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1. Summary

Helene Möllerherm: Innate immune defense against zoonotic bacterial infections at 

physiological oxygen conditions 

Despite the intensive use of antibiotics and vaccines, infectious diseases are the most 

common causes of death worldwide and can cause substantial economic damage, 

especially in animal breeding and animal husbandry. Many of the occurring infectious 

diseases are zoonotic, thus they can be transmitted between animals and humans. The 

emerging incidence of antibiotic-resistant pathogens increases the importance of fighting 

against infectious diseases by developing alternative approaches which aim to 

strengthen the immune system and boost the antimicrobial function of immune cells of 

infected animals and humans prophylactically or even therapeutically. To use these cells 

for therapeutic or prophylactic approaches, we need to accurately understand 

physiological cellular processes.  

The establishment of reliable primary in vitro cell cultures is of special importance as 

results are used to clarify in vivo processes and, thus, can help to reduce or replace 

animal experiments. For this purpose, the physiological conditions at the place of action 

of immune cells in response to infection should be mimicked as closely as possible. One 

physiological key factor which is often underestimated when culturing primary cells is the 

oxygen level in the inflamed or infected tissue in vivo. Traditionally, primary cells are 

isolated from humans or animals and cultivated in ambient oxygen concentrations (21% 

O2), although the physiological oxygen concentration in the tissues, termed physioxia 

(varying 1%-12% O2), is much lower. Physiologic oxygen levels drastically drop to 

hypoxic levels in case of a local infection, inflammation or autoimmune reaction. 

Interestingly, it has already been shown that the cellular homeostasis and the adaptation 

to oxygen stress are post-transcriptionally regulated by the transcription factor hypoxia-
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inducible factor-1α (HIF-1α), which was also shown to support the antimicrobial activity 

of immune cells including infiltrating neutrophils and tissue resident mast cells.     

The goal of this study was to understand the antimicrobial function of neutrophils and 

MCs against Staphylococcus (S.) aureus under physiological oxygen levels as well as 

the contribution of HIF-1α to their cellular functions. As described in chapter 5, 

neutrophils were temporarily incubated under hypoxia (1% O2) in comparison to 

normoxia (21% O2), and were stimulated with phorbol 12-myristate 13-acetate (PMA) or 

S. aureus wild-type and the respective nuclease-deficient mutant strain to release 

neutrophil extracellular traps (NETs). Interestingly, the spontaneous NET formation of 

neutrophils as well as the amount of PMA induced NETs were clearly reduced under 

hypoxia. By analyzing HIF-1α gene expression, the mRNA level of hif-1α as well as hif-

1α target genes were not affected. Convenient to the altered NET formation under 

hypoxia, the cholesterol content was significantly increased under hypoxia. Remarkably, 

NET formation was maintained by stimulating with viable S. aureus wild-type or the 

nuclease-deficient strain. 

Chapter 6 presents the analysis of the antimicrobial activity of MCs (MCs) after long- (24 

h) or short-term (3 h) exposure to hypoxic conditions mimicking the acute phase of an

infection and a chronic phase, respectively. Long-term hypoxia resulted in a stabilization 

of HIF-1α on the protein level, while extracellular trap formation was increased and 

intracellular killing mechanisms, like phagocytosis of fluorescent S. aureus bioparticles, 

was decreased. In contrast, short-term hypoxia did not affect the release of extracellular 

traps and phagocytosis, when HIF-1α was not stabilized. Interestingly, short-term 

hypoxia increased the secretion of the pre-stored mediator histamine and reduced the 

release of TNF-α. To unravel this short-term hypoxic adaptation phenomenon, 

microarray transcriptome analyses were conducted: within 13 downregulated genes, the 

anterograde transport complex, more precisely the member of COPII vesicles sec24, 

responsible for transporting proteins from the ER to the Golgi apparatus, was affected, 

leading to the hypothesis that de novo synthesized proteins like TNF-α might be retained 

in the ER under hypoxia, which could result in diminished inflammation and tissue 

damage due to prevention of uncontrolled degranulation. 
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In contrast to immune cells circulating through the blood such as neutrophils, MCs 

mature and remain in distinct tissues. Since their functionality was shown to change 

