbes and other factors from the gut to the bloodstream. It 

can be disturbed by changes in the epithelial mucosa or in the gut microbiota composition 

because of various factors, including age, diet, and antibiotics [208]. Besides, episodic systemic 

exposure to gut microbes due to the breach of the intestinal barrier has been observed in humans 

after high-fat meals, excessive alcohol consumption, the use of proton pump inhibitors, 

antibiotics, and nonsteroidal anti-inflammatory drugs [270–272]. Initially, high IgG titers 

against gut microbes were thought to be associated with leaky gut epithelium in patients with 
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inflammatory bowel disease [242]. Today, it is well documented that every individual develops 

robust IgG response against most gut microbes (e.g., E. faecalis , E. coli, C. albicans) over 

time, likely due to short episodes of a gut leakage [208, 230, 273]. In case of inflammation or 

serious disturbance of the intestinal barrier, the gut microbes could invade the bloodstream and 

lead to serious infection, including a heart valve infection. Because of this infection, the patient 

would receive antibiotics and other drugs, which could further damage the intestinal barrier, 

leading to a vicious cycle of gut microbes leaking and causing infection. However, there are 

some pitfalls that need to be considered before attributing clinical relevance to gut leakage. Any 

inflammatory process can disturb the gut barrier besides the independent influence of the factors 

discussed above. Moreover, it is unclear how gut barrier permeability leads to infections and 

whether it is necessarily a deleterious process [269, 274].  

Other studies also support an increase in antibody titers against gut microbes during the course 

of infection. Normann et al. reported an increase in antibody titers in sepsis patients in the 

follow-up samples against gut microbes like E. faecium, E. coli, and K. pneumoniae [205]. This 

is supported by another study conducted by our research group by using patient samples from 

the same study cohort (GIES). The serum contains antibodies produced by recently activated 

antibody-secreting cells as well as long-lived plasma cells. For investigating a recently induced 

antibody response, a medium-enriched for newly synthesized antibodies (MENSA) approach 

was used. MENSA from the unstimulated PBMCs were used to analyze the acute response 

(plasmablasts), while supernatants from the stimulated PBMCs provided information about the 

acute as well as memory response (B memory cells). It was observed in this study that in two 

cases, plasmablasts produce high antibody titers against C. albicans and E. cloacae, both of 

which are gut microbes. 

Cross-reactivity and/or polymicrobial infection? 

In 6/13 patients, we observed increases in IgG levels against several microbial species. This 

could be explained by three non-exclusive scenarios: (1) several consecutive or concurrent 

infections, (2) true polymicrobial infections, and (3) antibody cross-reactivity.  

Several consecutive or concurrent infections are a plausible explanation for an increase in IgG 

levels against several pathogens. As discussed before (5.1.3), follow-up samples were collected 

at irregular time intervals, and in the case of 5 patients, it was collected after more than 30 days. 

During such a long time, the patients could have developed consecutive infections, followed by 

increases in antibody titers against multiple pathogens. For instance, in P36, C. albicans was 
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isolated from the tracheal secretions, and high IgG levels were also observed in this patient, 

which could mean a possible C. albicans co-infection. Though in P12, P16, and P38, no other 

infections were diagnosed, neither a pathogen was isolated from other sites than BC, the 

possibility of an undiagnosed infection cannot be ruled out.  

Another reason for an increase in IgG levels against several pathogens is true polymicrobial 

infections. Indeed, in 3 cases (P8, P25, and P37), polymicrobial infection was detected through 

BC and swabs from other infection sites but not confirmed via infection array. The serological 

assay, on the other hand, suggests that 6/13 patients might have polymicrobial infections. 

Polymicrobial infections are not uncommon in IE, and comprise 5.9% of IE infections [275]. 

This phenomenon could be explained by the low sensitivity of BC diagnosis, leading to the 

underdiagnosis of polymicrobial infections. It appears more frequently (70%) in IE patients 

with underlying diseases such as diabetes mellitus and chronic renal failures [221, 275, 276]. 

There is no consensus on the effects of polymicrobial infections on mortality. Some reports 

have suggested a positive relationship between polymicrobial infection and mortality [277, 

278], while other studies suggest that the clinical outcome of polymicrobial infection is not 

different from single pathogen infection [275, 279, 280]. A possible explanation for 

polymicrobial infection could be a leaky gut which is discussed in detail above and/or a 

secondary infection. Nevertheless, due to the limited resolution of the kinetics and a limited 

number of follow-up samples, we are unable to distinguish a polymicrobial infection from a 

consecutive or concurrent infection. 

Another factor that could play an important role in the detection of an antibody response against 

multiple species could be antibody cross-reactivity. In 3 patients, there was an increase in IgG 

levels against several staphylococcal species. In the case of P16, the IgG titers increased against 

S. aureus and the CoNS S. hominis. Similarly, in P38, elevated antibody titers were observed 

against S. aureus and S. lugdunensis.  Cross-reactivity has been reported for closely related 

species sharing identical or closely related proteins, as well as for conserved bacterial structures, 

such as capsular polysaccharides and LPS [281, 282]. Bacterial pathogens like S. aureus and 

S. epidermidis can exchange virulence factors via horizontal gene transfer [283]. A shared 

capsular protein, capsule type 8, present in both S. aureus and S. epidermidis, has been reported 

to be responsible for a false-positive reaction in a commercial agglutination test for S. aureus

[284]. Type 5 and 8 capsular polysaccharides (CP) are also present in S. haemolyticus, and 

S. hominis [284, 285], which could lead to cross-reactivity, and this might be the case in P16. 
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Our lab has also reported cross-reactivities of the antibodies between S. aureus and CoNS [44]. 

In addition, human mAbs directed against conserved antigens can trigger cross-reactions. For 

instance, antibodies against LPS O-antigen of an opportunistic pathogen, 

Klebsiella pneumoniae, cross-react with diverse commensal and non-commensal microbes, 

including Gram-negative and Gram-positive bacteria and S. cerevisiae [286]. These reasons 

could lead to antibody cross-reactivity and should be considered while interpreting the results. 

