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The human respiratory tract 

The human body is critically depending on an adequate supply of oxygen and, at the same time, the 

effective disposal of carbon dioxide. Both needs are fulfilled by the respiratory tract, where two 

sections can be distinguished. The upper respiratory tract begins with the nasal cavity and guides the 

oxygen-rich inhaled air via the pharynx to the larynx. The lower respiratory tract starts at the trachea 

and delivers the inhaled air from the bronchi to the bronchioles (Figure 1). Via the respiratory 

bronchioles, the alveolar ducts, and alveolar sacs, the air reaches the alveoli, where gas exchange takes 

place, followed by the exhalation of CO2-rich air via the reversed route  [1-3].   

Figure 1: Computed tomography scan of the lower respiratory tract. The image shows the trachea, 

bronchi and bronchioles of healthy lungs. The image was kindly provided by Ronald Dob and Willem 

Dieperink. 

 

 

The microbiome of the respiratory tract 

While it is known since many years that a highly diverse microbial community colonizes the upper 

respiratory tract, it was long believed that the lower respiratory tract of healthy individuals is sterile. 

The latter view was essentially based on a lack of identification of microorganisms in the lower 

respiratory tract by classical culture-based techniques. However, due to the development of culture-

independent DNA-based techniques for the detection of microorganisms, it became clear that in the 

lower respiratory tract resides a low-abundant bacterial community that, in composition, mostly 
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mirrors that of the oropharynx of most healthy individuals [3-5]. The microorganisms in the upper and 

lower respiratory tracts are collectively referred to as the microbiome of the respiratory tract. Of note, 

Marchesi and Ravel proposed to define the microbiome as the collection of microorganisms with their 

genes and genomes in an ecological niche. However, today the microbiome is mostly referred to as 

the assembly of microbial genes and genomes at a particular anatomical site [6, 7]. Since the DNA-

based identification of microorganisms does not distinguish between live and dead microorganisms, 

the latter definition is a more realistic description of what is actually measured in most of the current 

microbiome studies. To define bacterial microbiomes, 16S rRNA gene sequencing is one of the most 

commonly applied approaches. This technology is based on sequencing of the conserved small (16S) 

ribosomal subunit rRNA gene, which consists of nine constant regions and nine hypervariable regions 

that are specific for different bacterial species [7, 8]. 

The lung microbiome is determined by a balance of the microorganisms that enter the airways, the 

clearance of these microorganisms and their relative reproduction rates on site [3]. Microorganisms 

enter the lower respiratory tract mostly via microaspiration, but also via inhalation of aerosols and 

dust, or via migration over the mucosa [3]. In healthy individuals, the lungs are effectively cleared from 

microorganisms by a combination of ciliated epithelial cells that generate an outward flow of mucus, 

coughing [3, 9, 10] and the innate and adaptive immune defenses [3, 11]. This well-balanced system 

undergoes changes or gets disturbed when dealing with pathologies, such as asthma and chronic 

obstructive pulmonary disease (COPD), or acute and chronic lung diseases in general [3]. Another 

condition that may lead to increased introduction of microorganisms and an altered microbiome is the 

mechanical ventilation of critically ill patients through an endotracheal tube.  

 

Mechanical ventilation 

Mechanical ventilation is a life-supporting treatment for critically ill patients, who need assistance or 

cannot breathe on their own due to their underlying disease, injuries or medications. It is most 

commonly applied in intensive care units (ICUs) of hospitals. A ventilator supplies the intubated patient 

with warm humidified air. The commonly used systems allow the provision of varying levels of oxygen 

at varying pressure, depending on the needs of the patient, and they help the patient to exhale carbon 

dioxide [12, 13]. While mechanical ventilation has clear advantages for the patient, there are also 

certain potential disadvantages, including lung damage and an increased risk of infectious diseases [12, 

13]. In particular, the mechanically ventilated patients are at risk of Ventilator-Associated Pneumonia 

(VAP), because the inserted endotracheal tube can lead to microaspiration from the oropharynx. 

Moreover, clearance of the ventilated patient’s lungs is reduced by an impaired ciliation of the 

epithelium and the inability to cough [12, 13].  
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Pneumonia 

Pneumonia is defined as an infection of the lungs, caused by bacteria, fungi or viruses [14-17]. A 

distinction is commonly made between Community-Acquired Pneumonia (CAP) and Hospital-

Associated Pneumonia (HAP), depending on the time of onset and the causative agents. In particular, 

pneumonia occurring in patients outside the hospital or within 48 hours after hospital admission is 

usually defined as CAP. Cases of pneumonia that occur 48 hours or more after admission of the patient 

to the hospital are then regarded as HAP. In general, the microorganisms associated with HAP are 

different from those associated with CAP and more resistant to antibiotics [18, 19]. The most common 

causative agent of CAP is Streptococcus pneumoniae. Bacteria such as Staphylococcus aureus, 

Pseudomonas aeruginosa and Klebsiella pneumoniae are frequently associated with HAP [18, 20]. If 

VAP occurs in mechanically ventilated ICU patients, this usually happens two or more days after 

insertion of the endotracheal tube [18, 21]. Depending on whether VAP is diagnosed within the first 

four days of hospitalization or thereafter, a distinction between early or late onset VAP can be made 

[21]. The prevalence of VAP in mechanically ventilated ICU patients ranges between 9% to 31%, 

depending on the clinical setting and prevention measures [22, 23]. Bacteria often associated with VAP 

are S. aureus, Escherichia coli, P. aeruginosa, Enterobacter species, K. pneumoniae and (non-typeable) 

Haemophilus influenzae and, to a lesser extent, S. pneumoniae [24-28].  

 

Spread of bacteria from the lungs to other parts of the human body 

A serious possible consequence of pneumonia is that the causative microorganisms disseminate from 

the inflamed lungs to the bloodstream leading to bacteremia or sepsis. Incidentally, the disseminated 

bacteria will even cross the blood-brain barrier to cause meningitis [29, 30]. Both bacteremia and 

meningitis are associated with high morbidity and mortality [31-34].  

The mechanisms by which the bacteria disseminate from the lung to the bloodstream differ from 

pathogen to pathogen as exemplified by studies on P. aeruginosa, S. aureus and S. pneumoniae. 

Studies reviewed by Berube et al. indicate that nearly all strains of the Gram-negative bacterium P. 

aeruginosa possess a needle-like type III secretion system (T3SS) and the gene for the corresponding 

effector protein ExoS is found in 70-80% of the clinical P. aeruginosa isolates [35]. The T3SS is used to 

inject the toxin ExoS into neutrophils, by which this pathogen blocks phagocytosis, thereby allowing its 

persistence in the alveolar space. After P. aeruginosa has attached to the airway epithelium, it also 

injects ExoS into type I pneumocytes. This results in areas with cell death and eventually leads to 

disruption of the epithelial barrier. Subsequently, a type II secretion system is utilized by P. aeruginosa 

to secrete the protease LasB. LasB cleaves the VE-cadherin, thereby disrupting the adherence junction 

of vascular endothelial cells and allowing P. aeruginosa to enter the bloodstream [35]. In contrast, the 
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Gram-positive bacterium S. aureus manages to enter the bloodstream by using the secreted pore-

forming α-toxin that binds to host cells via the A disintegrin and metalloprotease 10 receptor. This 

eventually leads to the cleavage of E- and VE-cadherins, causing both the epithelial and vascular 

endothelial barriers to disrupt [36, 37]. Dissemination of the Gram-positive bacterium S. pneumoniae 

into the bloodstream is more inflammation-driven. Pneumococcal exoglycosidases cleave the terminal 

sialic acid, galactose and N-acetylglucosamine from alveolar epithelial cell glycoconjugates to expose 

carbohydrate receptors. Adherence to these receptors is mediated by various pneumococcal surface 

structures, such as phosphorylcholine (PCho) and choline-binding protein A (CbpA, also referred to as 

PspC))  [38-40].  PCho and CbpA bind to the platelet-activating factor receptor (PAFr) and polymeric 

immunoglobulin receptor (pIgR), respectively, which then leads to the endocytosis and the 

translocation of the pneumococcus to the basolateral membrane and the bloodstream [40-42]. An 

alternative pathway of translocation relies on disrupting the epithelial barrier and is referred to as 

paracellular invasion. Epithelial damage can be caused by the pore-forming cytotoxin pneumolysin and 

hydrogen peroxide production by the bacterial pyruvate oxidase SpxB. Pneumolysin also triggers 

several components of the immune system, including complement activation [40, 41]. In addition, 

neutrophils recruited by pneumococci are stimulated to release neutrophil extracellular traps (NETs) 

[43], which are then degraded by S. pneumoniae via an endonuclease [44, 45]. All in all, the resulting 

inflammation leads to serious damage of the lung.  

Once bacteria have spread from the lung to the bloodstream, they can disseminate to other organs, 

such as the brain. However, to gain access to the brain they need to pass the blood-brain barrier (BBB). 

S. pneumoniae is a major cause of bacterial meningitis and, in addition to the potential of pneumolysin 

and hydrogen peroxide to disrupt the BBB integrity, it is known to cross the BBB via receptor-mediated 

transcytosis [29, 30]. Several different receptors have been implicated in pneumococcal endocytosis 

and translocation through the BBB, such as the above-mentioned receptor PAFr, the laminin receptor, 

the polymeric immunoglobulin receptor (pIgR), and the platelet endothelial cell adhesion molecule-1 

(PECAM-1) [29, 30]. The pneumococcal binding to such receptors is mediated by surface-exposed cell 

wall-associated virulence factors, such as the major adhesin of the pneumococcal pilus-1, RrgA, and 

the choline-binding protein PspC. RrgA was shown to bind both pIgR and PECAM-1, while PspC 

associates with pIgR and the laminin receptor [46, 47].  

 

Prevention and treatment of pneumonia 

Since S. pneumoniae is, overall, the main causative agent of bacterial pneumonia, the principal 

approach to prevent this disease is the vaccination against this pathogen. Pneumococcal vaccination 

is in particular applied to protect the most susceptible individuals, which are young children, the 
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elderly, and individuals with particular health conditions, like diseases of the heart or asthma [48-51]. 

Different types of vaccines, based on the pneumococcal capsule polysaccharides, are currently in 

clinical use [50, 51]. Although these vaccines have been proven highly effective, due to limitations such 

as serotype replacement, there is a need for the development of new-generation vaccines [52-55].  

Importantly, S. pneumoniae is only one of a rather wide range of pathogens that can cause pneumonia. 

Thus, even if pneumococcal vaccines would provide perfect protection against pneumonia, they would 

not suffice to protect frail and immunocompromised individuals in the hospital setting from developing 

HAP or VAP, especially since S. pneumoniae is an infrequent cause of these types of pneumonia. To 

mitigate the risks of developing pneumonia (and other infections), mechanically ventilated patients 

may be subject to selective decontamination of the digestive tract (SDD). At the University Medical 

Center Groningen and other Dutch hospitals, this involves the application of non-absorbable 

antimicrobial agents, such as tobramycin, colistin, and amphotericin B in the oropharynx and 

gastrointestinal tract, in combination with systemic administration of cephalosporins, such as 

cefotaxime. In particular, this protocol would preclude secondary colonization with Gram-negative 

bacteria, S. aureus, and yeasts, and possible infections by opportunistic commensals of the respiratory 

tract [56].   

