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Abstract 

 

To induce an appropriate immune response, pathogen- or damage-associated molecular 

patterns (PAMPs and DAMPs) are sensed by innate immune cells. One of the first 

mechanisms after recognition is the assembly of an inflammasome leading to the cleavage of 

pro-IL-1β and pro-IL-18 into the active cytokines IL-1β and IL-18, respectively. Hyper-

inflammatory conditions and excessive activation of the inflammasome, however, are drivers 

of inflammatory and autoimmune diseases. The NLR family pyrin domain-containing 3 

(NLRP3) inflammasome is suggested to be involved in the development of gout, 

artherosclerosis, type II diabetes, cryopyrin-associated periodic syndrome (CAPS), various 

types of cancer, and inflammatory bowel disease (IBD). To tackle these diseases, drugs 

interfering with IL-1 signaling are of great value. Anakinra, an IL-1 receptor antagonist, 

inhibits binding of both IL-1α and IL-1β. Rilonacept consists of the Fc portion of human IgG1 

with two IL-1 receptors grafted onto it. This allows neutralization of IL-1α and IL-1β. The 

monoclonal IgG1 antibody Canakinumab specifically blocks IL-1β. Although well tolerated, 

patients undergoing a therapy with these drugs are at a higher risk of developing bacterial 

respiratory tract infections. 

The human upper respiratory tract (URT) is commonly colonized asymptomatically by 

bacteria like Staphylococcus aureus and Streptococcus pneumoniae. Only a limited number of 

studies have so far addressed the role of the NLRP3 inflammasome during pneumococcal 

infections. Imbalances in the immune system enhance the dissemination of these bacteria into 

the lungs thereby causing life-threatening infections. Asides from immune-compromising 

therapies such as IL-1 inhibition, viral infections are common factors leading to the 

development of a secondary, bacterial infection. Influenza A virus infection of C57BL/6J 

mice was characterized by a bi-phasic disease progression with a complete remission around 

day 16 irrespectively of a previous Streptococcus pneumoniae 19F colonization. At this time 

point, low amounts of bacteria were recovered from the lungs of 50% of co-infected mice. 

This co-infection model was used for in-depth analyses of the innate immune responses. 

Bioactive lipids, such as eicosanoids, are host-derived metabolites, which can heavily impact 

the cellular immune response and skew it towards a pro- or anti-inflammatory phenotype. 

Eicosanoid analyses revealed increased levels of different hydroxydocosahexaenoic acids 

(HDHAs) and hydroxyeicosatetraenoic acids (HETEs) in the lung after single viral infection. 



 
 

VII 
 

Staphylococcal pneumonia mainly resulted in high expression of 20-HETE. During a co-

infection with S. pneumoniae and influenza A virus (IAV), reduction of HETEs and HDHAs 

was measured. Furthermore, ceramide-1-phosphate (C1P) was elevated in the lung, whereas 

sphingosine-1-phosphate (S1P) was reduced. The tight control of an inflammatory response 

by bioactive lipid mediators might be protective during later stages of an infection. 

Cytokine analyses revealed high expression of inflammatory cytokines in lungs and plasma of 

single bacteria- and virus infected as well as co-infected mice at early stages of an infection. 

In all three infections monocyte chemoattractant protein-1 (MCP-1) dependent monocyte 

recruitment was noted. The elevated expression of CC chemokine receptor 2 (CCR2) and 

major histocompatibility complex II (MHCII) in the majority of analysed myeloid cells 

indicated an activation of these cells. In single virus and co-infections, we further observed a 

mainly neutrophil-independent immune response. During pneumococcal pneumonia, an influx 

of neutrophils was observed. 

Neutrophils, as first recruited responders during an inflammation, can release their granule 

contents after activation in order to eliminate extracellular pathogens. However, excessive 

neutrophil activation correlates with tissue damage and detrimental outcome of an infection. 

As a result of excessive cell death, large amounts of ATP are released into the extracellular 

space. Pneumolysin (Ply), a pore-forming toxin and major virulence factor of S. pneumoniae, 

is a potent activator of human neutrophils. Stimulation of neutrophils with sublytic 

concentrations of Ply readily resulted in the release of resistin and other granule proteins into 

the supernatant. Microscale Thermophoresis (MST) analyses revealed that ATP neutralizes 

Ply by binding it in the extracellular space. Co-stimulation of neutrophils with both lytic and 

sublytic amounts of Ply and physiologically relevant concentrations of ATP resulted in 

diminished neutrophil activation. We speculate that during hyper-inflammation (caused by 

excessive neutrophil recruitment and activation), tissue injury results in the release of large 

amounts of extracellular ATP which, in turn, will bind to Ply. Ultimately, binding of ATP to 

Ply inhibits further neutrophil activation and might mitigate immunopathology. 
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1 Background 

 

1.1 Upper respiratory tract pathogens 

 

The human body has several compartments that are colonized by different bacteria. The 

nasopharyngeal cavity represents a host compartment that is commonly colonized by bacteria 

like Staphylococcus spp., Streptococcus spp., Propionibacterium spp. and Corynebacterium 

spp. [1, 2]. However, these bacteria can also cause severe lower respiratory tract infections. 

Another threat mainly causing upper respiratory tract infections are viruses such as influenza 

A virus (IAV), parainfluenza virus, respiratory syncytial virus (RSV) or rhinovirus [3]. 

Complications of an IAV infection include viral pneumonia leading to multiorgan failure [4]. 

 

1.1.1 Streptococcus pneumoniae 

 

Pneumococci are Gram-positive, encapsulated bacteria with Streptococcus pneumoniae being 

the most common human representative of this genus [5]. In dysregulations, this pathogen can 

cause local infections such as otitis media or systemic infections like meningitis or sepsis [6]. 

S. pneumoniae accounts for the majority of community-acquired pneumonia [7, 8]. In 2000, it 

was estimated that about 14.5 million severe diseases were caused by S. pneumoniae resulting 

in 826,000 deaths in children under the age of five [9]. To date, pneumococcal diseases lead 

to approximately 1.6 million deaths per year [10]. S. pneumoniae is endowed with a wide 

range of virulence factors. Factors like capsule, surface anchored and surface associated 

molecules are involved in colonization of the human upper respiratory tract [11]. A major 

virulence factor during respiratory tract infections is pneumolysin (Ply), a cholesterol-

dependent intracellular cytolysin [12, 13], which is expressed by almost all clinical strains 

[14]. The activity of Ply seems to be dependent on release in an autolysis-independent manner 

[16, 17]. However, other studies support the hypothesis, that autolysin (LytA)-dependent 

autolysis is indeed required for the release of Ply [18, 19]. After release, Ply induces pore-

formation and subsequent lysis of the host cells by directly binding to the host cell membrane 

[20-22]. Apart from the cytolytic activity and direct tissue damage, Ply is also a potent 

activator of the innate immune system as it can activate the complement cascade [23] and the 

NLR family pyrin domain-containing 3 (NLRP3) inflammasome [24]. Additionally, Ply 
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promotes a pro-inflammatory response by inducing maturation of dendritic cells (DCs) and 

release of cytokines [24, 25]. It has recently been shown that Ply can also bind to the mannose 

receptor C type 1 (MRC-1) on human DCs and mouse alveolar macrophages (AMs) [26]. 

 

1.1.2 Staphylococcus aureus 

 

Carriage of Staphylococcus aureus is strongly dependent on factors such as age. During the 

first eight weeks after birth, the nasopharyngeal cavity of about 40-50% of the infants is 

colonized by S. aureus [27]. At an age of eight months, only 21% of the infants remain to be 

carrier of S. aureus [27]. The emergence of Methicillin-resistant S. aureus (MRSA) still 

largely contributes to about 25,000 deaths in the European Union. In total, over 700,000 

deaths worldwide are caused by bacteria with antimicrobial resistances [28]. Infant mortality 

between MRSA and Methicillin-susceptible S. aureus (MSSA) is similar but MSSA causes 

more infections [29]. Infections caused by S. aureus include superficial infections such as 

abscesses, invasive infections such as endocarditis or pneumonia and toxemic syndromes such 

as the toxic shock syndrome (TSS) [30]. Important secreted virulence factors of this pathogen 

are pore-forming toxins comprising one-component toxins (such as hemolysin-α), two-

component leukocidins (including hemolysin-γ and Panton-Valentine Leukocidin), and pore-

forming peptides like phenol-soluble modulins [31]. Unlike Ply, leukocidins induce pore-

formation on the target cell after receptor binding [32]. Main target cells for leukocidins are 

leukocytes and erythrocytes but binding of LukED and hemolysin-γ to endothelial cells seems 

to cause lethality in mice [33]. 

 

1.1.3 Influenza A Virus 

 

Influenza A virus is one of the leading causes of viral infections in the upper respiratory tract 

(URT) [34]. There are approximately 1 billion infections annually, leading to 3-5 million 

severe cases and 300,000-500,000 deaths worldwide [35, 36]. The virus genome consists of 

eight negatively oriented, single-stranded RNA segments, which encode up to 14 known viral 

proteins [37-39]. Mutations in the influenza genome can be divided into antigenic drift and 

antigenic shift. These mutations lead to the expression of different surface glycoproteins 

hemagglutinin (HA) or neuraminidase (NA) [40, 41]. On the one hand antigenic drift is a 
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common process in which accumulation of random point mutations in the HA or NA genes 

take place. This process leads to the emergence of seasonal influenza strains [40]. Antigenic 

shift, on the other hand, is only possible, if the host cell is infected with two distinct influenza 

A virus strains [42]. In sporadic cases a gene segment encoding HA or NA gets transferred 

from one IAV strain into another strain, which can drastically affect the viral pathogenicity. 

The mechanism of antigenic shift leads to the emergence of pandemic IAV strains like the 

1918 H1N1 strain. During the 1918 pandemic, the “Spanish flu” resulted in over 50 million 

deaths worldwide [35, 43]. However, the majority of influenza-related deaths are not being 

attributed to IAV [44, 45]. Most of the influenza-related deaths are caused by a secondary 

infection with bacteria like S. pneumoniae or S. aureus [46]. 

 

1.2 Co-Infections 

 

Following a viral URT infection, bacteria from the nasopharyngeal cavity can disseminate 

into the lower respiratory tract where they can cause severe pneumonia [2]. Co-infections in 

the respiratory tract are mainly induced by URT colonizers such as S. aureus and 

S. pneumoniae [6, 47-49]. These co-infections contribute to a substantial increase in mortality 

during IAV pandemics [46, 50, 51]. Some factors contributing to a co-infection are 

augmented bacterial adhesion to the lung epithelium, dysregulation of the innate and adaptive 

immune system, viral immunosuppressive abilities or virus induced alterations of the 

microbiome [52-54]. Neuraminidase from influenza and parainfluenza viruses seems to play 

an important role in mediating a co-infection [55]. The ability of neuraminidase to cleave 

sialic acids on the airway epithelium exposes pneumococcal receptors promoting bacterial 

adherence [56]. In addition, cleavage of sialylated airway mucins provides nutrients for 

S. pneumoniae and increases its growth and replication [57]. IAV itself is also capable of 

interrupting cytokine responses in the context of IAV and S. pneumoniae co-infection [58]. 

However, the complication of a co-infection mainly affects people with comorbidities, elderly 

people (age >65), pregnant women, children under the age of one, and immuno-compromised 

patients [59]. Recent studies suggest that a preceding stimulation or infection of the host can 

even confer protection against the following infection. These effects are mainly induced by 

activating the innate immune response. A broad range of stimulants mediating protection 

against bacterial or viral URT infections have been reported [60-64]. Lysed or heat-killed 

bacteria [65-69] as well as infection with commensals, probiotic bacteria or attenuated 
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bacteria have also been described to be protective [70-75]. Therefore, it is not surprising that 

infections with sublethal dosages of bacteria [76] or viruses [77] can result in mitigation of 

such co-infections. The outcome of a co-infection is strongly dependent on the pathogens, the 

endpoints, the application mode and the model organism [2, 78]. Furthermore, most current 

murine co-infection models are in different ways artificial. The employment of mouse adapted 

pathogens, intratracheal administration of pathogens, lethal viral dosages or lack of proper 

bacterial colonization of the host does probably not reflect underlying mechanisms during the 

development of a natural co-infection. Thus, establishing a suitable experimental model 

describing the complex host-pathogen interactions can be challenging. 

 

1.3 Innate host defense mechanisms 

 

1.3.1 Cellular response 

 

1.3.1.1 Neutrophils 

 

In humans, neutrophils make up the major leukocyte compartment in the peripheral blood. 

About 50-70% of the total human leukocyte count comprise of neutrophils [79]. In mice, 

neutrophils account for only 10-25% [80]. It is largely known that neutrophils play a central 

role in the innate immune system [81-83] and it has been shown that during homeostasis, 

neutrophils are found in bone marrow or “reservoir organs” such as lung, liver and spleen [84-

87]. As they are among the first recruited responders during an acute infection [84, 88, 89], 

they are rapidly recruited from those tissues to the site of infection [90, 91]. 

Neutrophil granules 

Neutrophils contain granules with pre-stored proteins. These granules can be divided into 

azurophilic (primary), specific (secondary), gelatinase (tertiary) granules and secretory 

vesicles [92-94]. Important proteins found in the secretory vesicles are heparin-binding 

protein (HBP), complement receptor CD35, alkaline phosphatase and plasma proteins like 

albumin [95, 96]. Gelatinase granules contain enzymes like tissue-degrading gelatinase and 

bactericidal enzymes myeloperoxidase (MPO) and lysozyme. Specific granules are also 

known to express tissue-degrading enzymes like gelatinase and collagenase [96, 97]. Another 

important enzyme in specific granules is lactoferrin, which promotes neutrophil adhesion at 
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the inflammatory site [98]. It has been shown to be a pro-inflammatory mediator that 

increases neutrophil function and lifespan [99]. To efficiently kill extracellular pathogens, 

neutrophils are equipped with azurophilic granules mainly containing bactericidal proteins 

like MPO, lysozyme and azurocidin. They also contain proteinases like neutrophil elastase 

(NE), cathepsin G, proteinase-3 and collagenase and other proteins like defensins and 

bactericidal permeability increasing protein (BPI) [96, 100]. Resistin, as an important protein 

of both the azurophilic and specific granules, is released in response to bacterial exposure 

[101, 102]. Resistin has pro-inflammatory properties and can trigger further release of pro-

inflammatory cytokines [103]. These pro-inflammatory properties are further underlined by 

the fact that serum resistin concentrations during sepsis have been found to correlate with the 

severity of the disease [104]. 

Functions of neutrophils 

In inflamed tissue, neutrophils can fulfill their effector function via phagocytosis [105], 

formation of neutrophil extracellular traps (NETs) [82] and degranulation [84]. Phagocytosis 

describes a process in which neutrophils engulf extracellular pathogens [106]. Respiratory 

burst and the release of cytotoxic and digestive enzymes from granules into the 

phagolysosome effectively kills ingested pathogens [107, 108]. Another mechanism to kill 

extracellular pathogens is the formation of NETs (NETosis). After activation, the nucleus of 

neutrophil swells up and the chromatin dissolves. The uncondensed DNA strands get extruded 

from the cell, entrapping extracellular microbes [82, 109]. During the release of DNA, 

proteins found in the neutrophil granules are also expelled [110]. Urban et al. showed that at 

least 24 neutrophil proteins are associated with NETs [111], contributing to the antimicrobial 

activity of NETs [112]. Neutrophil degranulation is triggered by increasing concentrations of 

intracellular Ca2+ [113, 114]. Upon neutrophil activation, F-actin depolymerizes at the cell 

cortex, whereas in the cytoplasm, F-actin polymerizes in a Rac2-dependent manner [115, 

116]. Fusion of the granules with the plasma membrane is dependent on soluble (N-

ethylmaleimide-sensitive factor) attachment protein receptors (SNAREs). SNARE complexes 

on the vesicle membrane tether to their SNARE partners on the inner cell membrane [117]. 

Direct contact of the vesicle membrane to the cell membrane causes the membranes to fuse 

and the granule content is released into the extracellular space [118]. Another newly 

discovered function of neutrophils is the ability to present antigens in a major 

histocompatibility complex II (MHCII)-dependent manner [119]. 
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Neutrophils in pathology  

When neutrophils exert their effector function, they also contribute to substantial tissue 

damage, because they release reactive oxygen species (ROS), cytotoxic granules and enhance 

inflammatory responses [96, 120-123]. As a consequence, excessive neutrophil infiltration 

during an infection contributes to an elevated mortality [124-126]. Bou Ghanem et al. showed 

that neutrophils are crucial in controlling bacterial burdens early during an infection, but are 

associated with an exacerbation of S. pneumoniae lung infection during later stages of the 

infection [127]. These findings show that neutrophil responses need to be tightly controlled in 

order to prevent either dissemination of pathogens or excessive inflammation and tissue 

damage with detrimental outcomes. 

 

1.3.1.2 Monocytes 

 

Based on their common ontogeny, monocytes, macrophages and conventional dendritic cells 

(cDCs) collectively comprise the “mononuclear phagocyte system” (MPS) [128]. Like 

neutrophils, monocytes are being rapidly recruited to the inflamed tissue and can serve both as 

pro- or anti-inflammatory mediators [129]. It has become more and more evident that 

monocytes can also function as antigen-presenting cells (APCs) [130]. The monocyte 

chemoattractant protein-1 (MCP-1), which accumulates in the lymph nodes, might guide 

monocytes into the lymph nodes for antigen presentation [131]. To what extent monocytes 

present their antigens in the lymph node, however, is still debated [130]. Based on the 

expression of surface markers, monocytes can be further subdivided. Murine monocytes are 

classified using Ly6C, CD11c and other markers [132]. Human “classical” or “inflammatory” 

monocytes are characterized by being CD16 negative and expressing high levels of CD14 

[133]. Murine inflammatory monocytes express high levels of Ly6C and do not express 

CD11c [132]. “Non-classical” or “resident” human monocytes are positive for both CD14 and 

CD16 [134], whereas resident mouse monocytes are characterized by the expression of 

CD11c and only low expression of Ly6C [132]. The Ly6Clo resident monocytes are involved 

in intravascular patrolling, scavenging of cellular debris, contributing to tissue repair and 

orchestrating local necrosis [135]. Classical monocytes either circulate between non-lymphoid 

tissue and lymph nodes without differentiation or reside in the tissue and differentiate into 

macrophages or DCs [136, 137]. 
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1.3.1.3  Macrophages 

 

The lung mononuclear phagocytes are composed of alveolar macrophages (AMs), interstitial 

macrophages (IMs) and DCs [138]. Tissue-resident macrophages such as AMs arise from 

hematopoietic stem cells and are readily seeded into their respective tissues during early fetal 

development and thus, unlike monocytes, are not recruited into the tissue during an 

inflammation [139, 140]. During an IAV infection, AMs were shown to phagocytose 

apoptotic cells and thus, limiting viral spread [141]. Once recruited, monocyte-derived 

macrophages can execute different functions in the tissue. These functions are strongly 

dependent on their polarization [142]. Stimulation of macrophages with interferon gamma 

(IFNγ) and tumor necrosis factor alpha (TNF-α) or Toll-like receptor (TLR) agonists like 

lipopolysaccharide (LPS) leads to the development of a pro-inflammatory phenotype [132, 

143]. These classically activated macrophages display microbicidal and tumoricidal properties 

and secrete high levels of pro-inflammatory cytokines [143]. Alternatively activated 

macrophages which develop after stimulation with interleukin 4 (IL-4), IL-10, IL-13 or 

transforming growth factor beta (TGF-β) rather fulfill anti-inflammatory functions [132, 143]. 