C. albicans - an important player in IE? 

As discussed in section 5.1.2, high antibody titers were detected against an opportunistic fungal 

pathogen C. albicans in controls and IE patients at the time of diagnosis (d0), which were 

similar to the antibody titers against S. aureus. Moreover, frequent increases in antibody titer 

were also detected against C. albicans during IE. In our study, 4/13 (30.7%) IE patients 

generated significant antibody titers against C. albicans, and out of those, 3/4 patients had >5 

fold increases in IgG titers, suggesting either a translocation of C. albicans from the gut and/or 

secondary infection [287]. C. albicans has important clinical implications, as it is hard to 

diagnose and not cleared by routinely used broad-spectrum antibiotics. 

C. albicans is carried by 2/3 people on the mucous membrane, mostly the oral cavity, 

gastrointestinal tract (GIT), and the urogenital tract, without causing infection [239]. We 

suggest a leakage of C. albicans from the gut (explained in sections 5.1.2 and 5.1.3.2) and/or 

secondary infection as suggested in P36 (explained in section 5.1.3.3), which explains the 

observed increases in specific antibody titers. However, antibody cross-reactivity can not be 

completely ruled out. Immunological cross-reactivity between C. albicans and human tissues 

has been reported in the past. Clinical sera specimens positive for thyroid, ovary, and adrenal 

antibodies have shown cross-reactivity with C. albicans suggesting its possible role in 

autoimmune diseases [288]. Thus, the higher antibody titer we observed in the infection array 

for IE patients and controls might be observed because of one of the reasons with strong 

indication towards secondary infections. 

Our results suggest that C. albicans may play an important role in IE and underline the need for 

a reliable diagnosis. Nearly 50% of candidiasis cases are diagnosed via BC [289], 33% of those 

are IE cases [13]. The sensitivity of BC varies from 21-71% in candidiasis, making a case for 

other diagnostic techniques to be used. For instance, PCR is used for diagnosis with nearly 75% 

sensitivity. Serological tests and commercially available diagnostic kits for C. albicans are 

discussed in detail in section 5.1.4. 
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Interestingly, 2/4 patients with an increase in anti-C. albicans IgG, also showed an antibody 

increase against C. acnes. C. acnes, also known as Propionibacterium acnes, is a skin 

commensal and has only rarely been associated with IE (0.3 % of all cases), which is usually 

diagnosed through BC [290]. The predominant predisposing conditions include previous 

surgical intervention and the presence of prosthetic valves [290–293]. Native valve IE is 

uncommon and involves abnormal native valves, which account for 67% of the cases [294]. In 

our study, one patient suffered from an IE after a biological AV replacement, while the other 

represented an infection of the native valves.  

Excitingly, C. albicans and C. acnes have a synergistic relationship. C. albicans can enhance 

the biofilm growth of C. acnes, while C. acnes can protect C. albicans from micafungin 

(antifungal medication) [295, 296]. C. albicans can also have synergistic relation with S. aureus

and other bacterial pathogens, which can have significant clinical implications [297]. Although 

data is promising here, yet the sample size is limited. Further studies should be conducted to 

study the connection between these two pathogens in the context of IE.  

Infection array: an efficient and reliable diagnostic strategy 

Serological assays have shown promising results and can not only be used in diagnostics but 

also in understanding the immune response, which could help develop a better therapeutic 

strategy. Over the course of infection, a strong and highly specific antibody response is 

generated against the invasive pathogen and its antigens [41, 108, 205, 298, 299]. This highly 

specific antibody response forms the basis for the utilization of serological assays for diagnostic 

purposes. Some serological tests are already used in clinical routine, while others are so far only 

used for basic research. 

Rapid antigen and antibody diagnostic tests have been established for some pathogens involved 

in IE. For instance, the mannan antigen test, which allows detection of circulating mannan 

Candida antigen in human serum or plasma, have been established with a moderate sensitivity 

and specificity of 58% and 65%, respectively. Besides an antigen test, anti-mannan antibody 

tests have also been employed with increased sensitivity and specificity of 59% and 83% [300]. 

Later on, a combination of mannan antigen test and anti-mannan antibody test was developed, 

showing improved results with a combined sensitivity and specificity of 83% and 86% in 

invasive candidiasis [250, 289]. In addition, commercially available C. albicans germ-tube 

antibody (IFA IgG) tests provide a faster and easier diagnosis [301]. Nevertheless, better 

strategies are required to further improve the sensitivity and specificity of Candida diagnosis.  
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Besides Candida antibody diagnostic tests,  Harro et al. developed a rapid antibody diagnostic 

test for chronic S. aureus infections based on biofilm antigens with 90% sensitivity and 100% 

specificity [299]. The antigens were recombinantly produced and used in an ELISA-based 

assay. Similarly, Marmor et al. have developed a multiplex assay using recombinant proteins 

in an ELISA-based assay to diagnose PJI caused by Staphylococci with 72.3% sensitivity and 

80.7 % specificity [302]. Thus, multiplex assays, including the infection array, could 

complement the microbiological identification of the causative agent in IE, especially when 

BCs remain negative.  

To reliably infer the causative agent, it is important to have a baseline antibody titer, reflecting 

the antibody levels before the onset of infection. This holds especially true for S. aureus and 

C. albicans for which baseline antibody levels are on average very high and differ strongly 

between individuals. This variability in the IgG titers makes it very difficult or even impossible 

to determine a threshold for the diagnosis of infection [106–108]. In this case, an increase in 

antibodies against specific pathogens during the course of infection can help identify the 

causative agent. In the case of P36 and P38, we observed that serological assays performed with 

consecutive samples showed a pathogen-specific response. Equally important, it can identify 

pathogens that are usually underestimated in IE. After identification of the pathogen, 

appropriate and targeted therapy could be started.  