Once pneumonia has developed it will be necessary to treat the respective patient with antibiotics, 

firstly to cure the lung infection, but also to prevent dissemination of the causative agent to other parts 

of the body. In 2018, the most frequently used antibiotics in the community in the Netherlands and/or 

Europe were β-lactams (penicillins), tetracyclines and macrolides, lincosamides and streptogramins. In 

the hospital sector, β-lactams (penicillins and others) and quinolones were most frequently used in 

both the Netherlands and Europe-wide [57]. Such antibiotic therapy is in most cases still effective, but 

the success of antibiotic therapies is increasingly threatened by the emergence of (multi-)drug 

resistant pathogens. A well-known example is the methicillin resistant S. aureus (MRSA), which is 

feared for its difficult-to-treat infections in nosocomial settings. According to the European Centre for 

Disease Prevention and Control, in 2018, the incidence of MRSA detection in blood was low in Northern 

Europe (<1-5%), but this proportion was significantly increased in some Southern European countries 

where MRSA incidence rates between 25-50% were reported [58]. In contrast, the incidence of 

penicillin resistant S. pneumoniae in blood and cerebrospinal fluid ranged in most European countries 

between 5-10% or 10-25%. The incidence of macrolide resistant S. pneumoniae isolates is generally 

higher with percentages in most European countries ranging from 10%-25% [58]. The prevalence of 

antibiotic resistance can be attributed to various factors, but it does overlap with the overall 

consumption of antibiotics in the various European countries. This underscores the view that an 

appropriate and prudent balance between preventive and therapeutic administration of antibiotics is 
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necessary to keep microbial drug resistance to a minimum, so that the currently available antibiotics 

can be effectively used for longer periods of time.    

Despite the fact that many people carry pathogens capable of causing pneumonia, not everybody will 

develop this disease. This most likely relates to the protection offered by the mucosa, an intact 

epithelial cell layer, as well as highly effective innate and adaptive immune responses. In the context 

of mechanical ventilation, this natural protection may be complemented by SDD as indicated above.  

 

Sputum 

In healthy individuals, the alveolar sacs of the lung will be filled with air. However, alveoli in the 

affected area of patients with pneumonia may fill with pus and fluid, and this is often referred to as 

‘sputum’ [14]. Sputum is a complex mixture of the glycoprotein mucin and DNA, filamentous actin, 

proteoglycans, bacteria and bacterial biofilms, antimicrobials and proteins [59-68]. The composition, 

amount, and consistency of sputum is highly variable depending on the patient and her/his condition 

[59, 69-71]. Sputum accumulation in a patient’s lungs is a potential risk for pneumonia as it may 

provide an attractive niche for invading pathogens. Normally, the lungs will be cleared from sputum 

by ciliary activity and coughing, which is impaired in patients with mechanical ventilation. However, 

not all ventilated patients develop pneumonia. Although this could at least partially be explained by 

the (preventive) use of antibiotics and earlier vaccination of the patient against S. pneumoniae, the 

sputum environment itself is likely to possess also antimicrobial activities derived from innate immune 

responses. While the latter explanations for the absence of pneumonia in the majority of ventilated 

patients seem plausible, they are actually rather intuitive due to a shortage of experimental data.  

 

Scope of this thesis 

At the start of the research described in this PhD thesis, it was not known to what extent natural human 

defense mechanisms contribute, next to antibiotics, to the protection of mechanically ventilated 

patients against infections of the lung. Therefore, the research described in this thesis was primarily 

aimed at exploring the antimicrobial activity in human sputum with a major focus on the pathogen 

S. pneumoniae. In parallel, host-pathogen interactions relevant for the establishment of infection were 

also addressed from the pneumococcal end, and the possible mechanisms by which S. pneumoniae 

can infect the brain were charted through a review of the respective literature. A general introduction 

to these different aspects of host-pathogen interactions in the lung and beyond is presented in Chapter 

1 of this thesis.  
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The research presented in Chapter 2 was aimed at identifying possible antimicrobial activities in 

broncho-alveolar aspirate, here defined as sputum, from mechanically ventilated intensive care unit 

patients. To this end, a plate assay was developed to assess the sputum antimicrobial activity against 

three bacteria, namely S. pneumoniae, S. aureus and the sputum-resident Streptococcus anginosus. 

This showed that many, but not all, sputa contained antimicrobial activity. The sputa with antimicrobial 

activity were subsequently investigated for possible sources of this activity, such as elevated levels of 

cefotaxime and the sputum microbiome. All measured parameters were then related to the respective 

patient’s characteristics. The combined results uncovered a high degree of variation in the 

antimicrobial activity of sputa collected from different patients. Surprisingly, antibiotic therapy and the 

sputum microbiome contributed only partially to the detected antimicrobial activity. While it was 

initially hypothesized that sputum antimicrobial activity could be beneficial for patients, the obtained 

results revealed that the level of antimicrobial activity in sputa correlated inversely with the patient 

outcome. However, the latter observation is most likely due to the fact that disease severity, as 

reflected by the APACHE IV and SAPS II scores, outweighed any beneficial effects of the detected 

antimicrobial activities. 

An enigmatic observation in the studies described in Chapter 2 was that various sputum samples 

displayed substantial levels of anti-pneumococcal activity, whereas the cefotaxime levels were too low 

to explain this phenotype and a clear connection with the sputum microbiome was also not evident. 

Since this was suggestive of antibacterial activities produced by the patients themselves, a sputum 

proteome and immunoproteome analysis was performed, which is described in Chapter 3. Indeed, the 

proteome analysis revealed substantial differences in the protein composition of sputa with or without 

antimicrobial activity. In particular, the sputa with antimicrobial activity and cefotaxime concentrations 

below the minimal inhibitory concentration (MIC) for S. pneumoniae displayed a distinct proteome 

signature with, amongst others, enhanced levels of complement-related proteins. In addition, 

significantly higher levels of antibodies against particular pneumococcal antigens were observed in 

certain inhibiting sputa. This implies that the anti-pneumococcal activity of these sputum samples is 

indeed related to immune defenses of the host.  

While the studies described in Chapters 2 and 3 had a strong focus on the ‘host side’ of the host-

pneumococcal interactions, the studies described in Chapter 4 placed more emphasis on the 

‘pneumococcal side’ of this interaction. Previous studies had already shown that the cell surface of 

S. pneumoniae presents a special class of proteins known as choline-binding proteins (CBPs). These 

proteins are attached to phosphorylcholine moieties of teichoic acids in the pneumococcal cell wall. A 

CBP of which relatively little was known was the choline-binding protein L (CbpL). Therefore, the 

studies described in Chapter 4 addressed the modular architecture and teichoic acid recognition 
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features of CbpL and show how they contribute to the pathogenesis of S. pneumoniae. In particular, 

infection studies demonstrated the importance of CbpL in the pneumococcal interaction with host 

components, thereby facilitating pneumococcal lung infection and transmigration from the 

nasopharynx to the lungs and bloodstream.  

Once S. pneumoniae has entered the bloodstream, it may ultimately reach the brain and cause 

meningitis by crossing the blood-brain barrier. The diverse interactions of S. pneumoniae with the BBB 

that lead to the onset of meningitis are reviewed and discussed in Chapter 5. Here the focus is on the 

different receptors in the BBB that facilitate pneumococcal attachment and subsequent transcytosis. 

An important concept that became evident by defining the pathways and ligands employed by 

S. pneumoniae for adherence to the particular receptors, was that it may be possible to intervene with 

the respective mechanisms. In turn, this could allow the development of novel preventive or 

therapeutic avenues to fight pneumococcal meningitis. This is an exciting outlook in view of the high 

morbidity and mortality associated with meningitis. 

Lastly, Chapter 6 summarizes the results described in this thesis and highlights their implications with 

respect to future research and potential biomedical applications.  
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Abstract 

Mechanically ventilated patients are at risk of pneumonia. Therefore, these patients often undergo 

prophylactic systemic antimicrobial therapy. Intriguingly, antimicrobial activity in sputa from 

ventilated patients is only partially explained by antibiotic therapy. Here we report distinct proteome 

signatures and Streptococcus pneumoniae-specific antibodies in sputa with or without antimicrobial 

activity. Sputa inhibiting growth of S. pneumoniae, but containing sub-inhibitory levels of the antibiotic 

cefotaxime, presented elevated levels of proteins implicated in innate immune defences, such as 

complement and apolipoprotein-associated proteins. In contrast, S. pneumoniae-inhibiting sputa with 

relatively high cefotaxime concentrations or non-inhibiting sputa contained higher levels of proteins 

involved in inflammatory responses, such as neutrophil elastase-associated proteins. In 

immunoproteomics 18 out of 55 S. pneumoniae antigens tested showed significantly increased levels 

of IgGs in inhibiting sputa. Hence, proteomics and immunoproteomics revealed higher levels of 

antimicrobial host proteins and S. pneumoniae antigen-specific IgGs in pneumococcal growth-

inhibiting sputa, thus explaining their antimicrobial activity.  

 

 

Keywords: Streptococcus pneumoniae, mechanical ventilation, sputum, antimicrobial peptides 
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Introduction 

Mechanically ventilated patients are at risk of developing pneumonia. This relates to ineffective 

clearance of the lungs due to the insertion of an endotracheal tube, the use of narcotics, suppressed 

coughing, and the supine position of the patient [1-3]. As a consequence, the lung alveoli of 

mechanically ventilated patients may fill with fluid, mucus and pus, especially once pneumonia 

develops upon colonization and infection of the lungs by opportunistic pathogens (World Health 

Organization, http://www.who.int/news-room/fact-sheets/detail/pneumonia). To prevent 

pneumonia and other infections, patients may be subjected to prophylactic systemic antimicrobial 

therapy (e.g. with cephalosporins), and selective decontamination of the digestive tract with non-

absorbable antimicrobial agents (e.g. tobramycin, colistin, and amphotericin B) [3, 4]. In addition, the 

accumulating fluid is routinely aspirated to support respiration and increase patient comfort [3].  

Antimicrobial activity in the upper and lower airways may protect patients against pneumonia. 

Therefore, we have previously performed a systematic analysis of antimicrobial activity in the broncho-

alveolar aspirate (here referred to as ‘sputum’) that was collected from 53 mechanically ventilated 

patients at the Department of Critical Care of the University Medical Center Groningen (UMCG) [5]. Of 

note, only one third of the included patients developed pneumonia, suggesting that the majority of 

these patients was effectively protected against pulmonary infection. Antimicrobial activity in the 

collected sputa was tested on two renowned causative agents of pneumonia, Streptococcus 

pneumoniae and Staphylococcus aureus, and on a sputum-resident Streptococcus anginosus isolate. 

Intriguingly, the detected antimicrobial activity in the investigated sputa could only be partially 

explained by antibiotic therapy, which was evidenced by quantification of cefotaxime concentrations. 

Furthermore, the antimicrobial activity could not be correlated to possible bacteriocin production by 

the sputum-resident microbiota [5]. This raised the intriguing question whether host factors, such as 

human antimicrobial peptides and proteins, contribute to the detected antimicrobial activity in the 

investigated sputa.  

The aim of the present study was to investigate whether the sputa from mechanically ventilated 

patients show particular proteome and immunoproteome signatures that can be associated with the 

presence or absence of antimicrobial activity. To this end, 36 sputa from 27 patients included in our 

previous study [5] were subjected to proteome analysis. All of these 27 patients had received 

cefotaxime systemically. Nonetheless, only 16 of the investigated sputum samples showed 

antimicrobial activity, whereas this activity was undetectable in the 20 other samples [5]. The results 

of our present study indicate that the sputa with or without antimicrobial activity displayed distinct 

proteome signatures. Relatively high levels of proteins involved in innate immune responses 

characterize sputa inhibiting growth of S. pneumoniae but containing low or undetectable levels of 
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cefotaxime. On the contrary, S. pneumoniae-inhibiting sputa with relatively high cefotaxime 

concentrations and non-inhibiting sputa are characterized by relatively high levels of proteins involved 

in inflammatory activities. Remarkably, S. pneumoniae-inhibiting sputa with relatively high cefotaxime 

concentrations displayed high anti-pneumococcal IgG titres. 

 

Material and methods 

Sputum samples and ethical approval 

Sputum samples were derived from a previous study on 53 mechanically ventilated patients admitted 

to the Neuro Intensive Care Unit of the Department of Critical Care at the UMCG. This study was 

approved by the Medical Ethical Committee of the UMCG (research project number 2014.309), which 

decided that informed consent was not necessary since all patients admitted to the UMCG are 

informed that their data and (diagnostic) waste materials can be used for scientific research. All patient 

data and samples were collected and processed anonymously with adherence to the Helsinki 

Guidelines. The baseline and clinical characteristics of the 27 patients whose sputa were used in the 

present study are summarized in Table 1. All investigated sputum samples were previously 

characterized for antimicrobial activity, microbiota, and cefotaxime concentration [5].  