They are involved in tissue repair, secrete only minimal amounts of pro-inflammatory 

cytokines and are not associated with antigen presentation [144]. Dependent on the 

microenvironment, AMs can switch their phenotype [145]. This feature allows macrophages 

to promote an inflammation during early stages of an infection and later suppress and resolve 

an inflammation [146]. 

In 1992, rat IMs were identified as a distinct population from AMs [147]. In contrast to AMs, 

which are located directly at the airway lumen, IMs are located in the lung interstitium below 

the epithelial layer [148]. Later, it was shown that IMs originate from both embryonic and 

bone marrow precursor cells [149]. IMs are known to express CD64, MerTK and MHCII on 

high levels, CD11b on intermediate levels and CD11c on low to intermediate levels [150]. 

Although this enigmatic cell population is poorly understood, IMs are characterized by the 

production of IL-10 in the steady state and thus, contributing to tissue homeostasis [151]. On 

being exposed to environmental stimuli like LPS, IL-10 secretion by IMs increases [152]. 

Like other macrophage populations, IMs are characterized as phagocytic cells even though 

their phagocytic activity is lower than in AMs [153]. IMs further seem to play a role in 

antigen-presentation, given their expression of MHCII [154, 155]. Recently, IMs have been 
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divided into three distinct populations: IM1, IM2, and IM3. IM1 cells are characterized by the 

expression of CD206, low expression of MHCII and no expression of CD11c. IM2 cells 

exhibit a MHCII+, CD206+ and CD11c- profile and the IM3 population is CD11c+, MHCII+ 

and CD206lo [138]. Of all three IM subpopulations, the IM3 seems to have the least 

phagocytic capacity [138]. 

 

1.3.1.4 Dendritic cells 

 

DCs can be sub-classified into cDCs and plasmacytoid dendritic cells (pDCs) based on their 

ontogeny. Conventional DCs are derived from the monocyte-macrophage/dendritic cell 

precursor (MDP), while pDCs are derived from the common lymphocyte precursor (CLP) 

[129]. Upon pathogen encounter, DCs undergo maturation and present their internalized 

antigen towards naïve T cells via MHCII/T-cell receptor (TCR) interaction [156]. T cell 

stimulation further needs CD80/86-CD28 interaction as well as stimulation by cytokines. 

Depending on the cytokines, T cells can polarize into TH1 or TH2 cells [156]. Plasmacytoid 

DCs can directly recognize IAV via endosomal TLRs [157]. In response to viruses, pDCs 

secrete large amounts of IFN type I to initiate a pro-inflammatory immune response [158-

160]. While pDCs are largely known to contribute to antiviral responses, they also seem to be 

involved in bacterial clearance [161]. The cDCs take up antigens in the peripheral tissue and 

migrate to the draining lymph nodes where they present their antigen towards naïve T cells 

[130, 162]. cDCs are further characterized by the secretion of IFN type III [163] and the 

induction of anti-viral and anti-tumor immune responses [164]. 

 

1.3.2 Subcellular response 

 

1.3.2.1 Purinergic signaling 

 

It is important for the organism to not only detect pathogens but also to detect other “danger” 

signals. These signals are usually intracellular molecules released from stressed or damaged 

cells [165]. One of such danger signals is extracellular adenosine triphosphate (ATP). As it 

gets released from host cells during an infection [166], extracellular ATP has been shown to 

act as a chemoattractant for neutrophils and monocytes [165-168]. Activation of the 

purinergic P2X7 receptor (P2X7R) via ATP mainly leads to inflammasome activation [169, 
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170]. Similar, ATP can activate the inflammasome in neutrophils [171, 172]. It has also been 

shown that ATP-dependent activation of P2X7R induces degranulation in mast cells [173] and 

killing of mycobacteria in human macrophages [174]. Furthermore, ATP-induced P2X7R-

signaling affects various immune cells and leads to the release of pro- and anti-inflammatory 

factors [170, 175]. Extracellular ATP also gets hydrolyzed by CD39 to adenosine 5′-

monophosphate (AMP). Further, CD73 converts extracellular AMP to adenosine [176, 177]. 

Adenosine is a ligand to P1 receptors and mainly mediates immune suppressive functions of 

innate and adaptive immune cells [178]. 

 

1.3.2.2 Eicosanoids 

 

Another group of signaling molecules affecting innate immune responses are eicosanoids. 

These molecules are long chained fatty acids derived from ω-3 and ω-6 polyunsaturated fatty 

acids (PUFAs) such as arachidonic acid (AA), docosahexaenoic acid (DHA) and 

eicosapentaenoic acid (EPA) [179]. Generally, AA can be metabolized by lipoxygenases 

(LOX), cyclooxygenases (COX) and cytochrome P450 enzymes (CYPs) [180, 181]. 

Metabolization by COX leads to the synthesis of prostanglandins, prostacyclin, and 

thromboxane A2 [182]. The LOX pathway is mainly involved in the generation of pro-

inflammatory leukotriens [180, 183]. Conversion of AA by CYPs results in the generation of 

epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acids (HETEs) [184, 185]. In 

addition to the enzymatic synthesis, non-enzymatic synthesis of some bioactive lipids has 

been described [186, 187]. Classical eicosanoids, mostly derived from ω-6 PUFAs, are linked 

to pro-inflammatory actions and contribute to cardinal signs of an inflammation (redness, 

heat, swelling and pain) [188, 189]. Contrarily, PUFA-derived specialized pro-resolving 

mediators (SPMs), including lipoxins, resolvins, protectins and maresins, can reduce the 

magnitude and duration of an inflammation, stimulate wound healing and enhance uptake of 

apoptotic neutrophils by macrophages [190]. 

 

1.3.2.3 Inflammasomes 

 

A crucial component of the innate immune response is the inflammasome, which was 

discovered in 2002 [191]. There are at least five types of receptor proteins assembling 
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inflammasomes: The NLRP1, NLRP3, NLR family CARD domain-containing protein 4 

(NLRC4), the absent in melanoma 2 (AIM2) and the pyrin inflammasome [192]. The most 

studied NLRP3 inflammasome consists of leucine-rich repeats (LRR) followed by a NACHT 

domain (Figure 1). This NACHT domain contains the following subunits: helical domain 2 

(HD2), winged helix domain (WHD), helical domain 1 (HD1) and a nucleotide-binding 

domain (NBD) [193]. The LRR-NACHT complex, bound to a pyrin domain (PYD), forms the 

NLRP3 protein complex. PYD can interact via its C-terminus with the caspase activation and 

recruitment domain (CARD). The PYD-CARD complex (also known as PYCARD) can 

recruit caspase-1 (CASP1). Autoproteolysis of CASP1 into the central p20 and the carboxy-

terminal p10 subunits and dimerization [194] activates CASP1, which subsequently cleaves 

pro-IL-1β and pro-IL-18 into the active cytokines IL-1β and IL-18, respectively [195, 196]. 

The catalytic activity of CASP1 is also able to cleave gasdermin-D (GSDMD) [197]. The N-

terminus of GSDMD oligomerizes at the cell membrane and induces pore-formation and 

subsequent inflammatory cell death (pyroptosis) [198, 199]. After an initial priming signal, 

the inflammasome can be activated by diverse stimuli like pore-forming toxins, nigericin and 

ATP [24, 171, 200, 201]. Other common activators of the NLRP3 inflammasome are bacterial 

RNA [202-205] or fungal peptides [206, 207]. Moreover, the inflammasome can also respond 

to signals like uric acid crystals, cholesterol crystals or polysterane nanoparticles [208-210]. 

 
Figure 1: Structure of the NLRP3 inflammasome. LRRs and the NACHT domain with a PYD 
protein form the NLRP3 protein complex. The PYCARD complex consists of pyrin domains and 
CARDs and can interact with the NBD at the C-terminus of PYD. CARD recruits CASP1 which is 
activated by dimerization and autoproteolysis into the central p20 and carboxy-terminal p10 subunits. 
Abbreviations: Leucine-rich repeats (LRR); helical domain 2 (HD2); winged helix domain (WHD); 
helical domain 1 (HD1); nucleotide-binding domain (NBD); nucleotide-binding domain leucine-rich 
repeat (NLR) and pyrin domain containing receptor 3 (NLRP3); pyrin domains (PYD); and caspase 
activation and recruitment domain (CARD); caspase-1 (CASP1). 
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1.3.2.4 Cytokines 

 

1.3.2.4.1 Interleukin 1 alpha 

 

Similar to IL-1β and IL-18, IL-1α is synthesized as a pro-form [211]. Both, the pro-form and 

the cleaved form of IL-1α are biologically active and bind to the IL-1 receptor type 1 (IL-

1R1) [212]. Generally, calpain cleaves pro-IL-1α into the mature form [213]. Alternatively, 

pro-IL-1α can be cleaved by extracellular granzyme B resulting in a biologically more active 

form than pro-IL-1α [214]. IL-1α is considered as an “alarmin”, which is released after injury, 

damage [215] and necrosis [216] to induce an inflammatory response. It can be further 

released in the absence of cell death by active secretion from living cells [217]. To promote an 

inflammation, IL-1α induces MCP-1 secretion [218] and recruitment of neutrophils [219]. IL-

1α-mediated upregulation of cellular adhesion molecules leads to neutrophil adhesion [220]. 

Furthermore, neutrophils display enhanced bactericidal activity in the presence of IL-1α 

[220]. 

 

1.3.2.4.2 Interleukin 1 beta 

 

Inflammasome activation cleaves the precursor pro-IL-1β into the mature form IL-1β. Like all 

IL-1 family members, except for IL-1Ra, IL-1β lacks a signal sequence for processing and 

secretion by the endoplasmic reticulum and golgi apparatus [221]. Therefore, release of IL-1β 

seems to be dependent on GSDMD-mediated pore-formation at the cell membrane [197, 222]. 

Recent studies have shown that in neutrophils, the N-terminal GSDMD does not accumulate 

at the apical cell membrane. Thus, IL-1β cannot be released by GSDMD-induced pore-

formation. In neutrophils, IL-1β release seems to be dependent on autophagy [172]. IL-1β 

induces the expression of chemokine (C-X-C motif) ligand 1 (CXCL1) and CXCL2 which 

leads to the recruitment of neutrophils to the site of inflammation [223-225]. Additionally, IL-

1β is involved in the recruitment of macrophages [226]. These factors contribute to the 

antimicrobial properties of IL-1β [225, 226]. 
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1.3.2.4.3 Interleukin 6 

 

IL-6, which is mainly released by monocytes and macrophages [227-230], is a key factor in 

resolving an innate immune response and inducing an adaptive immune response [231]. For 

example, IL-6 inhibits the expression of pro-inflammatory cytokines, promotes neutrophil 

apoptosis, suppresses the expression of the chemoattractants CXCL1 and CXCL8, and limits 

neutrophil recruitment to resolve an innate immune response [231, 232]. IL-6 has also been 

shown to have an inhibitory effect on neutrophil influx. Furthermore, IL-6 mediated induction 

of CXCL5 and CXCL6 might have additional regulatory effects on other neutrophil responses 

[233]. Release of this cytokine has been attributed to inflammatory diseases and can be 

induced by viruses like IAV [234, 235]. In the context of an IAV infection, IL-6 protects 

neutrophils from virus-induced apoptosis and limits inflammation and immunopathology 

[236, 237]. 

 

1.3.2.4.4 Monocyte chemotactic protein 1 

 

In 1989, MCP-1 was isolated and described as a molecule with chemoattractive effects 

towards monocytes [238]. Today, MCP-1 is widely known to recruit monocytes and 

macrophages [239-243]. During inflammation, MCP-1 release can be induced by stimulants 

like viral double-stranded RNA (dsRNA) via TLR3 signaling [244], IL-1α [218] or P2Y6 

receptor agonist uridine 5´-diphosphate (UDP) [245]. Major sources of MCP-1 are monocytes 

and macrophages [240, 246], but epithelial cells [243] and DCs [247] are also capable of 

secreting MCP-1. The receptor for MCP-1 is the CC chemokine receptor 2 (CCR2), which is 

restricted to a small number of cell types, including mainly mononuclear cells and vascular, 

smooth muscle cells [246].  
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2 Aim of the study 

 

Current in vivo models investigating underlying mechanisms during a co-infection are limited 

in several aspects. These aspects include artificial application of pathogens (e.g., 

intratracheally), usage of mouse-adapted pathogens or lethal dosages of pathogens. The aim 

of this study was to establish a refined murine co-infection model to investigate early immune 

responses on cellular, cytokine and metabolome levels. On the cellular level, neutrophils play 

a pivotal role in the early immune response against bacterial infections. Therefore, it was also 

of interest to investigate the activation of human neutrophils by the major pneumococcal 

virulence factor Ply.  
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3 Research approach 

 

3.1 Ethical Considerations 

 

Monocyte and macrophage infections in Paper III were conducted using anonymously 

provided buffy coats of blood from the blood bank at the University Medicine Greifswald. 

The ethical research committee at the University Medicine Greifswald approved the study 

(ref. no: BB 006/18). 

All animal experiments for Paper II and III were carried out in accordance with the 

regulations of the German Society for Laboratory Animal Science (GV-SOLAS) and the 

European Health Law of the Federation of Laboratory Animal Science Associations 

(FELASA). All experiments were approved by the Landesamt für Landwirtschaft, 

Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (LALLFV M-V, Rostock, 

Germany; permit no. 7221.3-1.1-032/17). 

For neutrophil analyses in Paper IV, blood samples from healthy volunteers were obtained. 

The donors were acquainted with the research conducted and written informed consent was 

obtained from each volunteer. The study was approved by the ethical research committee at 

the University Medicine Greifswald (BB 006/18). 

All experiments were carried out in accordance with the approved guidelines. 

 

3.2 Bacterial and viral strains 

 

The strain S. pneumoniae 19F (EF3030) used in Paper II and III was isolated from a patient 

with otitis media [248, 249]. S. pneumoniae 19F or TIGR4 and its isogenic mutant 

TIGR4Δply (Paper IV) were grown on blood agar plates and cultured to the exponential 

growth phase (optical density [OD]600, 0.35–0.4) in Todd-Hewitt broth supplemented with 

0.5% (w/v) yeast extract at 37°C and 5% CO2. Infections with S. aureus (Paper II) were 

performed using the colonizing human strain SA113 which was isolated from a patient with 

corneal ulcer (ATCC35556) [250] and the clinical isolate LUG2012 from a patient from 

South-West of France [251, 252]. Staphylococcal strains were cultured overnight at 37°C in 
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casein hydrolysate and yeast extract (CCY) medium. The influenza virus A/Bavaria/74/2009 

(H1N1, Paper II and III) was propagated as described by Eisfeld and colleagues [253]. 

Expression of recombinant Ply was conducted using Escherichia coli DH5α containing the 

pASK-IBA5_Ply expression plasmid [22]. Bacteria were cultured in Luria-Bertani (LB) 

medium at 37°C with shaking. At OD550 0.6–0.8, expression was induced with 200 ng/mL 

anhydrotetracycline, the cells were incubated for 3 hours at room temperature with shaking, 

and processed as detailed previously [254]. The recombinant Ply appeared as a single protein 

band of the correct molecular weight as determined by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining (Supp. Fig. 2A, Paper 

IV). 