Limitations of the study 

The present study also has some limitations. First, the number of healthy individuals and 

patients was limited. Second, the subjects were not strictly matched based on age and sex. Third, 

back-up and follow-up samples were restricted in terms of collection points and were not 

available for 4/17 patients. Fourth, the basal time point might have been the time point where 

the disease had already advanced to see a change in antibody titer. Finally, the infection array 

might not contain the pathogen or a strain/subclone closely related to the invasive strain 

resulting in a false-negative result. The above points should be considered while interpreting 

the results. 

In conclusion, the infection array determines the increase in antibodies against invading 

pathogens and can thus complement and even extend the microbiological diagnosis of IE. The 

increase in antibody titer(s) was observed during the course of infection against the pathogens 

that were diagnosed by BC as well as pathogens that were not diagnosed. It provided significant 

insight into IE infection and highlighted gut microbiota which might play a crucial role during 
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IE or as a secondary infection [287]. Our results also show that most of the tested pathogens 

come in contact with the immune system and generate a memory immune response. Upon re-

exposure, plasma cells generate new IgG, resulting in an increase in IgG titers which can be 

detected by infection array and help diagnose the infection [303]. Furthermore, it pointed out 

the importance of the timing of sample collection. Lastly, serological assays could highlight the 

potential role of pathogens like C. albicans and C. acnes, which are mostly overlooked in BC 

and which should be explored further. 

Prospects of using infection array as a diagnostic tool 

In order to improve the diagnostic potential of the infection array, more pathogens should be 

added to the panel, especially the usual BC-negative pathogens such as Bartonella and Brucella

spp. There are variations in the virulence factors being produced by pathogens like S. aureus. 

Mobile genetic elements like bacteriophages, which carriers PVL, exfoliative toxin A and 

immune evasion cluster, contribute to strain-to-strain variation [304]. Therefore, besides using 

ECP, recombinant proteins should also be used to cover the missing virulence factors. 

Moreover, recombinant proteins will increase the specificity and reproducibility of the assay. 

Finally, recombinant proteins enable us to expand the infection array panel by adding non-

cultivable pathogens. The recombinant proteins should be selected based on their conservation 

in the species, specificity for the pathogen, and ability to trigger an immune response. 

Recombinant proteins may help to clearly distinguish between immune responses against 

closely related pathogens and reduce cross-reactivity. 
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Characterization of monoclonal antibodies against S. aureus

 Fighting S. aureus infections with monoclonal antibodies 

After demonstrating that pathogen-specific antibodies are generated during IE and presumably 

contribute to pathogen clearance, we aimed to generate mAb against the prime IE pathogen 

Staphylococcus aureus to study antibody functions on a molecular level. The rationale to 

generate mAbs against the selected S. aureus proteins candidates (ClfA, FnBPA, and SplB) in 

relation to IE is discussed in detail in section 1.7. 

S. aureus infections are a leading cause of morbidity and mortality in hospital settings, with 

diseases ranging from wound infections to life-threatening infections such as pneumonia, 

sepsis, and IE [46, 305]. For countering S. aureus infections, both active and passive vaccines 

have been generated against S. aureus, but none of them has made their way into clinical 

practice to date [77, 305, 306]. There is compelling evidence that antibodies against 

extracellular and surface-bound proteins play an important role in S. aureus infection and 

provide at least partial protection from a severe outcome [41, 105, 110]. Pre-clinical data 

suggest that antibodies specific for S. aureus virulence factors, including SpA, ClfA, and α-

Toxin, can contribute to the prevention and clearance of biofilms and provide protection from 

abscess, sepsis, and IE [133–135, 183, 305, 306]. Given the importance of antibodies in 

S. aureus infections, producing neutralizing mAbs against critical S. aureus virulence factors is 

a promising prophylactic and therapeutic strategy. 

Besides their therapeutic potential, mAbs have important applications in the research field. 

They can be utilized in sensitive detection assays such as ELISA and western blotting to 

determine the presence and concentration of the targeted antigen [307]. Furthermore, they can 

also be used in affinity purification techniques to isolate and purify their targets in a single step 

[308].  

Within the research consortium Card-ii-Omics, our group has generated murine, humanized, 

and human mAbs against S. aureus surface proteins (ClfA, FnBPA, SpA), a cell wall-anchored 

protein (IsdB), and extracellular enzymes (SplB, GlpQ, Plc). Within this Ph.D. project, 

I characterized murine mAbs against SplB and ClfA as well as murine and humanized mAbs 

against FnBPA. We aimed to generate antibodies with neutralizing capacity, i.e., the ability to 

inhibit the enzymatic activity of proteases or block the interaction of adhesins with their human 

ligands. 
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 Monoclonal antibody against the S. aureus serine protease SplB 

S. aureus proteases are a promising target for passive immunization as they contribute to 

S. aureus pathogenicity and, in some cases, even cause toxinosis. A prominent example is 

exfoliative toxins (ETs), the causative agents of bullous impetigo and its generalized form, the 

staphylococcal scalded skin syndrome (SSSS) [309]. Notably, a lack of maternal anti-ET 

antibodies renders infants highly susceptible to SSSS, showing the importance of antibodies in 

counteracting toxin-mediated pathology [310]. Recent work from our department has identified 

SplB as an exciting target for mAbs. SplB has allergenic properties in humans and mice [169, 

311]. It can also activate PAR2 and trigger the release of proinflammatory cytokines in 

endothelial cells [212]. PAR2 has been reported to have roles in inflammation, pain, cancer, 

and metabolic diseases [312]. Moreover, SplB is reported to be involved in biofilm formation, 

though its exact function is not yet elucidated [161]. This makes SplB a promising candidate 

for a passive vaccination strategy.  

In this work, we produced a neutralizing murine monoclonal antibody against SplB. The anti-

SplB mAb specifically targeted SplB and did not show cross-reactivity to other Spls and other 

ECPs of S. aureus. In an affinity-based MST assay, the anti-SplB mAb showed moderate 

binding to SplB with a Kd value of 2.54 μM compared to reported binding affinities for other 

monoclonal antibodies which are in the nM range [210, 211]. Besides, there is a significant 

variation in antibody affinity to its antigens ranging from 10 mM to 0.1 nM and even 48 fM 

[313–315]. Nevertheless, anti-SplB mAb neutralized the enzymatic activity of SplB by up to 

99 % in 5-fold molar excess and 50 % in 2-fold molar excess as demonstrated in an in vitro

substrate cleavage assay.  