under low oxygen conditions, the question arises if physiological oxygen levels might 

also influence the in vitro maturation of these cells. In chapter 7, it was investigated if the 

physiological oxygen level determines the rate of differentiation of primary MCs as well 

as the functionality of MCs’ mature phenotype in vitro. Therefore, murine hematopoietic 

stem cells were differentiated under physioxia (7% O2; 53 mmHg; 5% CO2) in 

comparison to normoxia (21% O2, 159 mmHg; 5% CO2). The differentiation rate was 

observed to be significantly delayed under physioxia; moreover, mature MCs showed a 

decrease in gene expression of hif-1α and selected target genes vegf, il-6, and tnf-α. 

Interestingly, the expression of foxo3 and vhl was increased, suggesting a HIF-1α 

independent adaptation to reduced oxygen levels. Furthermore, the production of 

reactive oxygen species (ROS), an overall key factor in the antimicrobial activity of 

immune cells, and the amount of intracellular stored histamine was shown to be 

significantly decreased in MCs differentiated under low oxygen levels.  

This study highlights the importance of considering physiological oxygen levels during 

differentiation when culturing primary innate immune cells in vitro and hypoxic oxygen 

levels during infections, respectively, since the antimicrobial activity of both, MCs and 

neutrophils, is substantially affected by a reduced oxygen level. 
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2. Zusammenfassung 

 

Helene Möllerherm: Angeborene Immunantwort gegen zoonotische, bakterielle Erreger 

unter physiologischen Sauerstoffbedingungen.  

 

Trotz der intensiven Einsätze von Antibiotika und Impfstoffen gehören 

Infektionskrankheiten weiterhin zu den weltweit häufigsten Todesursachen und können 

vor allem in der Tierzucht und Tierhaltung erhebliche wirtschaftliche Schäden 

verursachen. Viele der auftretenden Infektionskrankheiten sind zoonotischer Natur, das 

heißt, sie können zwischen Tier und Mensch übertragen werden. Durch das vermehrte 

Auftreten antibiotikaresistenter Erreger steigt die Wichtigkeit im Kampf gegen 

Infektionskrankheiten alternative Therapieansätze zu entwickeln, die darauf abzielen, 

das Immunsystem von infizierten Tieren und Menschen prophylaktisch oder auch 

therapeutisch zu stärken. Um Zellen des Immunsystems für therapeutische oder 

prophylaktische Ansätze zu nutzen, müssen die zellulären Prozesse genauer 

verstanden werden. 

Die Etablierung von zuverlässigen primären in-vitro-Zellkultursystemen ist von 

außerordentlicher Bedeutung, da deren Ergebnisse Aufschluss über in-vivo-Prozesse 

geben und dadurch die Durchführung von Tierversuchen reduzieren und ersetzen 

können. Zu diesem Zweck sollten die physiologischen Bedingungen am Ort des 

Angreifens von Immunzellen bestmöglich nachgeahmt werden. Ein Schlüsselfaktor, der 

bei der Kultivierung von Primärzellen oft unterschätzt wird, ist der physiologische 

Sauerstoffgehalt am Aufenthaltsort der Immunzellen in vivo. Traditionell werden primäre 

Zellen von Mensch oder Tier isoliert und in der Umgebungs-Sauerstoff-Konzentration 

(21% O2) kultiviert, obwohl die physiologische Sauerstoffkonzentration in den Geweben, 

die als Physioxie bezeichnet wird (variierend zwischen 1% -12% O2), viel geringer ist. 

Physiologische Sauerstoffwerte sinken drastisch und werden hypoxisch, wenn 

Infektionen, Entzündungen oder Autoimmunprozesse lokal auftreten. Interessanterweise 
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wurde bereits gezeigt, dass die zelluläre Homöostase und die Anpassung an 

Sauerstoffstress post-transkriptional durch den Transkriptionsfaktor Hypoxie induzierter 

Faktor-1α (HIF-1α) reguliert wird. Dieser Transkriptionsfaktor unterstützt ebenfalls die 

antimikrobielle Aktivität von Immunzellen, einschließlich der von infiltrierenden 

Neutrophilen und residierenden Mastzellen. 