 

3.3 Neutrophil experiments 

 

Paper IV aimed to elucidate activation of human neutrophils by Ply. We therefore isolated 

primary human neutrophils from healthy volunteers using a density gradient centrifugation on 

Polymorphprep. All neutrophil experiments were performed using freshly isolated 

neutrophils. Due to the fact that they are readily activated and have a short lifespan, 

neutrophils require careful handling and the experiments were, therefore, carried out 

immediately after the isolation. Neutrophils undergo a circadian rhythm [255, 256] and are 

more granulated in the morning [257], which might result in stronger immune responses. To 

minimize perturbations caused by the circadian rhythm, neutrophils were isolated in the 

morning at similar time points. Donor variations are always problematic when working with 

primary human cells. Fig. 1 to 3 (Paper IV) show general effects of bacteria or Ply towards 

neutrophil activation or killing. Significances were already observed in groups with four to 

seven donors. Additional experiments with more donors might increase the statistical power 

but would not affect the conclusion drawn from the experiments. In Fig. 4 (Paper IV) the 

number of donors was increased (n=10) to reduce standard deviation caused by inter-

individual variances. Field emission scanning electron microscopy (FESEM) analyses 

revealed substantial inter-individual differences of stimulated neutrophils (Supp. Fig. 5, 

Paper IV). Drawing conclusions solely based on FESEM analyses would warrant studies 

with more donors. 
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3.4 Animal experiments 

 

In Paper III we aimed to establish a murine model of a natural co-infection with 

S. pneumoniae and IAV. Studying co-infections in cell culture can provide insights into how 

primary human cells react to either single or co-infections (e.g., in respect to pathogen 

clearance or cytokine release). Some general experiments in Paper III were carried out using 

cell culture models to support our data. However, the use of an in vitro co-infection model is 

limited since the complex interplay between immune cells in different tissues would not be 

reflected. Another approach to establish a co-infection model would be the use of a 3D-tissue 

model [258]. This would allow the use of several immune cells like DCs, monocytes and 

macrophages in a tissue-like environment without the use of animals. Although a 3D lung 

tissue model has great potential to examine the impact of co-infections with respect to tissue 

damage and more complex immune cell interactions, this model still has its limitations. One 

major disadvantage of a 3D lung tissue model is that due to their short life span, neutrophils 

cannot be implanted into this model. In Paper III we described recruitment of myeloid cells 

into the lung. A 3D tissue model cannot be used to elucidate the complexity of immune cell 

recruitment into the tissue. So far, the most valuable information can only be obtained using 

animal models. Murine models are commonly used for such immunological studies and 

despite some disadvantages they display an appropriate model. In contrast to mice, ferrets are 

susceptible to human IAV strains [47]. Furthermore, ferrets are reported to present clinical 

symptoms and transmit bacteria and viruses effectively [47, 259]. Drawbacks of ferrets as an 

animal model are mainly the availability of ferret-specific reagents and the lack of inbred and 

specific pathogen-free ferrets [260]. The most appropriate model seems to be the pig. Their 

genome composition is comparable to the human genome [261] and their immune system 

shares over 80% similarity with the human immune system [2]. Moreover, co-infection 

studies in a porcine model are done in collaboration with the Friedrich-Loeffler-Institute 

Island Riems (Greifswald), which will, however, not be discussed in this study. In our studies, 

we used female C57BL/6J mice. In comparison to other inbred strains, these mice are more 

susceptible to bacterial [262] and IAV infections [263]. Lung tissue damage, cytokine 

response and immune cell infiltration are higher in C57BL/6J mice in comparison to 

C57BL/6NJ mice infected with different IAV strains [263]. Since we used non-mouse adapted 

pathogens, the more susceptible C57BL/6J mice were the animals of choice for our 

co-infection model. 
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3.5 Flow cytometry 

 

Flow cytometry is a method widely used to identify and analyse cell populations of interest in, 

for example, processed tissue samples. This method is based on unique expression patterns of 

cell surface molecules as well as the morphology and granularity of cells. The analysed cells 

were incubated with fluorochrome-coupled antibodies which bind to specific cell surface 

proteins. When a cell passes through the laser beams of the cytometer, it refracts and scatters 

the light. The amount of light scattered in a forward direction is called forward scatter (FSC) 

and the amount of light scattered sideways is called side scatter (SSC). The detected light 

signals are converted into electronic signals (voltage pulse). To exclude cell doublets from the 

analyses, width (W) and height (H) of the voltage pulses were plotted against each other for 

FSC and SSC (Fig. S3, Paper III). For the exclusion of dead cells, we used Zombie Aqua™. 

This fluorescent dye is non-permeant to living cells, but it will stain cells with damaged cell 

membranes. After passing through laser beams with different wavelengths, the cell-bound 

fluorochromes get excited and emit light at a different wavelength which is being quantified 

by a detector. Unique expression patterns of cellular surface markers and subsequent 

fluorochrome labelling allow the discrimination of distinct cell populations. Furthermore, the 

relative amount of the labelled surface molecule can be determined with the mean fluorescent 

intensity (MFI). Moreover, using a bead-based approach with fluorescence–encoded beads, 

we determined cytokine concentrations in Fig. 4, Paper III. 

 

3.6 Statistical analysis 

 

If not otherwise indicated, statistical significance of differences was determined using the 

Kruskal Wallis test with Dunn’s multiple comparison post-test. Statistics were performed 

using GraphPad Prism version 7. P value less than 0.05 was considered significant (*, p<0.05; 

**, p<0.01; ***, p<0.001). 
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4 Results and discussion 

 

4.1 Paper I 

 

“The role of NLRP3 inflammasome in pneumococcal infections” 

 

During an acute inflammation, the innate immune system and its effector functions need to be 

well orchestrated in order to prevent spread and dissemination of the pathogens and to induce 

an appropriate adaptive immune response. In Paper I, we discuss the structure and the 

activation of a central immune system component – the NLPR3 inflammasome. We further 

characterize approved IL-1β inhibiting drugs and point out the role of the NLRP3 

inflammasome in pneumococcal infections in particular. 

 

4.1.1 Approved IL-1β inhibiting drugs 

 

Dysregulations in the NLRP3 inflammasome activation or NLRP3 polymorphisms are 

involved in the progress of many diseases including Cryopyrin-associated periodic syndrome 

(CAPS) [264], gout [208], atherosclerosis [209], inflammatory bowel disease (IBD) [265], 

type II diabetes [266], and malignancies like melanoma [267] or colorectal carcinoma [268]. 

Usually, these diseases are associated with elevated IL-1β levels and IL-1 targeting drugs are 

used to dampen the symptoms of above mentioned diseases [269]. Anakinra, Rilonacept, and 

Canakinumab are clinically approved drugs that interfere with IL-1 signaling [270, 271]. The 

recombinant IL-1 receptor antagonist (IL-1RA) Anakinra is used in the treatment of 

rheumatoid arthritis (RA) and CAPS [272]. Rilonacept is an IgG fusion protein, which acts as 

a soluble decoy receptor and specifically targets IL-1α and IL-1β [273]. Rilonacept is most 

commonly used in the treatment of CAPS [273]. In contrast to Rilonacept, the monoclonal 

IgG1 antibody Canakinumab only binds to IL-1β and is used as a therapeutic agent against 

CAPS and acute gouty arthritis [274]. Although mostly well tolerated, patients under 

treatment with those therapeutics are reported to be at a higher risk for an infection with 

bacteria like S. pneumoniae [275-277]. 
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4.1.2 The NLRP3 inflammasome in pneumococcal infections 

 

The impact of the NLRP3 inflammasome on pneumococcal infections has been studied 

sparsely until today and contradicting results have been published. Some studies demonstrated 

a protective role of the NLRP3 inflammasome towards pneumococcal pneumonia [24, 278]. 

In contrast, in a murine pneumococcal meningitis model, the NLRP3 inflammasome 

contributed to brain injury and elevated scoring levels [279]. Nevertheless, two major 

virulence determinants of S. pneumoniae (H2O2 and Ply) are potent activators of the 

inflammasome [278-280]. However, in the context of a pneumococcal infection, a suppressive 

role of H2O2 towards inflammasome activation was demonstrated [281]. Released IL-1β 

induces the expression of CXCL1 and CXCL2 which results in the recruitment of neutrophils 

and enhanced pathogen clearance [223-225]. NLRP3 activation and neutrophil recruitment, 

however, need to be strictly controlled since hyper-inflammation is associated with excessive 

pyroptosis [282] and disproportionate tissue damage [127]. This might partly explain 

controversial results regarding the role of the NLRP3 inflammasome in pneumococcal 

diseases. 

 

4.2 Paper II 

 

“Bioactive lipid screening of mice organs in response to respiratory tract infections with 

bacterial and viral pathogens” 

 

Imbalances such as above mentioned immune-modulating therapies, age, co-morbidities or 

preceding viral infections are reported to contribute to the dissemination of commensal 

bacteria from the URT into the lower respiratory tract [2]. To combat such bacterial lung 

infections, cytokine release as well as synthesis and release of lipid mediators induce a proper 

innate immune response on cellular level. Paper II aimed to describe pathogen-mediated 

changes in the bioactive lipid profile during single bacterial, viral and co-infections. 
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4.2.1 Establishment of a novel co-infection model in C57BL/6J mice 

 

Most co-infection studies are conducted with viral infection prior to the bacterial infection. 

Furthermore, artificial administration (e.g., intratracheally) and the use of mouse-adapted 

pathogens lead to the development of a co-infection which might not reflect a naturally 

occurring co-infection. In Paper II and III we aimed to analyse complex interactions of the 

innate immune system on molecular and cellular level during the early onset of co-infection in 

comparison to single bacterial and viral infections. Therefore, in Paper II, analyses of the 

bioactive lipid profile were performed using the murine co-infection model established in 

Paper III. 

First, single infection with different respiratory pathogens, including S. aureus, 

S. pneumoniae, and IAV were performed. C57BL/6J mice were not susceptible to 

colonization by the human S. aureus strain SA113 (data not shown). Mice infections with 

SA113 were characterized by an initial increase in clinical score during the first two days post 

infection (dpi) and a full recovery of mice on day three. Staphylococcal pneumonia was 

induced using S. aureus LUG2012 (Supp. Fig. 1, Paper II). Since S. pneumoniae is another 

bacterium which colonizes up-to one third of humans asymptomatically [6], we inoculated 

C57BL/6J mice intranasally with S. pneumoniae 19F (1×107 CFU). After an initial weight 

loss (Fig. 2, Paper III), mice fully recovered and stable amounts of pneumococci were 

retrieved from the nasopharynx of colonized mice over 16 consecutive days (Fig. 2A). 

Colonization of mice was characterized by the absence of (i) bacteria in the lower respiratory 

tract as well as (ii) local and (iii) systemic indications for an inflammatory response (Fig. 2, 

Paper III). Intranasal application of different dosages of the human influenza virus 

A/Bavaria/74/2009 (H1N1) was used for viral infections and disease progression was 

monitored over four consecutive days (Fig. 2, Paper III). The presence of viral RNA in the 

lungs of all infected animals four days post infection was confirmed. In addition, WBC 

showed slightly elevated levels of neutrophils in circulation of 1x105 PFU H1N1 infected 

group (Fig. 2, Paper III). Based on these results, 1x105 PFU were used for all subsequent 

H1N1 mono- and co-infections. For co-infections, mice were colonized with pneumococci for 

seven consecutive days followed by viral infection. PBS challenged, single virus infected and 

colonized mice, as well as a group with severe pneumonia (induced by intranasal application 

of a lethal dosage of S. pneumoniae 19F) served as control groups. During the 1918 IAV 

pandemic, secondary, bacterial pneumonia was characterized by a bi-phasic disease 
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progression including severe symptoms such as dyspnoea [40]. In our model, both virus 

infected groups displayed weight loss and increased clinical scoring in a bi-phasic manner 

with a more severe second phase (Fig. 2B and Fig. 3, Paper III). 50% of co-infected mice 

had bacteria in the lung (Fig. 3, Paper III). However, development of a severe secondary 

pneumonia was not observed. All virus infected mice recovered. To study potentially 

protective effects, we analyzed the innate immune response during the early asymptomatic 

stage of infection. Therefore, mice were colonized with pneumococci for seven consecutive 

days, infected with H1N1, and sacrificed two days post viral application (day nine post 

colonization) (Fig. 2B and Fig. 3, Paper III).  All analyses in Paper II and III were 

performed at this time point. 

 

Figure 2: Mild H1N1 infection of S. pneumoniae 19F colonized mice does not result in severe co-
infection. (A) Female C57BL/6J mice were intranasally colonized with S. pneumoniae 19F (1×107 
CFU) for 16 days. PBS challenged (PBS) mice served as controls. CFU counts in nasal washes (NAL) 
were determined after the animals were sacrificed (day7, day 9 and day16). Each dot represents one 
mouse and horizontal lines display mean values. (B) Female C57BL/6J mice were intranasally 
colonized with S. pneumoniae 19F (1×107 CFU) for seven days followed by a subsequent mild H1N1 
infection (1×105 PFU; Co-Inf.). PBS challenged (PBS), only colonized (19F_C), and only H1N1 
infected (H1N1) mice served as controls. In addition, severe pneumococcal pneumonia was induced 
via intranasal inoculation of S. pneumoniae 19F (1×108 CFU; 19F_P; day 7) and weight loss was 
monitored. The vertically dotted line indicates H1N1 administration. Animals were sacrificed at day 
16 except for the pneumonia group which was sacrificed at day 9. Mean values ±SD are displayed. 
Two independent experiments with four to six mice per group (total: n≥6) were performed. The level 
of significance between the groups was determined using Kruskal Wallis test with Dunn’s multiple 
comparison post-test (*, p<0.05; **, p<0.01; ***, p<0.001). 
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4.2.2 Eicosanoid analysis in lungs of single infected animals 

 

Analyses of plasma and spleen samples of single- and co-infected C57BL/6J mice revealed no 

drastic changes in the eicosanoid profile. Therefore, we focused on the eicosanoid 

composition in lungs of single- and co-infected mice. Single infections of C57BL/6J mice 

resulted in mainly IAV-driven elevated HETE and hydroxydocosahexaenoic acids (HDHA) 

levels (Fig. 1, Paper II). In line with this, similar patterns with IAV infected pigs [284] or 

mice [285] were observed. However, these, as well as other studies observed no increase of 

5-HETE after an IAV infection [284-287]. In contrast, 5-HETE was elevated only in IAV 

infected mice (Fig. 1, Paper II). This eicosanoid was shown to act pro-inflammatory by 

attracting and aggregating neutrophils [288, 289]. 17-HDHA, a DHA-derived bioactive lipid, 

was elevated during single IAV infection (Fig. 1, Paper II). This lipid mediator is implied to 

have anti-inflammatory functions and it stimulates antibody production during an IAV 

infection [290-292]. Furthermore, 12-HETE and 15-HETE were also shown to be elevated 

only in virus infected animals (Fig. 1, Paper II). Elevation of those eicosanoids might be 

crucial in controlling viral spread as treatment with 12- and 15-HETE significantly reduces 

IAV titers in mice [285]. Another anti-inflammatory effect of those two lipid mediators is the 

inhibition of IL-6 secretion from macrophages [293]. During staphylococcal pneumonia, 20-

HETE levels were significantly elevated (Fig. 1, Paper II). 20-HETE can promote an 

inflammatory state by the activation of integrins on B cells. This facilitates the binding of 

immune cells to the endothelium [294, 295]. Furthermore, 20-HETE affects the constriction 

of blood vessels [296] and the production of mitochondrial ROS [297]. Our results are in line 

with the finding that in severe infections, 20-HETE levels are increased [298, 299]. On the 

other hand, recent research also implies an anti-inflammatory role for this eicosanoid [300, 

301]. 

 

4.2.3 Eicosanoid analysis in lungs of co-infected animals 

 

Utilizing the co-infection model, we demonstrated an increase of 18-hydroxyeicosapentaenoic 

acid (HEPE) in the lungs of virus infected colonized mice (Fig. 2, Paper II). 18-HEPE is 

synthesized by COX-2 mediated conversion of EPA, an ω-3 PUFA [302]. Further LOX-

mediated metabolization leads to the generation of anti-inflammatory resolvins [303]. In our 
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co-infection model, elevation of 18-HEPE indicates a potentially protective anti-inflammatory 

state.  

12-, 15-, and 20-HETE levels were significantly reduced during a co-infection. In an in vitro 

approach, Schultz and colleagues demonstrated a similar pattern indicating an IAV-mediated 

reduction of 5-, 12-, and 20-HETE during a co-infection [286]. However, in contrast to our 

study, infection of 16HBE cells with S. pneumoniae led to an increase of 5-, 12-, and 15-

HETE [286]. Although we co-infected mice, presence of bacteria in the lungs was repeatedly 

only observed in 50% of the animals. IAV infection might therefore contradict bacteria-

mediated upregulation of some eicosanoids. 

Matrix-assisted laser desorption/ionization-mass spectrometry (MALDI-MS) imaging 

revealed a decrease of sphingosine-1-phosphate (S1P) in the lungs during a co-infection (Fig. 

5, Paper II). This bioactive lipid is derived from sphingosine after phosphorylation by 

sphingosine kinases [308]. S1P is involved in trafficking of numerous cell types [308]. 

Moreover, IL-1β-mediated phosphorylation of sphingosine to S1P induces synthesis of the 

pro-inflammatory eicosanoid Prostaglandin E2 (PGE2) [309]. The decreased amounts of S1P 

suggest a rather anti-inflammatory state during co-infections. During single viral infections, 

we noted an increase of S1P in the lung (Fig. 5, Paper II). This might be caused by IAV-

mediated upregulation of the sphingosine kinase [310]. 

 

4.3 Paper III 

 

“Innate Immune Response at the Early Onset of Pneumococcal and Influenza A Viral 

Co-infections” 

 

An onset of a bacterial co-infection is characterized by the release of lipid mediators and 

cytokines (e.g., after NLRP3 inflammasome assembly) which mediate recruitment and 

activation of innate and adaptive immune cells. In Paper III, we described cytokine release in 

lungs and blood plasma as well as abundance and activation state of innate immune cells in 

the lungs during different types of single as well as co-infections. 
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4.3.1 Local and systemic inflammatory responses at the early onset of pneumonia 

 

Because both virus and co-infected mice fully recovered on day nine post viral infection and 

no onset of severe pneumonia was observed, we wanted to elucidate the potentially protective, 

early inflammatory response during a co-infection. Before virus- and co-infected mice started 

to lose weight (at day two post viral infection), mice were sacrificed for plasma and lung 

cytokine analyses (Fig. 4 and Fig. S1, Paper III). During an early inflammation, neutrophils 

and resident myeloid immune cells are the first responders. Therefore, cytokines of mainly 

myeloid origin were investigated. Pneumococcal pneumonia evoked a strong inflammatory 

cytokine release (Fig. 4, Paper III). Contrarily to other studies [58], IAV infected mice 

exhibited elevated concentrations of MCP-1, IL-1β, and IL-6 in lungs and plasma independent 

of a preceding bacterial colonization. Systemic elevation of IL-1β, independent of the 

infection, can be attributed to the general inflammasome activation. Bacterial RNA [202] and 

pore-forming toxins like Ply [200, 278] were shown to be potent activators of the 

inflammasome (reviewed in Paper I). Furthermore, IAV can trigger inflammasome activation 

resulting in IL-1β release [311]. In contrast to other findings, NLRP3 inflammasome 

activation and subsequent IL-1β release seems to be systemically and might play a beneficial 

role in our infection model [312, 313]. The sphingolipid ceramide-1-phosphate (C1P) is at 

least partially involved in MCP-1 release and subsequent cell migration [314, 315]. In Paper 

II, we noted a strong increase in C1P in the lungs of co-infected animals. Cytokine analyses 

revealed a general release of MCP-1 during all infections (Fig. 3A and Fig. 4, Paper III). 

This can also be attributed to MCP-1 expression by a variety of cell types and stimuli [246, 

316]. 