The moderate Kd value could be strongly influenced by the MST protocol. Buffer composition 

and pH dictate the ability to detect ligand-protein interactions, influence the thermophoretic 

movement of the molecules and dramatically change the MST binding characteristics [316, 

317]. This could be the reason that we calculated a Kd in a μM range, suggesting moderate 

binding. Different buffer compositions and pH should be tried in the future to analyze the anti-

SplB mAb and SplB interaction in more detail. Moreover, an alternate method, surface plasmon 

resonance (SPR), could be employed to determine the Kd value.  

In addition, affinity maturation during germinal center reaction strongly impacts on the affinity 

of antibodies to their antigens. In this process, cycles of rapid somatic mutations and selection 

for antigen binding lead to improved binding and eliminate auto-reactive antibodies [286, 318]. 
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The rate of somatic mutation is approximately 10−3 per base-pair per cell division [319]. In our 

study, the variable regions of the heavy and light chains of the anti-SplB mAb have 94.9 % and 

98.6 % sequence similarity, respectively, to the germline sequence (Table S 1). As reported in 

previous studies, variable region sequence variation of around 2% is considered a low, while 

35-55 % is considered as a high mutation rate [320–323]. Hence, the anti-SplB mAb is highly 

similar to germline sequence.  

The affinity, avidity, and anti-pathogen activity of antibodies increase via affinity maturation 

[318]. However, in some cases, the process of affinity maturation might not be necessary or 

even redundant for antibody action [324]. Germline-like mAbs with high therapeutic potential 

have recently been generated in animal models [325]. Although germline-like mAbs retain a 

degree of structural plasticity in their backbone to bind to several different antigens 

(a phenomenon known as conformational flexibility hypothesis) [326], our mAb does not bind 

to the ECP of S. aureus and shows high specificity along with a strong neutralizing effect 

despite having high similarity to germline sequence. 

The next step was to test the anti-SplB mAb in vivo. Proteases and toxins are known to disrupt 

the endothelial barrier, and hence promote bacterial spread within the body [327–329]. This 

process can be mediated by PAR2 activation [330]. Our research group has recently shown that 

SplB can activate PAR2 and facilitate the release of proinflammatory cytokines in endothelial 

cells [212]. Therefore, it was interesting to test whether SplB disrupts the endothelial barrier in 

vivo, and if it does, whether anti-SplB mAb can prevent this effect. Interestingly, our results 

revealed that SplB induced pronounced endothelial damage in the mouse model, supporting the 

previous observations that proteases can cause endothelial dysfunction. Furthermore, the 

neutralizing anti-SplB mAb efficiently blocked the function of SplB in vivo and significantly 

reduced the damage to the endothelial barrier.  

SplB-induced endothelial dysfunction could potentially contribute to several diseases, 

including sepsis, endocarditis, and allergy. Kolar et al. reported that proteases, including Spls, 

promote the dissemination of S. aureus in the rabbit model of pneumonia [331]. Similarly, 

Paharik et al. demonstrated that Spls modulates S. aureus virulence in the mouse sepsis model 

[332]. Furthermore, the endothelial damage caused by proteases could provide a base for 

forming a characteristic infective endocarditis lesion, termed “the vegetation”, which is 

composed of bacteria surrounded by platelet and fibrin binding to the endothelium [333–335]. 

Moreover, SplB cleaves PAR2, the activation of which participates in the sensitization to a wide 
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variety of allergens and induction of allergic asthma [336]. Blockage of PAR2 function in the 

airways during allergen challenge prevents allergen-induced airway hyperresponsiveness [337]. 

Interestingly, vascular endothelial cells, on which PAR2 are expressed, have been reported to 

play their part in allergic inflammation [338, 339], and our research group has recently shown 

that SplB mediated inflammation in the endothelial cells is dependent on PAR2 [212]. In 

addition, SplB has already been shown to have type 2 polarizing potential in a mouse model, 

suggesting its role in allergy [340].  

Taken together, the produced mAb can neutralize the function of SplB both in vitro and in vivo. 

If applied prophylactically, the mAb interferes with SplB-induced activation of PAR2 on 

endothelial cells and preserves the barrier integrity. Neutralizing SplB could also indirectly 

prevent triggering allergic inflammation by blocking PAR2 cleavage. Additionally, as SplB 

induces a type 2 response, we would test the mAb in an allergic asthma mouse model in the 

future. Thus, our anti-SplB mAb has some potential as a therapeutic agent in allergy and 

infective endocarditis. 

 Monoclonal antibodies against S. aureus adhesins 

 ClfA remains a viable antigen candidate for mAb 

S. aureus harbours a wide range of adhesins involved in various infections. ClfA is one of these 

adhesins which has been linked to the bloodstream and biofilm-related infections [82, 183]. 

ClfA has the ability to bind to Fg and fibrin, which facilitates bacterial adherence to these 

extracellular matrix proteins as well as enables bacterial clumping. Both processes contribute 

to the development of S. aureus infections [82, 341, 342]. Additionally, ClfA impairs 

complement deposition required for opsonophagocytosis and impairs neutrophil and 

macrophage phagocytosis [343–345]. This makes ClfA a significant virulence factor and an 

interesting target for active and passive immunization strategies.  