Das erste Ziel dieser Studie war es, die antimikrobielle Funktion von Neutrophilen und 

Mastzellen gegen Staphylococcus (S.) aureus unter physiologischem Sauerstofflevel 

sowie den Einfluss von HIF-1α zu erforschen. In Kapitel 5 wurden Neutrophile unter 

Hypoxie (1% O2) im Vergleich zu Normoxie (21% O2) inkubiert und mit Phorbol 12-

Myristat 13-Acetat (PMA), S. aureus Wildtyp oder dem jeweiligen Nuklease-defizienten 

Mutantenstamm zur Freisetzung von Neutrophilen Extrazellulären Netzen (NETs) 

stimuliert. Interessanterweise ist die spontane NET-Bildung von Neutrophilen sowie 

PMA-induzierte NETs unter Hypoxie deutlich reduziert. Durch die Analyse der hif-1α -

Genexpression wurde gezeigt, dass die mRNA-Expression von hif-1α sowie hif-1α-

Zielgenen nicht beeinflusst ist. Passend zur reduzierten NET-Bildung unter Hypoxie war 

auch der Cholesteringehalt signifikant erhöht. Bemerkenswerterweise wurde die NET-

Bildung aber nicht durch die Stimulation mit S. aureus- Wildtyp oder dem Nuklease-

defizienten Stamm beeinflusst. 

In Kapitel 6 wurde die antimikrobielle Aktivität von Mastzellen nach Langzeit (24 h) und 

Kurzzeit (3 h) Hypoxie analysiert, die die chronische Phase und akute Phase einer 

Infektion nachahmen sollten. Langzeit-Hypoxie führte zu einer Stabilisierung von HIF-1α 

auf Proteinebene. Gleichzeitig wurde die Bildung von extrazellulären Netzen von 

Mastzellen (MCETs) erhöht, während die Phagozytose, ein intrazellulärer 

Tötungsmechanismus, von fluoreszierenden S. aureus-Biopartikeln verringert wird. Im 

Gegensatz dazu beeinflusste Kurzzeit-Hypoxie die Freisetzung von MCETs und 

Phagozytose nicht, da HIF-1α nicht stabilisiert wurde. Interessanterweise erhöhte die 

Kurzzeit-Hypoxie die Sekretion des vorgespeicherten Mediators Histamin und reduzierte 

die Freisetzung von TNF-α. Um dieses Anpassungsphänomen an Hypoxie zu 

ergründen, wurde eine Mikroarray-Transkriptom-Analyse durchgeführt: Innerhalb von 13 

herunterregulierten Genen wurde der anterograde Transportkomplex, genauer gesagt, 

das Mitglied der COPII-Vesikel sec24, das für den Transport von Proteinen vom ER zum 
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Golgi-Apparat verantwortlich ist, betroffen. Dies führte zur Hypothese, dass de novo 

synthetisierte Proteine wie TNF-α im ER unter Hypoxie zurückgehalten werden. 

Dadurch könnte eine unkontrollierte Degranulation vermieden werden, die zu 

übermäßiger Entzündung und schwerer Gewebeschädigung führen kann. 

Im Gegensatz zu den im Blut zirkulierenden Immunzellen, wie den Neutrophilen, reifen 

Mastzellen im Gewebe zu adulten Mastzellen heran. Da sich die Funktionalität der 

Mastzellen bei niedrigen Sauerstoffbedingungen verändert hat, stellt sich die Frage, ob 

physiologische Sauerstoffwerte in vitro die Reifung dieser Zellen beeinflussen könnten. 

