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Zusammenfassung 
Bioaktive Lipide beeinflussen zahlreiche Prozesse wie die Reproduktion, den Knochenumbau, die 

Schmerzwahrnehmung, das kardiovaskuläre System und das Immunsystem. Zu den 

immunmodulatorischen Lipidmediatoren gehören die Eicosanoide und Oxylipine, welche sowohl durch 

enzymatische als auch durch nicht enzymatische Oxidationen aus mehrfach ungesättigten Fettsäuren 

(PUFAs) gebildet werden. Unter diesen Sammelbegriffen werden verschiedene Gruppen wie 

beispielsweise Prostaglandine oder Leukotriene zusammengefasst. Sie haben Eigenschaften, die sowohl 

die Aktivierung inflammatorischer Reaktionen als auch die Unterstützung der Auflösung von 

Entzündungen beinhalten. Sie wirken dabei ähnlich wie Hormone lokal begrenzt und in geringer 

Konzentration. Außerdem existieren noch weitere bioaktive Lipide wie Verbindungen aus der Klasse der 

Sphingolipide. Die Synthese einiger dieser Verbindungen wie die der Prostaglandine kann medikamentös 

beeinflusst werden, während andere Gruppen aktuell therapeutisch nicht gezielt inhibiert werden können. 

Ihr Einfluss während der Inflammationsprozesse und bei chronischen Entzündungen ist durch Studien 

belegt, aber Forschungsdaten im Zusammenhang mit Infektionen sind nur begrenzt vorhanden. 

Infektionen des oberen Respirationstraktes, verursacht durch virale und bakterielle Pathogene, stellen 

weltweit eine große Herausforderung für die menschliche Gesundheit dar. Wichtige Pathogene sind 

Influenza A Viren (IAV) sowie bakterielle Erreger wie Staphylococcus aureus (S. aureus), Streptococcus 

pneumoniae (S. pneumoniae) und Streptococcus pyogenes (S. pyogenes). Neben Monoinfektionen mit 

einem der genannten Erreger kommt es häufig zu viralen-bakteriellen Ko-Infektionen, was den 

Krankheitsverlauf negativ beeinflussen kann. Die Erkennung der Pathogenen und deren Beseitigung ist die 

Hauptaufgabe des Immunsystems, welches wesentlich durch Lipidmediatoren beeinflusst wird. Die leichte 

Oxidierbarkeit, das Vorkommen von verschiedenen Regioisomeren und die geringe Abundanz der 

Eicosanoide und Oxylipine sind die Hauptgründe, weshalb ihre Analytik eine große Herausforderung 

darstellt. 

Eines der Hauptziele dieser Dissertation war die Etablierung geeigneter Messmethoden für ausgewählte 

Lipidmediatoren und deren Detektion in unterschiedlichen Probenmaterialien aus Infektionsversuchen. 

Die Trennung und Messung der bioaktiven Lipide erfolgte durch Hochleistungs-

flüssigkeitschromatographie (HPLC) gekoppelt an ein Triple Quadrupol-Massenspektrometer, was als 

Tandem-Massenspektrometrie (MS/MS) bezeichnet wird. Für 30 Lipidmediatoren wurden die einzelnen 

MS-Parameter anhand von chemischen Standards optimiert und dann mit einer dynamic multiple reaction 

monitoring (MRM)-Methode gemessen. Außerdem konnte die räumliche Verteilung bestimmter 

Sphingolipide im Gewebe durch matrix-assisted laser desorption ionization mass spectrometry imaging 

(MALDI-MS-Imaging) analysiert werden. Neben den Messungen war die Probenaufarbeitung ein 

essentieller Bestandteil der Methodenetablierung. Während für die Analytik von Lipidmediatoren und 

deren Messung mittels HPLC-MS/MS gut erprobte Aufarbeitungsprotokolle existieren, standen solche für 

das neuartige MALDI-MS-Imaging nur begrenzt zur Verfügung. Schließlich konnten für beide 

Messmethoden robuste und reproduzierbare Protokolle erstellt und bei der Analyse zahlreicher Proben 

aus Infektionsexperimenten genutzt werden, in denen die wirtseigenen Lipidmediatorveränderungen von 

infizierten Zellkulturen, Mäusen und Schweinen untersucht wurden. Je nach Fragestellung wurden 

Zellpellets, Lungen, Milzen, Lebern, Blutplasma, Pfoten mit Knochen oder bronchoalveoläre Lavagen 

aufgearbeitet und die Proben analysiert. Durch das MALDI-MS-Imaging wurde die Verteilung ausgewählter 

Sphingolipide in Lunge und Milz der Mäuse detektiert. 

Die vorliegende Dissertation umfasst vier zusammenhängende Themenbereiche, in denen der Einfluss von 

Pathogenen auf wirtseigene Lipidmediatoren mit den oben genannten Methoden analysiert wurde. Die 
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genutzten Infektionsmodelle Epithelzelllinie (Artikel II), Maus (Artikel III und IV) und Schwein (Artikel I), als 

humannahes Modell, zeigten unterschiedliche Aspekte der Wirts-Pathogen-Interaktion auf. Für alle drei 

Wirte konnten Proben aus einer IAV-Infektion analysiert werden, welche zahlreiche Gemeinsamkeiten für 

bestimmte Oxylipine zeigte, die in der Literatur auch für humanen Infektionen beschrieben sind. Zudem 

war es möglich, Proben aus Zellkultur- und Maus-Experimenten, welche mit den Pathogenen S. aureus, 

S. pneumoniae und IAV mono-infiziert und ko-infiziert wurden, zu untersuchen. Besonders bei den 

bakteriellen Infektionen und Ko-Infektionen handelt es sich um Erstbeschreibungen der 

Lipidmediatorveränderungen. Die zusätzliche räumliche Detektion der Sphingolipide Sphingosin-1-

phosphat und Ceramid-1-phosphat lieferte wichtige Informationen über deren Gewebeverteilung und 

Veränderung während einer Ko-Infektion, was ebenfalls erstmalig untersucht wurde. 

In Artikel I werden die IAV-spezifischen Veränderungen von Oxylipinen im Schwein (Deutsche Landrasse), 

als Wirtsmodell, analysiert. Dazu wurden Proben infizierter Tiere zu verschiedenen Zeitpunkten nach der 

Infektion von Lunge, Milz, Blutplasma und bronchoalveolären Lavagen analysiert und mit Proben nicht-

infizierter Tiere verglichen. Vor allem das Gewebe der Lunge und Milz zeigte eine Zunahme an 

Verbindungen, welche teilweise aus Infektionen von Menschen und Mäusen bekannt sind. Die Analyse 

unterschiedlicher Probenarten lieferte zudem einen Überblick über gut geeignetes Probenmaterial. 

Erstaunlicherweise zeigten sich viele Veränderungen in der Milz, welche selbst nicht infiziert war. Da sich 

die meisten Studien aufgrund der lokalen Wirkung der Lipidmediatoren auf Probentypen konzentrieren, 

die sich in unmittelbarer Nähe zur Infektion befinden, liefert diese Dissertation neue Einblicke und zeigt 

zudem eine Form der systemischen Wirtsantwort auf. Neben der Infektionen von Tieren mit einem 

komplexen Immunsystem bezieht sich Artikel II auf die Infektion von humanen Bronchialepithelzellen 

(16HBE) mit den Erregern S. aureus, S. pneumoniae und IAV, wobei sowohl Einzelinfektionen als auch 

bakteriell-virale Ko-Infektionen untersucht wurden. Da solche Zellen als initiale Barriere für Pathogene 

dienen und auch erste Angriffsfläche dieser sind, ist das Verständnis dieser Wirt-Pathogen-Interaktion von 

entscheidender Bedeutung. Die meisten Veränderungen zeigten sich bei einer Pneumokokken-Infektion. 

Zudem wurde deutlich, dass sich die untersuchten bakteriellen Infektionen von der viralen durch die 

verstärkte Synthese von 5-Hydroxyeicosatetraensäure (HETE) unterscheiden.  