In this work, we generated 2 murine mAbs against ClfA. While previous studies often focused 

on the promotion of opsonophagocytosis by anti-ClfA antibodies, we also wanted to test the 

neutralizing capacity of the anti-ClfA mAbs in vitro. Our ClfA-002 mAb inhibited the binding 

of ClfA to Fg up to ~ 60% (1:1, protein:mAb molar ratio), while the ClfA-004 mAb showed 

inhibition of 5.5% in the same molar ratio. The inhibitory effect of ClfA-002 is similar to the 

inhibition reported by Tkaczyk et al. for their murine mAb (11H10), where it showed ~ 70% 

inhibition (1:1 molar ratio) [133]. Anti-ClfA mAb, combined with anti-alpha toxin 
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(MEDI4893) mAb, provided protection in lethal bacteremia, pneumonia, and implant-related 

infections in mice models when applied prophylactically [145, 183]. Tkaczyk et al. also 

produced a multimechanistic bispecific antibody (BiSAb), containing anti-alpha-toxin and anti-

ClfA activities, which showed promising results in vitro but showed reduced activity in vivo as 

compared to the combination of individual anti-alpha-toxin and anti-ClfA mAbs [183]. These 

data indicate that neutralizing ClfA could inhibit the binding of ClfA to its partner protein, 

which can reduce the pathogenesis associated with it in animal models. 

In our work, a single nucleotide exchange in the LC of ClfA-004, compared to ClfA-002, led 

to an AA exchange from phenylalanine to tyrosine in the CDR3 region. Interestingly, this single 

mutation drastically changed the binding and functional properties of ClfA-004 mAb. For 

instance, the EC-50 for anti-ClfA 004 was 2.16 µg/ml, while ClfA-002 showed strong binding 

with an EC-50 at 0.07 µg/ml. This observation was also confirmed by western blot and dot blot 

and notably also the neutralization assay as described above.   

The LCs of both the mAbs are identical to the germline IgG genes, which suggests that the 

respective antibody-coding sequences have not undergone affinity maturation. The HCs of the 

mAbs are 97.4% identical to the germline IgG genes, indicating an lower degree of affinity 

maturation. It again supports the observation mentioned in the previous section (5.2.2) that even 

without affinity maturation, mAbs could neutralize the function of their target proteins. 

Minor variations in DNA sequence can be of great importance. Unintended changes in AA 

sequences resulting from mutation or the lack of translation regulation have been reported in 

recombinant human mAbs [346–348]. These changes can occur at constant regions as well as 

CDRs [348]. One to four point mutations in the CDRs can already reduce the ability of the 

antibody to bind to its target protein [349]. Besides, a point mutation identified via computer 

simulations suggested that the mutation led to destabilization of the antibody [350]. On the 

contrary, Wen et al. reported that a single mutation in the first CDR of the LC of a mAb resulted 

in a minor decrease in its binding affinity to the antigen [351]. Similarly, a point mutation in 

humanized immunoglobulin G1 mAb, that binds to vascular endothelial growth factor-A, 

outside the CDRs did not perturb the structure of the antibody [352]. Though sequence 

variations in the constant regions do not affect the binding property of the mAb, they have the 

potential to change the allotype provoking antibody responses due to alloimmunization [353, 

354]. Antibody sequence variation is a complex trade-off among antibody affinity, stability, 

specificity, and solubility, and all of the four factors can be influenced by mutations and can be 
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exploited for antibody engineering [355]. Besides the sequence variation in the mAbs, variation 

in ClfA sequence can also reduce the binding of a mAb for up to a 1000 fold which lead to loss 

of functional activity of the mAbs (Tkaczyk et al. 2017). 

Active immunization with ClfA showed a varied level of protection in different mice models, 

despite generating functional polyclonal opsonic antibodies [63, 356]. The variability in 

antibody titer and protection by active vaccination highlighted the potential benefit of passive 

vaccination, providing reliable and consistent antibody titers. As described, passive vaccination 

strategies involving ClfA have been successfully tried in IE rabbit model as well as sepsis, 

dermonecrosis, pneumonia, bacteremia, and hematogenous implant infection model mice 

models [131–133, 183]. Despite the promising results demonstrated in pre-clinical models and 

early clinical settings, the humanized anti-ClfA mAb Tefibazumab failed to protect in the later 

clinical trials. The mAb failed in phase II of the clinical trial in bacteremia and cystic fibrosis 

patients [134]. Moreover, INH-A21, which is a human intravenous immune globulin and 

contains elevated levels of anti-ClfA and anti-SdrG (Serine-aspartate repeat-containing protein 

G precursor), was tested in sepsis infants, but the trial failed in phase III  despite showing 

promising results in early stages in low birth weight infants with sepsis [157, 357]. This might 

be attributed to the different levels of expressions of ClfA among clinical isolates, variation in 

ClfA sequence, or targeting a single or bicomponent virulence factor [358, 359].  

Taken together, these results support the advantage of using ClfA as a target, and its 

neutralization might lead to the inhibition of S. aureus binding to Fg. Previous experiments in 

which multi-component and bispecific antibodies (BiSAb) were effectively used in animal 

models indicate the importance of ClfA in passive vaccination strategies. Our results also shed 

light on the influence of the sequence of mAbs on its functional properties. To further 

characterize the anti-ClfA mAbs, cross-reactivity against S. aureus surface proteins should be 

tested, for instance, by using a 79-plex Luminex panel of S. aureus proteins established at the 

Department of Functional Genomics, University of Greifswald. Moreover, inhibition assays 

should be performed with anti-ClfA mAbs from Tkaczyk et al. as a control to compare the 

efficacy of our mAbs. If the results are promising, anti-ClfA mAbs could be tested in vivo in 

the IE animal model, combined with other neutralizing mAbs as a multicomponent vaccine, to 

further show the efficacy of these mAbs.  
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FnBPA - a promiscuous adhesin and potential vaccine candidate 

Another important and broadly expressed adhesin in the MSCRAMMs family is FnBPA. Its 

binding to Fg, Fn, and elastin facilitates S. aureus attachment to biotic and abiotic surfaces 

leading to biofilm formation [82, 87, 360]. Moreover, FnBPA-dependent biofilms also inhibit 

macrophage invasion [361]. 

Studies have shown that FnBPA is highly immunogenic and can trigger an effective immune 

response. Truncated FnBPA, F130-500, was strongly immunogenic in mice, and the survival rate 

of mice upon systemic MRSA infection significantly increased after vaccination [362]. Rat 

antibodies against truncated FnBPA also triggered opsonophagocytic killing of S. aureus via 

macrophages in vitro and promoted neutrophil activity [120]. Additionally, murine antibodies 

generated against FnBPA hindered biofilm formation, inhibited S. aureus binding to Fn, and 

protected mice against IE [87, 186]. All the studies mentioned support the protective role of 

anti-FnBPA antibodies and their use as a vaccine candidate against S. aureus. 