In Kapitel 7 konnte gezeigt werden, dass auch die Reifung von primären Mastzellen 

unter physiologischem Sauerstoffgehalt die Geschwindigkeit der Differenzierung sowie 

ihre Funktionalität ihres reifen Phänotyps in vitro verändert. Murine hämatopoetische 

Stammzellen wurden unter Physioxie (7% O2; 53 mmHg, 5% CO2) im Vergleich zu 

Normoxie (21% O2, 159 mmHg, 5% CO2) inkubiert. Es wurde festgestellt, dass die 

Differenzierungsrate unter Physioxie signifikant verzögert war; darüber hinaus zeigten 

reife Mastzellen eine Abnahme der Genexpression von hif-1α und ausgewählten 

Zielgenen vegf, il-6 und tnf-α. Interessanterweise wurde die Expression von foxo3 und 

vhl erhöht, was auf eine HIF-1α-unabhängige Anpassung an reduzierten Sauerstofflevel 

hindeutet. Außerdem wurde gezeigt, dass Physioxie die Produktion von reaktiven 

Sauerstoffspezies (ROS), ein allgemeiner Schlüsselfaktor für die antimikrobielle Aktivität 

von Immunzellen, und die Menge an intrazellulär gespeichertem Histamin, signifikant 

verringert. 

Diese Studie hebt die Wichtigkeit von physiologischem Sauerstofflevel während der in 

vitro Differenzierung von primären Immunzellen hervor. Des Weiteren wurde gezeigt, 

dass hypoxischer Sauerstoffgehalt, der bei Infektionen auftritt, die antimikrobielle 

Aktivität sowohl von Mastzellen als auch von Neutrophilen erheblich beeinträchtigt. 
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3. Introduction 

 

Specialized cells of the immune system function by rapidly and effectively recognizing as 

well as eliminating pathogens, and by recruiting or modulating effector cells and, thus, 

altering the inflammatory responses of the host (Lodge et al., 2017). Most immune cells 

derive from hematopoietic stem cells of the bone marrow, and circulate in the blood 

stream until they reach their final destination tissues with dedicated oxygen conditions 

(Physioxia). During an infection, host cells as well as infiltrating pathogens consume 

oxygen at local tissue sites due to their required metabolic activity, subsequently leading 

to a drop in the physiological oxygen level up to hypoxic conditions (Hypoxia). Immune 

cells like neutrophils and MCs need to adapt to low oxygen levels to maintain their 

efficiency in fighting the infection (Zinkernagel et al., 2007). However, in vitro studies 

investigating the function of immune cells are commonly conducted under atmospheric/ 

normoxic oxygen levels, ignoring the fact that these cells differentiate and function under 

distinctly lower oxygen levels. Therefore, there is a need for a better characterization of 

the activity of immune cells under physiologically relevant oxygen level. This may help to 

develop new therapeutic strategies to support/strengthen the immune system against 

pathogenic infections. 

The following introduction summarizes current knowledge of the function of innate 

immune cells with special focus on neutrophils and mast cells. Furthermore, the role of 

physiological oxygen conditions on innate immune cell function will be described. 

 

  



Introduction 

 

12 
 

3.1. The innate immune response and its key players 

The immune system is a complex network of cellular interactions working together to 

protect the host against various pathogens and infections. For the efficient clearing of 

infections, the immune system splits into two separate components: the innate and the 

adaptive immune response. The innate response is fast, non-specific, and does not 

depend on previous exposure to microorganisms, whereas the adaptive immune 

response is highly specific and efficient, but requires time to develop, due to previous 

interaction with specific microbes (Fearon and Locksley, 1996). This introduction will 

focus on the innate immune system, which consists of the complement system, acute-

phase-proteins, MCs, monocytes, macrophages, dendritic cells, natural killer cells and 

granulocytes including neutrophils, basophils and eosinophils (Beutler, 2004). 

For the host’s protection against infection not only cellular components but also physical 

barriers play an important role. Before a pathogen can infect the host, it needs to 

conquer the physical barriers, like the skin. Besides our skin, other epithelial surfaces 

serve as physical barriers, like internal epithelia, known as mucosal epithelia e.g. in the 

respiratory tract. They secrete viscous fluid called mucus, which prevents pathogens 

from adhering to the epithelium (Elias, 2007). Apart from physical barriers chemical 

barriers are effective in preventing infections, like the antibacterial enzyme lysozyme, 

secreted in tears and saliva or the acid pH in the intestine (Elias, 2007).  

In case a pathogen overcomes the physical barrier through e.g. a cut in the skin, the 

rapid first line of defense is mediated by cells of the innate immune response. This is 

crucial to prevent the spread of infection (Figure 1). Invading pathogens are recognized 

by tissue resident innate immune cells, like MCs, macrophages and dendritic cells. 