Für die weiteren Infektionen wurden Mäuse als Infektionsmodell genutzt. Neben den untersuchten 

Infektionen mit Bezug zum Respirationstrakt wurde außerdem die Auswirkung einer S. pyogenes-Infektion 

in verschiedenen Mausstämmen analysiert und in Artikel III beschrieben. Infektionsbedingte 

Veränderungen von Prostaglandinen in geschwollenen Pfoten, welche beim Knochenumbau beteiligt sind, 

konnten ebenso beobachtet werden wie erhöhte Mengen an Sepsis- und Arthritis-assoziierten 

Lipidmediatoren, wenn der Infektion eine Arthritis vorangegangen war. Zudem wurden deutlich erhöhte 

Mengen an 20-HETE bei einer solchen schweren Infektion gemessen. Die gesteigerte Biosynthese von 20-

HETE wurde in Artikel IV auch bei Infektionen mit dem hochpathogenen S. aureus LUG2012 bestätigt, 

wobei die Mengen dieses Eicosanoids in allen untersuchten Probentypen erhöht waren. In diesem letzten 

Artikel der vorliegenden Dissertation werden bakterielle und virale Infektionen ähnlich dem Ansatz in 

Artikel II beschrieben. Vor allem IAV-spezifische Veränderungen von Lipidmediatoren zeigten sich, die so 

auch in den Lungen und Milzen der Schweinen beobachtet werden konnten. Die zusätzlichen MALDI-MS-

Imaging-Messungen ließen eine Akkumulation von Ceramid-1-phosphat in Milz und Lunge sowie eine 

Anreicherung in der roten Pulpa der Milz erkennen, welche bisher unbeschrieben ist. 

Insgesamt lieferten die Arbeiten zu dieser Dissertation umfangreiche Profile von Lipidmediatoren bei 

Infektionen dreier verschiedener Infektionsmodelle mit ausgewählten bakteriellen und viralen 

Pathogenen. Diese Daten können als Basis für weiterführende Projekte dienen, in denen der Einfluss 

einzelner bioaktiver Lipide auf den Infektionsverlauf genauer untersucht werden könnte.  
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Summary 
Bioactive lipids or lipid mediators influence numerous processes like the reproduction, the bone turnover, 

the pain perception, the cardiovascular function and the immune system. Eicosanoids and oxylipins are 

parts of the immunomodulatory lipid mediators, which can be synthesized from polyunsaturated fatty 

acids (PUFAs) by enzymatic and non-enzymatic reactions. Typical members of eicosanoids are 

prostaglandins and leukotrienes. The properties of bioactive lipids include the activation of inflammatory 

reactions as well as the support of resolution. Like hormones, they act locally restricted and in low 

concentrations. Further bioactive lipids exist i.e. intermediates of the sphingolipid class. The biosynthesis 

of some of these compounds like the prostaglandins can be influenced by different drugs whereas for 

other groups of lipid selective inhibitors are still missing. Their impact on inflammatory processes and 

against chronic diseases has already been analyzed, while studies in context with infection are largely 

limited. Infection of the upper respiratory tract caused by viral and bacterial pathogens constitute a huge 

burden for the human healthcare. The main pathogens are the Influenza A virus (IAV), Staphylococcus 

aureus (S. aureus), Streptococcus pneumoniae (S. pneumoniae) and Streptococcus pyogenes (S. pyogenes). 

Besides mono-infection with one of these pathogens, frequently occurring bacto-viral co-infections exist, 

which negatively influence the etiopathology. The main task of the immune system is the detection and 

the elimination of pathogens, which can essentially be affected by lipid mediators. Their instability due to 

oxidizability, the existence of regioisomers and the low abundance of eicosanoids and other oxylipins are 

the main problems for their analytical measurement. 

The mayor objective of this dissertation was the establishment of a suitable analytical method for selected 

lipid mediators and the detection of infection-related changes. The separation and detection was 

performed by using high-performance liquid chromatography (HPLC) coupled with triple quad mass 

spectrometry. This combination is called tandem mass spectrometry (MS/MS). The MS parameters were 

optimized for approximately 30 lipid mediators by use of chemical standards and the detection was 

achieved by dynamic multiple reaction monitoring (MRM). Furthermore, the spatial resolution of selected 

sphingolipids was analyzed in tissue samples using matrix-assisted laser desorption ionization mass 

spectrometry imaging (MALDI-MS-Imaging). Concerning the HPLC-MS/MS detection, an MS method was 

established and optimized with standard compounds. Another crucial part of the establishment was the 

extraction of bioactive lipids from the different sampling materials. Whereas well tested protocols exist 

for the extraction and detection of lipid mediators, such protocols for MALDI-MS-Imaging are still limited 

due to the novelty of this measurement. Ultimately, robust and reproducible protocols for both techniques 

that were used for the analysis of a broad array of samples from infection experiments were established 

for both techniques. The analyses of infected cell culture, mice and pigs revealed infection-related 

perturbations of host lipid mediator levels. Depending on the scientific issue, the sample types cell pellets, 

lungs, spleens, livers, blood plasmas, pawns including bones or bronchoalveolar lavages were analyzed. 

For MALDI-MS-Imaging, the spatial distribution of sphingolipids in lung and spleen was detected. 

The present dissertation includes four coherent research scopes, in which the pathogen impact on host-

derived lipid mediators was detected with the above mentioned analytical methods. The infection models 

epithelial cells (article II), mouse (article III and IV) and pig (article I) – the latter as the most human like 

model - showed different aspects of the host-pathogen interaction. The analysis of samples from IAV 

infection for all three hosts revealed a couple of similarities for some oxylipins that were also described in 

human infections. Additionally, cell culture and mouse samples from mono-infections as well as co-

infections with the pathogens S. aureus and S. pneumoniae were measured. In particular for the bacterial 

mono- and co-infections, these are the first published results with aspects of infection related changes of 
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lipid mediators. The additional spatial resolution of the sphingolipid intermediates sphingosine 1-

phosphate and ceramide 1-phosphate revealed important new insights into their tissue distribution and 

changes during co-infection.  

Article I describes the IAV-specific oxylipin changes in the pig (german landrace) as infection model. 

Therefore, the sample types lung, spleen, blood plasma, and bronchoalveolar lavage from infected animals 

at different time points after infection were analyzed and compared with samples from uninfected pigs. 

Mainly in the lung and the spleen, increased amounts of certain lipid mediators were observed. These 

changes coincide well with already described alterations in humans and mice. Furthermore, the analysis 

of different sample material provided an overview about appropriate sample types. Surprisingly, many 

perturbations were detected in the spleen, which itself was uninfected. Based on the local reaction of lipid 

mediators, most studies concentrate on sample material with close contact to side of infection. Therefore, 

this dissertation reveals new insights into a form of systemic immune response. Besides the use of animals 

with a complex immune system for infection experiments, human bronchial epithelial cells (16HBE) were 

mono- and co-infected with the pathogens S. aureus, S. pneumoniae and IAV as described in article II. Such 

cells are the initial barrier for and first contact site with pathogens and thus the comprehension of this 

host-pathogen interaction is of essential importance. Most changes were detected during pneumococcal 

infection. Furthermore, the analyzed infections with bacterial pathogens differed from IAV infection by an 

increased synthesis of 5-hydroxyeicosatetraenoic acid (HETE). For further infections with the above 

mentioned pathogens, the mouse was used as an infection model. Besides infections affecting the 

respiratory tract, also the impact of an S. pyogenes infection in different mice strains was analyzed and 

described in article III. Infection-related changes in prostaglandins, which are involved in bone turnover in 

swollen pawns as well as enhanced amounts of sepsis- and arthritis-associated lipid mediators were 

detected, in case arthritis had been induced prior to infection. Furthermore, increased amounts of 20-

HETE could be observed for such severe infections. An enhanced biosynthesis of 20-HETE was further 

confirmed in a high-pathogenic S. aureus LUG2012 infection in article IV for all examined sample types. In 

this last article of this dissertation, bacterial and viral infections in mice were analyzed similar to those 

described in article II. Mainly IAV-specific lipid mediator alterations were detected, which are in 

accordance with the findings of the infected pigs. The additional MALDI-MS-Imaging measurements 

revealed so far unknown accumulation of ceramide 1-phosphate in lung and spleen as well as enrichment 

in the red pulp of the spleen. 