In this study, we generated murine  and humanized mAbs against FnBPA and tested its 

neutralizing capacity in vitro. Two murine anti-FnBPA mAbs bound effectively to the target 

FnBPA. One murine mAb (anti-FnBPA D4) inhibited (20%) the binding of FnBPA to Fn in 

vitro, suggesting that the anti-FnBPA D4 binds to the Fn-binding domains of FnBPA and 

partially blocks its activity.  

The reason for this partial neutralization likely lies in the multiple tandem repeats of FnBPA 

that mediate Fn binding. The Fn-binding moiety is a collection of 11 tandem repeats, each of 

which can bind to the N-terminus of Fn, and six of those repeats bind the N-terminus with a Kd

in nM range, suggesting a very strong binding [87, 363]. Indeed, it has been reported that 

antibodies reactive to FnBPA isolated from the plasma of patients did not inhibit the binding of 

recombinant FnBPA to Fn [363, 364]. However, immunizing mice with the truncated repetitive 

region of FnBPB triggered the production of a neutralizing mAb (15E11), which showed 

inhibition of up to 70% [186]. Similarly, Ma et al. produced a mAb against truncated FnBPA 

and observed a 40% reduction of S. aureus binding to Fg [365]. This suggests that even in the 

presence of the mAb, some of the Fn-binding repeats are not neutralized. Structural analyses 

by Provenza et al. suggest that repeats 9 and 10 of FnBPA are important for their binding to Fn 

and that a mAb against these repeats inhibits this interaction [186]. The mechanism by which 

it inhibits is not merely competition with Fn but also a conformational change in the repeats to 

which it attaches. Provenza et al. referred to this phenomenon as “the mAb-promoted 
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conformational change mechanism,” which means that antibody binding shifts adhesin repeats 

from a high-affinity state to a low-affinity state. Another mechanism by which inhibition could 

work would be the sterical hindrance of the interaction of FnBPA and Fn. 

Overall, the tandem repeat structure of FnBPA renders this adhesin a difficult target for 

neutralizing antibodies. Future studies should focus on using small truncated epitopes of 

FnBPA proteins as a vaccine candidate, which would trigger the generation of specific 

antibodies and avoid the production of a myriad of non-specific and non-protective antibodies. 

The dilemma of targeting adhesins 

Adhesins have been studied for a long time to be used in active and passive immunization 

strategies, but in the case of S. aureus it has not been successful so far.  In contrast, Neisseria

adhesin A is used as a component of a licensed vaccine against N. meningitidis. Similarly, 

adhesins of H. influenzae, A. baumannii, and E. coli have also shown a high potential for a 

vaccine target [366]. In the case of S. aureus, a fair number of adhesins have been tested as 

vaccine candidates in pre-clinical and clinical trials [65, 77]. Out of those, ClfA is generally 

chosen as a vaccine candidate because it plays vital functions in various infections, ranging 

from arthritis to the bloodstream and biofilm-related infections [82, 87, 181, 182, 184]. 

Additionally, ClfA has the ability to confer virulence independent of other surface antigens 

[367]. Moreover, previous passive vaccination strategies against ClfA showed promising 

results in various animal models [131–133, 145, 183]. Similarly, antibodies against FnBPA 

provided protection against IE in the mice model [120].  

However, the successful transition from animal models to human trials has failed, and there 

could be several reasons. First, the production of a broad spectrum of functionally redundant 

adhesins like MSCRAMMs by S. aureus could be an important factor. Second, naïve animals, 

mostly mice, are used during the animal trials, whereas humans are immunologically primed 

against S. aureus, which may explain the discrepancies in the effects in animals as compared to 

humans. Besides, rabbits and non-human primates have been suggested to be more relevant in 

vivo models than mice [156, 368, 369]. Third, different levels of expressions of ClfA among 

clinical isolates might be an important factor [358, 359]. Besides expression level, variation in 

ClfA sequence can also reduce the binding of a mAb for up to a 1000 fold and lead to loss of 

functional activity [183]. Lastly, S. aureus has the capacity to inhibit antibody-mediated 

opsonization by producing protein A which can scavenge antibodies as well as deplete B cells 

[370, 371]. 
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Currently, there are at least five vaccines against S. aureus enrolled in clinical trials [369]. Pfizer 

has been working on a multivalent SA4Ag vaccine containing type 5 and 8 CP, ClfA, and 

manganese transporter protein C (MntC) [372]. Unfortunately, it failed in phase IIb in patients 

undergoing spinal surgery [369]. The focus has recently shifted from opsonizing antibodies to 

developing neutralizing mAbs against toxins and immune evasion proteins. Opsonizing 

antibodies have the risk of skewing the immune response, for instance, inducing cytokine 

response, while antibodies against secreted toxins can directly block toxicity [369, 373]. High 

natural antibodies against α-toxin have shown protection against S. aureus skin infection [114], 

while lower titers were associated with poor prognosis in bacteremia patients [374]. Similarly, 

high titers of serum antibodies against pore-forming toxins and SAgs are associated with better 

clinical outcomes [305]. Because of these reasons, focus has shifted towards using toxins as 

vaccine candidates against S. aureus. 

 Multi-component vaccines have shown promising results 

Although single target vaccines have been a very effective strategy against other bacterial 

pathogens such as Streptococcus pneumoniae, Neisseria meningitidis, and Haemophilus 

influenzae, it has not been effective against S. aureus [367, 375–377]. It can be attributed to 

multitude and redundancy of virulence factors which optimizes its chances of survival at 

different infection sites. Therefore, a combination of mAbs, in the form of a multivalent 

vaccine, might provide better protection, as it has been shown in various studies [149, 157, 158, 

305, 378]. Within Card-ii-Omics our group aimed to generate neutralizing mAbs against 

S. aureus surface proteins (ClfA, FnBPA, Spa), a cell wall-anchored protein (IsdB), and 

extracellular enzymes (SplB, GlpQ, Plc). Three of them were characterized in-depth in this 

Ph.D. work. Future work will aim at testing these mAbs in a multi-component vaccine in pre-

clinical S. aureus infection models.  