These cells are supported by the recruitment of large numbers of neutrophils which are 

attracted through secreted signaling molecules including cytokines, chemokines or 

histamine at the site of the infection (MacLeod and Mansbridge, 2016; Koh and DiPietro, 

2011).  
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Figure 1: Inflammatory response of the innate immune system (Drawn from a model of Blamp; Stock-
Vektorgrafiknummer: 341762882 URL:https://www.shutterstock.com/de/image-vector/chemical-cellular-
factors-involved-inflammatory-response-341762882, accessed on 24.07.2017, 10:36). In case of infection 
through a wound, bacteria infiltrate and activate a cascade of immune cells. Thus tissue resident cells, like 
MCs and macrophages are activated and release factors like cytokines and histamine for the recruitment 
of other effector cells, like neutrophils and vasodilation of blood vessels. 

 

Furthermore, circulating monocytes enter the infected tissue and differentiate into 

mature macrophages to support the fight against the infection (Koh and DiPietro et al., 

2011; Ross and Odland 1968). Additionally, MC numbers increase, originating from 

neighboring tissues (Koh and DiPietro 2011; Artuc et al., 1999). All these innate immune 

effector cells work hand in hand to fight the infection by killing invading pathogens or 

orchestrating the recruitment of effector cells and, thus, preventing pathogens from 

spreading and keeping the homeostasis of the body.  



Introduction 

 

14 
 

3.2. Neutrophils 

The most abundant type of innate immune cells in the blood are neutrophils, which 

belong to the polymorph-nuclear cells (PMNs) due to their characteristic nucleus, 

appearing lobulated and segmented. They are considered to be the primary effectors of 

the innate immune response to invading microorganisms and are rapidly recruited to the 

site of infection (Kobayashi and DeLeo, 2009; Brinkmann and Zychlinsky, 2012). By 

fighting infections three major antimicrobial mechanisms are reported: degranulation of 

antimicrobial compounds and a resulting recruitment of further effector cells (Lehrer and 

Ganz, 1999), intracellular killing of pathogens by phagocytosis (Metchnikoff, 1891) and 

the extracellular killing by the release of neutrophil extracellular traps (NETS; figure  2) 

(Brinkmann et al., 2004).  

 

Figure 2: Neutrophil extracellular traps of primary 
human blood derived neutrophils induced for 4 h 
with PMA. Green= primary PL2-6 and secondary 
antibody Alexa Fluor® 488: H2A-H2B-DNA complex 
stained the fiber-like structures of NETs (Arrow), blue= 
DAPI™ stained nuclei; bar 100µm. 

 

 

 

 

The recently discovered mechanism, the release of NETs, is the phenotypical result of a 

programed cell death called NETosis (Wartha and Henriques-Normark, 2008). 

Neutrophils are stimulated by different factors like LPS or PMA subsequently activating 

the NADPH oxidases leading to the formation of reactive oxygen species (ROS). The 

disruption of the nuclear membrane, chromatin decondensation and the mix up of the 

nuclear components with the cytoplasmic/ granula content are further steps. Finally, 

DNA fibers, depicted with histones, granule proteases and antimicrobial peptides, are 
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released into the extracellular space to entrap and/or kill different microbes (von 

Köckritz-Blickwede and Nizet, 2009).  

 

 

Figure 3: Model for formation of neutrophil extracellular traps. “Neutrophils are activated by contact 
with microbial pathogens different stimuli such as LPS, IL-8, PMA, IFN-α/γ + C5a or GM-CSF + C5a. 
Stimulation of neutrophils results in the activation of NADPH oxidases and the formation of reactive 
oxygen species (ROS). ROS signaling is required for the novel cell death pathway of ETosis, which is 
characterized by the disruption of the nuclear membrane, chromatin decondensation, and the mixing of 
nuclear contents with cytoplasmic and granular proteins. As a final step, nuclear and granular components 
are released by the dead cell generating the extracellular traps.” (von Köckritz-Blickwede and Nizet, 2009) 

 

Nowadays, it is known that the formation of NETs is not restricted to neutrophils: other 

innate immune cell types are also able to form extracellular traps like eosinophils 