In summary, this dissertation provides substantial lipid mediator profiles for infections in three different 

model systems with selected bacterial and viral pathogens. The obtained data constitute a suitable basis 

for continuative research projects, in which the influence of single bioactive lipids on the course of 

infection could be examined in more detail. 
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Introduction 
 

Bioactive lipids 
Lipids are generally regarded as membrane components or as important metabolites for energy storage 

due to their biological functions. They are also able to serve as potent bioactive signaling molecules that 

are involved in a wide array of processes like reproduction [1], modulation of cardiovascular functions [2], 

bone remodeling [3], nociception [4], inflammation and related immune system regulation [5,6]. Bioactive 

lipids that are able to induce inflammation or activate resolution of the immune system are called lipid 

mediators or oxylipins. They are derived from different ω-3 and ω-6 polyunsaturated fatty acids (PUFAs), 

and these PUFAs can be released from cell membranes by phospholipases. The main enzymes responsible 

for the biosynthesis of these oxylipins are lipoxygenases (LOX), cyclooxygenases (COX) and cytochrome 

P450 enzymes (CYPs) as shown in Figure 1. Additionally, some of the oxylipins can be synthesized by 

transcellular biosynthesis [7], non-enzymatic reactions or during lipid peroxidation processes [8]. 

Eicosanoids are lipid mediators of arachidonic acid (AA), that is further modified into prostanoids via the 

COX pathway. The prostanoids include prostaglandins (PGs), leukotriens and thromboxanes (TXs). Sune K. 

Bergström, Bengt I. Samuelsson and John R. Vane were awarded with the Nobel Prize for physiology or 

medicine in 1982 for their research on prostaglandins and related biologically active substances. 

Other oxylipins derived from linoleic acid, linolenic acid, docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) are involved in the activation of immune system resolution. Some oxylipins 

derived from DHA and EPA can be summarized to the specialized pro-resolving mediators (SPMs) [9]. Lipid 

mediators fulfill their function through interaction with their receptors. Currently, there are nine receptors 

for PGs and TXs described plus additional splice variants, which belong mostly to the G protein-coupled 

receptors (GPCRs). An interaction between lipid mediator and receptor results in the induction of cell 

calcium mobilization as well as alterations in the level of second messenger cyclic adenosine 

monophosphate (cAMP) [10]. Furthermore, the PG D2 receptor DP2 represents a chemokine receptor as 

described in the literature [11]. For the majority of oxylipins, the receptors are GPCR and peroxisome 

proliferator-activated receptors (PPAR) [12], tumor necrosis factor receptors (TNFR) [13], formyl peptide-

like receptors [14] and different members of the transient receptor potential cation channel subfamily 

[15]. Of these receptors multiple receptor isoforms exist, e.g. PG E2 can be expressed differently in various 

cell types, resulting in cell and tissue specific effects on certain lipid mediators [16]. By the use of non-

steroidal anti-inflammatory drugs (NSAID) or statins, an intervention in the biosynthesis of bioactive lipids 

can therapeutically be achieved. NSAID like acetylsalicylic acid mainly target the COX pathway resulting in 

inhibited prostaglandin production [17]. Statins are also able to influence the production of lipoxins, a 

group of SPMs resulting from AA conversion by LOX [18]. 

In addition to the described bioactive lipids originated from PUFA conversion, also mediators from the 

sphingolipids, sphingosine 1-phosphate (S1P) and ceramide 1-phosphate (C1P) in particular, are involved 

in immune system related processes like cell migration, cell survival, cell growth and the biosynthesis of 

eicosanoids [19-21]. Most research on lipid mediators focuses on chronic diseases, including asthma and 

inflammatory bowel disease or pharmacology processes as reviewed in [22-25]. 
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Lipid mediators in immune system regulation and infection processes 
The immune system is a complex host defense system that enables the identification and clearance of 

foreign agents like pathogens or tumor cells. This system consists of the innate and adaptive immune 

system and includes different cell types and organs. Pattern recognition receptors (PRRs) are part of the 

innate immune system. They are expressed in a large variety of different cells and are able to identify 

pathogen-associated molecular patterns (PAMPs). These PAMPs are microbial or viral components like 

lipopolysaccharides (LPS), lipoteichoic acids, flagellins or double-stranded ribonucleic acids (RNAs) [26]. 

The activation of PRRs through PAMPs leads to the onset of inflammation, which is characterized by the 

following symptoms: pain, swelling, heat, loss of tissue function and redness [27]. 

 

Role of analyzed pro-inflammatory lipid mediators 
The pro-inflammatory immune system modulation is mediated by the majority of prostanoids and other 

oxylipins derived from AA and linolenic acid conversion. The biosynthesis of prostaglandins from AA starts 

with constitutive active COX-1 or inducible COX-2 leading to the formation of PG G2 and PG H2, which are 

both converted to different PGs and TXs by their synthases. PG E2 (Figure 1) has vasodilatory properties 

and increases the microvascular permeability [28]. Furthermore, PG E2 is able to attract macrophages [29]. 

Different pathogens like Streptococcus pneumoniae (S. pneumoniae), Streptococcus pyogenes 

(S. pyogenes), Pseudomonas aeruginosa, Escherichia coli and different Burkholderia, Salmonella and 

Mycobacteria species can promote PG E2 production of host immune cells [30-36]. Besides its role in 

immune system modulation, PG E2 is needed for a balanced bone turnover and influences the 

differentiation of osteoclasts and osteoblasts along with PG D2 [37]. The impact of S. pyogenes infection 

on these PGs in a septic arthritis mouse model is described in article III. The PG D2 shows pro-inflammatory 

effects including airway hyper reactivity and infiltration of eosinophils and leucocytes [38,39]. The immune 

modulation role of the prostanoid PG F2α is thus far unexplored. Elevated levels, however, have been 

measured in patients suffering from different forms of arthritis [40]. Since some prostanoids undergo a 

rapid degradation, only their degradation products are measureable. This is the case for TX A2, which 

degrades to TX B2 and is involved in platelet aggregation with further vasoconstrictor properties. A 

potential role of TX B2 as pro-inflammatory mediator is described for the activation of renal 

vasoconstriction resulting in renal failure during LPS induced septic mouse experiments [41].  

The precursor AA can be the substrate of three different LOX enzymes resulting in the biosynthesis of 

leukotrienes (LTs) and hydroxyeicosatetraenoic acids (HETEs). The three enzymes 5-LOX, 12-LOX and 15-

LOX have been described in the literature to mediate their conversion as reviewed in [42]. 5-LOX together 

with the 5-LOX-activating protein FLAP [43] is responsible for the synthesis of LTs and 5-HETE. Both LTs 

and 5-HETE are potent chemoattractant compounds for a number of different immune cells [44,45]. The 

role of 5-HETE in bacterial infections of the human bronchial epithelial cell line (16HBE) is described in 

article II. In addition, also 20-HETE, produced by CYP omega hydroxylases, is associated with sepsis and 

arthritis. This metabolite is able to influence vasoconstriction and vasodilation by releasing NO [46,47] and 

thus inducing cardiac protection in sepsis and inhibiting the synthesis of prostanoids like PG E2 [48,49]. 

Alterations in 20-HETE levels associated with S. aureus LUG2012 and S. pyogenes infections are discussed 

in article II-IV. 
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The bioactive lipids S1P and C1P are able to induce eicosanoid synthesis through the activation of cytosolic 

phospholipase A2 [50] and COX-2 [51] respectively. The sphingolipid derivative C1P has further pro-

inflammatory properties like mast cell degranulation [52] or activation of cell migration. The latter have 

been described for murine macrophages [53] and human monocytes [20]. High amounts of S1P are found 

in blood plasma and lymph, whereas the concentration is very low in the secondary lymphatic organs. This 

S1P gradient is important for lymphocyte traffic. Alterations in S1P and C1P levels are described in 

article IV. 

Besides AA derived lipid mediators, the oxylipin 9-hydroxyoctadecadienoic acid (9-HODE) produced by 

linoleic acid conversion is known for its pro-inflammatory properties including intracellular calcium 

mobilization, cytokine secretion [54] and activation of c-Jun N-terminal kinase (JNK) through the G protein-

coupled receptor G2A [55,56]. Perturbations in the 9-HODE levels have been described from ischemic 

stroke patients [57], for mouse peritonitis models [58] and mice infected with Toxocara species [59]. 