Another promising approach is combining mAbs with traditional antibiotic therapy, which has 

been reported to increase mAb’s efficacy [305, 379, 380]. We would test the produced mAbs 

along with antibiotics in vitro and in vivo to analyze the combined effect of these therapeutic 

agents. Besides, the stability of the produced mAbs should be tested as it has been reported that 

mAbs with a long half-life have better efficacy [146]. In conclusion, a multivalent vaccine could 

be effective and provide a better therapeutic approach to combat invasive S. aureus infections 

[118]. 
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 Selecting future targets for mAb 

An important point that should be addressed here is the careful selection of antigens for the 

purpose of vaccination. A few crucial factors should be considered during the selection process; 

(i) prevalence of antigens in S. aureus clinical isolates [381], (ii) genetic variability in the 

antigen of interest [133, 382, 383], (iii) expression of the proteins during the course of infection 

[139, 384] (iv) the direct role of the antigen in various staphylococcal infections, (v) 

immunologically relevant targets so antibodies and immune cells can access it, (vi) it should 

trigger a strong as well as the correct type of immune response [77, 385].  

In the future, it would be crucial to study and confirm specific antibodies against the antigens 

of interest that correlate with better outcomes in S. aureus infections. Recent studies show that 

neutralizing antibodies against S. aureus toxins have shown promising results in pre-clinical 

and clinical trials [305]. Moreover, instead of using a full-length antigen, focusing the antibody 

response against a specific epitope of antigens can provide better protection [365, 373]. It also 

reduces the production of non-protective antibodies, which bear the potential risk of cross-

reactivity with human tissues and sterical hindrance of the binding of protective antibodies 

[373]. Ultimately, a passive vaccine consisting of neutralizing mAbs against several short 

epitopes of different S. aureus virulence factors combined into a multivalent preparation may 

provide protection and should be tested in the future. 
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Supplementary figures  

Figure S 1: Timing of sample collection matters. (a, and b) Fold-change was measured for the antibody response at various 
points at which the plasma samples were collected from the IE patients. The threshold for the significant increase was set to 
2.0 (green bars), which is marked by a black dotted line. Fold-change was also calculated against the blood culture diagnosed 
pathogens (red bars) as well as swab-detected pathogens (orange bars). The fold-change against the swab-isolated pathogens 
that crosses the significance threshold are also shown (violet) (a) shows the fold change in IgG binding against the pathogens 
in patient 36 from d0 to d21 and d-6 and d21. (b) shows the fold change in IgG binding against the pathogens in patient 38 
from d0 to d14 and d-6 and d14. 
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Figure S 2: Serology detects a reduction in antibodies titer. Antibody response value against the pathogens in the infection 
array was measured in consecutive plasma samples. The response values reflect the IgG binding and are plotted on a logarithmic 
scale on the y-axis against the timeline of sample collection. The red lines show the BC-diagnosed pathogens against which 
the decease in IgG titer was detected. The orange dotted lines show the pathogens diagnosed from other infection sites that did 
not cross the significance threshold (2.0). 
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Figure S 3: All purified monoclonal antibodies show a high purity. For quality control, 1 μg each of anti-SplB G8, H7, and 
H9 mAbs and the protein marker VI prestained (M) were resolved on a 10% SDS gel and stained with Coomassie Blue staining. 
Both non-cleaved IgG antibodies (150 kDa) and the cleaved LCs and HCs of the antibodies (25 kDa (red arrow) and 50 kDa 
(black arrow), respectively) could be detected in all batches. No contaminating proteins were observed. 

Figure S 4: Anti-SplB mAbs do not bind to other recombinant Spls. (a – d) The purified anti-SplB mAbs were tested for 
their ability to bind to other native recombinant Spls (SplA, SplD, SplE, and SplF). ELISA plates were coated with 1 µg/ml of 
each indicated Spl, blocked, and subsequently incubated with serially diluted anti-SplB mAbs. mAb binding was visualized 
using a goat α-mouse IgG-POD and TMB substrate. One of 2 similar experiments is depicted.
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Figure S 5: Variable regions of the LCs and HCs of all three anti-SplB mAbs are identical. (a – b) Anti-SplB producing 
hybridomas were subjected to RNA isolation. RNA was reversed transcribed into cDNA, and variable gene regions of the LCs 
and HCs were amplified using PCR. After sequencing, the nucleotide sequences of LCs and HCs were aligned. All three anti-
SplB mAbs are entirely identical. 

a.  Light chains_G8, H7 and H9

b. Heavy chains_G8, H7 and H9
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Figure S 6: ClfA-002 and ClfA-004 purified mAbs are of high purity. To analyze the purity of the mAbs, 1 μg each of 
ClfA-002 and ClfA-004 mAbs and the protein marker VI prestained (M) were run on a 10% SDS gel and stained with 
Coomassie. Under denaturing conditions, cleaved HCs and LCs (25 kDa (red arrow) and 50 kDa (black arrow), respectively) 
could be detected in all batches.

Figure S 7: Variable regions of anti-ClfA mAbs LCs and HCs are identical for all mAbs except ClfA-004. (a – b) After 
generating cDNA from each hybridoma and sequencing it, the nucleotide sequences of LCs and HCs were aligned. The high 
consensus sequences are depicted in black color and the low consensus in red. The aligned nucleotide sequences showed that 
the ClfA 01, 002, 003, 005, and 006 mAbs were identical, while 004 differed from the other mAbs by one nucleotide, resulting 
in AA exchange from thyrosine (Tyr) to phenylalanine (Phe). 

w/0 ß-ME  ß-ME w/0 ß-ME  +ß-ME 

ClfA-002 ClfA-004

a.  Light chains_ClfA (001-006)

b.  Heavy chains_ClfA (001-006)
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Figure S 8: The purified anti-FnBPA mAbs are of high purity. To check the purity of the purified mAbs, 1 μg each of mAb 
and the protein marker VI prestained (M) were run on a 10% SDS gel under native and denaturing conditions and stained with 
Coomassie. Cleaved LCs and HCs of the antibodies (25 kDa (red arrow) and 50 kDa (black arrow), respectively) could be 
detected in all batches. 