 

4.3.2 Myeloid cell composition of the lungs in response to different infections 

 

Based on the inflammatory immune response on cytokine level, we further investigated the 

myeloid cell composition in the lungs. The classification of the investigated innate immune 

cell subsets can be seen in Fig. S3, Paper III. Pneumococcal pneumonia led to an increase of 

neutrophil and monocyte frequencies in the lung (Fig. 3B and Fig. 5, Paper III). It is known 

that members of the IL-1 family can stimulate the expression of MCP-1 and CXCL1 which, in 

turn, leads to the recruitment of neutrophils [218, 224, 225]. In the lungs, elevated 
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concentrations of IL-1β were noted in co-infected and single bacterial infected mice (Fig. 4, 

Paper III). In correlation with that, neutrophils were also slightly elevated in the co-infection 

group, whereas no increase was noted in single virus-infected mice (Fig. 3B and Fig. 5, 

Paper III). In contrast, Didierlaurent et al. demonstrated a diminished neutrophil recruitment 

after post-flu flagellin stimulation [317]. The multifactorial recruitment of neutrophils is also 

affected by 5-HETE [288, 289]. However, elevated 5-HETE levels did not correlate with 

elevated neutrophil counts in the lung. 

Monocyte frequencies were generally elevated in all infections (Fig. 3C and Fig. 5, Paper 

III), presumably caused by the secretion of high levels of MCP-1 (Fig. 3A and Fig. 4, Paper 

III). This is in line with earlier findings implicating an induction of a mononuclear cell 

response rather than a neutrophil response during an IAV infection [318]. In general, all 

infection groups were characterized by a decline of non-classical/resident monocytes, whereas 

inflammatory/classical monocytes were substantially increased (Fig. 5, Paper III). Infection 

of monocytes with IAV leads to apoptotic cell death [319]. To compensate the presumably 

apoptotic loss of non-classical/resident monocytes, MCP-1 dependent recruitment of 

inflammatory/classical monocytes seems to be induced already at the asymptomatic stage of 

mice infections (Fig. 3). Contrary to our findings, Cole et al. demonstrated a correlation 

between disease severity and influx of inflammatory monocytes during an IAV infection 

[320]. 



Results and discussion 
 

26 
 

 

 

Figure 3: MCP-1 drives a monocytic immune response in single- and co-infected C57BL/6J mice. 
Mice were infected as shown in Figure 2 and sacrificed at day 9. (A) MCP-1 levels were determined in 
lungs and plasma. The data are displayed as box plots. (B-C) Single cell suspensions from harvested 
lungs were analyzed via flow cytometry. CD45lo cells were classified as cells from the 
alveolar/interstitial compartment and CD45hi cells as cells from the vascular compartment of the lung. 
Frequencies of (B) neutrophils and (C) total monocytes are displayed. Two independent experiments 
with six mice per group (total: n≥10) were performed. Each dot represents one mice and bars denote 
median values. The level of significance between the groups was determined using Kruskal Wallis test 
with Dunn’s multiple comparison post-test (*, p<0.05; **, p<0.01; ***, p<0.001). 

 

Resident lung immune cells are involved in maintaining tissue homeostasis and resolving 

inflammation [142]. AMs and IMs were depleted in pneumococcal pneumonia mice. In 

contrast, viral infection had no impact on these cell types at this time point of the infection 

(Fig. 5, Paper III), although it is suggested that IAV can lead to a depletion of AMs [321, 

322]. A sustained depletion of both AMs and IMs might impair resolution of an inflammation 

[142] and predispose an individual to develop severe pneumonia with excessive 

inflammation. IL-1 signalling can prevent depletion of AMs during a co-infection [323]. We 

did not observe IAV-mediated depletion at early stages of an infection. However, during a 

single bacterial infection, AM depletion seems to be independent of IL-1 levels (Fig. 4, Paper 
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III). The lipid mediator 18-HEPE has anti-inflammatory properties towards macrophages 

[324]. Elevated 18-HEPE levels during a co-infection might inhibit excessive inflammation 

contributing to a protective anti-inflammatory response during early stages of a co-infection. 

In staphylococcal pneumonia, elevated levels of 18-HEPE (Fig. 1, Paper II) might be 

induced in combatting the observed rapid and general immune activation. 

Mature DCs display a higher expression of the sphingosine-1-phosphate receptor 1 (S1P 

receptor 1). S1P signalling leads to elevated motility and DC migration [325, 326]. In viral 

infections, levels of S1P were significantly elevated (Fig. 6, Paper II). Decreased amounts of 

cDCs in viral infection might be explained by S1P-mediated migration to the draining lymph 

nodes. Staphylococcal pneumonia resulted in baseline S1P expression (Fig. 6, Paper II). 

During pneumococcal pneumonia, cDC counts were also reduced (Fig. 5, Paper III). This 

either indicates an S1P-independent migration or a depletion of cDCs. 

 

4.3.3 Early immune responses are associated with elevated CCR2 and MHCII 

expression  

 

At the onset of infection, myeloid cells are attracted towards the site of inflammation via 

chemokines. MCP-1, as a main contributor for the recruitment of monocytes and 

macrophages [239], binds to the CC chemokine receptor 2 (CCR2) [327]. Trafficking of 

myeloid cells from the bone marrow to the tissue is dependent on the upregulation of CCR2 

[328]. Antigen presentation by recruited and resident innate immune cells via MHCII is 

essential for the induction of an adaptive immune response [329, 330]. These two molecules 

are therefore indicators of an activated state of the expressing cell. To explore activation of 

myeloid cells at early stages of an infection, we analysed CCR2 and MHCII expression. 

Although cell frequencies expressing CCR2 or MHCII did not change in many cell types, an 

increase of cells expressing those molecules was mostly seen in pneumonia and co-infected 

mice (Fig. 6, Paper III). Therefore, the relative amount (MFI) of the respective labelled 

surface molecule was analysed (Fig. 7, Paper III). In all infections, AMs, CD103+ cDCs, and 

pDCs displayed elevated levels of CCR2 and MHCII. Generally, monocytes displayed 

reduced levels of CCR2 and MHCII in response to most infections (Fig. 7, Paper III). 

Analysing the vascular compartment, only neutrophils exhibited elevated levels of MHCII 

and CCR2 (Fig. 7, Paper III). CCR2 is involved in the recruitment of myeloid cells and 



Results and discussion 
 

28 
 

seems to play a crucial role in bacterial defence [331-333]. Other studies suggest a rather 

detrimental role of CCR2 during an infection and link an upregulation of this molecule to lung 

injury [242, 334, 335]. Our results show that an early upregulation of CCR2 might be 

associated with viral control and the convalescence of virus-infected mice. 

 

4.4 Paper IV 

 

“Adenosine Triphosphate Neutralizes Pneumolysin-Induced Neutrophil Activation” 

 

At the early stages of inflammation, neutrophils are the first responders and substantially 

contribute to the control of bacterial burden [88, 89]. In Paper III, the onset of a 

pneumococcal infection was characterized by cytokine production leading to an influx of 

monocytes and activated neutrophils. In humans, the major part of peripheral leukocytes 

comprises neutrophils that play a pivotal role in the control of inflammatory diseases [81-83]. 

However, sustained neutrophil influx is associated with hyper-inflammation as well as tissue 

damage [127]. Tight control of neutrophil degranulation in order to prevent excessive tissue 

damage is essential during an infection [121]. As a result of cell damage, intracellular ATP 

gets released into the extracellular space [177, 336]. Extracellular ATP can serve as a 

signaling molecule [165] and chemoattractant to neutrophils via P2 receptor-dependent 

signaling [167]. In Paper IV we wanted to elucidate the activation of human neutrophils by 

the pneumococcal toxin Ply and the effect of extracellular ATP. 

 

4.4.1 Pneumolysin is a potent inducer of neutrophil degranulation 

 

Infection of purified neutrophils with TIGR4 wild-type (wt) or Δply resulted in minor 

cytotoxic effects and degranulation to a similar extent (Fig. 2, Paper IV). Using the 

cytoplasmic fraction of bacterial lysates from TIGR4 wt, minor cytolysis as well as 

degranulation was observed (Fig. 2, Paper IV). The Ply-deficient mutant did not evoke either 

cytotoxicity or degranulation (Fig. 2, Paper IV) indicating Ply to be a potent activator of 

human neutrophils. Both TIGR4 wt and Δply evoked resistin release in whole human blood 
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(Fig. 1, Paper IV) and purified neutrophils (Fig. 2, Paper IV) indicating also Ply-

independent activation of human neutrophils by viable bacteria. It has been described that 

bacteria are able to activate human neutrophils and that neutrophil activation is not solely 

dependent on one factor [254, 337, 338]. S. pneumoniae expresses a diversity of proteins on 

its surface and many of them are known to interact with the bacterial environment [339, 340]. 

One secreted factor involved in neutrophil activation might be H2O2. This reactive oxygen 

species is being produced by S. pneumoniae as a by-product of aerobic metabolism by the 

enzyme pyruvate oxidase (SpxB) in cytotoxic amounts [341-343]. H2O2 can further induce 

mitochondrial damage [344] and the transcription of pro-inflammatory genes [345]. An 

additional Ply-independent neutrophil activation for example by H2O2 cannot be excluded. 

 

4.4.2 ATP inhibits neutrophil degranulation 

 

Domon et al. suggested that Ply interacts with the purinergic receptor P2X7R to subsequently 

activate human neutrophils [346]. This receptor is activated by ATP in mM range and induces 

inflammasome activation [170, 171]. To further elucidate Ply-mediated neutrophil activation, 

we stimulated human neutrophils with different concentrations of purified Ply, with and 

without supplementation of autologous plasma and subsequently assessed cytotoxicity and 

degranulation (Fig. 3, Paper IV). A generally lower cytotoxicity with supplementation of 

autologous plasma was most probably caused by specific anti-Ply antibodies in the plasma of 

all donors (Supp. Fig. 2, Paper IV). Based on the experiments with plasma supplementation, 

0.3125 µg Ply and 2.5 µg were defined as sublytic and lytic concentrations, respectively. 

Concentrations of 0.3125 µg Ply readily induced neutrophil degranulation. (Fig. 3, Paper 

IV). Immunofluorescence staining of stimulated neutrophils revealed accumulation of Ply on 

human neutrophils at sublytic concentrations (Fig. 3, Paper IV). Subsequently, neutrophils 

were stimulated with sublytic and lytic concentrations of Ply in the presence or absence of the 

pharmacological P2X7R-inhibitor AZ10606120 and/or the P2X7R agonist ATP (Fig. 4 and 

Fig. 4, Paper IV). ATP is known to be released during necrosis and apoptosis [176, 177]. In 

inflamed tissue, ATP can serve as a danger signal [165, 347] and is associated with neutrophil 

chemotaxis [167]. However, high concentrations of ATP are released in severe diseases such 

as sepsis and septic shock [348]. Receptor inhibition by AZ10606120 had no effect on 

neutrophil activation. It has recently been shown that Ply can bind to MRC-1 [26]. Because 

we specifically inhibited P2X7R, we cannot rule out the possible interactions of Ply with other 
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receptors. These interactions might not only affect neutrophil degranulation. For example, 

ATP can activate the inflammasome through signaling via P2Y receptors [349], whereas 

extracellular adenosine induces the inflammasome by activation of adenosine receptors [350]. 

Ply has also been reported to activate the inflammasome [278]. However, this activation is 

most likely attributed to K+-efflux after pore formation [351]. 

 

Figure 4: Extracellular ATP neutralizes pneumolysin-dependent neutrophil activation. (A) 
Purified primary neutrophils from healthy volunteers were stimulated with indicated concentrations of 
single agents or in combination for 2 hours and neutrophil degranulation was assessed. Each symbol 
represents purified neutrophils from 1 donor (n = 10). Horizontal lines depict median values. (B) 
Purified recombinant Ply was NT-647 labelled and binding affinity with ATP was determined using 
microscale thermophoresis. Each symbol represents mean values ± SD from 3 independent 
experiments (n = 3). The Kd values are indicated in the corresponding figures. 

 

 

A 

B 
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ATP reduced neutrophil degranulation in a concentration-dependent manner in co-stimulation 

with sublytic or lytic concentrations of Ply (Fig. 4 and Fig. 4, Paper IV). To evaluate the 

degranulation on secretome level, we co-stimulated neutrophils with sublytic or lytic 

concentrations of Ply and ATP. Three mM ATP significantly reduced the amount of identified 

proteins in the supernatant after co-stimulation with Ply (Fig. 4, Paper IV). Principal 

component analysis (PCA) of the whole secretome showed that secreted proteins from 

neutrophils which were stimulated with different Ply concentrations clustered together. This 

indicates that the proteins released by activation and lysis are similar (Fig. 4, Paper IV). 

After co-stimulation of neutrophils, the abundance of 59 proteins in the supernatant was 

significantly altered in comparison to Ply-stimulated neutrophils. 52 of those proteins were 

found in significantly lower abundance (Fig. 5, Paper IV). Using g:Profiler analyses, we 

found that the proteins with reduced abundance after co-stimulation were involved in 

neutrophil defense mechanisms including activation, degranulation and immune response 

(Fig. 5, Paper IV). 

 

4.4.3 Pneumolysin and extracellular ATP interact with each other 

 

Inhibition of the receptor P2X7R did not have any effect towards neutrophil degranulation in 

the presence of Ply. Yet, we observed an ATP-mediated effect on Ply-stimulated neutrophils. 

Therefore, we hypothesized that Ply and ATP directly interact with each other in the 

extracellular space. Microscale thermophoresis confirmed that Ply and ATP as well as ADP 

bind to each other in mM range (Fig. 4 and Fig. 6, Paper IV). The reduction of neutrophil 

degranulation (Fig. 4 and 5, Paper IV) can thus be attributed to the direct interactions 

between Ply and ATP. In the context of an excessive inflammation, extracellular ATP binds 

to Ply. This binding inhibits accumulation of Ply on the cell membrane and subsequently 

inhibits neutrophil degranulation thus mitigating further tissue damage. The observed Ply-

independent neutrophil activation (Fig. 1 and 2, Paper IV) might also be involved in this 

context. Ply-independently activated neutrophils and secretion of H2O2 by S. pneumoniae lead 

to cell death and tissue damage [341-343]. These factors contribute to elevated extracellular 

ATP concentrations which may inhibit Ply-mediated neutrophil degranulation. Olotu et al. 

recently showed that S. pneumoniae directly inhibits P2Y2-dependent purinergic signaling 

[352]. These results might further emphasize our data. Using alveolar epithelial cells, the 

authors noted increased intracellular Ca2+ concentrations after stimulation with ATP. This 
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ATP-induced intracellular Ca2+ flux was abrogated in the presence of S. pneumoniae. ATP-

mediated neutralization of Ply might explain the observed impaired P2Y2 signaling and 

abolished intracellular Ca2+ influx. The impaired ATP-mediated purinergic signaling might 

further affect neutrophil activation since Ca2+-dependent degranulation of human neutrophils 

and mast cells has been described [114, 173]. FESEM microscopy revealed drastic 

morphological changes of human neutrophils after exposure to sublytic concentrations of Ply 

(Supp. Fig. 5, Paper IV). These morphological changes were not apparent after co-

stimulation with sublytic concentrations of Ply and 3 mM ATP (Supp. Fig. 5, Paper IV). 

However, Ply-mediated neutrophil degranulation was not inhibited by the addition of ATP in 

donor two (Supp. Fig. 5, Paper IV). Inter-individual differences might explain this donor-

specific reaction towards ATP.  
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5 Concluding remarks 

 

Paper I 

In this study, we summarized current knowledge about the structure, assembly and function of 

the NLPR3 inflammasome and its involvement in inflammatory and autoimmune diseases 

(Paper I). Clinically approved drugs inhibiting IL-1 signaling do not lead to adverse side 

effects but are associated with the development of a bacterial infection. The role of the 

NLRP3 inflammasome in pneumococcal infections is still scarcely described. To better 

understand the host-pathogen interplay and the tight regulation of NLRP3 inflammasome 

activation in pneumococcal infections, this issue needs to be addressed in further studies. 

 

Paper II 

Activation of the innate immune system in response to infections is accompanied by the 

synthesis of pro- and anti-inflammatory bioactive lipid mediators. Here, we demonstrated 

distinct signatures of bioactive lipid expression for single agent- as well as co-infections 

(Paper II). The investigation of the pathogen-mediated changes in the bioactive lipid profile 

could help to deepen the knowledge of pathogen-specific host immune responses during viral 

and bacterial single as well as co-infections. Distinct signatures of the bioactive lipid profile 

after mild viral infections might serve as a biomarker at the very early onset of a viral and 

bacterial co-infection. However, in-depth analysis of the exact involvement of eicosanoids in 

complex immune reactions during an early stage of co-infection is still needed. 

 

Paper III 

Pneumococci are frequent colonizer of the human URT. Dysregulations, such as immune-

compromising therapies or viral infections, can lead to dissemination of those bacteria into the 

lower respiratory tract causing severe bacterial infections. In Paper III, we explored cytokine 

expression and myeloid cell composition during an early onset of a viral infection of 

S. pneumoniae colonized mice. We show that: 
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 Viral infection of S. pneumoniae colonized mice does not lead to the development of 

severe pneumonia per se but pneumococci were repeatedly present in the lungs of 50% 

of co-infected animals. 

 Single viral- and bacterial infections, as well as co-infections were characterized by 

high cytokine production and mainly an MCP-1 driven monocytic immune response. 

 Upregulation of CCR2 and MHCII in most myeloid cell types indicates an activated 

phenotype of respective cells. 

We reason that an early, strong induction of the innate immune system might help in the 

control of bacteria in the lung and leads to a full recovery of single virus- and co-infected 

mice. However, the development of a severe bacterial pneumonia after a viral infection is 

mostly observed in elderly people and patients with co-morbidities. In our model, we used 

healthy C57BL/6J mice. Further studies implementing co-morbid or elderly mice are strongly 

indicated. 

 

Paper IV 

Neutrophils are first recruited responders during an infection. They release their granule 

content into the extracellular space to combat extracellular pathogens. Excessive activation of 

neutrophils is associated with high tissue damage and poor outcome of an infection. Tissue 

damage will lead to an increased concentration of extracellular ATP. In Paper IV, we 

stimulated primary human neutrophils with ATP and the pore-forming pneumococcal toxin 

Ply. This study revealed that: 

 Ply is a potent activator of human neutrophils. 

 Extracellular ATP can bind to Ply in millimolar range. 

 Binding of ATP to Ply inhibits the activation of neutrophils. 