 

Role of analyzed anti-inflammatory lipid mediators 
Besides the above mentioned pro-inflammatory properties, some prostaglandins, PG E2 and PG D2 in 

particular are also known for their dual role in immune system regulation, including anti-inflammatory 

activities. The PG E2 can switch the production induction from pro-inflammatory leukotriene B4 to the anti-

inflammatory AA-derived lipid mediator lipoxin A4. This lipid mediator switch leads to a diminished 

immune cell infiltration and resolution of inflammation [60]. Furthermore, binding to the PG E2 receptor 

increases levels of cyclic adenosine monophosphate (cAMP) [61] that in turn increasing the production of 

anti-inflammatory cytokines like interleukin-10 or serving as a negative regulator for pro-inflammatory 

macrophages [62]. Different animal pleuritis and colitis models show attenuated inflammation through 

reduced immune cell infiltration accompanied by enhanced PG D2 synthesis [63,64]. Furthermore, an 

intratracheal application of PG D2, results in enhanced bacterial clearance in Pseudomonas aeruginosa 

infected murine lungs [65]. This immunomodulation seems to be caused by inhibition of the pro-

inflammatory macrophage receptor TREM-1 and induced expression of transcription factor Nrf2 [66]. 

Other important AA-derived anti-inflammatory eicosanoids are 12- and 15-HETE that are both capable 

inhibiting the interleukin-6 secretion from macrophages [67]. Elevated amounts of both HETEs from lung 

and spleen samples of Influenza A virus (IAV)-infected mice and pigs are described in article I and IV. 

Moreover, the epithelial cell line 16HBE also showed alterations of these lipid mediators during bacterial 

infections with S. aureus and S. pneumoniae as discussed in article II. However, certain differences in the 

LOX activity of humans, mice and pigs exist [61,68]. Even though human and mouse 12-LOX showed a 

comparable enzymatic activity, murine 15-LOX - encoded by the ALOX15 gene - converted AA mainly to 

12-HETE via a transformation of 12-hydroperoxyeicosatetraenoic acid (HpETE) instead to 15-HETE. While 

mice and pigs have different 12-lipoxygenating ALOX15 isoforms, this has not been described for the 

corresponding human ALOX15. Additionally, the murine ALOX15b has an 8-lipoxygenating activity that 

leads to the production of 8-HETE, without a comparable enzyme described for humans as reviewed in 

[69]. 

Besides prostaglandins and HETEs, the epoxyeicosatrienoic acids (EETs) are an important group of 

eicosanoids with anti-inflammatory properties. This includes the PPAR activation [12], suppression of cell 

degradation by the nuclear factor IKBα [13], inhibition of leucocyte adhesion to the vascular wall [70] and 

prevention of PG E2 production in vascular smooth muscle cells [71]. An impact of IAV infection on EET 

levels was investigated in article I and IV. 
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DHA- and EPA-derived lipid mediators like hydroxydocosahexaenoic acids (HDHAs) and 

hydroxyeicosapentaenoic acids (HEPEs) are precursors of potent anti-inflammatory mediators, i.e. 

protectins, maresins and resolvins [72]. An important function of these specialized pro-resolving mediators 

(SPM) is the inhibition of immune cell migration [72,73]. In particular, the SPM precursor 17-HDHA 

(Figure 1) is known for its role in IAV-infections in mice and humans [42,74,75] as well as bacto-viral 

coinfections in humans [76]. The data of article IV support these findings for mice and article I expands 

the data upon the host response on IAV-infection to the animal model pig. 17-HDHA is known to have a 

positive effect on host antibody production against IAV [75]. Besides the positive effect on host B cell 

activation, 17-HDHA is able to inhibit viral nucleoprotein mRNA expression in human lung epithelial cells 

[74]. Other HDHA, like 14-HDHA and 13-HDHA, also seem to be affected by an IAV-infection in mice and 

pigs (article I and IV) and infection of 16HBE cells with S. pneumoniae (article II). 18-HEPE, an additional 

SPM precursor, is able to prevent macrophage-mediated fibroblast activation [77] and seems to be 

beneficial for the treatment of atherosclerosis [78]. 

The linoleic acid-derived lipid mediator 13-HODE can be produced by 15-LOX [56] and functions as a PPARγ 

agonist. PPAR is a ligand-activated transcription factor, and it is known for its anti-inflammatory properties. 

These include downregulation of the COX-2 gene [79], inhibition of NF-ΚB [80], and reduced production of 

pro-inflammatory cytokines and interleukins through its effect on macrophages [81]. The ratio of 13-

HODE/9-HODE is used to describe the pro- versus anti-inflammatory state of an infection. The advantage 

is that both bioactive lipids share the same precursor and have a high abundance in different sample types 

[42]. In the different sample types - blood plasma, spleen and lung - stable ratios were detected for control 

animals, while S. pneumoniae infected animals showed an increased ratio as described in article IV. These 

results indicate that the 13-HODE/9-HODE ratio may be a useful tool to study infections. Another 15-LOX 

product from the precursor linoleic acid is 13-hydroxyoctadecatrienoic acid (HOTrE). Like 13-HODE, it can 

prevent the activation of the pyrin domain containing 3 (NLRP3) complex of the NLR family [82]. This 

complex acts as a PRR for PAMP detection and is essential for resistance to pneumococcal infections [83]. 

Anti-inflammatory properties have also been described for S1P and C1P [84]. The immunosuppressive 

function of S1P becomes evident when considering the ability of its receptor modulator FTY720 to promote 

a macrophage subtype switch to anti-inflammatory M2 macrophages [85] and the interference of 

neuroinflammation [86]. C1P seems to prevent the biosynthesis of pro-inflammatory ceramides, and 

therefore being beneficial for the host during an infection with S. aureus that under normal circumstances 

can lead to lung edema and sepsis [87]. Moreover, C1P stimulates the biosynthesis of antimicrobial 

defensins against S. aureus [88] and concurrently hinders the LPS-induced production of TNFα and 

different pro-inflammatory interleukins [89]. 
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Figure 1: Selected lipid mediators with pro- and anti-inflammatory properties from different PUFAs that were analyzed by HPLC-
MS/MS. 

 

Analytical methods 
The accurate analysis and quantification of lipid mediators in biological samples is afflicted with several 

major challenges. First of all, the oxylipin concentrations are extremely low (typically in the pmol/mL 

range) and the compounds are not stored in tissues, but rather formed on demand with limited stability. 

Different tissues express several patterns of lipid mediator synthesizing and degradating enzymes. Even 

the same precursor can be oxidized at different positions of its acyl chain by various enzymatic and non-

enzymatic reactions. These oxidations respectively leading to different regio- and stereo-isomeric species, 

that each have different biological effects. Therefore, optimized sampling strategies including sample 

storage, lipid mediator extraction and internal standards combined with highly sensitive, accurate and 

specific measurements are needed [6,90-93]. Radiometric measurements and enzymatic immunoassays 

are used, but they have some limitations: the availability of corresponding antibodies, the lack of accurate 

absolute quantification and specificity due to cross reactivity combined with reduced possibility to detect 

multiple species within the same measurement [94,95]. Therefore, high performance liquid 

chromatography (HPLC) and gas chromatography (GC) based detection coupled to mass spectrometry 

(MS) was used for multiple oxylipin analyses. For GC-MS, the samples have to be volatile and thermal 

stable, which can be achieved by additional derivatization steps [96,97]. Hence, the main analytical 

interfaces for multiple lipid mediator analyses are HPLC-MS/MS systems. Other MS detection systems like 

time of flight or ion trap mass analyzer are not suitable for eicosanoid detection, as there is no 

discrimination of the different regio isomers. 
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HPLC-MS/MS analysis  
The detection of multiple eicosanoids and other lipid mediators in this work was established in the lab by 

the application of dynamic multiple reaction monitoring (MRM) LC-MS/MS analysis using an Agilent® HPLC 

system (1200 series), coupled to an Agilent® 6460 Triple quadrupole mass spectrometer with electrospray 

ionization (ESI) source. The advantages of dynamic MRM measurements are an improved sensitivity and 

reduction of concurrent transitions due to time segmentation leading to excellent quantitative data. Unlike 