Figure S 9: The murine anti-FnBPA mAbs D4 and E9 strongly differ in their LCs and HCs sequences. RNA was isolated 
from the anti-FnBPA D4 and E9 hybridoma cultures, cDNA was generated, and the gene regions encoding variable regions of 
the LCs and HCs of each clone were amplified by PCR. After sequencing, the nucleotide sequences of LCs and HCs were 
aligned. The high consensus sequences are depicted in black color and the low consensus in red. The aligned nucleotide 
sequences show that the murine anti-FnBPA mAbs D4 and E9 are two different mAbs because of the numerous differences in 
the nucleotide sequences at various regions of the LCs and HCs.

D4 E9 D7 D2/E9

-ß-ME  +ß-ME  -ß-ME  +ß-ME  -ß-ME +ß-ME -ß-ME +ß-ME 

a.  Light chain_FnBPA (D4 and E9)

b.  Heavy chain_FnBPA (D4 and E9)
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Table S 1. Comparison of the variable region sequence of LCs and HCs of the generated monoclonal antibodies with 
the germline sequences.

Name Germ line 

NCBI 

accession 

number

Regions From To Length Matches Mismatches Gaps Identity 

(%)

Silent 

Mutations

Non-silent 

mutations

Amino 

acid 

changes

G8 HC NC_000078.6 FR1 21 86 66 63 3 0 95.5 2 6 3

CDR1 87 116 30 26 4 0 86.7 0 4 3

FR2 117 167 51 50 1 0 98 0 1 1

CDR2 168 188 21 21 0 0 100 0 0 0

FR3 189 302 114 107 7 0 93.9 2 5 5

CDR3 303 312 10 10 0 0 100 0 0 0

Total 292 277 15 0 94.9 4 16 12

G8 LC NC_000072.6 FR1 79 78 75 3 0 0 96.2 2 1 1

CDR1 80 97 18 18 0 0 100 0 0 0

FR2 98 148 51 51 0 0 100 0 0 0

CDR2 149 157 9 9 0 0 100 0 0 0

FR3 158 265 108 108 0 0 100 0 0 0

CDR3 266 288 23 22 1 0 95.7 0 1 1

Total 287 283 4 0 98.6 2 2 2

FnBPA 

D4 HC

NC_000078.6 FR1 75 74 68 6 0 0 91.9 3 4 3

CDR1 76 99 24 22 2 0 91.7 0 2 2

FR2 100 150 51 50 1 0 98 0 1 1

CDR2 151 174 24 21 3 0 87.5 0 3 3

FR3 175 288 114 112 2 0 98.2 0 2 2

CDR3 289 298 10 10 0 0 100 0 0 0

Total 297 283 14 0 95.3 3 12 11

FnBPA 

D4 LC

NC_000072.6 FR1 3 80 78 75 3 0 96.2 1 2 2

CDR1 81 110 30 30 0 0 100 0 0 0

FR2 111 161 51 49 2 0 96.1 0 2 2

CDR2 162 170 9 6 3 0 66.7 1 2 1

FR3 171 278 108 107 1 0 99.1 0 1 1

CDR3 279 298 20 20 0 0 100 0 0 0

Total 296 287 9 0 97 2 7 6

FnBPA 

E9 HC

NC_000078.6 FR1 2 75 74 61 13 0 82.4 5 9 6

CDR1 76 99 24 20 4 0 83.3 2 2 1

FR2 100 150 51 42 9 0 82.4 3 6 3

CDR2 151 174 24 9 15 0 37.5 0 15 7

FR3 175 288 114 98 16 0 86 4 12 8

CDR3 289 293 5 4 1 0 80 1 0 0

Total 292 234 58 0 80.1 15 44 25

FnBPA 

E9 LC

NC_000072.6 FR1 12 79 68 58 10 0 85.3 4 11 8

CDR1 80 97 18 14 4 0 77.8 0 4 4

FR2 98 148 51 44 7 0 86.3 3 4 2

CDR2 149 157 9 6 3 0 66.7 2 1 1

FR3 158 265 108 91 17 0 84.3 2 15 11

CDR3 266 285 20 14 6 0 70 0 6 5

Total 274 227 47 0 82.8 11 41 31

ClfA-

002 and 

004 HC

NC_000078.6 FR1 5 79 75 71 4 0 94.7 1 3 1

CDR1 80 103 24 23 1 0 95.8 1 0 0

FR2 104 154 51 51 0 0 100 0 0 0

CDR2 155 184 30 30 0 0 100 0 0 0

FR3 185 298 114 111 3 0 97.4 2 1 1

CDR3 299 306 8 8 0 0 100 0 0 0

Total 302 294 8 0 97.4 4 4 2

ClfA 

002 LC

NC_000082.6 FR1 1 64 64 64 0 0 100 0 0 0

CDR1 65 91 27 27 0 0 100 0 0 0

FR2 92 142 51 51 0 0 100 0 0 0

CDR2 143 151 9 9 0 0 100 0 0 0

FR3 152 259 108 108 0 0 100 0 0 0

CDR3 260 282 23 23 0 0 100 0 0 0

Total 282 282 0 0 100 0 0 0

ClfA 

004 LC

NC_000082.6 FR1 1 64 64 64 0 0 100 0 0 0

CDR1 65 91 27 27 0 0 100 0 0 0

FR2 92 142 51 51 0 0 100 0 0 0

CDR2 143 151 9 9 0 0 100 0 0 0

FR3 152 259 108 108 0 0 100 0 0 0

CDR3 260 281 22 21 1 0 95.4 0 2 1

Total 281 280 1 0 99.6 0 2 1
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