Collectively, we conclude that during an excessive inflammatory response to pneumococci, 

binding of extracellular ATP to Ply inhibits further neutrophil activation and subsequently 

limits immunopathological tissue damage. If this is a general mechanism which applies to 

other cholesterol-dependent cytolysins (e.g., streptolysin O, listeriolysin O, or suilysin) 

warrants further studies. 
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Abstract 
Introduction: Respiratory tract infections are a worldwide health problem for humans and animals. Different 
cell types produce lipid mediators in response to infections. These consist of eicosanoids like 
hydroxyeicosatetraenoic acids (HETEs) or oxylipins like hydroxydocosahexaenoic acids (HDHAs). Both 
substance classes possess immunomodulatory functions. However, little is known about their role in respiratory 
infections. 
Objectives: Here, we aimed to analyze the lipid mediator imprint in different organs of C57BL/6J mice in 
response to respiratory mono-infections with Streptococcus pneumoniae (pneumococcus), 
Staphylococcus aureus or Influenza A virus (IAV) as wells as pneumococcal-IAV co-infections. 
Methods: C57BL/6J mice were infected with different pathogens and lungs, spleen, and plasma were collected. 
Lipid mediators were analyzed using HPLC-MS/MS. In addition, spatial-resolution of sphingosine 1-phosphate 
(S1P) and ceramide 1-phosphate (C1P) in tissue samples was examined using MALDI-MS-Imaging. The 
presence of bacterial pathogens in the lung was confirmed via immuno-fluorescence staining. 
Results: We found mostly IAV specific changes for different HDHAs and HETEs in mouse lungs as well as 
enhanced levels of 20-HETE in severe S. aureus infection. Moreover, MALDI-MS-Imaging analyses of murine 
lungs and spleens showed an accumulation of S1P and C1P in response to pneumococcal and IAV co-infection. 
Long chain C1P was enriched in the red and not in the white pulp of the spleen. 
Conclusion: Lipid mediator profiling showed that the host response is in parts specific for a certain pathogen, in 
particular for IAV infection. Furthermore, MS-Imaging revealed a rise of S1P and C1P in lungs and spleen of 
co-infected animals, which was not described before. 
 
1 Introduction  

Infections of the respiratory tract are a global problem for human health [1]. This is strikingly apparent during 
the current SARS-CoV-2 pandemic [2]. Besides coronaviruses, airway infections can be caused by different 
bacterial and viral pathogens such as Staphylococcus aureus, Streptococcus pneumoniae (pneumococcus) [3] and 
influenza A virus (IAV) [4]. Moreover, bacterial and viral co-infections frequently occur, which can even 
aggravate the course of disease [5]. Host-derived bioactive lipids including eicosanoids and oxylipins are a group 
of lipids that have a substantial influence on the immune system. They are derived from different ω-3 and ω-6 
polyunsaturated fatty acids (PUFAs). PUFAs are released from cell membranes via hydrolysis by 
phospholipases. The most important PUFA precursors of oxylipin biosynthesis are arachidonic acid (AA), 
docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Major enzymes that biosynthesize oxylipins are 
lipoxygenases (LOX), cyclooxygenases (COX) and cytochrome P450 enzymes (CYPs). In addition, some of the 
oxylipins can be synthesized by transcellular biosynthesis [6], non-enzymatic reactions or during lipid 
peroxidation processes [7]. Pro-inflammatory as well as anti-inflammatory properties are described for these 
substances. These include but are not limited to immune cell attraction [8,9], stimulation of microvascular 
permeability [10], inhibition of interleukin-6 secretion by macrophages [11], activation of peroxisome 
proliferator-activated receptor (PPAR) [12], or inhibition of migratory ability of immune cells [13]. HPLC-
MS/MS techniques are widely used for the separation and detection of these lipid mediators [14,15]. 
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), are involved in immune system 
related processes [16-18]. The bioactive lipids S1P and C1P are able to induce eicosanoid synthesis through the 
activation of cytosolic phospholipase A2 [19] and COX-2 [20], respectively. The sphingolipid derivative C1P has 
pro-inflammatory properties, which include mast cell degranulation [21] and activation of cell migration. The 



Paper II 
 

64 
 

latter have been described for murine macrophages [22] and human monocytes [17]. High amounts of S1P are 
found in blood plasma and lymph fluid/node, whereas the concentration in the secondary lymphatic organs is 
very low. This S1P gradient is important for lymphocyte trafficking. According to lipid maps structure database, 
14 derivatives of C1P with different acyl chain length are described [23]. Due to limited techniques, little is 
known about the distribution of C1P and S1P in immune system related organs. Matrix-assisted laser ionization 
MS imaging (MALDI-MS-Imaging) enables the measurement of the spatial distribution of metabolites or 
proteins within cryo-sections of tissue samples.  
The aim of this study was to analyze alterations in the eicosanoid profile of different organs in response to 
respiratory tract infections of C57BL/6J mice. Therefore, mice were either mono-infected with IAV, S. aureus, 
S. pneumoniae or colonized with S. pneumoniae and subsequently infected with IAV. Lipid mediator 
composition in response to the variety of infections were determined in different organs using HPLC-MS/MS. 
The spatial distribution of the bioactive lipids C1P and S1P were analyzed via MALDI-MS-Imaging.  

2 Material and Methods 

2.1 Ethics statement 

All animal experiments were carried out in accordance with the regulations of the German Society for 
Laboratory Animal Science (GV-SOLAS) and the European Health Law of the Federation of Laboratory Animal 
Science Associations (FELASA). All experiments were approved by the Landesamt für Landwirtschaft, 
Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern (LALLFV M-V, Rostock, Germany; permit no. 
7221.3-1.1-032/17). 

2.2 Bacterial and viral strains  
S. pneumoniae 19F (EF3030), a nasopharynx isolate from a child with frequent otitis media episodes [24,25], 
was grown on blood agar plates (Oxoid) and cultivated to mid-log phase (optical density [OD]600, 0.35-0.40) in 
Todd-Hewitt broth (Carl Roth) supplemented with 0.5% (w/v) yeast extract (Carl Roth) at 37°C and 5% CO2. 
Colonizing S. aureus strain SA113 and invasive USA300 strain LUG2012 [26] were cultured overnight at 37°C 
in casein hydrolysate and yeast extract (CCY) medium. Influenza virus A/Bavaria/74/2009 (H1N1) was 
propagated as described by Eisfeld and colleagues [27]. 

2.3 Infection of C57BL/6J mice 

Groups of 4-6 female C57BL/6J mice (8-12 weeks old; Janvier Labs) were intranasally colonized or infected 
under ketamine/xylazine anesthesia with S. pneumoniae, S. aureus, or H1N1. For colonization with S. 
pneumoniae 19F (19F-C), 20 µl PBS containing 1×107 CFU were administered. For pneumonia with S. 
pneumoniae 19F (19F_P), 1×108 CFU in 20 µl PBS were applied. For infections with SA113, 20 µl PBS 
containing 1×108 CFU were administered. Staphylococcal pneumonia with LUG2012 was induced using 20 µl 
PBS containing 1×107 CFU. For viral infections, 42 µl PBS containing 100,000 PFU were used. Control mice 
were mock-treated with an equivalent volume of PBS. For pneumococcal-IAV co-infections, a natural model of 
infection was used. Therefore, mice were colonized with pneumococci for seven consecutive days followed by 
IAV infection. Animals were observed daily for weight and clinical score monitoring. At different time points, 
mice were euthanized and blood, spleens and lungs were harvested. Blood was collected through cardiac 
puncture. Plasma was obtained by centrifugation (10 min, 1,000×g) and stored for further analyses at -80°C. 

2.4 Lipid mediator extraction 

Whole frozen lungs and spleens were powderized using a CP02 automated cryoPREP® (Covaris). Briefly, the 
frozen tissue was transferred into a tissue tube (Covaris, extra thick) and cooled down by dipping it in liquid 
nitrogen for 60 s. Next, the sample was powderized with an impact level of four. This step was repeated. 50 mg 
of powder were immediately extracted with 500 µL ice cold methanol (Roth®) containing 0.1 % 3,5-Di-tert-4-
butylhydroxytoluene (Sigma-Aldrich) and 500 µL ice cold water. Next, the internal standard consisting of 12-
HETE-d8 and 13-HODE-d4 (both 100 ng/ml in acetonitrile; Cayman chemicals) was added. Alkaline hydrolysis 
was performed by adding 300 µL of sodium hydroxide (10 mol/L; Sigma-Aldrich) followed by an incubation for 
30 min at 60°C. Immediately after hydrolysis, the pH was adjusted to a value of 6 using acetic acid (10 mol/L, 
VWR®). For EDTA plasma samples, an aliquot of 100 µL was hydrolyzed and extracted as described for the 
tissue material. Afterwards, solid phase extraction was done as previously described [28]. 

2.5 LC-MS/MS measurement of lipid mediators 
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Extracts were dried under nitrogen flow (TurboVap® from Biotage®) and reconstituted in 70 µL 80% acetonitrile 
(Th. Geyer®). Dynamic multiple reaction monitoring LC-MS/MS analysis was performed using an Agilent® 
HPLC system (1200 series) coupled to an Agilent® 6460 Triple quadrupole mass spectrometer with electrospray 
ionization source in negative mode. The separation was done with a Gemini® (Phenomenex, Torrance, CA, 
USA) NX-C18 column (3 µm, 100×2 mm) and equivalent pre-column. The separation method and MS 
parameters were described previously [29]. Calibration curves with MS-certified standards (Cayman chemicals) 
for absolute quantification (range between 0.5 ng/mL and 50 ng/ml for HETEs and EETs, curve type quadratic, 
weighting 1/x) and deuterated internal standards were used. Eicosanoid classes without appropriate MS-certified 
standards (HEPE, HODE; HDHA) were normalized to the response of the internal standard and stated in 
arbitrary units (AU) in the plots. Agilent Mass Hunter Qualitative Analysis software and Agilent Mass Hunter 
Quantitative Analysis software (both version B.07.00) were used for MS data analysis. 

2.6 MALDI-FTICR-MS imaging 

2.6.1 Tissue preparation 

Complete mouse lungs were embedded in 1% carboxymethylcellulose (high viscosity, Sigma-Aldrich) and 
frozen for 24 hours at -80°C. Cryosections of OCT embedded lungs (20 µm) and spleens (10 µm) were prepared 
using a Leica CM 1950 cryostat. Sections were transferred on cooled ITO coated glass slides (Bruker) and 
immediately lyophilized for 30 min. The MALDI matrix 9-aminoacridine (10 mg/mL from Sigma-Aldrich in 
70% ethanol from Roth®) was sprayed on tissue sections using a HTX TM-Sprayer™ with the following 
parameters: N2 pressure 10 psi, nozzle temperature: 65°C, solvent flow: 0.125 mL/min, drying time: 10 s, track 
space: 2 mm and 4 passes. 

2.6.2 Measurement 

For MALDI-MS imaging, a solarix XR (Bruker) mass spectrometer (FT-ICR-MS) operating in negative 
ionization mode was used. The analyzed mass range was between 150-1000 m/z and the mass of 9-aminoacridin 
was used for online calibration. The following ion transfer parameters were used: time of flight of 0,750 ms, 
4 MHz frequency and RV amplitude of 350 Vpp. The capillary exit was -150 V and Funnel 1 was set to 150 V. 
The laser focus was small with a frequency of 1000 Hz, 200 shots and a raster of 50 µm. An imaging run was 
done using flexImaging software (Bruker) and lipids were identified using the HMDB and lipid maps® database 
with a mass tolerance of 5 ppm. In addtion, identification of ceramide-1 phosphate and sphingosine-1 phosphate 
was done with standard compounds (Cayman chemicals). 

2.7 Histology  

2.7.1 H&E staining 

After MALDI-MS imaging measurements, MALDI matrix was removed from the tissue sections via 60% 
ethanol wash. Next, the H&E staining was performed and tissue section scans were done using Reflecta MF5000 
scanner. 

2.7.2 Immunofluorescence staining 

Lung cryosections (20 µm) were fixed in ice-cold 4% formaldehyde (Roti®-Histofix) solution for 20 min and 
subsequently washed three times for 20 min with PBS. Afterwards, the sections were permeabilized via 60 min 
incubation in PBS-TX (PBS containing 1% BSA (Sigma-Aldrich), 0.01% sodium azide and 0.3% Triton™ X-
100). After buffer removal, 30 µl of primary antibody solution containing rabbit anti-S. aureus antibody 
(ab20920, Abcam) or rabbit anti-S. pneumoniae (in house production of the S.H. laboratory) was added to the 
lung sections and incubated for 60 min in a humidity chamber. Slides were then washed five times for 2 min 
with PBS-TX. 30 µl of the secondary goat anti-rabbit AF488 IgG (H+L) (Thermo Fisher) combined with 
phalloidin atto 550 (Sigma-Aldrich) and bisBenzimide H33258 (Sigma-Aldrich) was added and samples were 
incubated for 60 min. Finally, the sections were washed three times with PBS-TX and two times with PBS 
before embedding with mowiol 4-88 (Roth®).  

2.8 Statistics 
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Lipid mediator analyses of mice organs were performed for 8-10 biological replicates and in at least 13 replicates 
for PBS control experiments. Data are presented as mean values ±SD. Multiple comparisons were done using 
Kruskal-Wallis-test with Dunn´s multiple comparison post-test. Statistics were performed using GraphPad Prism 
software (version 7.05). A p-values less than 0.05 was considered significant. MALDI-MS-imaging was 
performed with three replicates and discriminative m/z signals were analyzed using receiver operating 
characteristics (ROC) analysis tool (area under curve > 0.75) from SCiLS Lab software. Image data were 
normalized using total ion count normalization. 

3 Results 

3.1 Clinical scoring and lung infiltration post different infections of mice 

It was shown that low dose (1×107 CFU) intranasal application of pneumococcal strain 19F (19F_P) results in 
asymptomatic colonization of mice for at least 16 consecutive days. In contrast, high dose (1×108 CFU) of the 
same strain induces pneumonia within two days (19F_P) (Cuypers et al. 2021 submitted). Furthermore, it was 
shown that infections of 19F_C mice with low pathogenic IAV are characterized by a pronounced immune 
response already at the asymptomatic early stage of co-infection. This response was equivalent to that in single 
pneumococcal pneumonia (Cuypers et al. 2021 submitted). Therefore, we aimed to determine the eicosanoid 
profile at exactly the same time points. To track pathogen specific imprints, infections with colonizing S. aureus 
SA113 and highly invasive LUG2012 were also performed. Mice infections with SA113 were characterized by 
an initial increase in clinical score during the first two days post infection (dpi) and a full recovery of mice on 
day three (Figure S1A). In contrast, LUG2012 application resulted in pneumonia and high clinical score within 
8 hours post infection (Figure S1B). As previously shown, colonization of mice with pneumococcal strain 19F 
was characterized by an initial increase in clinical score and full recovery of the animals within five days 
(Figure S1C). Intranasal application of a high dosage of pneumococci induced pneumonia accompanied by a 
clinical score peaking at day two post infection (Figure S1C). IAV infections of mice lead to a continuously 
increasing clinical score peaking at day five post infections (Figure S1D). Next, mice were colonized with 
S. pneumoniae 19F for seven days and subsequently infected with IAV for additional two days. The results 
confirmed previously observed phenotype of infections. Two days post viral infection, no clinical signs of 
pneumonia were observed (Figure S1E). Mice were sacrificed at the respective end time points and blood 
plasma, spleens, and lungs were harvested. Bacterial presence in the lungs was confirmed via 
immunofluorescence staining (Figure S1F). Both, LUG2012 and 19F showed a strong invasion of the lungs in 
staphylococcal and pneumococcal pneumonia groups, respectively. In contrast, only traces of SA113 were 
detected in mice lungs (Figure S1F).  

3.2 Eicosanoid analysis of the lungs 

First, we aimed to profile local eicosanoid composition in response to single bacterial or viral infections in mice 
lungs. In general, major changes were observed in symptomatic IAV infections (Figure 1). In contrast, only 
minor or no effects were seen in staphylococcal or pneumococcal infections, respectively (Figure 1). Enhanced 
levels of mainly LOX-derived lipid mediators were detected in acute IAV infection. These include pro-
inflammatory 5-and 20-HETE as well as anti-inflammatory 12-and 15-HETE (Figure 1). Furthermore, enhanced 
levels of anti-inflammatory 13-, 14-and 17-HDHA were noticed in mice lungs during an acute IAV infection. In 
contrast, LUG2012 staphylococcal pneumonia was characterized by enhanced levels of 20-HETE, 15- and 18-
HEPE (Figure 1). Acute pneumococcal infections had no influence on lipid mediator composition of the lungs, 
whereas enhanced amounts of only 15-HEPE were detected in infections with S. aureus SA113 strain. 
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Figure 1: Lung oxylipin amounts in response to bacterial and viral single-infections: control (black), S. pneumoniae induced 
pneumonia (red), IAV (yellow), S. aureus strain LUG2012 (dark green) and strain SA113 (light green). The bars denote mean 
values ± standard deviations. The level of significance was determined using Kruskal-Wallis test with Dunn´s multiple 
comparison test (controls (n =13) and infections (n≥8). P-values less than 0.05 were considered significant and are indicated 
by asterisks. Oxylipin amounts were normalized to the sample weight of 100 mg. 

 

Next, we aimed to analyze eicosanoid profile of the lungs during pneumococcal and IAV co-infections. A 
natural route of co-infection was used for this analysis. Therefore, mice were colonized with pneumococcal 
strain 19F for seven days and subsequently infected with IAV for two additional days. Our previous analyses 
revealed that even at the asymptomatic stage, co-infected mice showed a massive immune cell influx and a 
hyper-inflammatory response in the lungs. As shown in Figure 2, pneumococcal colonization as well as initial 
asymptomatic single IAV infection had no significant impact on eicosanoid profile of mice lungs. In contrast, 
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co-infections led to alterations and particularly to decreased amounts of 20-, 12-, and 5-HETE. Furthermore, 
elevated levels of 18-HEPE were exclusively detected in lungs of co-infected mice (Figure 2).  

 
Figure 2: Lung oxylipin amounts in response to co-infection with S. pneumoniae and IAV: control (black), S. pneumoniae 
colonization (red), IAV (yellow) and co-infection (orange). The bars denote mean values ± standard deviations The level of 
significance was determined using Kruskal-Wallis test with Dunn´s multiple comparison test (controls (n =13) and infections 
(n≥6). P-values less than 0.05 were considered significant and are indicated by asterisks. Oxylipin amounts were normalized 
to the sample weight of 100 mg. 