 

Sample preparation for shotgun mass spectrometry (MS) 

Flash-frozen sputum aliquots were cryo-fractured, methanol-extracted, pelleted and stored at -20oC 

until further analysis as previously described [5]. Pellets of the cryo-fractured sputum samples were 

processed for proteome analysis essentially as described previously [6]. Briefly, sputum pellets were 

resuspended in a solution of 8 M urea and 2 M thiourea and subjected to five cycles of freezing in liquid 

nitrogen and thawing at 37oC for 10 min with vigorous shaking. The resulting samples were further 

homogenized by three ultrasonication pulses, each of 30 s at 50% power (SonoPuls, Bandelin 

electronic, Berlin, Germany). After centrifugation (~20,000 x g, 1 h, 20oC), carried out to remove any 

remaining insoluble materials, the protein concentration of the resulting supernatant fraction was 

quantified using a Bradford assay (Biorad, München, Germany). For each sample, four µg of protein 

were reduced with dithiothreitol (DTT, final concentration 2.5 mM) for 30 min at 37oC and alkylated 

with iodoacetamide (IAA, final concentration 10 mM) for 15 min at 37oC. Digestion with trypsin was 

done overnight at 37oC in a ratio of 1:25 and stopped by adding acetic acid (final concentration 1%). 

The peptide solution was purified using ZipTipµC18 columns (Merck Millipore, Billerica, MA, USA) using 

decreasing concentrations of acetonitrile (ACN, 80 – 50 – 30%) in 1% acetic acid. The resulting samples 

were frozen at -20oC and subsequently lyophilized.  
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Table 1. Baseline characteristics and clinical variables of included ICU patients (n=27). 

Variables  Median [IQR] {range} or n (%) 

Gender  

   Male 19 (70.4) 

   Female 8 (29.6) 

Age median (years) 55.0 [36.0 – 69.0] {20.0 – 85.0} 

Hospital LOS (days) 19.0 [8.6 – 32.4] {0.8 – 69.6} 

ICU LOS (days) 7.5 [4.9 – 19.5] {0.8 – 45.9} 

Admission diagnosis  

   Neurological 20 (74.1) 

   Respiratory 4 (14.8) 

   Medical 1 (3.7) 

   Cardiological 2 (7.4) 

ICU outcome  

   Hospital Transfer 21 (77.8) 

   Deceased 5 (18.5) 

   Nursing home 1 (3.7) 

Mech. Vent. (hours) 116.0 [78.0 – 285.0] {18.0 – 1057} 

COPD 2 (7.4) 

Pneumonia 9 (33.3) 

SAPS II 50.0 [38.0 – 60.0] {19.0 – 72.0} 

APACHE IVa 75.0 [56.8 – 84.3] {29.0 – 117.0} 

I.V. antibiotics 27 (100) 

SDD topical antibiotics 27 (100) 

Corticosteroids 6 (22.2) 

Leukocytes   

   Sample§b 13.0 [9.4 – 17.9] {7.1 – 30.0} 

   Lowest§§ 8.0 [6.6 – 9.5] {3.7 – 10.9} 

   Highest§§§ 17.9 [15.1 – 22.9] {8.1 – 45.6} 

CRP   

   Sample§b 74.0 [37.0 – 126.0] {1.8 – 319.0} 

   Lowest§§ 4.3 [1.2 – 31.0] {0.4 – 117.0} 

   Highest§§§ 135.0 [101.0 – 196.0] {16.0 – 319.0} 

IQR, interquartile range; LOS, length of stay; ICU, intensive care unit; Mech. Vent., mechanical ventilation; COPD, 

Chronic Obstructive Pulmonary Disease; SAPS, Simplified Acute Physiology Score; APACHE, Acute Physiology and 

Chronic Health Evaluation; I.V., intravenous; SDD, selective decontamination of the digestive tract; CRP, C-

reactive protein. §Leukocytes/CRP measured in blood at the time of first sputum sample collection, §§Lowest 

leukocytes/CRP measured in blood during ICU admission, §§§Highest leukocytes/CRP measured in blood during 

ICU admission. aAvailable for 26 patients; bavailable for 25 patients.  

 

 

Sample measurement by shotgun MS  

Peptides were separated by liquid chromatography (LC) on a nanoAcquity UPLC (Waters Corparation, 

USA) coupled to a LTQ-Orbitrap Velos mass spectrometer (Thermo Electron Corporation, Germany) 

equipped with a nano-ESI source and installed with a Picotip Emitter (New Objective, USA). For LC 
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separation, the digested peptides were first enriched on a nanoAcquity UPLC 2G-V/Mtrap 

Symmetry  C18 pre-column (2 cm length, 180 µm inner diameter and 5 µm particle size, Waters 

Corporation) and subsequently separated using a NanoAcquity BEH130 C18 column (10 cm length, 100 

µM inner diameter, 1.7 µm particle, Waters Corporation). The separation was achieved with a gradient 

of 91 min containing buffer A (0.5% DMSO in water with 0.1% acetic acid) and buffer B (5.0% DMSO in 

acetonitrile with 0.1% acetic acid, gradient, 1-5% buffer B in 2 min, 5-25% B in 63 min, 25-60% B in 25 

min, 60-99% B in 1 min). The peptides were eluted at a flow rate of 400 nL/min. The eluted peptides 

were analysed first by Fourier-transform MS (FTMS), operated in positive and profile mode. Next, a 

MS/MS scan was performed in the data-dependent mode to fragment peptides, and data were 

acquired in the positive, centroid mode. The MS switched automatically between the Orbitrap-MS and 

linear trap quadrupole (LTQ) MS/MS acquisition to carry out MS and MS/MS. Survey full scan MS 

spectra (from m/z 325 to 1525) were acquired in the Orbitrap with resolution R=30 000 with a target 

value of 1 x  106. The method allowed sequential isolation of a maximum of the twenty most intense 

ions, depending on signal intensity, and were subjected to collision-induced dissociation (CID) 

fragmentation with an isolation width of 2 Da and a target value of 1 x 104, or with a maximum ion 

time of 100 ms. Target ions already selected for MS/MS were dynamically excluded for 60 s. General 

MS conditions were electrospray voltage, 1.6-1.7 kV; no sheath and auxiliary gas flow, capillary 

temperature of 300oC. The ion selection threshold was 2000 counts for MS/MS, activation time of 10 

ms and normalized activation energy of 35%. Only doubly and triply charged ions were triggered for 

tandem MS analysis. The raw MS data were uploaded in MassIVE (https://massive.ucsd.edu) under 

the accession number MSV000085288 / [doi:10.25345/C5871S]. 

  

Shotgun MS data analysis 

Data were analysed with Genedata Expressionist software (v.13.0.1) and Mascot (v2.6.2). The raw MS 

data were processed using two Genedata modules: Refiner MS for data pre-processing, and Analyst 

for data post-processing and statistical analyses. Briefly, after noise reduction, LC-MS1 peaks were 

detected and their properties calculated (m/z and RT boundaries, m/z and RT center values, intensity). 

Chromatograms were further aligned based on the RT spectra. Individual peaks were grouped into 

clusters and MS/MS data associated to these clusters were annotated with a Mascot MS/MS ions 

search using a peptide tolerance of 10.0 ppm, a MS/MS tolerance of 0.50 Da, a maximum number of 

missed cleavages of 2, and the Uniprot database for homo sapiens (20,659 entries). Results were 

validated by applying a threshold of 1% corrected normalized False Discovery Rate (FDR). Protein 

interference was done based on peptide and protein annotations. Redundant proteins were ignored 

according to the Occam’s razor principle, and at least 1 unique peptide was required for a positive 

protein identification. Protein intensities were computed using the Hi3 method. 
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Samples were first grouped into inhibiting and non-inhibiting sputa (or proteins thereof), and the 

respective data were post-processed with Genedata Analyst (v.13.0.1) or GraphPad Prism (v.5). The 

statistical analyses included Partial Least Squares (PLS) analyses, t-tests and correlation tests. The 

relative abundance of proteins was considered significant with a p-value ≤0.05 and an Effect Size (ES) 

≥1.5 [7]. Gene Ontology analysis was performed within an R statistical programming environment 

utilizing UniProt web services (uniprot.ws package, database release 10/2019) for annotation. 

Statistical over-representation of Gene Ontology (GO) terms within protein groups of interest was 

verified using the Fisher's exact test against the dataset defined in this study. Human proteins or 

derivative peptides with potential to inhibit bacterial growth were selected based on entries in the 

antimicrobial peptide database (February 2020, http://aps.unmc.edu/AP) and/or their functional 

description in Uniprot [8]. Protein networks were created with STRING (December 2019, https://string-

db.org/).  

 

Heterologous expression and purification of recombinant pneumococcal antigens 

Recombinant antigens used for xMAP® technology, bead-based analyses are listed in Table S1. Target 

genes were amplified by PCR using chromosomal template DNA from S. pneumoniae and the primer 

pairs listed in Table S1. The amplified genes were cloned in appropriate expression vectors and the 

resulting constructs were used to transform E. coli M15 (for pQE30-based constructs) or BL21 (for all 

other constructs). For protein production, E. coli was cultured at 30°C in Lysogeny Broth supplemented 

with appropriate antibiotics. When an optical density at 600 nm (OD600) of 0.6–0.8 was reached, 

protein expression was induced with 1mM anhydrotetracycline (for pneumolysin) or 1 mM isopropyl-

β-D-1-thiogalactopyranoside (for all other proteins) for 3 hours at 30°C. Recombinant proteins were 

purified by affinity chromatography using the methods indicated in Table S1, followed by dialysis (12–

14 kDa molecular weight cut off) against phosphate-buffered saline (PBS; pH 7.4). Purity of the 

recombinant proteins was verified by SDS-PAGE and mass spectrometry. 

 

Immunoproteome analysis using the Luminex xMAP technology 

Recombinant proteins were immobilized on xMAP® MagPlex® beads using stocks of 100 µg/mL. The 

sputum titres of total immunoglobulin G (IgG) directed against 55 S. pneumoniae antigens (Table S1) 

were quantified using the Luminex xMAP technology and the recorded data were analysed with the 

xMAPr app as previously described [9]. To adapt the protocol for analysis of IgG titres in sputa, the 

samples were centrifuged (~3,000 x g, 5 min, RT), and supernatant aliquots of 15 µl were used for 

further processing. Of note, most sputum samples separated into pellet and supernatant fractions 

after centrifugation, but for some sputa even an additional centrifugation at a higher speed (5000 x g) 

could not result in a cleared supernatant fraction. Nevertheless, these samples were also included in 
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the analysis, and they have been marked in Table S2. Due to a lower expected IgG titre in sputum as 

compared to the levels measured in human serum, the sputum samples were 4-fold serially diluted 

(1:20; 1:80; 1:320; 1:1280; 1:5120; 1:20480; 1:81920). The sputum samples 005-1 (inh-) and 036-1 

(inh+/cefo+) had to be excluded from further analyses, due to missing values. Plots were generated 

using R (v.3.6.1) with the Tidyverse package (v.1.3.0.) [10]. The Wilcoxon rank sum test was used for 

statistical analyses, an adjusted p-value of ≤0.05 was considered significant (Benjamini and Hochberg’s 

multiple testing correction). A fold change of 2.0 was used as cut off value for the respective volcano 

plot.  