(Yousefi et al. 2008), monocytes, macrophages (Chow et al. 2010) and MCs (von 

Köckritz-Blickwede et al. 2008). For further information about the differences among 

neutrophil and mast cell extracellular traps see chapter 4 “Regulation of the Formation of 

MCETs: Comparison with NETs”.  
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3.3. Mast cells 

In the past MCs were mainly known, as Paul Ehrlich already described in 1878, as 

allergy effector cells. However, in the recent years they gained more attention as 

multifunctional innate immune cells, which are involved in numerous processes (da Silva 

et al., 2014; Möllerherm et al., 2016). Thereby not only their multifunctional attributes 

also their strategical distribution nearby interfaces are playing a key role (da Silva et al., 

2014).  

 

 

Figure 4: Field Emission Scanning Electron Microscopy images of murine bone marrow derived 
MCs (von Köckritz-Blickwede et al., 2008) (A) murine BMMCs (bar: 2 μm) (B) S. pyogenes (arrow) 
attached to the surface of BMMCs (bar: 1 μm). 

 

For further details regarding the antimicrobial activity of MCs see chapter 4: 

Antimicrobial Activity of Mast Cells: Role and Relevance of Extracellular DNA Traps. 

 

3.4. Differentiation of bone marrow-derived immune cells 

Nearly 100 years after Paul Ehrlich, Kitamura and his group found in 1977 that tissue 

MCs can be derived from grafted bone marrow cells in irradiated mice. This was the first 

hint that MCs originate from hematopoietic stem cells (HSCs). The developmental 
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process is called hematopoiesis, the replenishment of all functional blood cells (Seita 

and Weissman 2010). HSCs are located in the red bone marrow and also in minority in 

the peripheral blood. These stem cells have two major abilities: the capacity of self-

replication and differentiation (Seita and Weissman 2010).  

After the first differentiation step HSC lose their ability of self-renewal and differentiate 

into multipotent progenitors. These progenitors separate in two branches: common 

myeloid progenitors (CMPs) (Akashi et al., 2000) or common lymphoid progenitors 

(CLPs) (Kondo et al., 1997). MCs derive from the branch of myeloid progenitors, like 

megakaryocytes, erythrocytes and myeloblasts, whilst neutrophils like basophils, 

eosinophils and monocytes, differentiate from the myeloblast precursors (Figure 1). CLP 

lineage is the precursor of natural killer cells and small lymphocytes, like T-cells, B-cells 

and plasma cells (Kondo et al., 1997).   

 

Figure 5: Blood cells arising from hematopoietic stem cells. (Wikimedia commons, based on original 
by A. Rad) Multipotential hematopoietic stem cells are the progenitors of common myeloid progenitors 
(CMPs) and common lymphoid progenitors (CLPs). CMPs are precursor of megakaryocytes, Erytrocytes, 
MC and Myeloblast. Further differentiation from myeloblast into basophils, neutrophils, eosinophils and 
monocytes/ macrophages takes place. The CLP linage is the precursor of natural killer cells and small 
lymphocytes, like T-cells, B-cells and plasma cells.     
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Differentiation of granulocytes (granulopoiesis) takes place in the bone marrow over a 

period of 10 to 14 days (Bainton et al., 1971), and thereby neutrophils proliferation and 

survival is dependent on the granulocyte-colony stimulating factor (G-CSF) (Metcalf, 

2008). Mature neutrophils are then released in their mature form into the blood stream 

with a transit time of 10 hours. Here they have a short life-span of around 1-2 days to 

fulfill their function (Bainton et al., 1971). Contrary, MCs are released in an immature 

form from the bone-marrow and differentiate in the target tissue (Li et al., 2015; Galli et 

al., 2005), where they act as long-living innate immune cells and are able to survive for 

months or years (Abraham and Malaviya, 1997). Therefore, the differentiation of MCs 

will be in focus of the next sub-chapter. 
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3.5. Mast cell differentiation 

Immature MCs pre-develop in the bone marrow before residing in distinct tissues, where 

they undergo further maturation (Li et al., 2015; Galli et al., 2005). They enter the 

circulation from the bone marrow as agranular mononuclear leukocytes and mature from 

circulating CD34+, KIT+ progenitor cells (Rottem et al., 1994; Kempuraj et al., 1999; 