MRM scans, the triple quad MS exclusively monitors the transitions from compounds of interest in just a 

single time segment within the analyte elutes. This allows for fewer MRM transitions during each MS scan 

and enables longer dwell times as well as reduced overall cycle time. Hence, more data points per peak 

can be achieved, resulting in improved quantitative data. A requirement for dynamic MRM measurements 

is the knowledge about the transitions of each oxylipin of interest. That means that it can only be used for 

targeted analysis. For this dissertation, several lipid mediators of interest for infection and related 

inflammation processes were selected from the literature [5,42,58,74,82,98] and purchased as pure 

standards. The MS parameters including the source parameters of these substances were optimized as 

shown in article I and additionally in article II. Next to the oxylipin analysis, the limited stability of these 

analytes has to be considered during sampling and extraction. Moreover, long-term storage (more than a 

year) affects the blood plasma samples, in particular, it increases non-enzymatic formed oxylipins [99] as 

well as the degradation of lipid mediators in cell culture media [100]. Therefore, all samples were 

immediately placed on dry ice or snap frozen in liquid nitrogen and stored at -80 °C. The maximum duration 

from storage to extraction was three months and this time period was kept for all extracted samples until 

measurement. For the inhibition of auto- oxidation processes, different inhibitors were used in literature, 

including general antioxidants like butylated hydroxytoluene (BHT), divalent metal cation dependent 

enzyme inhibitors like ethylenediaminetetraacetic acid (EDTA), COX inhibitors like indomethacin and 

inhibitors of the soluble epoxide hydrolase like 12-(3-adamantan-1-yl-ureido)-dodecanoic acid (AUDA). 

The last of these mentioned compounds prevents the conversion of EETs to the less bioactive 

dihydroxyeicosatrienoic acids. The use of different inhibitors should be handled with great care, because 

their appearance in the sample in large amounts can negatively influence the measurement. BHT was used 

for all samples and additionally AUDA exclusively for murine liver analysis (article III), because liver and 

kidney show high activity of this enzyme [101]. Furthermore, pig blood plasma was collected using EDTA 

monovettes (article I). A cryoPREP® CP02 tissue disruption system was used for samples homogenization 

and mechanical pulverization, enabling a very fast pulverization of frozen samples including murine bone 

and cartilage. The lipid mediators were extracted with cold 50% methanol containing BHT and AUDA if 

needed. For the quantification internal deuterated standards were added, consisting of 12-HETE-d8, 13-

HODE-d4, PG E2-d4, resolvin D1-d5 and AA-d11. Depending on the research hypothesis an alkaline hydrolysis 

step was done, carried out to obtain the total amounts of lipid mediators independent of their chemical 

modification. The disadvantage of this extraction step is the loss of prostanoids, LTs and SPMs. To 

compensate for this limitation, the samples were split in half, when enough material was available, and 

extracted both with and one without alkaline hydrolysis. This option was especially exploit for samples 

from infected pigs. A purification of the sample through solid phase extraction is very useful to eliminate 

contaminants like proteins, inorganic salts and non-lipid metabolites, can cause ion-suppression effects 

depending on their matrix. The detailed extraction procedure was adapted with modifications from Rothe 

et al. [102] and described in article I along with the HPLC-MS/MS methods. 
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MALDI-FTICR-MS-Imaging 
MS-Imaging systems like the solariX MRMS (magnetic resonance mass spectrometry) generates 

information on the localization and distribution of metabolites or proteins within the tissue. In general, 

samples for metabolome analyses were obtained as extracted homogenates that were often ionized 

through electrospray ionization (ESI), which results in the loss of localization information of compounds in 

the tissue. For MS-Imaging, cryosections were analyzed and metabolites were ionized through matrix-

assisted laser desorption/ionization (MALDI). This technique enables spatially resolved mass spectra of 

metabolites inside the sample and is therefore of interest when study host-pathogen interactions. A very 

important factor of this technique is the resolution size of the images, which is constantly improved and 

can reach a spot size several hundred nm. This, however, requires post-ionization steps [103]. The 

resolution of the mostly frequently used, commercial available instruments are only in a µm range 

[104,105] and a resolution size of 50 µm was used on the solariX MRMS. The insufficient resolution and 

the disruptive feature of the laser are great challenges in the study of host-pathogen interactions. The 

commercial solariX laser destroys antigen surfaces structures and RNA, which is why neither a staining 

with antibodies nor fluorescent in situ hybridization failed. The group of Manuel Liebeke recently showed 

that with a special atmospheric pressure MALDI-MS-Imaging, samples for fluorescent in situ hybridization 

could be used [106]. However, MALDI-MS-Imaging can be used to identify distribution patterns within the 

tissue histology even with its low spatial resolution. It also expands the information about bioactive lipids 

like S1P and C1P, which cannot be detected with the used HPLC-MS/MS measurement, through the MS 

scan data. For the practical application of MS imaging measurements, MALDI matrices suitable for low-

molecular weight compounds in negative and positive ionization mode are needed as reviewed in [107]. 

The main tasks of the matrices are an efficient analyte ionization, including incorporation of the 

metabolites into the matrix [108], and a high absorption at the irradiation laser wavelength. The general 

advantage of MALDI matrices compared to other ionization techniques for MS analysis are their high 

sensitivity and the solely generation of single charged ions [107]. The analysis of S1P and C1P species with 

different matrices was tested and optimized. The non-toxic matrix 9-aminoacridine [109] was found to be 

appropriate with respect to handling and C1P and S1P signal intensity, and was hence used for the 

measurements. Furthermore, this matrix has been successfully used in the literature for the detection of 

bioactive lipids [110]. As for other analytical methods, the sample preparation is a critical step for MALDI-

MS-Imaging. Fresh cryosections from snap-frozen material are superior to paraffin embedded sections 

regarding metabolite degradation processes and additional background signals derived from the 

embedding medium. Therefore, cryosections should be made without contact to embedding media, dried 

using freeze drying to sustain spatial-resolution, mounted with matrix and measured within one day. Some 

tissues like mice lungs are not robust to be sliced without the stabilizing embedding matrix. Supporting 

embedding matrix like carboxymethylcellulose can be used, if matrix signals are outside the analyzed 

mass-to-charge-ratio [111]. The complete sample preparation and MS-Imaging parameters are described 

in article IV. 
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Respiratory tract infections and corresponding lipid mediator analyses 
Infections of the respiratory tract are the fourth most common reason for the cause of mortality worldwide 

[112]. Major pathogens causing such infections are IAV [113] and the Gram-positive bacteria S. aureus, 

S. pneumoniae [114] and S. pyogenes [115]. There is evidence that bacterial and viral co-infections 

accelerate the mortality rate as compared to infections with single agents [116]. The immune system plays 

a major role in the recognition and elimination of the pathogens and can be influenced by bioactive lipids, 

as described previously. This thesis elucidated lipid mediator profiles for the mentioned viral and bacterial 

infections in selected different infection models, i.e. 16HBE cells, C57Bl/6J, DBA/1 and B10.Q mice as well 

as German landrace pigs. 

Epithelial cells like 16HBE are the initial protective barrier against viruses and bacteria and an important 

lung compartment with respect to initiate immune system regulation. It is well documented that IAV-

mediated lung tissue damage increases the susceptibility of the human host to secondary bacterial 

infections [32,117]. The infection of 16HBE cells as an in vitro model reveals valuable insights into the 

oxylipin response. These insights, however, are restricted to a single cell type. During the events of 

microbial and viral infections, multiple cell types that all have different functions in the immune system 

and each express a specific pattern of bioactive lipids interact, guaranteeing a controlled induction and 

resolution of the immune response. Therefore, the analyses of lipid mediator profiles were extended to 

animal infection experiments using mice and pig as hosts. The immune system of both animal models has 

been part of extensive research in the past years [118,119]. With the short generation time and the simple 

husbandry mice became a well-established animal model with different genetic strains. A critical 

parameter for research focusing on infections with human-pathogenic virus and bacteria is the transfer of 

research results to human infections. Therefore, all infections within this thesis were done using human-

adaptive strains of pathogens and the hosts were expanded to pigs. Pigs and their IAV can have an 

important role for human pandemic viruses due to gene reassortment and due to the fact that European 

pig livestock plays a role as IAV reservoir [120]. Compared to other infection models like the mouse, the 

pig is more closely related to humans in terms of anatomy, physiology and genetics. The organs of pigs 

and humans are similar in size and function [121,122]. Moreover, there are very close homologies between 

human and pig protein and genome sequences [123]. The immune system of the pig is also more closely 

related to the humans compared to the one of the mice in terms of immune cell populations and toll-like 

receptors [124,125]. These similarities suggest that the pig might be a more superior infection model than 

other organisms. Regarding this new approach, this thesis provides the first published dataset of lipid 

mediators detected under IAV infection in pigs.  