 

Results  

Differential protein abundance profiles distinguish three groups of sputum samples  

To assess the sputum proteome of mechanically ventilated patients, proteins in these sputum samples 

were extracted and subjected to LC-MS/MS analysis. A total of 1922 proteins was identified over 36 

sputum samples tested. One outlier sample was excluded from further analysis because of low protein 

intensity values. The raw data were quantile normalized to make the row intensity distribution equal 

for all selected samples (Figure S1). Subsequent group annotations by PLS allowed the maximization 

of inter-group variances of pre-defined sputum sample groups with (inh+) or without (inh-) 

antimicrobial activity against S. pneumoniae (Figure 1A, Figure S2 and Table S2). Proteins whose 

abundance differed significantly for these two sputum sample groups were identified by t-tests (n=128; 

Figure S2B). Strikingly, the PLS analysis distinguished two groups of S. pneumoniae-inhibiting sputum 

samples, thereby separating samples with quantified cefotaxime concentrations below (inh+/cefo-) or 

above (inh+/cefo+) the minimal inhibitory concentration (MIC) for S. pneumoniae TIGR4 (Figure 1A and 

Table S2). When available, multiple sputum samples from particular patients were analysed and, in 

most cases, these were assigned to the same PLS-identified sample group. However, the sputum 

samples from patients 020 and 049 were distributed over the inh- and inh+/cefo-, or the inh- and 

inh+/cefo+ sputum samples groups, respectively (Figure S2A). Proteins that differed significantly in the 

three PLS-identified sputum sample groups (inh-, inh+/cefo-, and inh+/cefo+) are highlighted in red in 

the three volcano plots of Figure 1B-D. The highest numbers of proteins detected with significantly 

different abundance (n=465) were observed upon comparison of the inh+/cefo- (yellow) group with 

the inh- (blue) group (Figure 1B), and comparison of the inh+/cefo- (yellow) group with the inh+/cefo+ 

(green) group (n=541; Figure 1C). Relatively few proteins with significantly different abundance were 

identified upon comparison of the inh+/cefo+ (green) group with the inh- (blue) group (n=115; Figure 

1D). Further, a correlation network analysis showed that most of the investigated sputum samples 

shared common features (Figure 2A). However, in accordance with the outcome of the PLS analysis,
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Figure 1. Partial Least Squares (PLS) analysis of sputum proteomes. Sputum samples from ICU 
patients were mechanically disrupted and subjected to LC-MS/MS measurements after processing as 
indicated in the Materials and Methods section. Proteins were identified using Genedata Refiner MS 
in combination with Mascot. Genedata Analyst was used for statistical analysis. (A) The PLS analysis 
distinguishes between the pre-defined sputum samples that inhibit growth of S. pneumoniae 
(diamonds) and non-inhibiting sputum samples (circles). Further, two groups of S. pneumoniae-
inhibiting sputum samples were distinguished that are characterized by cefotaxime concentrations 
above (green) or below (yellow) the MIC for S. pneumoniae. Of note, several non-inhibiting samples 
contained cefotaxime concentrations above the MIC for S. pneumoniae (blue circles), while others 
contained cefotaxime below the MIC (white circles). *Samples for which the presence of cefotaxime 
was not determined. (B-D) Volcano plots showing proteins that were present at different levels in the 
three sample groups identified by PLS. Each + sign refers to a single protein, red + signs indicate 
proteins that were significantly different in the respective group (t-test, p-value ≤0.05, Effect Size [ES] 
≥1.5). All identified proteins, effect sizes and p-values are listed in Table S3. 
 

 

the correlation between the inh+/cefo+ sample group (marked by green shading) and the inh- sample 

group (blue shading) was apparently stronger than the correlations of either of these two groups with 

the inh+/cefo- sample group (yellow shading; Figure 2B). To further differentiate the three distinct 

groups of sputum samples at the proteome level, the regulation effects observed for all proteins 

detected at significantly elevated or lowered levels in inhibiting or non-inhibiting sputa were plotted 

per sample group as defined in the PLS analysis of Figure 1. The resulting plots, as shown in Figure 3, 

highlight higher differential protein abundance levels for the inh+/cefo- (yellow) sputa than for the 

inh+/cefo+ (green) or inh- (blue) sputa. Together, the proteome analyses separate the S. pneumoniae-

inhibiting sputum samples with low cefotaxime levels from the other investigated sputum samples, 

suggesting that the former samples (inh+/cefo-) are probably enriched in host-derived proteins with 

antimicrobial activity. Importantly, this separation cannot be explained by the previously observed 

pneumococcal growth inhibition or the quantified cefotaxime concentration alone as visualized by 

colour-coding in the PLS plots of Figure S3.  

 

Distinctive proteome abundance signatures of sputa 

To identify protein functions that characterize the different PLS-identified sputum sample groups 

(Figure 1), an overview enrichment analysis was performed and the results are presented in Figure 4. 

This analysis assigns individual proteins identified in differential abundance to different cellular 

compartments, biological processes and molecular functions based on GO terms. Of note, due to the 

classification by GO, some proteins were attributed to more than one GO term. The resulting heatmap 

in Figure 4 compares the enrichment of particular protein groups of each distinguished sputum sample 

group with the total set of presently identified sputum proteins. Only the statistically significant 

enrichment of protein groups in a particular sputum sample group is shown in the heat map. This
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Figure 3. Differential protein levels per PLS sputum sample group. All proteins present at significantly 
elevated or lowered levels in inhibiting and non-inhibiting sputum samples (see also supplemental 
Figure S2) were plotted according to the sample groups identified by PLS using the green, yellow and 
blue colour code as in Figure 1A. This analysis highlights higher differential protein levels for the 
inh+/cefo- sputum sample group compared to the inh+/cefo+ sputum sample group. (A) Proteins 
present at elevated levels in inhibiting sputum samples. (B) Proteins present at lowered levels in 
inhibiting sputum samples.  
 

 

highlights functional differences between sputum sample groups which, as ranked by possible 

implication in human host defences against pathogens and declining p-value, can be summarized as 

follows: 

Inh+ vs. inh-: Pneumococcal growth inhibiting sputum samples were enriched in proteins related to 

complement activation, innate immune responses and extracellular matrix organization (GO biological 

processes). In addition, the inhibiting sputum samples were enriched in proteins with GO molecular 
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functions related to ‘protein-containing complex binding’ (Figure 4). The non-inhibiting samples were 

found to be enriched in proteins related to various GO-defined pathways, including protein 

ubiquitination processes, the interleukin-1-mediated signalling pathway and lipid metabolic processes. 

In GO terms of molecular function, non-inhibiting sputum samples were enriched in proteins related 

to GTPase activator activity, identical protein binding and actin binding (Figure 4).  

Inh+/cefo- vs. inh-: The inh+/cefo- sputum samples were enriched in proteins related to various 

biological processes, such as complement activation, chaperone-mediated protein complex assembly 

and regulation of cell population proliferation. In terms of GO molecular functions, the inh+/cefo- 

sputum samples were enriched in proteins related to antigen-binding and heat shock protein-binding. 

Conversely, inh- sputum samples were enriched in proteins related to neutrophil degranulation and 

chemotaxis, inflammatory responses, extracellular matrix (ECM) disassembly and positive regulation 

of angiogenesis. With regards to proteins involved in GO-defined molecular functions, the inh- samples 

were enriched in proteins related to GTPase activator activity and GDP binding (Figure 4).  

Inh+/cefo+ vs. inh-: In this comparison, the inh+/cefo+ sputum samples displayed enrichment in 

proteins related to phagocytosis, the defence response to bacteria and also slightly in ECM 

organization. In GO terms of molecular function, the inh+/cefo+ sputum samples were enriched in 

proteins related to ATPase activity and DNA-binding transcription factor activity. On the other hand, 

the inh- sputum samples were enriched in proteins related to receptor-mediated endocytosis 

(biological processes) and identical protein-binding (molecular function; Figure 4). 

Inh+/cefo- vs. inh+/cefo+: Compared to inh+/cefo+ sputum samples, the inh+/cefo- sputum samples 

were enriched in proteins involved in biological processes, such as the defence response to bacteria, 

complement activation, responses to heat and receptor-mediated endocytosis. Regarding molecular 

function, the inh+/cefo- sputum samples were enriched in proteins related to antigen-binding, 

immunoglobulin receptor-binding, tubulin-binding and heat shock protein-binding. Conversely, the 

inh+/cefo+ sputum samples were enriched in proteins related to positive regulation of angiogenesis,  

ECM disassembly, cell migration, inflammatory responses, neutrophil chemotaxis and degranulation 

(biological processes). Further, the inh+/cefo+ samples were enriched in proteins related to RAGE 

receptor-binding and GTPase activator activity (molecular function; Figure 4). 
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Figure 4. Enrichment analysis of the distinctive proteome signatures. An enrichment analysis was 
performed based on gene ontology (GO). The heatmap shows the enrichment of particular protein 
groups in the inh+/cefo+, inh+/cefo- or inh- sputum sample groups distinguished by PLS versus the 
total set of presently identified sputum proteins. In addition, the heatmap shows the enrichment of 
particular protein groups in inhibiting sputum samples or non-inhibiting sputum samples groups versus 
the total set of presently identified sputum proteins. The heatmap was generated based on the 
proteins identified at statistically significant relative abundance levels (by t-tests), as presented in 
Figure 1B-D and supplemental Figure S2B. Of note, only the statistically significant enrichment of 
protein groups in a particular sputum sample group is represented according to the blue-scale colour 
key depicted on the right side of the heatmap (-log10 p-value of ≥1.3, equal to p-value ≤0.05). The 
sample group colour key (blue-red) indicates lower or higher levels of proteins in the first mentioned 
group within the comparison. The heatmap displays protein groups from the GO terms Cellular 
Compartment, Biological Process and Molecular Function.  
 

 

Differential abundance of antimicrobial proteins 

A key question that was immediately answered by our proteome analyses was whether the inh+ and 

inh- sample groups show significantly different abundances for proteins or derivate peptides with 

direct inhibitory potential against bacteria. As shown in Figure 5, this was indeed the case. In particular, 

the significantly more abundant antimicrobial proteins in the inh+/cefo- group include -defensin 1 

(DEFB1), -2-microglobulin (B2MG), C-X-C motif chemokine 6 (CXCL6), type II cytoskeletal 6A keratin 

(K2C6A), lysozyme (LYSC), lactoperoxidase (PERL), serum amyloid A-1 protein (SAA1), serum amyloid 

A-2 protein (SAA2) and antileukoproteinase (SLPI) (Figure 5, left panel). Antimicrobial proteins with 

significantly higher abundance in the inh- sputum sample group include angiogenin (ANGI), azurocidin 

(CAP7), cathepsin G (CATG), neutrophil defensin 4 (DEF4), neutrophil elastase (ELNE), resistin (RETN) 

and protein S100-A9 (S10A9). Of note, most of the proteins present at significantly different levels in 

the inh+/cefo- and inh+/cefo+ sputum sample groups showed similar differences upon comparison of 

the inh+/cefo- and inh- sample groups (Figure S4). In fact, no significant differences were detectable 

for proteins with known antimicrobial activity when comparing the inh+/cefo+ and inh- sample groups. 

 

Differential abundance of complement-associated proteins  

Following the functional enrichment as presented in Figure 4, a more detailed inspection of proteins 

implicated in infection-related processes was performed. A finding that attracted special attention 

concerned the differential abundance of complement-related proteins. Figure 6 presents the relative 

abundance of complement-associated proteins per PLS-defined sputum sample group, as depicted by 

yellow (inh+/cefo-), green (inh+/cefo+) and blue (inh-) bars. Proteins shown are related to the classical 

complement pathway (e.g. C1QB, C1QC, C1R and C1S), the lectin pathway (e.g. FCN1 and FCN2), or the 

alternative pathway (e.g. CFAB and CO3). In addition, proteins downstream of the classical, lectin  
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Figure 5. Differential abundance of antimicrobial sputum proteins and derivative peptides. The bar 
plot graphs show the intensities (expressed in mean ± SEM) of proteins or derivative peptides that are 
known to inhibit bacterial growth and viability. The yellow (inh+/cefo-), green (inh+/cefo+) and blue 
(inh-) bars refer to the sample groups identified with PLS, as shown in Figure 1A. Only those proteins 
that showed statistically significant differential abundance in the inh+/cefo- and inh- sputum sample 
groups are included (t-test, p-value ≤0.05, Effect Size [ES] ≥1.5). P-values and effect sizes for differential 
abundance of individual proteins are presented in Table S3. 
 

 

and/or alternative pathways (e.g. CO2, CO4A, CO4B, CO5 and PROP), the terminal complement 

complex (CO6, CO7, CO8A, CO8B, CO8G and CO9) and proteins involved in the regulation of 

complement activity (e.g. C1QBP, C4BPA, C4BPB, CD59, CFAH, CFAI, CR1, DAF, IC1 and PLMN) are 

shown. Some of the identified proteins are related in other ways to complement activity (e.g. BCAP, 

C1QR1, CATG, CRP, FHR1, FHR2, ITAM, ITB2 and VTNC) [8, 11-13].  