 

In addition to oxylipin measurement, the proteome profile of infected lungs was analyzed. Perturbations were 

found for several enzymes involved in lipid mediator biosynthesis. Increased cytosolic phospholipase A2 

(cPLA2) levels, an enzyme responsible for the release of lipid mediator precursors from plasma membrane, were 

found in acute IAV infections (Table S1). Furthermore, enhanced amounts of the 5-LOX-activating protein 

(FLAP) were detected in lungs of IAV-infected animals. These results congruent with augmented amounts of the 

corresponding HETEs, HEPEs and HDHAs in the lungs of IAV-infected animals. Moreover, the comparison of 

samples from IAV infection obtained from the two different time points 2 and 5 dpi showed enhanced levels of 

cPLA2 at 5 dpi.  

 

3.3 Eicosanoid analysis of the blood plasma and spleen 
Next, systemic eicosanoid profiling of mice plasma and spleens was performed. Analysis of plasma samples 
from infected mice revealed significant perturbations in particular in response to acute bacterial mono-infections 
(Figure 3 left panel). Pneumococcal pneumonia was characterized by elevated levels of EETs and HDHAs. 
Enhanced levels of 12-, 15- and 20-HETE as well as 14-and 17-HDHA were measured in mice plasma of 
S. aureus LUG2012 infected animals (Figure 3 left panel). S. pneumoniae colonization of mice had no impact on 
eicosanoid composition in plasma. However, co-infection profiles followed mostly IAV-mediated changes 
(Figure 3 left panel). IAV infections of both, colonized and non-colonized mice, were characterized by decreased 
amounts of 12-, 15- and 20-HETE as well as 13-HODE and 17-HDHA in comparison to the PBS control. A rise 
in 18-HEPE in plasma was exclusively detected in co-infections. Furthermore, plasma analyses revealed that 
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already at early stages of IAV infections a decrease in 9-HODE and 13-HODE is most prominent. This IAV-
mediated signature was also observed in co-infections (Figure 3 left panel). 
In contrast to plasma, only minor changes in lipid mediator composition of the spleens were observed. 
Particularly increased level of 20-HETE for S. aureus LUG2012 infection and co-infections were noted (Figure 
3 right panel). The amount of 11,12-EET was enhanced in mild SA113 infections. In contrast, 13-HODE and 
other EETs were decreased in these infections. Pneumococcal and IAV co-infection profiles followed mostly 
IAV- or colonization mediated patterns (Figure 3 right panel).  

 
Figure 3: Heatmap displaying fold change (infection/control or co-infection/corresponding mono-infection) of lipid mediator 
amounts from blood plasma (left panel) and spleen (right panel). Decreased levels are shown in green, increased amounts in 
red. The oxylipin amounts were normalized to sample weight of 100 mg (spleen) or 100 µL (blood plasma). 15-HEPE was 
not detected in plasma samples. 

3.4 MALDI-MS-Imaging reveals rise of S1P and C1P under co-infection 

In addition, we analyzed the spatial resolution of bioactive S1P and C1P (CerP) in lung and spleen samples. For 
statistical evaluation, ROC analysis was used and the resulting AUC values are listed in Table S2. This method 
is used to identify m/z values discriminating different conditions [30,31]. The measurements of the spleen 
samples revealed that the amount of S1P decreased during single SA113 and IAV as well as in co-infections 
(Figure 4). Several derivatives of C1P with different acyl chain lengths exist. Three of these derivatives (C18:0, 
C24:1 and C26:1) were analyzed. Decreased amounts of these derivatives were detected in spleens of IAV-
infected mice. In contrast, an increase was observed in co-infected animals (Figure 4). Moreover, we observed 
that the distribution of the long chain C1P (d18:1/26:1(17Z)) was higher in the red pulp as compared to the white 
pulp (Figure 4). The co-infection led to increased amounts of all three C1P derivatives in the red pulp, whereas 
the infection with S. aureus LUG2012 or S. pneumoniae colonization had no effect. 
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Figure 4: MALDI-MS-Imaging and H&E staining of spleen samples. Representative images of spleens from three animals 
per condition are shown. The measurements include samples of infections 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. 

In lungs, S1P deposition was mostly affected in S. pneumoniae colonized and IAV-infected animals. 

Colonization with S. pneumoniae resulted in reduced S1P levels, whereas IAV infection led to accumulation of 

these substance (Figure 5). Furthermore, a drop in C1P (d18:1/18:0) levels in S. pneumoniae colonized animals 

was noted. In contrast, enhanced amounts of C1P derivates (d18:1/18:0) and (d18:1/24:1(15Z)) were detected in 

lungs of co-infected mice (Figure 5).  
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Figure 5: MALDI-MS-Imaging of lung samples. Representative images from three from three animals per condition are 
shown. The measurements include samples from infection with S. aureus strains SA113 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. 

 

4 Conclusions  

The oxylipin analysis of different sample types from respiratory tract infection revealed that mainly acute IAV, 
S. aureus LUG2012 and pneumococcal-IAV co-infections are responsible for the majority of changes in the 
composition of bioactive lipids. Perturbations focusing on eicosanoids were observed in lungs which had direct 
exposure to pathogens as well as in plasma. Furthermore, an increase of C1Ps with different chain length was 
noted in spleens of co-infected animals and particularly in red pulps. In contrast, S1P levels decreased in lungs 
and spleen in co-infections. 
The immunomodulatory function of C1P is still under debate. On the one hand, C1P is believed to have pro-
inflammatory properties including activation of cell migration, which is described for murine macrophages [22] 
and human monocytes [17]. On the other hand, C1P seems to prevent the biosynthesis of pro-inflammatory 
ceramides during respiratory infections [32]. S1P is mainly known for its pro-inflammatory properties including 
the activation of eicosanoid synthesis through activation of COX-2 [20]. S1P is not distributed equally among 
organs and body fluids. High amounts of S1P are found in blood plasma and lymph nodes, whereas the 
concentration in the secondary lymphatic organs is very low. This S1P gradient is important for lymphocyte 
trafficking [33]. Analysis of lung S1P levels showed an increase of S1P in IAV infections, which might be 
beneficial for immune cell migration. Indeed, the enzyme sphingosine kinase SphK, which is responsible for S1P 
biosynthesis was shown to be upregulated by IAV to promote virus propagation [34]. However, an accumulation 
of S1P in the lungs of co-infected animals was not detected which is in congruence with acute single 
pneumococcal infections. Potentially, pneumococci masked IAV-mediated S1P signature of the lungs. 
Moreover, an acute IAV infection led to a strong increase in HETE and HDHA levels in the lungs. Such effects 
were previously observed in lungs of IAV-infected pigs [28] and mice [35,36]. Our proteome data confirmed this 
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observation. In particular, 17-HDHA is known for its positive effect on host antibody production against IAV 
[37]. Beside its positive effect on host B cell activation, 17-HDHA is able to inhibit viral nucleoprotein mRNA 
expression in human lung epithelial cells [28]. In line with this, elevated 17-HDHA levels were observed in 
endotracheal aspirates of children diagnosed with acute IAV infections [38]. However, this phenomenon was not 
observed in children with co-infections. A similar effect was reported for 12-and 15-HETE in IAV infections 
[35]. 12-and 15-HETE are believed to be of anti-inflammatory nature and elevated levels of both were associated 
with severe IAV infections [35]. In line with the published data, our analyses showed that HETE and HDHA 
increase in acute symptomatic IAV infections. However, this effect is probably masked by bacteria in co-
infections or in contrast to our study, requires an acute and symptomatic stage of infection. 
Our study also shows a prominent role of 20-HETE in highly invasive infections with S. aureus LUG2012. All 
analyzed samples showed elevated levels of this lipid mediator. Indeed, rising 20-HETE levels are associated 
with sepsis and particularly a protective effect in cardiac function is linked to this molecule. [39]. There is 
evidence, that the rise of 20-HETE may not only be associated with S. aureus but with severe infections in 
general [40], which was also observed in other studies [39,41]. 
In conclusion, our analyses reveal broad changes of lipid mediator levels in organs of different infection 
scenarios. Particularly the lung material is a promising sample type to study eicosanoid profiles in respiratory 
tract infections. Moreover, MALDI-MS-Imaging showed great potential to study local host reactions to different 
types of infection.  
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Supplemental Material 

 

Figure S5: Clinical scores of mice infected with S. aureus strain 113 for three days (A) and strain LUG2012 for eight hours 
(B); (C) colonization of mice with S. pneumoniae 19F for seven days (blue) and acute pneumococcal pneumonia with the 
same strain (red); (D) acute IAV infection; (E) co-infection: (black line) control colonization of mice with S. pneumoniae 19F 
for nine days, (green line) control IAV infection of mice which were challenged with PBS on day 0 and infected with H1N1 
on day 7, (red line) co-infection group which was colonized on day 0 and infected with H1N1 on day 7. With exception for 
(E), clinical scores of PBS challenged control (non-infected) animals are shown in black. Representative images of lungs 
from immune fluorescent staining are shown in (F). Lung infiltrating bacterial pathogens S. aureus and S. pneumoniae are 
illustrated in green, nuclei in cyan and actin filaments from lung tissue in purple. 
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Table S1: Log2 ratio of altered proteins involved in oxylipin biosynthesis in the lungs. Glutathione peroxidase 1 (GPX1), 5-
LOX-activating protein (FLAP), 12-lipoxygenating 15-LOX and cytosolic phospholipase A2 (cPLA2) were detected in lung 
samples from separate infection experiments. Displayed are significant ratios with a Benjamini-Hochberg corrected p-value 
<0.05. For pneumococcal infections, induced pneumonia was compared to the control and colonization was compared with 
co-infection. 

 S. pneumoniae 

vs control 

IAV 5 dpi  

vs control 

co-infection 

vs control 

IAV 5 dpi 

vs S. pneumoniae 

IAV 5 dpi 

vs IAV 2 dpi 

GPX1 - - -0.23 - - 

FLAP 0.96 0.81 - - 0.83 

15-LOX - - 0.66 - - 

cPLA2 - 0.84 - 0.54 0.92 

 

 

Table S2: AUC values from ROC analysis of lung and spleen for S1P and CerPs for the different infection conditions. 
 

S1P CerP (d18:1/18:0) CerP (d18:1/24:1(15Z)) CerP (d18:1/26:1(17Z)) 

lung 
    

control vs S. pneumoniae 0.800 0.788 0.778 0.834 

control vs IAV 0.248 0.272 - - 

control vs coinfection  - 0.096 0.128 - 

IAV vs coinfection 0.834 0.181 0.168 - 

spleen 
    

control vs IAV 0.916 0.950 0.892 0.793 

control vs coinfection  0.912 0.165 0.207 0.249 

IAV vs coinfection - 0.060 0.100 0.218 

S. pneumoniae vs coinfection - 0.230 0.091 - 
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Abstract 

 

Streptococcus pneumoniae (pneumococcus) is a typical colonizer of the nasopharyngeal 
cavity. Seasonal Influenza A virus (IAV) infections can promote dissemination of 
pneumococci to the lower respiratory tract resulting in severe life-threatening pneumonia, 
which is mostly observed in elderly people and individuals with comorbidities. This study 
aimed to elucidate the innate immune responses in a murine model mimicking a natural route 
of infection in young and healthy individuals. Female C57BL/6J mice were colonized with 
pneumococcal strain 19F and inflammatory responses after subsequent IAV infection were 
determined in the lungs and plasma. Single viral and bacterial infections were used for 
comparison. Cytokine and innate immune cell imprints of the lungs were analyzed by flow 
cytometry. Pneumococcal strain 19F at lower infectious dose stably colonized mice, whereas 
application of a high dose of pneumococci resulted in severe pneumonia. Irrespective of the 
colonization status, mild H1N1 IAV infection was characterized by a bi-phasic disease 
progression resulting in a full recovery of the animals. Cytokine analyses of the lungs and 
plasma revealed that already at the non-symptomatic stage of viral infection the pro-
inflammatory response was as high as in symptomatic pneumococcal pneumonia. Influx of 
inflammatory monocytes in the lungs was observed in all infections, while neutrophil influx 
was limited to bacterial infections. Reduced numbers of interstitial and alveolar macrophages 
were seen in severe pneumococcal infections only. Conventional dendritic cells (cDCs) were 
also reduced in IAV infections. In contrast, plasmacytoid DC counts were elevated in co-
infections. The majority of cells, except for monocytes, displayed an activated phenotype 
characterized by elevated levels of CCR2 and MHCII expression. In conclusion, our analyses 
show that an orchestrated early innate immune response is needed to control the outcome of 
the infection.  
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1. Introduction 

Community-acquired pneumonia (CAP) is a common disease of the lungs in individuals who 

have not been hospitalized recently. The annual incidence rate ranges from five to eleven 

cases per 1,000 in human populations in Europe and North America [1]. The Gram-positive 

pathogen Streptococcus pneumoniae (pneumococcus) remains the most commonly identified 

cause of CAP [2]. During seasonal influenza outbreaks, the circulating influenza viruses, 

including influenza A virus (IAV), become the major cause of CAP. The acquisition of IAV 

may also lead to a secondary bacterial infection as a major contributor to additional life-

threatening complications [3]. Several studies have shown that IAV infections predispose the 

host to bacterial dissemination to the lower respiratory tract through (i) augmented bacterial 

adhesion to the lung epithelium, (ii) IAV-mediated dysregulation and/or (iii) suppression of 

the innate and adaptive immune axes, and (iv) virus-induced alterations of the microbiome [4-

6]. However, several studies have shown that severe co-infections are particularly linked to 

individuals with comorbidities, elderly people (age >65), pregnant women, and children under 

the age of one, and that the majority of healthy individuals recover from such severe 

infections [7]. 

The innate immune system is of crucial importance in limiting viral replication and spread as 

well as combatting the onset of subsequent bacterial infection of the lungs [3]. At early stages 

of infection, resident professional phagocytes as wells as recruited neutrophils and monocytes 

are the first responders. Two major populations of macrophages reside within the lungs: 

alveolar (AMs) and interstitial macrophages (IMs) [8]. AMs reside within the alveolus, 

whereas IMs localize in close proximity to the alveolar septum within the interstitial space 

[9]. AMs are mainly involved in pathogen sensing and rapid recruitment of leukocytes [10]. 

IMs are less abundant exhibiting reduced phagocytic potential. They initiate a distinct 

response to pathogenic stimuli [11, 12]. Several studies investigated the role of AMs in severe 

viral and bacterial mono- as well as co-infections. It was shown that IAV infection leads to a 

depletion of AMs in the lungs, which results in pneumococcal overgrowth, subsequent severe 

tissue pathology, and fatal outcome [13, 14]. However, it was also demonstrated that 

interleukin (IL)-1 signaling prevents AM depletion and, therefore, AMs are critically involved 

in host resistance to IAV and pneumococcal co-infection [15]. In contrast, the role of IMs in 

infections is not clear yet. It was shown that IMs tightly control lipopolysaccharide (LPS)-

induced airway inflammation by producing IL-10, thereby, preventing dendritic cell (DC) 

migration and maturation [11].  
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As innate sentinel cells of the lung, resident as well as recruited DCs respond rapidly to an 

infection. After phagocytosis, they migrate to the draining lymph nodes and present processed 

antigens, thereby inducing the adaptive immune response [16-18]. The immune system has 

two major groups of DCs, conventional myeloid DCs (cDCs) and plasmacytoid DCs (pDCs) 

with distinct characteristics but several overlapping functions [19]. Both, cDCs and pDCs 

present antigens and produce type I interferons (IFNs) in response to viral infections. 

However, pDCs produce 100-1000 fold more type I IFNs in response to virus infection than 

other cell types [20, 21]. Murine cDCs are further subdivided into CD103+ and CD11b+ cDCs 

which are found throughout the entire body [22]. Following mild IAV infection, CD103+ 

cDCs migrate from the intraepithelial base of the lungs to the draining mediastinal lymph 

nodes and present antigens to naïve CD4+ and CD8+ T cells [23]. In contrast, during severe 

influenza infection, CD11b+ cDCs, but not CD103+ cDCs, accumulate in the draining lymph 

nodes and are the predominant DC subset responsible for CD8+ T cell stimulation [24]. 

Furthermore, CD11b+ cDCs are mainly responsible for cytokine production and recruitment 

of pro-inflammatory cells to the site of infection [25]. Only a few studies analyzed the role of 

DCs in IAV and pneumococcal co-infections. It was shown that only monocyte-derived DCs 

from co-infected animals produce IL-12p70, which required type I IFNs and bacterial RNA 

for priming [26, 27]. Furthermore, contradicting data on cDC counts in mice lungs post IAV 

challenge are reported. While Beshara and colleagues have shown that IAV infection results 

in reduced cDC counts in lungs and consequently predisposes mice to a severe IAV-

pneumococcal co-infection [28], Ballesteros-Tato et al. demonstrated elevated levels of lung 

DCs post IAV challenge and a potentially protective effect [24]. 

Neutrophils and monocytes are also rapidly recruited to the site of infection [29, 30]. Three 

distinct mechanisms to fight an infection are employed by neutrophils: phagocytosis, 

degranulation, and formation of neutrophil extracellular traps [31]. Recently, it was described 

that after exposure to influenza hemagglutinin, neutrophils can also function as antigen-

presenting cells [32]. However, excessive activation of neutrophils results in release of a 

plethora of molecules, including proteases, DNases and other tissue damaging components 

leading to a substantial tissue pathology [33, 34]. In the hyper-inflammatory environment, 

recruited monocytes can differentiate to DCs/macrophages or directly phagocytose pathogens. 

A sustained increase of pro-inflammatory monocytes was found in IAV-infected patients [35]. 

This observation was further confirmed in a mouse model showing that the increase in pro-

inflammatory monocytes due to IAV challenge was associated with increased tissue 

pathology [35]. Jochems and colleagues suggested a pivotal role of both recruited cell types in 
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pneumococcal and IAV co-infections. They demonstrated that pneumococcal carriage is 

associated with a quick influx and degranulation of neutrophils and a subsequent recruitment 

of monocytes, while challenge of colonized individuals with life-attenuated IAV impaired 

these immune responses [36].  

Most of the studies mentioned above focus on lethal effects of bacterial and viral co-

infections and are limited to a role of one particular immune cell type. Furthermore, the 

majority of studies used the application of a lethal mouse-adapted IAV followed by a second 

step of intranasal or intratracheal application of an invasive pneumococcal strain. In contrast, 

we aimed to characterize the immune response of healthy juvenile mice, which should be able 

to clear both pathogens. We analyzed the innate immune cell imprint of the lungs at early 

non-symptomatic stages of single IAV and/or pneumococcal infections as well as in co-

infections. We used a potentially more natural route of infection by first colonizing the mice 

with pneumococci followed by an intranasal IAV challenge. We show that colonizing 

pneumococci can asymptomatically persist in the nasopharyngeal cavity of mice. IAV 

infection of colonized mice results in trafficking of the bacteria to the lungs in 50% of cases. 