Studies focusing on lipid mediator profiling during bacterial infection are unexplored, in particular for 

S. pneumoniae, and viral co-infections. The majority of studies on host eicosanoid profiles in infectious 

diseases is restricted to single infections with the pathogens Escherichia coli [126], Borrelia burgdorferi 

[127], Pseudomonas aeruginosa , and IAV [42,128] or is focused solely on PG E2 [129-132] and its related 

receptors [132]. This thesis expands the knowledge of host-derived oxylipins of pigs during IAV 

(H1N1pdm09) infection for the sample types lung, spleen, blood plasma and bronchoalveolar lavage fluid 

(BALF). Furthermore, this work provides data on bacterial infection with human-adapted strains of 

S. aureus (strains LUG2012 and 113), S. pneumoniae (strains TIGR4 and 19F), IAV (H1N1pdm09) as well as 

bacterial-viral co-infections in C57Bl/6J mice and 16HBE cells using HPLC-MS/MS analysis. For mouse 

infections, the oxylipin profiles were detected in lung, spleen and blood plasma samples, while the 

intracellular lipid mediator concentration was detected for cell line infections. Additionally, the paws and 

liver lipid mediators upon S. pyogenes infected C57Bl/6J, F1 generation of DBA/1 and B10.Q mice were 
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analyzed. The measurements were extended with the spatial resolution of the sphingolipid C1P and S1P 

in mice organs using MALDI-MS-Imaging. Taken together, this thesis shows a broad influence of infections 

on lipid mediator profiles in all model systems and delivers interesting targets for further studies. 

 

Perturbations in the lipid mediators profile of pigs caused by Influenza A 

H1H1 infection (article I) 
Eight-week-old castrated German landrace piglets were infected intranasally with human-adapted IAV 

H1N1 (A/Bayern/74/2009) and necropsies were performed on days 4, 7, and 21 post infection (dpi) as 

described in article I. The infected animals were tested positive for intranasal virus load. Atelectasis was 

observed for the pigs during a mild infection. We analyzed the lipid mediators from the sample types blood 

plasma, spleen, lung and BALF of infected and control animals. The sample types were chosen to help 

monitor local (lung, BALF) and systemic (blood plasma, spleen) host dependent oxylipin perturbations 

resulting from an IAV infection. Other IAV infection studies in mice or human mainly focused on lung, BALF, 

nasal washes [42,74] or endotracheal aspirate [76], whereas data from sample types representative for a 

systemic immune response are missing. 

Lipidomics revealed significant changes in IAV infected pigs compared to non-infected (control) animals 

for all types of sampling material. The most perturbations were observed for spleen and lung samples at 

four and seven dpi (Figure 1). For the spleen, elevated amounts of the oxylipin precursors AA, DHA and 

linoleic acid as well as eicosanoids like pro-inflammatory PGF2α, anti-inflammatory 12-and 15-HETE and 

14,15-EET were found in the infected animals. Analyses of the lung revealed similarities to the changes 

detected in the spleen concerning enhanced amounts of 12-HETE, 15-HETE and 14,15-EET. Furthermore, 

14- and 17-HDHA levels were increased during infection. For mice, 17-HDHA was shown to enhance 

specific influenza antibody production [75]. Furthermore, 17-HDHA was also able to promote B cell 

activation and differentiation [75]. Besides the positive effect on host B cell activation, 17-HDHA was able 

to inhibit viral nucleoprotein mRNA expression in human lung epithelial cells [74]. The same effect was 

reported for 12-and 15-HETE [74]. Indeed, our results showed that the infected pigs were able to overcome 

infection (no virus detection at seven dpi), while simultaneously most lipid mediator levels returned to the 

basal level. Both HETEs, derived from 12-and 15-LOX, have anti-inflammatory effects which may indicated 

resolution of inflammation even when intranasal virus load was still detectable. This hypothesis was 

supported by the detection of inhibitory CD8αα expressing T cells as early as four dpi in nose and BALF 

samples in these animals, which most likely prevents an excessive immune response [133]. Infection 

experiments in mice with the same IAV H1N1 strain confirmed the results of enhanced HETEs and HDHAs 

levels in the lung as displayed in article IV. Related to the lung, BALF analyses confirmed increased amounts 

of 17-HDHA during IAV infection as already observed in the lung. 
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Figure 1: Heatmap displaying fold changes (infection/control) of all measured eicosanoid amounts of all sample types and time 
points. Decreased levels are shown in green, increased amounts in red and comparable amounts in black. Grey fields: below 
detection limit. 

Studies on mice using mouse adapted high-pathogenic IAV strains [42,74] showed an impact on 12-HETE, 

15-HETE and 17-HDHA levels in the lung similar to those in lungs of IAV infected pigs. The results were 

comparable despite different experimental setups i.e. choice of host, severity of infection and sampling 

time points. These results may indicate an IAV-specific eicosanoid pattern and the results from pig 

infection show affected splenic lipid mediators, which could be helpful regarding therapeutic treatment.  
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Lipid mediator screening of 16HBE cells during bacterial and viral infections 

(article II) 
Epithelial cells like 16HBE are the initial protective barrier against viruses and bacteria and an important 

lung compartment to initiate immune system regulation. It is well documented that IAV-mediated lung 

tissue damage increases the susceptibility of the human host to secondary bacterial infections [32,117]. 

The analysis of the pathogen-mediated changes in the intracellular lipid mediator profile could help us to 

understand pathogen-specific host immune responses in viral and bacterial single as well as co-infections. 

In particular, oxylipin analysis of S. pneumoniae and viral co-infections, is unexplored. Therefore, 16HBE 

cells were used for mono-infections with S. aureus LUG2012, S. pneumoniae TIGR4 and IAV 

(A/Bayern/74/2009) as well as for corresponding co-infections. 

The infections were conducted at a multiplicity of infection (MOI): 50 for S. pneumoniae and MOI of 10 for 

S. aureus, followed by 4 h of antibiotic treatment. Viral infections were performed at MOI 0.1 for 24 h. This 

amount of virus and the time point were determined in preliminary studies as an optimal infection with 

no significant cell death. Co-infection experiments were performed with a secondary bacterial infection 

after virus infection for 24 h. The strongest effects were observed for S. aureus in single and co-infection 

with IAV. The number of vital cells dropped down by approximately 50% and a multitude of altered 

intracellular lipid mediator levels could be observed. Eicosanoids from AA conversion (HETEs) showed 

perturbations for all tested infections compared to control and the DHA- and EPA-derived and analyzed 

lipids (HDHAs and 18-HEPE) were only affected by single infection with S. pneumoniae TIGR4.  

The pro-inflammatory 5-HETE, in particular, was elevated in all bacterial infections, including co-infections 

(Figure 2). We detected a basal level of approximately 1.4 ng/sample (control), which was significantly 

increased in all single bacterial and bacterial and viral co-infections. The IAV single infection itself had no 

impact on 5-HETE production. This observation may indicate a prominent role of the pro-inflammatory 

metabolite 5-HETE in bacterial infections of the bronchial compartment. 5-HETE is known to enable 

transcellular migration and aggregation of neutrophils and to induce airway contraction [44,134]. This lipid 

mediator is generated from AA within the 5-LOX pathway [135]. The interplay of 5-LOX with the nuclear 

membrane-associated 5-LOX activating protein FLAP results in AA oxidation to 5-hydroxyperoxy-

eicosatrienoic acid (5-HpHETE). Subsequently, 5-HpHETE is then converted by glutathione peroxidase to 

5-HETE or to leukotrienes. Moreover, the different pro-inflammatory 5-LOX pathway intermediates are 

associated with diseases like diabetes [136], Alzheimer [137], and atherosclerosis [138].  

The majority of changes in the lipid mediator profiles were detected upon S. pneumoniae infections. 