The volcano plots in Figure 6 show all proteins with differential abundance in the different sample 

groups. Especially, the C4BPA, CFAB, CFAI, CO3, CO8B, CO9 and VTNC proteins were significantly more 

abundant in the inh+/cefo- sputum sample group when compared to the inh- sputum sample groups. 

Conversely, the proteins CATG and PROP were significantly more abundant in the inh- sputum samples 

as compared to the inh+/cefo- sputum sample group (Figure 6). The CD59, CFAB, CFAI, CO3 and CO9 

proteins were significantly more abundant in the inh+/cefo- sputum samples than in the inh+/cefo+ 

sputum samples. Further, the C1R, CATG, CRP, DAF and PROP proteins were more abundant in the 
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inh+/cefo+ sputum samples than in the inh+/cefo- sputum samples (Figure 6). Most of the 

complement-associated proteins showed no significant differential abundance in the inh+/cefo+ and 

inh- sputum samples, except for the C1R, CFAH and CO8G proteins, which were more abundant in 

inh+/cefo+ than in inh- sputum samples (Figure 6). Interestingly, some of the relative abundancy 

differences would probably not have been noticed, if the inh+/cefo- and inh+/cefo+ samples had only 

been grouped as inh+ samples, as exemplified by the CFAB and VTNC proteins. Altogether, most of the 

complement-associated proteins were detected in the inh+/cefo- sputum sample group. This implies 

an activation of the complement system in the respective patients at the moment of sampling.  

 

Differential abundance of neutrophil elastase-associated proteins  

Another set of proteins that was explored in more detail are neutrophil elastase-associated proteins, 

referred to as ELNE (Figure 7). Elastase is a serine protease, stored in azurophilic granules of 

neutrophils. Intracellularly, it is known to degrade outer membrane proteins of Gram-negative bacteria 

and bacterial virulence factors. Extracellularly, it degrades extracellular matrix components, such as 

elastin, vitronectin and type IV collagen, and it is involved in various aspects of inflammation [14, 15]. 

The ELNE-associated proteins in Figure 7 can be categorized as antimicrobial (incl. proteases) (e.g. BPI, 

CAMP, CAP7, CATG, DEF4, ECP, ELNE, MMP8 and SLPI), protease-inhibiting (e.g. AACT, ILEU, SLPI and 

SPB6) and proteins with other related activities (e.g. CATC, GRN and PERM) [8].   

The volcano plots in Figure 7 highlight the differential distribution of ELNE-associated proteins over 

the PLS-defined sample groups. In particular, the SLPI protein was significantly more abundant in the 

inh+/cefo- sputum sample group when compared to the inh- sputum sample groups. In contrast, the 

CAP7, CATG, DEF4, ELNE and ILEU proteins were significantly more abundant in the inh- sputum 

samples as compared to the inh+/cefo- sputum sample group (Figure 7). The SLPI protein was also 

more abundant in the inh+/cefo- sputum samples than in the inh+/cefo+ sputum samples, whereas 

the BPI, CAP7, CATG, DEF4, ELNE, GRN, ILEU and MMP8 proteins were more abundant in the 

inh+/cefo+ sputum samples than in the inh+/cefo- sputum samples (Figure 7). Similar to the 

antimicrobial proteins, none of the ELNE-associated proteins showed significant differences between 

inh+/cefo+ and inh- sputum samples. Thus, the combined data indicate a higher relative abundance of 

ELNE-associated proteins in the inh- and inh+/cefo+ sputum samples compared to the inh+/cefo- 

samples (Figure 7). 

 

  



Chapter 3 

56 
 

  



Sputum proteome signatures of mechanically ventilated Intensive Care Unit patients distinguish samples with or without antimicrobial activity 

57 
 

Figure 6. Differential abundance of complement-associated proteins. The bar plot graphs and volcano 
plots highlight the relative abundances of all complement-associated proteins identified in the current 
sputum proteome dataset. The bar plot graphs show the protein intensity (expressed in mean ± SEM) 
of the respective proteins. The yellow (inh+/cefo-), green (inh+/cefo+) and blue (inh-) bars refer to the 
sample groups identified with PLS, as shown in Figure 1A.  The volcano plots show all proteins with 
differential abundance in the different sample groups. The red + signs refer to the complement-
associated proteins, as detailed in the bar plots. P-values and effect sizes for differential abundance of 
individual proteins are presented in Table S3. 
 

 

Differential abundance of apolipoprotein-associated proteins 

Figure 4 also showed the enrichment of lipoprotein particles in the inh+/cefo- sample group compared 

to the inh+/cefo+ sample group. On the contrary, inh- sputum samples were enriched in proteins 

involved in lipid metabolic processes as compared to the inh+ sputum samples. In general, lipoproteins 

serve major functions in the human lipid metabolism. The lipoproteins in plasma can be classified 

based on lipid and apolipoprotein composition, as well as size 

(https://www.ncbi.nlm.nih.gov/books/NBK305896/ and [16]). Apolipoproteins can be grouped by 

their functions, namely (i) structural roles (e.g. APOA1, APOA2 and APOB in Figure 8); (ii) lipoprotein 

receptor ligands (e.g. APOB and APOE); (iii) directing lipoprotein formation; and (iv) activation or 

inhibition of enzymes implicated in lipoprotein metabolism (e.g. APOA1, APOA4 and APOC1) 

(https://www.ncbi.nlm.nih.gov/books/NBK305896/ and [16]). Importantly, certain apolipoproteins 

are known to play a role in lung disease [17, 18], and apolipoproteins have also been implicated in 

innate immune defences against pathogens and the modulation of bacterial virulence by sequestering 

quorum-sensing peptides [19-21]. Figure 8 shows the differential abundance of apolipoprotein-

associated proteins in the three PLS-defined sputum sample groups.  

As shown by the bar diagrams and volcano plots in Figure 8, the APOA1, APOA2, SAA2 and SAA4 

proteins were significantly more abundant in the inh+/cefo- sputum sample group compared to the 

inh- sputum sample groups. Of note, SAA2 is known to possess antimicrobial activity [22]. The APOL5 

protein was significantly more abundant in the inh- sputum samples than in the inh+/cefo- sputum 

sample group (Figure 8). The APOA1, APOA2, SAA2 and SAA4 proteins were more abundant in the 

inh+/cefo- sputum samples than in the inh+/cefo+ sputum samples. In contrast, no differences were 

observed for apolipoprotein-associated proteins in the inh+/cefo+ and inh+/cefo- sputum samples 

(Figure 8), and also for the inh+/cefo+ and inh- sputum samples groups no significant differences were 

detected for apolipoprotein-associated proteins (Figure 8). Altogether, apolipoprotein-associated 

proteins were present at higher levels in the inh+/cefo- sputum samples than in the inh+/cefo+ or inh- 

sputum samples (Figure 8). 
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Figure 7. Differential abundance of ELNE-associated proteins. The bar plot graphs and volcano plots 
highlight the relative abundances of all ELNE-associated proteins identified in the current sputum 
proteome dataset. The bar plot graphs show the protein intensity (expressed in mean ± SEM) of the 
respective proteins. The yellow (inh+/cefo-), green (inh+/cefo+) and blue (inh-) bars refer to the sample 
groups identified with PLS, as shown in Figure 1A.  The volcano plots show all proteins with differential 
abundance in the different sample groups. The red + signs refer to the ELNE-associated proteins, as 
detailed in the bar plots. P-values and effect sizes for differential abundance of individual proteins are 
presented in Table S3. 
 
 

Sputum protein network complexity  

To verify possible associations between proteins identified with differential abundance in the PLS-

defined sample groups, a STRING protein-protein network analysis was performed based on the data 

presented in Table S3. As shown in Figure 9, the more abundant proteins in the inh+/cefo- sputum 

samples (A) or the inh- samples (B) share many interrelationships, as judged by the respective STRING 

scores that reflect the confidence in particular protein-protein interactions in the network.  

 

Quantification of IgG antibodies against pneumococcal antigens 

As shown in Figure 4, the inh+/cefo- sputum samples were also enriched in protein groups related to 

the humoral immune response. This might indicate that also differences in antibody titres contribute 

to the differences in pneumococcal growth inhibition as observed for the different sputum sample 

groups. Therefore, IgG titres against 55 different pneumococcal antigens were quantified in the 

sputum samples using the Luminex xMAP technology as presented in Figure 10. The first volcano plot 

shows that the IgG responses against 18 pneumococcal antigens were significantly higher in the 

inhibiting sputum samples than in the non-inhibiting samples, which do not contain anti-pneumococcal 

IgGs at higher levels (Figure 10A). Subsequently, also the differences in anti-pneumococcal IgG 

responses between the PLS-defined sample groups were analysed. The IgG responses against three 

antigens were significantly higher in the inh+/cefo- sample group compared to the inh- sample group, 

with no elevated anti-pneumococcal IgG levels in the inh- sample group (Figure 10B). In addition, the 

IgG responses against 11 pneumococcal antigens were higher in the inh+/cefo+ sample group 

compared to the inh- sample group. Again, no IgG response was higher in the inh- samples (Figure 

10C). Lastly, when the IgG titres from the inh+/cefo+ samples were compared to those in the inh+/cefo- 

sputum samples, only the responses against three antigens were significantly higher in the inh+/cefo+ 

group (Figure 10D). Supplemental Figure S5 shows the individual boxplot graphs with the IgG responses 

against all 55 pneumococcal antigens tested in more detail for the three PLS-defined sputum sample 

groups. Altogether, these observations indicate that the anti-pneumococcal IgG responses could 

contribute to the observed pneumococcal growth inhibition, especially in the inh+/cefo+ sputum 

sample group.  
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Figure 8. Differential abundance of apolipoprotein-associated proteins. The bar plot graphs and 
volcano plots highlight the relative abundances of all apolipoprotein-associated proteins identified in 
the current sputum proteome dataset. The bar plot graphs show the protein intensity (expressed in 
mean ± SEM) of the respective proteins. The yellow (inh+/cefo-), green (inh+/cefo+) and blue (inh-) 
bars refer to the sample groups identified with PLS, as shown in Figure 1A.  The volcano plots show all 
proteins with differential abundance in the different sample groups. The red + signs refer to the 
apolipoprotein-associated proteins, as detailed in the bar plots. P-values and effect sizes for 
differential abundance of individual proteins are presented in Table S3. 
 

 

Discussion 

Essentially there are three ways in which S. pneumoniae can die within the human body. In the first 

place, autolysis is an important element in the life cycle of this pathogen [23], with the major virulence 

factor pneumolysin being massively released into the environment [24]. Alternatively, pneumococcal 

killing can be facilitated by the innate and adaptive human immune defences. For instance, the human 

body can produce a variety of compounds with antimicrobial activity against S. pneumoniae. These 

include antimicrobial peptides, such as defensins [25-27] and the cathelicidin-derived LL-37 peptide 

[28, 29]. In addition, opsonisation of S. pneumoniae by complement [30] and IgGs [31-34] will lead to 

killing by professional phagocytes [35, 36]. Lastly, pneumococci may be eliminated through antibiotic 

therapy, such as cefotaxime. In the present study, we performed a proteomic analysis to identify 

proteins that distinguish sputa that kill S. pneumoniae from non-killing sputa. For this purpose, we 

analysed previously collected sputa from mechanically ventilated patients [5].  