Viral infections and viral-bacterial co-infections were characterized by a complete recovery of 

the animals after a bi-phasic course of disease. The early non-symptomatic state of infections 

was characterized by elevated cytokine levels irrespective of the infection type. Analyses of 

the innate immune cell composition showed infection-driven imprint with no specific features 

of co-infection. However, already at the non-symptomatic stage, the inflammatory response 

was as high as in bacterial pneumonia, which might explain why there is no disease 

exacerbation in the majority of individuals.  
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2. Materials and Methods 

 

2.1. Bacterial and viral strains 

Streptococcus pneumoniae 19F (EF3030), a nasopharynx isolate from a child with frequent 

otitis media episodes [37, 38], was grown on blood agar plates (Oxoid) and cultivated to mid-

log phase (optical density [OD]600, 0.35-0.40) in Todd-Hewitt broth (Carl Roth) supplemented 

with 0.5% (w/v) yeast extract (Carl Roth) at 37°C and 5% CO2. Influenza virus 

A/Bavaria/74/2009 (H1N1) was propagated as described by Eisfeld and colleagues [39]. 

2.2. Ethics statement 

Buffy coats of blood provided by the blood bank at the University Medicine Greifswald were 

used. The buffy coats were provided anonymously. The ethical research committee at the 

University Medicine Greifswald approved the study (ref. no: BB 006/18). All experiments 

were carried out in accordance with the approved guidelines. 

All animal experiments were carried out in accordance with the regulations of the German 

Society for Laboratory Animal Science (GV-SOLAS) and the European Health Law of the 

Federation of Laboratory Animal Science Associations (FELASA). All experiments were 

approved by the Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei 

Mecklenburg-Vorpommern (LALLFV M-V, Rostock, Germany; permit no. 7221.3-1.1-

032/17). 

2.3. Eukaryotic cells, culture conditions, and infections 

To isolate human monocytes, PBMCs were isolated from buffy coats by Lymphoprep (Axis-

Shields) gradient centrifugation. Cells were allowed to adhere in cell culture flasks (Corning) 

for 30 min at 37°C in serum free RPMI1640 media (HyClone). The non-adherent cells were 

removed by washing with PBS (HyClone). The remaining monocytes were detached and 

1×106 cells/well were seeded in 6-well plates (Corning) to allow the monocytes to rest over-

night in cell culture media containing 10% (v/v) FCS (Invitrogen). 

Human monocyte-derived macrophages were generated by culturing primary human 

monocytes in 6-well plates for 6 days at a density of 2-3x106 cells/well, with a media change 

on day 4. Monocytes were differentiated to pro-inflammatory macrophages in cell culture 

media containing 25 ng ml−1 GM-CSF for 6 days, followed by LPS (100 ng ml−1) stimulation 
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for additional 2 days. Monocyte-derived anti-inflammatory macrophages were generated by 

stimulation of monocytes in cell culture media containing 50 ng ml−1 M-CSF for 6 days, 

followed by additional IL-4 (20 ng ml−1) stimulation for 2 days. J774A.1 mouse 

monocytes/macrophages (ATCC TIB-67) were cultured in RPMI1640 containing 10% (v/v) 

FCS. All cells were cultured under 37 °C and 5% CO2 atmosphere. 

All infections were performed at a multiplicity of infection (MOI) 50 in a final volume of 3 

ml of the respective media. Intracellular bacteria were quantified using the antibiotic 

protection assay [40]. For the assay, the cells were washed and infected with pneumococci. 

For the assessment of intracellular bacteria, 4 h after infection (t-1), the cells were washed with 

PBS and incubated with media supplemented with penicillin G (20 μg ml−1) and gentamicin 

(120 μg ml−1) for additional 1 (t0) to 5 h (t4) or 24 h 1 (t23). Subsequently, the cells were 

washed and lysed, and the CFU counts were determined. 

2.4. Mice infections, monitoring, and sampling 

Groups of 4-12 female C57BL/6J mice (8-12 weeks old; Janvier Labs) were intranasally 

colonized or infected under ketamine/xylazine anesthesia with S. pneumoniae 19F or H1N1. 

For colonization with S. pneumoniae 19F, 20 µl PBS containing 1×107 CFU were 

administered. For pneumonia, 1×108 CFU in 20 µl PBS were applied. For viral infections, 

42 µl PBS containing 10,000-250,000 PFU were used. Control mice were mock-treated with 

an equivalent volume of PBS. Animals were observed daily for weight and clinical score 

monitoring.  

At different time points, mice were euthanized and blood, bronchoalveolar fluid (BALF), 

nasal washes (NAL), and lungs were harvested. Blood was collected through cardiac 

puncture. For differential blood count, 2.5 µl of blood were used. The blood smear was 

stained with a Pappenheim staining kit (Carl Roth) according to manufacturer's instructions. 

Plasma was obtained by centrifugation (10 min, 1,000×g) and stored for further analyses at -

80°C.  

To quantify bacterial load, NAL and BALF were serially diluted and plated on blood agar 

plates (Oxoid). The remaining cell-free BALF and NAL were stored for further analyses at -

80°C. To quantify viral load, total RNA was isolated from the lungs using the RiboPure RNA 

purification Kit (Ambion) according to manufacturer's instructions. cDNA synthesis was 

performed using Superscript first-strand synthesis system for RT-PCR (Invitrogen). 

Quantitative RT-PCR amplification was performed with the SYBR GreenER Kit (BioRad). 
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The levels of β-actin transcription were used for normalization. The following primers were 

used: NP-for, 5´-TCCGTCCTTCATTGTTCCCG-3´; NP-rev, 5´-

TCCCACAAGAGGGGTCCAGA-3´; m-betaAct-for: 5´-AAATCTGGCACCACACCTTC-

3´; m-betaAct-rev, 5´-GGGGTGTTGAAGGTCTCAAA-3´. 

To obtain single cell suspensions for flow cytometry analyses, lungs were transferred into a 

2 ml tube (Eppendorf), minced with sterile scissors in 1 ml digestion solution (1.5 mg/ml 

collagenase A, 0.25 mg/ml DNase (both Sigma Aldrich) in RPMI (HyClone)), and incubated 

for 1 h at 37°C with gentle shaking (1,000 rpm). To stop the digestion process and to obtain 

bacteria free cell suspensions, FCS and antibiotic (Penicillin G (20 μg ml−1) and gentamicin 

(120 μg ml−1)) were added to the samples, respectively. The resulting cell suspensions were 

strained through a 70 µm cell strainer and treated with RBC lysis solution. 

2.5. Flow cytometry analyses 

Prior to the cell staining, unspecific binding of immunoglobulins was blocked using 1 µg 

TruStain FcX PLUS (BioLegend) according to manufacturer’s instructions. All incubation 

steps with titrated amounts of monoclonal antibodies were carried out for 15 min at 4°C in the 

dark. Washing steps were included between each staining step. Before analysis, cells were 

fixed with the True-Nuclear Transcription Factor Buffer Set (BioLegend) according to 

manufacturer’s instructions. Antibodies and clones reactive against the following proteins 

were used (target, clone, fluorochrome): CD170 (S17007L, BV421), CD11c (N418, PE/Cy7), 

Ly6G (clone 1A8, PerCP), CD11b (clone M1/70, BV510), CD64 (X54-5/7.1, BV 605), 

CD206 (C068C2, BV711), I-A/I-E (M5/114.15.2, BV650), Ly6C (HK1.4, APC/Cyanine7), 

CD103 (2E7, PE), and CD192 (SA203G11, BV785) (all BioLegend). Dead cells were 

excluded using Zombie UV Fixable Viability Kit (BioLegend). Peripheral cells were labelled 

via i.v. injection of 3 µg anti-CD45 antibody (30-F11, APC) 3 min prior to euthanization [41]. 

The gating strategy is shown in Figure S3. Data were acquired with a LSR Fortessa flow 

cytometer using FACS DIVA Software and analyzed using FlowJo version 10 software (all 

BD Bioscience). 

2.6. Measurement of inflammation in body fluids 

Cytokine concentrations of digested lung supernatants and plasma were measured via 

LEGENDPlex mouse inflammation panel (13-plex) kit (BioLegend) according to 

manufacturer's instructions. Data were acquired with a FACSAria III cell sorter using FACS 
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DIVA Software (both BD Bioscience) and analyzed using LEGENDPlex software 

(BioLegend). General inflammation in BALF was determined using Bradford reagent (Sigma-

Aldrich) according to manufacturer's instructions. 

2.7. Statistics 

Statistical significance of differences was determined using the Kruskal Wallis test with 

Dunn’s multiple comparison post-test. Statistics were performed using GraphPad Prism 

version 7. A p value less than 0.05 was considered significant (*, p<0.05; **, p<0.01; ***, 

p<0.001).  
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3. Results 

3.1  Killing of pneumococci by professional phagocytes is not affected by IAV 

infection 

To investigate if IAV infection affects the ability of professional phagocytes to kill 

pneumococci, susceptibility of human primary monocytes and monocyte-derived pro- and 

anti-inflammatory macrophages to H1N1 was first confirmed (Figure 1A). Based on these 

results, a MOI of 0.1 was used for subsequent co-infection experiments. Next, all three 

immune cell types were infected with colonizing pneumococcal strain 19F. Irrespective of 

prior H1N1 infection, intracellular bacteria were eliminated by the phagocytes within a total 

of 4 h of infection (Figure 1B-D). No differences in killing rates were observed in cells 

infected only with bacteria or after co-infection (Figure 1B-D). This result suggested that IAV 

infections do not impair the general function of these cell types in eliminating bacteria. Prior 

to assessing the myeloid cell compartment imprint in pneumococcal and H1N1 infections in 

mice, the pathogen eliminating properties of mouse monocytes/macrophages were tested 

using J774 cells. Analyses of pneumococcal elimination in single and co-infected J774 cells 

mirrored the human phenotype. Pneumococci were killed equally efficiently irrespective of 

prior H1N1 infection. However, a 19 h delay in bacterial killing as compared to human 

primary cells was noted (Figure 1F).  

3.2. Streptococcus pneumoniae 19F colonizes C57BL/6J mice 

To mimic a natural route of bacterial and viral co-infections, the colonizing properties of 

S. pneumoniae 19F strain were initially assessed. To this end, C57BL/6J mice were 

intranasally inoculated with 1×107 bacteria and colonization was monitored over a period of 

seven consecutive days. Colonization was defined as follows: (i) stable bacterial load in the 

upper respiratory tract with no detectable levels of bacteria in the lower respiratory tract; and 

absence of (ii) local and (iii) systemic inflammation. The initial colonization of mice was 

characterized by a drop in weight and a mild increase in clinical score on day one post 

bacterial application. Both parameters normalized over the next three days (Figures 2A-B). 

S. pneumoniae 19F stably colonized mice for seven consecutive days with no detectable 

bacteria in the lungs on day seven (Figures 2C-D). To exclude the induction of a sustained 

inflammatory responses in the lungs by the colonizing bacteria, protein concentrations in the 

BALF were determined. The initial increase of proteins normalized to the levels of the PBS 

control group on day seven (Figure 2E). Furthermore, a white blood cell differential (WBC) 
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was performed to monitor potential systemic inflammation. As reflected by the clinical score, 

elevated neutrophil frequencies were seen in colonized mice on day one post colonization, 

(Figure 2F). All values normalized already two days post colonization. These results 

suggested that pneumococcal strain 19F stably colonizes C57BL/6J mice without inducing 

acute inflammation. 

3.3. Non-mouse adapted H1N1 IAV strain causes mild symptoms of viral 

pneumonia in C57BL/6J mice 

Mouse adapted IAV strains tend to cause severe pneumonia. To induce only mild symptoms, 

mice were infected with different dosages of non-mouse adapted H1N1 and disease 

progression was monitored over a period of four days (Figures 2G-J). Dose-dependent weight 

loss and increase in clinical score was noted (Figures 2G-H). On day four, lungs were 

extracted and the presence of viral RNA was confirmed (Figure 2I). In addition, WBC 

showed slightly elevated levels of neutrophils in circulation of 1x105 PFU H1N1 infected 

group (Figure 2J). Based on these results, 1x105 PFU were used for all subsequent H1N1 

mono- and co-infections.  

3.4. Local and systemic inflammatory responses at the early onset of 

pneumonia 

Following a viral infection, bacteria from the upper respiratory tract (URT) can disseminate 

into the lower respiratory tract [6]. Therefore, we administered a mild, viral infection with 

H1N1 seven days post bacterial colonization (referred to as co-infection). Single H1N1 

infection and severe pneumococcal 19F pneumonia served as controls (Figure 3A). 

Administration of a high dosage of bacteria (1×108 CFU) resulted in severe pneumonia 

characterized by a drastic drop in weight and immediate increase in clinical score (Figure 3B-

C). In contrast, H1N1 infection of colonized and non-colonized mice was characterized by a 

bi-phasic course of disease progression with a more severe second phase. However, mice 

recovered in both viral infection scenarios (Figures 3B-C). Analyses of bacterial burden in 

NAL and BALF showed that (i) pneumococci remained restricted to the nasopharynx in 

colonized mice, (ii) pneumococcal pneumonia was characterized by a high bacterial burden in 

both, lungs and nasopharynx, and (iii) H1N1 infection of colonized mice resulted in detection 

of bacteria in lungs of 50% of mice (Figures 3D-E). Comparison of protein concentration in 

BALF revealed that irrespective of the microbiological etiology of the disease, equal levels of 

inflammation are present in the lungs (Figure 3F). Furthermore, significantly higher 
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neutrophil and consequently lower lymphocytes frequencies were evident in WBC of all three 

infection groups as compared to the PBS-treated or colonized controls (Figure 3G). No 

differences in systemic inflammation were seen between the infections.  

Assessment of general parameters, including WBC and protein concentration in BALF, 

revealed a comparable inflammatory response in mono- and co-infections. Based on these 

results, we hypothesized that an early inflammatory response might rescue healthy juvenile 

mice from severe disease progression in viral and co-infections. Therefore, we next analyzed 

cytokine levels in lungs and plasma at the early asymptomatic onset of the disease. Colonized 

and non-colonized mice were infected with H1N1 and all animals were sacrificed before the 

onset of clinical signs two days post viral infection (Figures 4A and S1). High bacterial 

dosage was used as a disease control. Although no visible signs of illness, including weight 

loss and increased clinical score, were noted in both H1N1-infected groups (Figure S1A-B), 

elevated levels of neutrophils and consequently reduced frequencies of lymphocytes were 

detected by WBC in all infected groups (Figure S1C). Since resident myeloid immune cells 

and recruited neutrophils are the first responders at the site of infection, cytokines of mainly 

myeloid cell origin were measured in lungs and plasma (CCL2, IL-1α, IL-1β, IL-6, IL-10, IL-

12p79, and GM-CSF). Bacterial pneumonia resulted in elevated cytokine levels in lungs and 

plasma (Figure 4). Only background levels of IL-10 and IL-12p70 were seen in all infected 

animals (Figure S2). Although both virus-infected groups (single and co-infections) did not 

show signs of illness, almost equally high cytokine levels were detected locally and 

systemically as compared to single bacterial pneumonia, with the exception of IL-1α. Both 

viral infections had similar IL-1α levels. However, IL-1α was only elevated in the lungs 

(Figures 4). In contrast, GM-CSF was detected in plasma of virus- and co-infected mice and 

in lungs and plasma in bacterial pneumonia (Figure S2).  

3.5. Myeloid cell composition of the lungs in response to different infections 

Although no clinical signs of disease were observed in single virus and co-infected animals, 

an inflammatory cytokine response was noted particular in the lungs. This led us to explore 

the composition of myeloid cell subsets of the lungs in response to the different infections 

(Figure 5). To distinguish between vascular and alveolar/interstitial lung compartments, mice 

received intravenous injection of labeled CD45 antibody. Consequently, CD45hi cells were 

defined as cells from the vascular lung compartment and CD45lo cells were linked to the 

alveolar/interstitial compartment (Figure S3). Innate immune cell subsets were further 

classified as follows: alveolar macrophages (AMs, CD11c+Siglec-F+), neutrophils 
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(CD11b+Ly6G+), monocytes (CD11bhiCD64intCD206-), interstitial macrophages (IMs, 

CD11bhiCD64intCD206int/+), conventional dendritic cells (cDCs, CD64-CD11b-

CD11c+MHCII+), and plasmacytoid DCs (pDCs, CD64-CD11b-CD11cintMHCII+Ly6C+; 

Figure S3). 

In general, elevated frequencies of recruited neutrophils and monocytes were seen in both 

lung compartments of the bacterial pneumonia group (Figure 5A-B). Furthermore, neutrophil 

influx was slightly increased in co-infections, while only baseline levels of neutrophils were 

detected in single H1N1 infected mice (Figure 5A). In contrast, increased numbers of 

monocytes were detected in lungs of both viral infections (Figure 5B). Analyses of monocyte 

subpopulations showed that the total rise in monocyte counts could be linked to the influx of 

inflammatory/classical monocytes (Ly6C+CD11c-), while non-classical/resident monocyte 

(Ly6CloCD11c+) counts were reduced in all infections (Figure 5C). Furthermore, analyses of 

the pulmonary resident macrophages showed that at the early onset of disease, viral infection 

did not lead to the depletion of AMs and IMs. In contrast, severe bacterial infection resulted 

in a drastic drop of both cell types (Figure 5D-E). Based on the current models [8], we 

examined three subsets of IMs: CD11c-CD206+MHCIIint (IM1), CD11c-CD206+MHCII+ 

(IM2), and CD11c+CD206int (IM3, Figure S3). These analyses revealed that irrespective of the 

infection type IM2 frequencies decreased in the lungs. An opposite effect was seen in IM3 

population. IM3 frequency increased in single bacterial and co-infections (Figure 1F). 

Furthermore, frequencies of pDCs and cDCs were analyzed. Elevated numbers of pDCs were 

exclusively detected in co-infected mice (Figure 5G). In contrast, the total cDC population 

remained unaffected in co-infections. However, single viral and bacterial infections were 

characterized by reduced numbers of cDCs (Figure 5H). Analyses of cDCs subpopulations 

revealed that the frequency of CD11b+ cDCs was increased in all infections, while CD103+ 

cDCs remained mostly unaffected (Figure 5I). 