Enhanced amounts of 15-HETE, 13-HODE, 18-HEPE, 13-HDHA, and 14-HDHA were exclusively detected in 

pneumococcal infections (Figure 1). Both 15-HETE and 13-HODE are PPARγ agonists. This receptor is 

known for its anti-inflammatory properties and Solleti et al. [139] showed that the loss of epithelial PPARγ 

in the lung leads to increased inflammatory mediator production. This could explain why enhanced PPARγ 

activation is necessary for the resolution of inflammation. The observed changes during bacterial 

infections have not been reported before and this study helps to understand the host response on 

epithelial cell type level. For future studies, infection experiments that are closer to in vivo conditions of 

tissues like air–liquid interface cell culture should be taken into account for verification of our findings. 
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Figure 2: Intracellular lipid mediator amounts in response to indicated bacterial and viral infections: S. aureus LUG2012 (red), 
S. pneumoniae TIGR4 (blue), IAV rH1N1 (yellow), uninfected control (black) and the co-infections IAV/S. aureus (orange), as well 
as IAV/S. pneumoniae (green). The bars denote mean values ± standard deviations. For statistical analysis, the Mann–Whitney U-
test was used for n = 15 (controls) and n = 4 (infections). The p-values were compared to a significance level α of 0.05 corrected 
for multiple comparisons using Bonferroni correction for 9 clusters of oxylipins and 5 comparisons resulting from infection 
conditions. Asterisks indicate significant changes. 
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Oxylipin analysis of mice during septic arthritis (article III) 
S. pyogenes (Group A Streptococcus, GAS) is a gram-positive pathogen causing a wide variety of usually 

non-severe disorders like impetigo and pharyngitis [115]. However, GAS infection can also turn into a 

severe disease courses like streptococcal toxic shock syndrome, necrotizing fasciitis, and septic arthritis 

(SA). In order to investigate both, autoimmunity as a facilitator of aggravated sepsis and pre-existing 

inflammatory joint disease as risk factors for septic arthritis, we here turned to the mouse model of 

collagen induced arthritis (CIA). CIA shares important homologies with rheumatoid arthritis like synovial 

hyperplasia and articular immune cell infiltration [140-142]. Triggering CIA prior to GAS infection, 

therefore, allowed for the analysis of the immune response, bone metabolism and the contribution of the 

synovial lining of the joint and the stromal cells to the disease process of septic arthritis. 

The infection of GAS strain AP1 combined with CIA was induced in genetically susceptible DBA/1 × B10.Q 

(F1) mice by primary and secondary immunization with bovine collagen type II. Thereafter, the 

development of CIA was monitored until the start of the remission phase, 11 weeks post immunization, 

when mice were infected by GAS (Figure 3A). By the time of the infection, the swelling of paws induced by 

CIA had subsided, hence allowing subsequent detection of SA signs. Lipidomic analyses of the paws 

demonstrated correlations of the anti-inflammatory lipid mediators 13-HODE, 13-HDHA, and 13-HOTrE 

with the respective sepsis scores (Figure 3D). As with the cytokines, CIA itself did not cause an increase in 

eicosanoid levels. Moreover, eicosanoid levels in paws correlated positively with systemic interleukin-6 

(IL-6) concentrations, suggesting interdependencies between immunologically relevant mediators during 

aggravated sepsis. Analysis of the lipid profiles in the liver also confirmed an increase in 13-HODE, 13-

HDHA and 13-HOTrE together with pro-inflammatory 20-HETE in mice that were subjected to CIA and GAS 

infection when compared to controls (Figure 3E). The oxylipin 13-HOTrE was also found to be enhanced in 

serum samples of patients with psoriatic arthritis [143]. Both 15-lipoxygenase metabolites 13-HODE and 

13-HOTrE are able to inhibit the NLRP3 inflammasome complex [82]. Increased levels of 13-HODE were 

also discovered in patients suffering from sepsis [144]. The lipid mediator 20-HETE is known to be involved 

in both sepsis and arthritis. This metabolite is capable of influencing vasoconstriction and vasodilation by 

the release of nitric oxide [46,47], the inducement of cardiac protection in sepsis [48] and the inhibition of 

prostanoid synthesis like PG E2 [49]. It seems that high levels of 20-HETE in the liver from CIA+GAS animals 

(fold change > 7) were a result of the combined disorders. Furthermore, the analysis of paws from C57BL/6 

mice infected with GAS led to the finding of increased amounts of PG E2 and PG D2, which are both involved 

in a balanced bone turnover [37]. 

In summary, the results demonstrated that a pre-existing inflammatory joint disease promotes the 

incidence and severity of SA and increased sepsis scores that are also coupled with elevated cytokines and 

eicosanoid levels. 
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Figure 3 Preceding collagen-induced arthritis (CIA) aggravates sepsis and septic arthritis. (A) Scheme for experimental procedure. 
6-8 week old DBA/1 x  B10.Q mice of the F1 generation were immunized with bovine collagen type II in complete Freund’s adjuvant 
(1°) and were boosted 3 weeks later (2°). CIA developed and was monitored for 11 weeks prior to infection with 2 ˣ 106 colony-
forming units of Group A Streptococcus (GAS). (B) Kaplan-Meier estimator curves of septic arthritis incidence (top) and survival 
(bottom) illustrate that preceding CIA (n = 10) exacerbates disease severity which is accompanied by a significant increase of septic 
arthritis occurrence when compared to mice without a previous CIA (n = 10). ***p < 0.001, log-rank test. (C, D) Bivariate linear 
correlation of sepsis scores with plasma levels of pro-inflammatory cytokines in plasma (C) and amounts of eicosanoids in paws 
(D). Mice with combined CIA and GAS infection show the highest sepsis scores which moderately to strongly correlate with 
Interleukin (IL-)6, Interferon (IFN)γ, Tumor Necrosis Factor (TNF)α, 13-HODE, 13-HDHA and 13-HOTrE. Gray areas depict the 0.95 
confidence interval of the regression line. R: Pearson product-moment correlation coefficient. (E) Boxplots showing the increased 
eicosanoid levels in liver from mouse with CIA and GAS infection (red boxes, n = 8) compared to PBS controls (gray boxes, n = 4). 
*p < 0.05, **p < 0.01, Mann-Whitney U test. 
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Lipid mediator analysis of mice during bacterial and viral infections (article 

IV in preparation) 
C57BL/6 mice were chosen for infection experiments similar to 16HBE cells. Therefore, mice were infected 

with S. pneumoniae 19F, S. aureus strains LUG2012 (high pathogenic) and 113 (low pathogenic) or IAV 

H1N1 (A/Bayern/74/2009). In addition, a pneumococcal-IAV co-infections was performed. Concordant to 

pig infections described in article I, the sample types blood plasma, lung and spleen were screened for 

lipid mediator perturbations. Moreover, the spatial resolution of S1P and C1P was detected in tissue 

samples using MALDI-MS-Imaging. The existence of bacterial pathogens was confirmed by 

immunofluorescent staining. The proteome analysis of the lungs demonstrated changes of certain proteins 

involved in lipid mediator analysis.  

Oxylipin analysis of the lungs revealed increased amounts of lipid mediators mainly derived from LOX 

conversion during an IAV infection (5 dpi) namely pro-inflammatory 5- and 20-HETE as well as anti-

inflammatory 12- and 15-HETE, as shown in Figure 4. Furthermore, we measured enhanced levels of anti-

inflammatory 13-HDHA, 14-HDHA and 17-HDHA in association with IAV infection. Additional proteome 

analysis revealed increased amounts of two proteins involved in oxylipin biosynthesis namely cytosolic 

phospholipase A2 and the 5-LOX activating protein FLAP. The observed increase of 17-HDHA confirmed 

former IAV related mouse infection studies [42,74] as well as the results of the pig infection as described 

in article I. Furthermore, the analysis of the infected mice lungs showed that in addition to 17-HDHA, also 

other oxidation products from DHA conversion namely 13- and 14-HDHA were affected by IAV infection. 

Under co-infection conditions, the HDHAs and HETEs were not found to be elevated. For 17-HDHA this 

phenomenon has also been described for IAV infected children with a bacterial co-infection [145]. 

Although the underlying reason remains still elusive, this could be a sign for dampened inflammation. 

Moreover, the amount of the pro-inflammatory 20-HETE was enhanced (5 ng/100 mg) upon infection with 

the high-pathogenic strain S. aureus LUG2012. Besides, S. aureus LUG2012 infection led to increased levels 

of the EPA metabolite 18-HEPE. In general, infections with S. pneumoniae and S. aureus 113 had only little 

influence on the analyzed lipid mediators. The co-infection led to decreased amounts of 20-HETE and 12-

HETE as well as an increased 18-HEPE level compared to the control and to corresponding mono-infections. 