Importantly, the previously quantified levels of the antibiotic cefotaxime or the presence of certain 

bacterial species in the collected sputa that might produce bacteriocins could not explain the observed 

antimicrobial activity in a large group of these samples [5]. This raised the question whether the 

observed antimicrobial activity could be attributed to host factors, such as antimicrobial peptides and 

proteins. A selection of the previously investigated sputum samples was therefore subjected to 

proteome analysis. To this end, the investigated sputum samples were initially divided into inhibiting 

and non-inhibiting samples. Remarkably, our present PLS analysis separated the inhibiting samples into 

two sputum sample groups. In short, it was shown that the inh+/cefo- sputum sample group had a 

proteome signature that was clearly distinct from the proteome signatures of the inh+/cefo+ and inh- 

sputum sample groups. The inh+/cefo- sputa were characterized by relatively high levels of proteins 

involved in innate immune responses, whereas inh+/cefo+ and inh- sputa were characterized by 

relatively high levels of proteins related to inflammatory processes. Moreover, inh+/cefo+ sputa 

contained relatively high levels of anti-pneumococcal IgGs.  
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Figure 9. STRING networks from the inh+/cefo- vs. inh- sputum sample groups. The two STRING 
networks depict interrelationships between proteins shown to be present at significantly higher 
abundance in (A) the inhibiting sputum samples with a cefotaxime concentration below the MIC 
(inh+/cefo-), and (B) the non-inhibiting sputum samples (inh-). Individual proteins are represented as 
spheres, labelled with the respective gene names as listed in Table S3. Of note, human proteins 
identified by our proteome analysis, but not included in the STRING database, are not represented in 
the two networks. Identified proteins that are not connected with the network are excluded.  
 

 

In particular, the inh+/cefo- sputum samples were enriched in proteins related to the innate immune 

system, including complement-associated proteins and apolipoproteins. The complement system is of 

critical importance for the human defence against invading pathogens, and it also plays a role in 

homeostasis and inflammation [11, 12, 30]. Complement could thus explain the observed 

pneumococcal growth inhibition by the inh+/cefo- sputum samples. However, based on the present 

proteome data alone, it is not possible to pinpoint particular complement-related proteins that might 

be responsible for the observed killing of S. pneumoniae. In addition, bacteria like S. pneumoniae have 

evolved strategies to evade the complement system and that allow them to cause invasive infections 

[30, 37, 38]. This suggests that also other components of the sputum contributed to pneumococcal 

killing. In this case, the identified apolipoproteins might impact on pneumococcal quorum sensing, as 

previously described for S. aureus [19-21], and regulated autolysis. Importantly, we also identified 

other bactericidal proteins at elevated levels in the inh+/cefo- sputa, especially -defensin 1, -2-

microglobulin, C-X-C motif chemokine 6, type II cytoskeletal 6A keratin, lysozyme, lactoperoxidase, the 

serum amyloid A-1 and A-2 proteins and antileukoproteinase. Although S. pneumoniae may display 

resistance against some of these proteins, as exemplified by lysozyme [39], it seems likely that several 

of these proteins combined with complement can severely affect the pneumococcal growth and 

viability. 

The growth-inhibiting effect of the inh+/cefo+ sputum samples was initially attributed to the presence 

of cefotaxime at levels above the MIC [5]. Consistent with this notion, the proteome of inh+/cefo+ 

sputum samples was most similar to that of the inh- sputum samples. Nonetheless, the inh+/cefo+ and 

inh- sputum samples were found to be enriched in proteins related to inflammation, including the 

ELNE-associated proteins. Neutrophil elastase is responsible for degrading microbial peptides and the 

ECM, and the identified ELNE-associated proteins are mostly antimicrobial proteins, proteases, or 

protease inhibitors. Generally, we observed that when the protease levels were relatively high (e.g. 

ELNE, CATG), the protease inhibitor levels were lower (e.g. AACT) in the inh+/cefo+ and inh- sputum 

samples. Notably, the identified (ELNE-associated) antimicrobial proteins do not seem to affect 

pneumococcal growth as we found them at elevated levels in the non-growth-inhibiting sputa. This 

may relate to a reduced activity of antimicrobial peptides in sputum [40-43].  
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Another intriguing observation is that the highest levels of anti-pneumococcal IgGs were identified in 

the inh+/cefo+ sputum samples. This suggests that the pneumococcal growth-inhibiting activity in 

these samples could be at least partly due to the elevated IgG levels, possibly in combination with the 

above-MIC cefotaxime levels. Inhibition of pneumococcal proteins by antibodies might thus be of 

particular importance. Interestingly, it was previously proposed that the cell cycle protein GpsB is 

probably essential for S. pneumoniae [44, 45]. In addition, the genes for the LysM domain protein 

SP_0107, the lipoproteins L,D-carboxypeptidase (DacB) and pneumococcal nucleoside receptor A 

(PnrA), the choline-binding protein E (CbpE, also referred to as Pce), the conserved hypothetical 

protein SP_1069, the oligopeptide-binding protein AmiA and the autolysin LytA were shown to be 

important, meaning that their deletion caused a particular phenotype in at least one infection-relevant 

condition [44]. Proteins such as PnrA, RrgA, RrgB and histidine triad protein (PhtD) were also shown to 

be immunogenic [46-48], suggesting a potentially protective effect of IgGs targeting these proteins. 

Notably, in contrast to the inh+/cefo+ sputum samples, the anti-pneumococcal activity in the 

inh+/cefo- samples would be determined by the human host’s innate immune defences. 

Most pulmonary proteome analyses were thus far focused on patients with chronic obstructive 

pulmonary disease (COPD), asthma, cystic fibrosis and/or the effects of smoking [49-53]. Studies 

reviewed by Twigg et al. indicate that the balance of neutrophil-derived proteases and protease 

inhibitors is disturbed by the high load of neutrophil-derived proteases in sputa from cystic fibrosis 

patients. This can lead to inflammation, mucus hypersecretion and impaired immune system 

regulation [54]. Our present data reveal that also the sputa of mechanically ventilated ICU patients 

display distinct proteome signatures that can be related to anti-pneumococcal activity of the 

respective sputum samples. Further, our data show that the sputum composition differs not only from 

patient to patient, but also over time, as exemplified by the sputa from patients 020 and 049. The latter 

observation is important as it provides a tool to measure changes in the lung environment that may 

be indicative of conditions of the respective patient’s lung. To date, our sample group is too small for 

definite statements on which of the identified proteins could represent relevant and reliable 

biomarkers for lung health. However, we consider the fact that time-resolved differences in the 

sputum proteome of ventilated patients, relating to immunity and antimicrobial activity, can be 

detected as a breakthrough towards the use of nowadays still discarded sputa as potential indicators 

for the condition of ICU patients.  
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Summary 

Critically ill patients, who need assistance or cannot breathe on their own, have to rely on mechanical 

ventilation as most commonly applied in intensive care units (ICUs) of hospitals. However, the 

mechanically ventilated patients are at risk of Ventilator-Associated Pneumonia (VAP), a serious 

infection of the lungs. This relates to the fact that the inserted endotracheal tube may cause 

microaspiration from the oropharynx, and clearance of the lungs of the ventilated patients is reduced 

by impaired epithelial ciliation and an inability to cough [1, 2]. Consequently, opportunistic pathogens 

may gain access to the lower respiratory tract leading to contamination, colonization and subsequent 

infection of the lung tissue. In severe cases, the causative agents may spread from the inflamed lungs 

to the bloodstream, leading to bacteremia and sepsis [3-6]. In addition, bacteria may even pass the 

blood-brain barrier (BBB), thereby causing meningitis [7, 8]. A general introduction on the respiratory 

tract, the lung microbiome, the pros and cons of mechanical ventilation, and the associated risks for 

the patient of contracting pneumonia, as well as other morbidities, is presented in Chapter 1 of this 

thesis. 

The pathogen Streptococcus pneumoniae is the main causative agent of bacterial pneumonia in the 

community [9, 10]. Although pneumococcal vaccines can provide protection against S. pneumoniae  

[11, 12], they do not protect individuals against other pathogens causing pneumonia. This is a 

particular risk for frail and immunocompromised patients in nosocomial settings. Prophylactic 

antimicrobial therapy can be implemented to reduce the risk of developing pneumonia and other 

infections [13]. Also, if an infection does occur, it can usually be treated with antibiotics, unless the 

causative agent has developed resistance to the applied antibiotics, which is an ever-increasing 

complication due to the unnecessary and inappropriate usage of antibiotics [14, 15]. Nevertheless, the 

fact that not everyone develops pneumonia, is consistent with the notion that the mucosa, epithelial 

cell layer and immune responses generally offer effective protection against respiratory pathogens 

[16-19]. In the case of hospitalization, this natural protection may be reinforced by preventive 

antimicrobial therapy. Surprisingly, despite the fact that we know already for a long time that the 

respiratory tract is generally well-protected against microbial contamination and infection, we still 

know very little about the different antimicrobial factors produced by the host and their interplay with 

prophylactically or therapeutically administered antibiotics. Moreover, this knowledge gap is even 

larger in the context of mechanical ventilation. Therefore, a major objective of the research described 

in this PhD thesis was to investigate the microbial growth-inhibiting capacity of lungs of mechanically 

ventilated patients with particular focus on the inhibition of pneumococcal growth. To assess such 

antimicrobial activities, broncho-alveolar aspirates were used, which are routinely collected to 
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increase the comfort of mechanically ventilated ICU patients. In the context of the present thesis, these 

aspirates are referred to as ‘sputum’. 

The research described in Chapter 2 was aimed at analyzing the potential antimicrobial activities in 

sputum from mechanically ventilated ICU patients. To perform such analyses, several technical hurdles 

had to be overcome due to the chemical and physical properties of sputum. The main goal was to keep 

the sputum as ‘natural’ as possible, so for the initial experiments the addition of any chemicals or the 

dilution of sputum samples was not an option. Another limiting factor of working with a biological fluid 

such as sputum, is that the amounts available are relatively small. However, with creative adjustments 

to existing protocols and some determination, it was possible to develop a sputum spotting assay to 

test antimicrobial activity, to quantify the cefotaxime concentration in the sputa, and to profile the 

sputum-resident microbiota.  

The results from the sputum spotting assays revealed a high degree of heterogeneity in the 

antimicrobial activity of the collected sputa from different ventilated ICU patients. Subsequent 

analyses were aimed at identifying the possible sources of the detected antimicrobial activity. As a first 

approach the attention was focused on identifying potentially elevated levels of the antibiotic 

cefotaxime, the potential production of bacteriocins by the microbiota, and the clinical metadata of 

the included patients. Although the majority of patients received antimicrobial therapy, in particular 

cefotaxime, this antibiotic was only partially responsible for the detected antimicrobial activity. 

Bacteria are potentially capable of producing antimicrobial agents, including both ribosomally and non-

ribosomally synthesized and post-translationally modified peptides. However, judged by 16S rRNA 

sequencing, the sputum microbiome was not a major contributor to the antimicrobial activity that was 

detected in the investigated sputa. This implied that the antimicrobial activity that was detected in a 

substantial number of sputa had to be attributed to proteins or peptides produced by the human host. 

Accordingly, the research presented in Chapter 3 was aimed at investigating the presence of human 

antimicrobial peptides and proteins by analyzing the proteomes and immunoproteomes of a 

representative subset of the collected sputa. To this end, sputum samples were mechanically disrupted 

and subjected to mass spectrometry measurements, as well as the Luminex bead-based flow 

cytometry. Indeed, the sputa with or without antimicrobial activity revealed a substantially differing 

protein composition, and the same was true for S. pneumoniae-specific antibodies. More precisely, 

S. pneumoniae-inhibiting sputa that contained sub-inhibitory levels of cefotaxime were found to be 

enriched in proteins related to innate immune defenses, such as apolipoprotein- and complement-

associated proteins. On the contrary, sputa inhibiting growth of S. pneumoniae with relatively high 

concentrations of cefotaxime and the non-inhibiting sputum samples were enriched in proteins 

implicated in inflammatory responses, such as proteins associated with neutrophil-elastase. 
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Furthermore, the immunoproteome analyses uncovered elevated levels of immunoglobulin G (IgG) 

specific for 18 out of the 55 tested S. pneumoniae antigens in sputa that inhibited the growth of this 

pathogen. Consistent with the initial assumption that the host contributed substantially to the 

antimicrobial activity in particular sputa, the combined analyses allowed a differentiation of three 

sputum sample groups rather than two. Importantly, two groups of S. pneumoniae-inhibiting sputa 

were distinguished, where the antibacterial activity of one group was explained by innate immune 

defenses of the host, whereas this activity in the other group was explained by a combination of 

cefotaxime and anti-S. pneumoniae IgGs. Altogether, the proteome and immunoproteome analyses 

revealed that elevated levels of antimicrobial host proteins, S. pneumoniae-specific antibodies and 

antibiotics contribute to the observed antimicrobial activity of S. pneumoniae-inhibiting sputa. While 

this is by itself not surprising, the unexpected finding is that some sputa showed no antimicrobial 

activity at all, whereas sputa with antimicrobial activity could be divided into two distinct groups based 

on their proteomic signatures.  