3.6. Early immune responses are associated with elevated CCR2 and MHCII 

expression  

Recruitment of key innate immune cells to the site of infection is mainly mediated by 

detection of CCL2 via CC chemokine receptor 2 (CCR2) [42]. Furthermore, resident and 

recruited innate immune cells contribute to adaptive immune responses by presenting antigens 

and regulating antigen-specific responses via MHCII [32]. Therefore, these two markers of 

activation were chosen for analyses. Elevated frequencies of MHCII and CCR2 expressing 
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neutrophils, AMs, and CCR2+ IM1 were mostly detected in the lungs of single bacteria and 

co-infected mice (Figure 6). However, no significant differences in frequencies of the innate 

immune cell subsets expressing MHCII and CCR2 were found in the majority of cell 

populations (Figure S4). To investigate the phenotype of innate immune cells in more detail, 

the level of MHCII and CCR2 expression on all cells were analyzed (Figure 7). MHCII and 

CCR2 expression followed mostly the same pattern (Figure 7). Within the interstitial/alveolar 

compartment, MHCII and CCR2 levels were elevated on AMs, CD103+ cDCs, and pDCs in 

all infections. CD11b+ cDC showed an upregulation of both molecules exclusively in co-

infections (Figure 7). While in IM3 both proteins were upregulated in viral infection, the 

opposite regulation was noted in single bacterial infections. Furthermore, monocytes were 

characterized by lower levels of both molecules in response to the majority of infections 

(Figure 7). Within the vascular compartment, only neutrophils showed elevated levels of 

MHCII and CCR2 in single bacterial and co-infections (Figure 7). Expression of these 

markers on monocytes remained mainly unaffected.  
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4. Discussion 

Severe infections including CAP are characterized by initial hyper-inflammatory conditions 

followed by immune paralysis [43]. Several studies contributed valuable results on bacterial 

and viral co-infections. It is assumed that IAV paves the way for colonizing bacteria to spread 

into the lower respiratory tract, resulting in high mortality rates [3]. However, most studies 

use initial viral application followed by bacterial infection. Since up-to one third of humans 

are asymptomatically colonized with S. pneumoniae [44], our model potentially more closely 

resembles respiratory co-infections in humans. Our study shows that the onset of pneumonia 

in healthy juvenile mice correlates with a homogeneous immunological response. IAV 

infection of colonized mice resulted in dissemination of pneumococci into the lungs of 50% 

of co-infected animals. Irrespective of the disease-causing agent, the onset of infection was 

characterized by highly elevated cytokine levels in lungs and plasma. Furthermore, elevated 

influx of neutrophils and cells of the myeloid lineage were detected in lungs. All cells, except 

for monocytes, displayed an activated phenotype. 

We show that after initial mild symptoms, pneumococci can colonize mice in the URT 

without spread towards the lung. Intranasal H1N1 infection of colonized mice did not result in 

a severe pneumonia. However, pneumococci were found in the lungs of 50% of co-infected 

juvenile mice indicating that the viral infection enabled lung incursion of pneumococci. 

Several studies have shown that severe co-infections are particularly linked to individuals 

with comorbidities, elderly people (age >65), pregnant women, and children under the age of 

one [7]. Further studies using a co-infection model equivalent to the one established in this 

study in comorbid or elderly mice are warranted. Our mouse model revealed significant 

immune responses to all types of infections, which might partially explain the non-lethal 

phenotype of co-infections in the majority of human population. In comparison to a high 

pneumococcal infection dosage, which resulted in an increased clinical score, H1N1 infection 

of the colonized and non-colonized mice led to a full recovery within 16 days after a bi-phasic 

course of infection. To track potential explanations for the observed infection phenotype, we 

analyzed local and systemic immune responses. Irrespective of the infection type, high 

cytokine levels mostly associated with the myeloid immune cell compartment were observed. 

One of the main features of CCL2/MCP-1 is the recruitment of monocytes to the site of 

infection [45, 46]. In line with this, an increase of total monocytes was noted in the lungs of 

all infected mice. IL-1 family cytokines stimulate CCL2/MCP-1 and CXCL1 expression [47, 

48] and elevated levels of CXCL1 are linked to the recruitment of neutrophils [49]. IL-1β was 
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mostly detected in the lungs of mice which were challenged with pneumococci and 

consequently, elevated neutrophil influx was found in single bacteria and co-infected animals. 

The effect of local IL-1β production can be further attributed to the fact that pneumococci are 

potent inducers of inflammasome activation and subsequent IL-1β release [50]. Furthermore, 

high IL-6 levels were observed in lungs of all infected mice. IL-6 production is mainly 

associated with highly pathogenic IAV viruses [51] and has a protective role in IAV 

infections by limiting an overwhelming inflammatory response [52, 53]. Our results show that 

even mild H1N1 infection is a potent inducer of protective IL-6 levels. 

On the cellular level, impaired neutrophil recruitment to the lungs is associated with bacterial 

overgrowth in co-infections [54]. Our results show a neutrophil-independent immune 

response to a viral infection underlining earlier findings stating that monocytes rather than 

neutrophils play a crucial role in IAV infections [55]. However, IAV infections induce an 

apoptotic death of monocytes [56], which is most likely reflected by a decrease of 

resident/non-classical monocytes in mice lungs. As a potential compensation mechanism, we 

observed elevated frequencies of inflammatory/classical monocytes in the lungs, which might 

explain an increase in total monocyte counts in all three infections. Lung resident immune 

cells , including AMs, fulfill an important role in tissue homeostasis and resolution of the 

inflammation [10]. It has been reported that IAV infections lead to a depletion of this immune 

cell subset [13, 57, 58]. Our analyses demonstrated that total AM and IM levels remained 

unaffected at the early onset of viral infections. This fact is further supported by in vitro 

analyses. Bacteria-eliminating properties of human and mouse monocytes/macrophages were 

not impaired in H1N1 infected cells. In contrast, reduced frequencies of both cell types were 

detected in single bacterial infection. IMs are not well characterized yet. It is reported that 

they are most likely involved in inducing an anti-inflammatory state through IL-10 production 

and, thereby, inhibit DC maturation and activation [11]. pDCs and cDCs were shown to have 

redundant and yet essential functions in viral infections of the lung [21]. pDCs limit viral 

replication and spread via type I and III interferon production [59]. However, it was 

demonstrated that infection with the pandemic H1N1 leads to a persistent depletion of pDCs 

[60]. In our experimental approach, cDC counts were reduced in single viral or pneumococcal 

infection, while pDC counts remained unaffected. In contrast, co-infections were 

characterized by elevated numbers of pDCs and unchanged cDC counts. 

To initiate adaptive immune responses, it is of crucial importance for cells of the innate 

immune system to upregulate MHCII expression [61]. Furthermore, upregulation of CCR2 is 
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an essential mechanism for cell trafficking from bone marrow to the site of infection [42]. 

Hence, upregulation of these two molecules is indicative of cell activation. We observed 

mainly bacteria-driven expansion of MHCII+ and CCR2+ vascular neutrophils and AMs and 

CCR2+ IM1 populations. Furthermore, the majority of analyzed cells, except for monocytes, 

displayed an activated phenotype characterized by an upregulation of these two molecules. 

Whether elevated CCR2 expression is beneficial or harmful is still under debate. Several 

studies have linked influx of CCR2+ cells to lung injury in mainly single IAV-mediated lung 

infections [62-64]. In contrast, other studies have shown that CCR2+ cells are important for 

bacterial clearance [65-67]. At this stage, we can only speculate that the observed 

downregulation of CCR2 on monocytes and simultaneously increased expression on other 

cells might benefit bacterial clearance in healthy juvenile mice resulting in a full recovery 

from single viral and co-infections. 

In conclusion, our results demonstrate that the early onset of bacterial and viral co-infections 

is associated with cytokine production responsible for the recruitment of innate immune cells, 

an activation of resident macrophages, and an influx of mainly activated neutrophils. In 

contrast, infiltrating monocytes display a presumably suppressive phenotype. Such immune 

responses to a mild virus and a colonizing pneumococcal strain might contribute to the 

clearance of the pathogens in healthy juvenile mice. Future studies tracking the local and 

systemic innate immune responses as a whole and elucidating the role of comorbidities and/or 

high age are warranted.  
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Figures 

 

Figure 1. H1N1 infection does not impact pneumococcal clearance by professional 

phagocytes. (A) Primary human monocyte-derived macrophages of anti-inflammatory (aMΦ) 

and pro-inflammatory (pMΦ) phenotype and monocytes (Monos) were infected with 

indicated MOI of H1N1 and viral infection was confirmed via NP mRNA detection 24 h post 

infection. (B) Human primary aMΦ, (C) pMΦ, and (D) monocytes were infected with H1N1 

(MOI 0.1) or left untreated for 24 h and subsequently infected with pneumococcal strain 19F 

(*, bacterial inoculum; t-1, 4 h of infection/1 h prior to antibiotic treatment; t0, 4 h of infection 

+ 1 h antibiotic treatment). Intracellular CFU counts were determined at indicated time points. 

(E) Mouse J774 monocytes/macrophages were infected with indicated MOI of H1N1 and 

viral infection was confirmed via NP mRNA detection 24 h post infection. (F) J774 cells were 

infected with H1N1 (MOI 0.1) or left untreated for 24 h and subsequently infected with 

pneumococcal strain 19F. Intracellular CFU counts were determined at indicated time points. 

The data are displayed as box plots from four independent experiments (n=4).  
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Figure 2. C57BL/6J mice are susceptible to S. pneumoniae 19F colonization and non-mouse 

adapted H1N1 virus infection. Female C57BL/6J mice were intranasally colonized with 1x107 

CFU of S. pneumoniae 19F (19F_C) or challenged with PBS and monitored over seven 

consecutive days. (A) Weight and (B) clinical score were monitored daily. (C) CFU counts in 

nasal washes (NAL) and (D) bronchoalveolar fluid (BALF), (E) protein concentration in the 

BALF as well as (F) the white blood cell differential (WBC) limited to neutrophil and 

lymphocyte counts were determined at indicated time points. Two independent experiments 

with four mice per group (total: n=8) were performed (A-F). (G) C57BL/6J were intranasally 

inoculated with indicated PFUs of H1N1 or challenged with PBS and monitored over 4 

consecutive days. (G)Weight and (H) clinical score was determined daily. (I) On day 4, lungs 

were extracted and viral infection was confirmed via IAV NP-specific qRT-PCR (dashed line 

indicates detection limit). (J) WBC limited to neutrophil and lymphocyte counts were 
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determined at day 4. One experiment with four mice per group (total: n=4) was performed (G-

J). In general, mean values ±SD are displayed (A-B and G-H). Each dot represents one mouse 

and horizontal lines display mean values (C-E and I). The data in (F and J) are displayed as 

box plots. The level of significance between the groups was determined using Kruskal Wallis 

test with Dunn’s multiple comparison post-test (*, p<0.05; **, p<0.01; ***, p<0.001). 
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Figure 3. Mild H1N1 infection of S. pneumoniae 19F colonized mice does not result in severe 

co-infection. (A) Female C57BL/6J mice were intranasally colonized with S. pneumoniae 19F 

(1×107 CFU) for seven days followed by a subsequent mild H1N1 infection (1×105 PFU; Co-

Inf.). PBS challenged (PBS), only colonized (19F_C), and only H1N1 infected (H1N1) mice 

served as controls. In addition, severe pneumococcal pneumonia was induced via intranasal 

inoculation of S. pneumoniae 19F (1×108 CFU; 19F_P; day 8). (B) Weight and (C) clinical 

score were monitored over a period of 16 consecutive days. (D) CFU counts in nasal washes 

(NAL) and (E) in BALF, (F) protein concentration of the BALF and (G) WBC were 

determined after the animals were sacrificed. Animals were sacrificed at day 16 except for the 

pneumonia group which was sacrificed at day ten. Two independent experiments with four to 

six mice per group (total: n≥8) were performed. In general, mean values ±SD are displayed 

(B-C). Each dot represents one mouse and horizontal lines display mean values (D-F). The 

data in (G) are displayed as box plots. The level of significance between the groups was 

determined using Kruskal Wallis test with Dunn’s multiple comparison post-test (*, p<0.05; 

**, p<0.01; ***, p<0.001).  
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Figure 4. Local and systemic cytokine production in response to mono- and co-infections. (A) 

Scheme displaying the time line of different mice infections. Mice were sacrificed at day 9 

and (B) CCL2/MCP-1, (C) IL-1α, (D) IL-1β, and (E) IL-6 levels were determined in lungs 

and plasma. Two independent experiments with six mice per group (total: n=12) were 

performed. The data are displayed as box plots. The level of significance between the groups 

was determined using Kruskal Wallis test with Dunn’s multiple comparison post-test (*, 

p<0.05; **, p<0.01; ***, p<0.001).  
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Figure 5. Innate immune cell composition of the lungs in response to mono- and co-

infections. The infections were performed as displayed in Figure 4A. At day nine post 

infections, lungs were harvested, digested, and resulting single cell suspensions were analyzed 

via flow cytometry. CD45lo cells were classified as cells from the alveolar/interstitial 

compartment and CD45hi cells as cells from the vascular compartment of the lung. 
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Frequencies of (A) neutrophils (PMNs), (B) total monocytes and (C) monocyte subsets, (D) 

alveolar macrophages (AMs), (E) interstitial macrophages (IMs) and (F) IM subsets, (G) 

plasmacytoid dendritic cells (pDCs), (H) conventional DCs (cDCs), and (I) cDC subsets are 

displayed. Two independent experiments with six mice per group (total: n≥10) were 

performed. Each dot represents one mice and bars denote median values. The level of 

significance between the groups was determined using Kruskal Wallis test with Dunn’s 

multiple comparison post-test (*, p<0.05; **, p<0.01; ***, p<0.001).  



Paper III 
 

108 
 

 

Figure 6. Expansion of MHCII+ and CCR2+ innate immune cells in response to bacterial and 
viral infections. The infections were performed as displayed in Figure 4A. Representative 
histograms with numbers indicating marker positive cells (upper panel) and summary of 
MHCII (middle panel) and CCR2 (lower panel) expressing cells. The data summarizes 
responses of (A) neutrophils, (B) alveolar macrophages (AMs), and (C) type 1 interstitial 
macrophages (IM1). Each dot represents one mouse and bars denote median values (n≥8). 
The level of significance between the groups was determined using Kruskal Wallis test with 
Dunn’s multiple comparison post-test (*, p<0.05; **, p<0.01; ***, p<0.001).  
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Figure 7. Innate immune cells display enhanced activation at early stages of pulmonary 
infections. (A) Representative histograms of flow cytometry analyses with numbers indicating 
mean fluorescence intensity (MFI) and (B) heat map analyses of relative MFI expression of 
indicated cell subsets in comparison to the PBS control (n≥8). The level of significance 
between the groups was determined using Kruskal Wallis test with Dunn’s multiple 
comparison post-test (*, p<0.05; ", p<0.01; #, p<0.001). 
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Figure S1. Single viral and co-infection of C57BL/6J mice does not cause symptoms during 

the first two days. Female C57BL/6J mice were intranasally colonized (1×107 CFU) for seven 

days followed by a subsequent mild H1N1 infection (1×105 PFU; Co-Inf.). PBS challenged 

(PBS), only colonized (19F_C), and only H1N1 infected (H1N1) mice served as controls. In 

addition, severe pneumococcal pneumonia was induced via intranasal inoculation of 1×108 

CFU of S. pneumoniae 19F (19F_P). (A) Weight and (B) clinical score were monitored over a 

period of nine consecutive days. (C) WBC counts were determined after the animals were 

sacrificed. Two independent experiments with six mice per group (total: n=12) were 

performed. Mean values ±SD are displayed (A-B). The data in (C) are displayed as box plots. 

Middle line indicates median values. The level of significance between the groups was 

determined using Kruskal Wallis test with Dunn’s multiple comparison post-test (*, p<0.05; 

**, p<0.01; ***, p<0.001).  
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Figure S2. Local and systemic cytokine production in response to different infections. Female 

C57BL/6J mice were sacrificed at day nine post infections and (A) GM-CSF, (B) IL-10, and 

(C) IL-12p70 levels were determined in lungs and plasma. Two independent experiments with 

six mice per group (total: n=12) were performed. The data are displayed as box plots. Middle 

line indicates median values. The level of significance between the groups was determined 

using Kruskal Wallis test with Dunn’s multiple comparison post-test (*, p<0.05; **, p<0.01; 

***, p<0.001).  



Paper III 
 

113 
 

 

Figure S3. Gating strategy used to identify myeloid cell subsets in the vascular and 

alveolar/interstitial compartments of the lung. Doublets were initially excluded by consecutive 

gating FSC-W/FSC-H and SSC-W/SSC-H. Dead cells were excluded by using the Zombie 

UV Fixable Viability Kit. CD45hi cells were defined as cells from the vascular lung 

compartment and CD45lo cells were linked to the alveolar/interstitial compartment. Innate 

immune cell subsets were further classified as follows: Innate immune cell subsets were 

further classified as follows: (1) alveolar macrophages (AMs, CD11c+Siglec-F+), (2) CD45lo 

neutrophils (CD11b+Ly6G+), (3) CD45hi neutrophils (CD11b+Ly6G+), (4) conventional 

dendritic cells (cDCs, CD64-CD11b-CD11c+MHCII+), (5) plasmacytoid DCs (pDCs, CD64-

CD11b-CD11cintMHCII+), (6) CD103+CD11b- cDCs, (7) CD11+CD103- cDCs, (8) 

inflammatory monocytes (CD11bhiCD64intCD206- Ly6C+CD11c-), non-classical monocytes 

(CD11bhiCD64intCD206- Ly6C-CD11c+), and interstitial macrophages 
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(CD11bhiCD64intCD206int/+; (12) CD11c-CD206+MHCIIint (IM1), (11) CD11c-

CD206+MHCII+ (IM2), and (10) CD11c+CD206int (IM3)). 
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Figure S4. Frequencies of MHCII+ and CCR2+ innate immune cells in response to bacterial 

and viral infections. The infections were performed as displayed in Figure 4A. The data 

display expression of MHCII (upper panels) and CCR2 (lower panels) on (A) monocytes, (B) 

interstitial macrophages (IMs), (C) plasmacytoid dendritic cells (pDCs), and (D) conventional 

dendritic cells (cDCs). Each dot represents one mouse (n≥8). The level of significance 

between the groups was determined using Kruskal Wallis test with Dunn’s multiple 

comparison post-test (*, p<0.05; **, p<0.01; ***, p<0.001). 
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