The level of 15-HETE upon co-infection was reduced compared to controls, and 5-HETE was negatively 

affected by the co-infection compared to IAV infected animals. A further decrease in the amount of 

oxylipins upon co-infection compared to IAV mono-infection was measured for 14- and 17-HDHA. Analyses 

of plasma and spleen samples from infected mice revealed perturbations for S. aureus LUG2012 in 

particular. For both sample types the increase of 20-HETE during severe staphylococcal infection was 

observed and also detected in the lung. Besides the local immune response, a systemic reaction of the 

lipid mediator response was visible. This oxylipin was also affected in mice infected with GAS in 

combination with CIA as described in article III. On the single oxylipin level, the pneumococcal infection 

was quite unobtrusive. Whereas the pneumococcal infection was unremarkable on the single oxylipin 

level, an increase in the 13-HODE/9-HODE ratio was exclusively detected for this infection in all sample 

types. This observation suggests an anti-inflammatory state and might help to evaluate this specific 

infection. 
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Figure 4: Lung oxylipin amounts in response to bacterial and virus mono-infections: control (black), S. pneumoniae induced 
pneumonia (red), IAV (yellow), S. aureus strain LUG2012 (dark green) and strain 133 (light green). The bars denote mean values ± 
standard deviations. For statistical analysis, Kruskal-Wallis test with Dunn´s multiple comparison test for n =13 replicates (control) 
and n = 8-10 replicates (infections). The p-values were compared to a significance level α of 0.05 and significant changes were 
marked using asterisk. For analysis, the samples were normalized to 100 mg. 

 

In addition to the HPLC-MS/MS analysis of lipid mediators, the spatial resolution of bioactive lipids within 

the lungs and spleen was detected through MALDI-MS-Imaging. For statistical evaluation, ROC analysis 

was performed, which led to the finding that the amounts of C1P and S1P in particular were affected by 

infections. For lung and for spleen, increased levels of different C1Ps were detected during co-infection 

with S. pneumoniae 19F and IAV. For C1P, several derivatives with different acyl chain lengths exist. On 
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the one hand, C1P has pro-inflammatory properties including activation of cell migration, which is 

described for murine macrophages [53] and human monocytes [20]. On the other hand, C1P seems to 

prevent the biosynthesis of pro-inflammatory ceramides during respiratory infections [87]. Three different 

derivatives (C18:0, C24:1 and C26:1) showed a decrease under IAV infection and an increase under co-

infection conditions compared to control and corresponding mono-infections in the spleen (Figure 5). 

Moreover, an alignment of MS-Imaging with histology scans from hematoxylin and eosin (HE) staining 

revealed that the distribution of the long chain C1P (d18:1/26:1(17Z)) was higher in the red pulp than in 

the white pulp. Furthermore, the coinfection had an impact on the red pulp leading to increased amounts 

of long chain C1P. A splenic pulp-specific distribution is known for S1P [146], but had not been described 

for C1P so far. For lung tissues, an increase of the C1P (d18:1/18:0) and C1P (d18:1/24:1(15Z)) amounts 

compared to control and mono-infections was measured in co-infected lungs. The observed accumulation 

of C1Ps during co-infection in lung and spleen may suggest a local and systemic host immune reaction. The 

pneumococcal infection alone caused a decrease in C1P (d18:1/18:0) and thus differed from spleen 

samples in its effect. 

Furthermore, a decrease in S1P concentration upon S. pneumoniae infection was observed for the lung 

but not for the spleen. An additional difference to the spleen findings was the impact of IAV leading to 

increased S1P levels in the lung. Whereas splenic levels decreased, an increased amount in the lung was 

detected. Indeed, the enzyme sphingosine kinase SphK, which is responsible for S1P biosynthesis, was 

shown to be upregulated by the IAV to promote virus propagation [147]. The accumulation of S1P in the 

lung was not measured upon co-infection. This could be due to the pneumococcal influence or due to 

reduced IAV infection time. The latter was necessary to reduce the infection burden. 

The amounts of S1P in lung and spleen samples were decreased under co-infection conditions. S1P is 
mainly known for its pro-inflammatory properties including the activation of eicosanoid synthesis through 
activation of COX-2 [51]. S1P is not distributed equally among organ and body fluids. High amounts of S1P 
are found in blood plasma and lymph, whereas the concentration in the secondary lymphatic organs is 
very low. This S1P gradient is important for lymphocyte traffic [148]. The decrease during IAV and 
corresponding co-infection may be beneficial for facilitating immune cell migration into the spleen which 
seems to be independent of pneumococcal infection.  
A key finding of this study was, that apart from eicosanoids and oxylipins derived from DHA, EPA or 
linolenic acid also other bioactive lipids like S1P and C1P also seem to play an important role in host 
immune response and showed infection-specific alterations. The alterations were particularly observed 
during co-infection conditions, where perturbations in the classic lipid mediators were detected less. The 
role of C1P and S1P during infection processes is rarely understood but should be more analyzed in more 
detail in future lipidomic studies. 
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Figure 5: MALDI-MS-Imaging and HE staining of spleen samples. Representative images from three replicates per condition are 
shown. The measurements include samples from infection with S. aureus strains 113 and LUG2012, S. pneumoniae (colonization), 
IAV (5 dpi) and co-infection. The compound-related heatmaps illustrate high intensities in yellow and low abundances in purple 
normalized to total ion count. 
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Concluding remarks 
The results of bioactive lipid analysis consolidated in this dissertation clearly demonstrated the 

involvement of lipid mediators in the host response towards infections with bacterial and viral pathogens, 

i.e. S. aureus, S. pneumoniae, S. pyogenes and IAV. Novel results in particular for bacterial infections were 

described for up to three different infection models that were mouse, pig and cell culture. A transfer to 

other hosts and pathogens should be possible. The introduction of the pig as an approximation to human 

(article I), showed oxylipin changes, of which most, were also reproduced in mouse infections (article IV). 

An increase of 17-HDHA is described for other IAV infection studies, as its supporting role on IAV-antibody 

production is described. The measurements performed in this dissertation expand the knowledge of the 

DHA oxidation products affected by IAV infection through the detection of enhanced levels of 13- and 14-

HDHA. One main difference between pig and mouse infections was the detection of increased HDHA 

amounts in lung and spleen of the pig, whereas only the lungs were affected in murine samples. This 

difference should be analyzed in further studies, including the manipulation of their biosynthesis. Selective 

inhibitors are necessary to understand the impact on single lipid mediators. For many bioactive lipids, 

inhibiting drugs approved for clinical use in humans are still limited. An IAV infection of 16HBE cells (article 

II) led to minor changes compared to bacterial infections, which could be the result of the chosen cell line 

or provoked by the missing immune system. Due to the fact that lipid mediators are involved in immune 

system regulation, infection models with a complex immune system, like that of mice or pigs, seem to be 

superior models to study host bioactive lipid responses. 

The increase of 20-HETE, described in article III and IV, in association with severe infections in different 

sample materials should be the target of further studies to elucidate the role of this eicosanoids during 

inflammation. Through the analysis of the different sample types of lung, spleen, liver, blood plasma, paws 

and bronchoalveolar lavage, there is evidence that perturbations of lipid mediators under certain 

circumstances are not restricted to the site of infection. Moreover, infections contemporaneous affected 

the amounts of oxylipins with pro- and anti-inflammatory properties. Kinetic data was received from pig 

infections. Experiments on the development over time should be the focus of further studies.  

In general, diminished effects were observed for eicosanoid and oxylipin analysis in co-infections. The 

MALDI-MS-Imaging revealed an accumulation of S1P as well as C1P derivatives C1P (d18:1/18:0) and 

C1P (d18:1/24:1(15Z)) in murine lung and spleen. The knowledge of the biological function of these 

sphingolipids is very limited but the data suggest concentrating on these compounds for further co-

infection experiments. Independent from the detected bioactive lipids, the resolution of commercially 

available MALDI-MS-Imaging systems must be revised for a resolution that enables single pathogen 

detection. Additionally, the use of soft ionization techniques instead of destructive laser beams would 

allow for FISH or immunofluorescent staining after the MS-Imaging measurement. This would facilitate 

pathogen imaging and be advantageous for the study of host-pathogen interactions. 
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