An important question was whether sputum antimicrobial activity could be beneficial for mechanically 

ventilated ICU patients. Intuitively one would expect that this is the case. However, the combined 

results presented in Chapter 2 revealed an inverse association between the level of antimicrobial 

activity and the patient outcome. However, statistical analyses showed that this apparent association 

is confounded by the disease severity, as indicated by the APACHE IV and SAPS II scores. Higher APACHE 

IV and SAPS II scores turned out to be associated with pneumococcal growth-inhibiting effects from 

the first sputum sample. Based on these considerations, it was therefore proposed that patients with 

high APACHE IV and SAPS II scores may also face higher inflammatory responses, resulting in higher 

levels of antimicrobial compounds in the respective sputa at the time of sampling. While this is a 

plausible explanation, it was unfortunately not possible to correlate the proteome data to patient 

outcomes due to the relatively small sample size, and the selection of particular sputa with or without 

antimicrobial activity for the proteome analyses.  

While the research described in Chapters 2 and 3 was focused on the ‘host side’ of host-pneumococcal 

interactions, the study presented in Chapter 4 was aimed at investigating the ‘pneumococcal side’ of 

this interaction. Choline-binding proteins (CBPs) are a class of proteins exposed on the cell surface of 

S. pneumoniae, which are attached to phosphorylcholine moieties of cell wall teichoic acids. In 

particular, the studies described in Chapter 4 addressed the structural organization of the relatively 

unknown choline-binding protein L (CbpL) and its contribution to pneumococcal pathogenesis. What 

CBPs have in common, is a modular organization with at least a choline-binding module. The results 

showed that CbpL is a multimodular protein, consisting of an N-terminal Excalibur Ca2+-binding 

module, an anchoring choline-binding module and a Ltp_Lipoprotein component. CbpL is the only CBP 
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that has the choline-binding module sandwiched between the Excalibur and Ltp_Lipoprotein domains. 

Importantly, the subsequent studies using a murine infection model showed that CbpL plays an 

important role in the interaction of S. pneumoniae with host components, where it facilitates 

pneumococcal lung infection and transmigration from the nasopharynx to the lungs and bloodstream. 

Altogether, the analyses provided insight into the complex biological function of CbpL. Importantly, a 

thorough understanding of pneumococcal virulence factors contributes to the quest for new potential 

vaccine candidates and novel therapeutic strategies.    

Once S. pneumoniae has reached the bloodstream, it may also cross the BBB to enter the brain and 

cause meningitis. Since meningitis is a very dangerous pathological condition with high morbidity and 

mortality, and oftentimes serious consequences for patients who survive this disease [20], it is 

important to develop more effective tools for early diagnosis and especially more effective preventive 

and therapeutic interventions. Chapter 5 was therefore primarily aimed at providing an overview of 

the possible interactions between S. pneumoniae and the BBB that lead to the development of 

meningitis. In addition, possibilities for novel interventions to prevent and treat meningitis were 

proposed. Several different receptors, such as the platelet-activating factor receptor (PAFr), the 

laminin receptor, the polymeric immunoglobulin receptor (pIgR), and the platelet endothelial cell 

adhesion molecule-1 (PECAM-1), have been implicated in pneumococcal binding, endocytosis and 

translocation through the BBB. By defining the pathways and ligands that are employed by S. 

pneumoniae for adherence, it became clear that it may also be possible to interfere with the respective 

mechanisms. Consequently, this could allow for development of novel prophylactic or therapeutic 

strategies to fight pneumococcal meningitis. In fact, more recently it was shown that, indeed, pIgR- 

and PECAM-1-specific antibodies may be applicable for these purposes, as blocking the respective 

receptors provided protection against pneumococcal brain invasion [21, 22].  

 

Future perspectives 

Altogether, the research described in this thesis has addressed several key aspects in the interactions 

of pathogens, especially S. pneumoniae, with their human host. The main focus was placed on the 

lower respiratory tract of mechanically ventilated patients, where routinely collected pulmonary 

aspirates (sputa) were used to assess the presence and importance of antimicrobial agents that either 

originate from antibiotic therapy or from the human host. Although perhaps not immediately evident, 

the obtained results may have several important future implications for (mechanically ventilated) 

patients. In the first place, the results show that analysis of the sputum, which is normally discarded, 

provides insights into the diverse antimicrobial activities in the lung environment. This can be taken 

into account in the treatment and/or prevention of respiratory tract infections. In particular, the 
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identified proteins and immunoglobulins could represent relevant and reliable biomarkers for lung 

health and the inflammatory status of the lungs. Since the sample group in the present exploratory 

studies was too small for definite conclusions, future research should focus on a larger and more 

defined group of patients, where multiple sputum samples can be taken at specific time intervals, so 

that also relevant correlations to the patients’ metadata may be more readily identified. Further, a 

functional dissection of the identified antimicrobial proteins and peptides may allow the development 

of novel therapeutics, especially antimicrobial peptides, that could be particularly effective in the 

pulmonary context. Such novel antimicrobial agents may actually not only be effective against S. 

pneumoniae, but also against other major Gram-positive respiratory pathogens, like Staphylococcus 

aureus. Alternatively, they could potentially be applied to target Gram-negative respiratory pathogens, 

like Escherichia coli, Haemophilus influenzae, Klebsiella pneumoniae or Pseudomonas aeruginosa that 

can seriously subvert lung health. The same applies to particular IgGs that may, in the form of 

monoclonal antibodies, actually enhance the efficacy of antibiotics in the lung environment. Here, the 

studies described in this thesis could serve as a starting point to identify key targets exposed on the 

bacterial cell surface as exemplified by the S. pneumoniae CbpL protein. Such studies could be easily 

expanded to the other afore-mentioned respiratory pathogens. Yet other interesting aspects worthy 

of further investigations concern the pharmacodynamics and pharmacokinetics of antibiotics, such as 

cefotaxime, in the lung environment, and how long-term prophylactic administration impacts on the 

development of antibiotic resistance in the lower respiratory tract of ventilated patients. For all these 

future studies, the slimy waste material sputum may actually represent a highly valuable substrate 

that can help us to unravel the intricate interactions between the human host, a wide spectrum of 

antimicrobial agents of pharmaceutical, microbial and human origin, and the microbiota in the lower 

respiratory tract.  
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Deutsche Zusammenfassung 

Schwerkranke Patienten, die selbst nicht atmen können, werden auf vielen Intensivstationen 

mechanisch beatmet. Einhergehend mit der Benutzung dieser Lungenmaschinen steigt das Risiko, dass 

die Patienten eine gefährliche Ventilator Assoziierte Pneumonie (VAP) entwickeln, d.h. diese Patienten 

entwickeln eine schwere Lungenentzündung. Für die künstliche Beatmung wird endotracheal ein 

Schlauch eingeführt, was jedoch dazu führt, dass Flüssigkeiten leichter aus dem Oropharynx in die 

Lunge gelangen. Dieser Prozess wird auch als Mikroaspiration bezeichnet. Problematisch ist nun, dass 

die Selbstreinigung der Lunge durch das geschädigte Flimmerepithel eingeschränkt wird und das 

Abhusten nicht möglich ist [1, 2]. Dementsprechend können opportunistische Krankheitserreger nun 

leichter Zugang zu den unteren Atemwegen erhalten und dabei eine Kontamination, Kolonisierung und 

letztlich eine Lungenentzündung auslösen. In schweren Fällen können die Erreger von der entzündeten 

Lunge ins Blut übertreten und so eine Bakteriämie oder Sepsis auslösen [3-6]. In manchen Fällen 

überwinden die Bakterien auch die Blut-Hirn-Schranke und lösen damit eine Hirnhautentzündung 

(Meningitis) aus [7, 8]. Eine allgemeine Einführung über die Atemwege, das Mikrobiom der Lunge, die 

Vor- und Nachteile der künstlichen Beatmung und die damit verbundenen Risiken für Patienten mit 

Pneumonie sowie weitere Erkrankungen der Lunge sind in Kapitel 1 dieser Doktorarbeit dargestellt. 

Streptococcus pneumoniae ist der Haupterreger der ambulant erworbenen bakteriellen Pneumonie [9, 

10]. Obwohl Vakzine immunologischen Schutz gegenüber S. pneumoniae bieten [11, 12], schützen 

diese Impfungen nicht vor anderen Bakterien, die eine Lungenentzündung auslösen können. Dies ist 

vor allem für gebrechliche und immungeschwächte Patienten gefährlich. Durch die prophylaktische 

Verabreichung von Antibiotika kann eine Vorbeugung gegen Pneumonien und anderen 

Infektionskrankheiten erfolgen [13]. Sollte es dennoch zu einer Infektion kommen, kann der 

ursächliche Erreger mit dem richtigen Antibiotikum bekämpft werden, sofern keine 

Antibiotikaresistenz vorliegt. Allerdings stellt die zunehmende Zahl wirkstoffresistenter Erreger, 

hervorgerufen durch teilweise unnötigen und unangemessenen Einsatz von Antibiotika, ein 

wachsendes Problem in der Therapie gegen mikrobielle Erreger dar [14, 15]. Die Tatsache, dass nicht 

jeder eine Lungenentzündung entwickelt passt zu der Theorie, dass die Schleimhaut, das Epithelium 

und die Immunantwort vor respiratorischen Pathogenen schützen [16-19]. Diese natürlichen 

Schutzmechanismen können durch die präventive Gabe von Antibiotika verstärkt werden. Obwohl 

bereits seit langem bekannt ist, dass die Atemwege gut gegen Infektionen und bakterielle 

Kolonisierung geschützt sind, ist nicht viel über die verschiedenen antimikrobiellen Wirtsfaktoren 

bekannt, die in die Lunge einwandern und mit den verabreichten Antibiotika wechselwirken. Diese 

Wissenslücke ist sogar noch größer bei Personen, die künstlich beatmet werden müssen. Daher liegt 

der Hauptfokus dieser Doktorarbeit auf der Erforschung wachstumshemmender Stoffe in den Lungen 
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künstlich beatmeter Patienten mit einem besonderen Schwerpunkt auf S. pneumoniae. Da die 

Selbstreinigung der Lunge bei künstlich beatmeten Patienten eingeschränkt ist, werden regelmäßig 

broncho-alveoläre Aspirationen durchgeführt, um überschüssigen Schleim zu entfernen. Für diese 

Arbeit wurden diese gewonnenen Aspirate auf ihre antimikrobiellen Eigenschaften untersucht und im 

Kontext dieser Thesis werden sie als „Sputum“ bezeichnet.  

Die in Kapitel 2 beschriebenen Untersuchungen konzentrieren sich auf die Analyse der potenziell 

antimikrobiellen Eigenschaften der Sputumproben. Dazu mussten im Vorfeld der eigentlichen 

Experimente einige technische Herausforderungen auf Grund der chemischen und physikalischen 

Eigenschaften der Aspirate überwunden werden. Gleichzeitig wurde darauf geachtet die natürliche 

Beschaffenheit der Proben zu erhalten. So wurde der Einsatz jeglicher Chemikalien oder die 

Verdünnung der Proben für die ersten Versuche ausgeschlossen. Eine weitere Herausforderung 

bestand in der begrenzten Verfügbarkeit und Menge des untersuchten Materials. Durch die kreative 

Anpassung und den Ausbau existierender Protokolle war es möglich einen Sputum-Spotting-Assay zu 

entwickeln, mit dessen Hilfe die antimikrobiellen Eigenschaften getestet werden konnten. Weiterehin 

wurden die Cefotaxim Konzentrationen in den Sputum-Proben ermittelt und das Sputum-residente 

Mikrobiom bestimmt. 

Die Ergebnisse des Sputum-Spotting Assays zeigten einen hohen Grad an Heterogenität in Bezug auf 

die antimikrobielle Aktivität zwischen den verschieden Proben, die von den künstlich beamteten 

Patienten gewonnen wurden. Weiterführende Versuche zielten darauf ab die zugrunde liegenden 

antimikrobiellen Eigenschaften zu charakterisieren und deren Funktionsweise aufzudecken. Zunächst 

wurden potentiell erhöhte Cefotaxim-Level und die Produktion bakterizider Stoffe durch die 

Mikrobiota bestimmt und durch die klinischen Metadaten der Patienten hilfreich ergänzt. Obwohl die 

meisten Patienten Antibiotika erhielten, insbesondere Cefotaxim, war dieser Wirkstoff nur teilweise 

für die beobachteten antimikrobiellen Eigenschaften verantwortlich. Auch Bakterien können 

antimikrobiell wirksame Stoffe synthetisieren und dabei sowohl ribosomal und nicht-ribosomal 

synthetisierte und post-translational modifizierte Peptide produzieren. Durch 16S rRNA 

Sequenzierungen konnte festgestellt werden, dass die wachstumshemmenden Eigenschaften gewisser 

Sputumproben nicht allein auf die Mikrobiota zurückzuführen war. Daraus ließ sich ableiten, dass die 

beobachteten Effekte auf wirtseigene Proteine oder Peptide zurückzuführen sein müssen. 

Dementsprechend befasst sich Kapitel 3 mit der Untersuchung und Identifikation humaner 

antimikrobieller Proteine und Peptide im Sputum ausgewählter Patienten mittels Proteom- und 

Immunoproteomanalysen. Zu diesem Zweck wurden die Aspirate mechanisch gespalten, 

massenspektroskopisch untersucht und der Luminex-Bead Fluss-Zytometrie zugeführt. Dabei ergaben 

sich große Unterschiede zwischen den Proben in Bezug auf die Zusammensetzung des Proteoms und 
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dem Vorhandensein Pneumokokken-spezifischer Antikörper. Konkret konnte gezeigt werden, dass 

Sputum-Proben, die Pneumokokken in ihrem Wachstum inhibieren und gleichzeitig sub-inhibitorische 

Cefotaxim-Konzentrationen enthalten, vermehrt Apolipoprotein und komplement-assoziierte 

Proteine beinhalten. Diese Moleküle gehören zur angeborenen Immunantwort. Auf der anderen Seite 

enthielten Sputa ohne wachstumshemmende Merkmale sowie solche mit hohem Cefotaxim-Gehalt 

und Pneumokokken-inhibierenden Eigenschaften relativ hohe Entzündungsmarker wie bspw. die 

Elastase von neutrophilen Granulozyten. Für die Sputum-Proben mit wachstumshemmenden 

Eigenschaften für Pneumokokken zeigten die Immunoproteomanalysen erhöhte Immunoglobin G 

(IgG) Werte für 18 der 55 getesteten Pneumokokkenantigene. Übereinstimmend mit der 

ursprünglichen Annahme, dass der Wirt erheblich zu den antimikrobiellen Eigenschaften des Sputums 

beiträgt, erlaubte die kombinierte Analyse eine Differenzierung in 3 verschiedene Sputumgruppen. In 

Gruppe 1 konnten keine antibakteriellen Eigenschaften nachgewiesen werden. Die anderen zwei 

Gruppen hatten antimikrobielle Wirksamkeit und ließen sich zudem an Hand ihrer spezifischen 

Proteomsignaturen subklassifizieren. 

Aufbauend auf diesen Ergebnissen stellte sich die Frage, ob die antimikrobielle Aktivität des Sputums 

einen Vorteil für die künstlich beatmeten Patienten haben könnte. Obwohl diese Idee naheliegend 

erscheint, zeigen die Ergebnisse in Kapitel 2 eine inverse Korrelation zwischen der antimikrobiellen 

Aktivität und dem Krankheitsverlauf und dem Schweregrad der Erkrankung der Patienten. Die Statistik 

zeigt, dass diese scheinbare Korrelation von dem Schweregrad der Krankheit abhängt, der sich mittels 

APACHE IV und SAPS II Skala messen lässt. Aus Patienten mit hohen APACHE IV und SAPS II Werten 

wurde Sputum mit einer hohen wachstumshemmenden Wirkung gegenüber Pneumokokken isoliert. 

Aufbauend auf diesen Analysen wurde die Hypothese aufgestellt, dass Patienten mit höheren APACHE 

IV und SAPS II Werten auch höhere Entzündungsreaktionen haben könnten und demzufolge auch 

erhöhte Mengen antimikrobieller Stoffe im Sputum zu finden seien. Aufgrund der zu kleinen 

Stichprobengröße war es aber nicht möglich die Proteomdaten und den Krankheitsverlauf der 

Patienten zu korrelieren. 

Während sich der Forschungsschwerpunkt in den Kapiteln 2 und 3 auf die Wirtsseite der „Wirts-

Pneumokokken-Interaktion“ fokussierte, befasst sich die Studie in Kapitel 4 mehr mit dem Erreger und 

einem Virulenzfaktor von S. pneumoniae. Cholin-bindende Proteine (CBPs) umfassen Proteine, die auf 

der Zelloberfläche der Pneumokokken exponiert sind und über Phosphorylcholin an die Teichonsäuren 

der Zellwand gebunden sind. Ein Schwerpunkt der Untersuchungen in Kapitel 4 liegt bei der 

strukturellen Aufklärung des noch relativ unerforschten CbpL Proteins und dessen Beitrag zur 

Pathogenese. Gemein ist den CBPs der modulare Aufbau, mit mindestens einem Cholin-bindenden 

Modul. Die Ergebnisse zeigen, dass CbpL ein multimodulares Protein mit einem N-terminalen Ca2+ 
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bindenden Excalibur Modul, einem verankernden Cholin-bindenden Modul und einer Ltp_Lipoprotein 

Komponente ist. CbpL ist das einzige CBP, bei dem das Cholin-bindende Element zwischen den 

Excalibur und den Ltp_Lipoprotein Domänen liegt. Die durchgeführten Infektionsstudien an Mäusen 

zeigten, dass das Oberflächenmolekül CbpL eine wichtige Rolle bei der Interaktion von S. pneumoniae 

mit dem Wirt spielt und bei der bakteriellen Transmigration vom Nasopharynx in Lunge und Blut 

mitverantwortlich ist. Die Daten erlauben zudem einen Einblick in die komplexen biologischen 

Funktionen von CbpL. Die Ergebnisse tragen dazu bei das Verständnis über die Virulenzfaktoren der 

Pneumokokken weiter zu vergrößern und können bei der Suche nach neuen Vakzinkandidaten oder 

innovativen therapeutischen Strategien helfen. 

Sind die Pneumokokken einmal in den Blutstrom gelangt, können sie die Blut-Hirn-Schranke 

überwinden und eine Hirnhautentzündung auslösen. Da die Hirnhautentzündung eine sehr ernst zu 

nehmende Erkrankung ist, die mit einer hohen Mortalität und Morbidität einhergeht und auch 

möglicherweise schwere Folgeschäden nach einer Genesung induziert [20], ist es wichtig neue und 

effektive Mittel zur Früherkennung, Prävention und Therapie zu entwickeln. Kapitel 5 gibt deshalb 

einen Überblick über die Interaktion von S. pneumoniae mit der Blut-Hirn-Schranke und beschreibt 

Mechanismen wie der Erreger eine Hirnhautentzündung auslösen kann. Zusätzlich werden mögliche 

Präventions- und Therapiemöglichkeiten vorgeschlagen und diskutiert. Verschiedene Rezeptoren, wie 

der plättchenaktivierende-Faktor-Rezeptor (PAFr), der Laminin Rezeptor, der polymere 

Immunoglobin-Rezeptor (pIgR) und das Thrombozyten-Endothelzellen-Adhäsionsmolekül-1 (PECAM-

1) sind an der Bindung, Endozytose und Translokation der Pneumokokken beteiligt und ermöglichen 

dem Pathogen dadurch die Blut-Hirn-Schranke zu überwinden. Durch das Wissen über die Signalwege 

und die Bindungspartner, welche von S. pneumoniae genutzt werden, können mögliche Wege 

abgeleitet werden diese zu unterbrechen und somit eine bakterielle Ausbreitung zu unterbinden. 

Tatsächlich wurde kürzlich gezeigt, dass das Blockieren von pIgR und PECAM-1 mit entsprechenden 

Antikörpern einen Schutz vor dem Eindringen der Pneumokokken in das Gehirn bieten kann [21, 22]. 

 

Ausblick 

Die Forschung, die in dieser Arbeit beschrieben wurde, hat verschiedene Aspekte der Wirts-Pathogen-

Interaktion adressiert und ihren Fokus auf S. pneumoniae sowie die mikrobiellen Interaktionen in den 

unteren Atemwegen von künstlich beatmeten Patienten gelegt. Hierzu wurde routinemäßig Schleim 

aus den Atemwegen (Sputum) abgesaugt und im Rahmen dieser Arbeit auf anti-mikrobielle 

Eigenschaften untersucht. Eine zentrale Fragestellung war dabei ob diese Beobachtungen auf die 

Antibiotikatherapie oder wirtseigene Stoffe zurückzuführen sind. Die hier dargestellten Ergebnisse 

können verschiedene wichtige Auswirkungen für mechanisch ventilierte Patienten haben. Das Sputum, 
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welches im normalen Klinikalltag entsorgt wird, könnte künftig Aufschluss über das komplexe 

Zusammenspiel von antimikrobiellen Stoffen, der Immunologie und den Erregern in der Lunge liefern. 

Diese Ergebnisse sollen dazu beitragen die Behandlung und die Prävention von Infektionen des 

respiratorischen Trakts zu verbessern. Insbesondere die identifizierten Proteine und Immunglobuline 

könnten geeignete und verlässliche Biomarker darstellen, die Aussagen über den Zustand der Lunge 

und mögliche inflammatorische Reaktionen zulassen. Da die Stichprobengröße in dieser explorativen 

Arbeit nicht groß genug war, um eindeutige und allgemeingültige Aussagen abzuleiten, sollten 

zukünftige Studien auf größere und enger definierte Patientengruppen zurückgreifen. Zudem wäre es 

sinnvoll die Sputumproben zu mehreren Zeitpunkten zu nehmen, damit die daraus abgeleiteten 

Ergebnisse mit den Patientenmetadaten besser korreliert werden können. Eine funktionelle 

Aufschlüsselung der identifizierten antimikrobiellen Peptide und Proteine kann die Entwicklung neuer 

Therapeutika ermöglichen, die auf die besonderen Gegebenheiten in der Lunge zugeschnitten sind. 

Diese neuen Wirkstoffe wären nicht nur hilfreich gegen S. pneumoniae, sondern auch gegen andere 

Gram-positive pulmonale Erreger wie Staphylococcus aureus. Alternativ könnten sie auch gegen 

andere potenziell gefährliche Gram-negative Bakterien wie beispielsweise Escherichia coli, 

Haemophilus influenzae, Klebsiella pneumoniae oder Pseudomonas aeruginosa eingesetzt werden. Das 

gleiche gilt für gewisse Immunglobuline, die in Form monoklonaler Antikörper sogar die Wirksamkeit 

der Antibiotika in der Lunge verstärken könnten. Weiterhin sollen die Ergebnisse helfen neue 

Schlüsselziele auf den Oberflächen der Bakterien als mögliche therapeutische Ziele zu identifizieren, 

entsprechend dem CbpL Protein der Pneumokokken. Solche Studien wären leicht auf die bereits 

genannten Bakterien übertragbar und könnten weitere wertvolle Resultate liefern. Weitere 

interessante Aspekte künftiger Untersuchungen betreffen die Pharmakodynamik und –kinetik der 

Antibiotika in der Lunge sowie die Frage welchen Einfluss der prophylaktische Langzeiteinsatz der 

Antibiotika auf die Ausbildung von Wirkstoffresistenzen hat. Für diese Studien ist das Sputum, welches 

bisher als Abfallprodukt betrachtet wurde, ein interessantes Ausgangsmaterial, um die komplexen 

Wechselwirkungen von Wirtsfaktoren mit den antibakteriellen Stoffen verschiedenen Ursprungs und 

deren Einfluss auf die Mikrobiota besser verstehen zu können. 
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