Kirshenbaum et al., 1999 Castells et al., 1996). In comparison to neutrophils, MCs are a 

relatively small population, constituting less than 1% of peripheral blood and bone 

marrow cells (Li et al., 2015). Tissue stromal cells are responsible for the recruitment of 

the precursor MCs into peripheral tissues by secreting chemokines, where the local 

microenvironment determines the mature MC phenotype (Maaninka et al., 2013). Two 

major types of MCs have been well described in the past (Schwartz et al., 1998; 

Schwartz et al., 1987; Church et al., 1997) characterized by their cytoplasmic secretory 

granules: the mucosal MCs (MCT) containing only tryptase, mostly found in mucosal 

tissues, and the connective tissue MCs (MCTC) are containing tryptase, chymase, and 

carboxypeptidase A (MCTC), mainly resident in the serosal microenvironment (Welle et 

al., 1997). Diverse features help to discriminate between these two subsets: structural 

features, tissue distribution and synthesized mediators are summarized in table 1.  

Since MCs reside in the tissues and even after degranulation they re-granulate and live 

on (Walker, 1961; Kobayasi and Asboe-Hansen, 1969; Xiang et al., 2001), they are 

known as very long-living cells (Padawer, 1974). Beside their innate immune cell 

function, MCs are also involved in adaptive immune functions. They induce antigen-

specific CD8+ T cell activation and proliferation by presenting antigens via MHCI and 

MHCII (Stelekati et al., 2009). 
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Table 1: Mast cell subtypes (Adapted from Methods in Molecular Biology, vol. 315: 

Mast Cells; The Human Mast Cell: An Overview Guha Krishnaswamy, Omar Ajitawi, and 
David S. Chi) 

Feature MCTC cell MT cell 

Structural features 

Grating/lattice granule ++ – 

Scroll granules Poor Rich 

Tissue distribution 

Skin ++ – 

Intestinal submucosa ++ + 

Intestinal mucosa + ++ 

Alveolar wall – ++ 

Bronchi + ++ 

Nasal mucosa ++ ++ 

Conjunctiva ++ + 

Mediator synthesized 

Histamine +++ +++ 

Chymase ++ – 

Tryptase ++ ++ 

Carboxypeptidase ++ – 

Cathepsin G ++ – 

LTC4 ++ ++ 

PGD2 ++ ++ 

TNF-α ++ ++ 

IL-4, IL-5, IL-6, IL-13 ++ ++ 
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3.6. Oxygen level 

Oxygen plays a central and outstanding role in eukaryotic cell metabolism. In the 

mitochondrial electron transport chain, oxygen acts as the terminal electron acceptor 

resulting in ATP production (Taylor, 2008). Therefore, eukaryotic cells depend on 

oxygen to maintain their cellular activity and viability and need a sufficient oxygen 

delivery (Taylor, 2008). Nevertheless, the partial oxygen pressure (pO2) differs 

significantly in the tissues, which can be explained by different functions and needs. The 

physiological oxygen concentration in the tissue is termed physioxia or also known as 

“tissue normoxia” (summarized in table 2; adapted from Carreau et al., 2011) (Hammond 

et al., 2014).  

Table 2: Normal values of pO2 in various human tissues expressed in mmHg and in 

percentage of oxygen in the microenvironment” (Adapted from: Carreau et al., 2011) 

Tissue pO2 

 

mmHg % 

Air (Normoxia) 160 21.1 

Inspired air (in the tracheus) 150 19.7 

Air in the alveoli 110 14.5 

Arterial blood 100 13.2 

Venous blood 40 5.3 

Cell 9.9–19 1.3–2.5 

Mitochondria <9.9 <1.3 

Brain 33.8 ± 2.6 4.4 ± 0.3 

Lung 42.8 5.6 

Skin (sub-papillary plexus) 35.2 ± 8 4.6 ± 1.1 

Skin (dermal papillae) 24 ± 6.4 3.2 ± 0.8 

Skin (superficial region) 8 ± 3.2 1.1 ± 0.4 

Intestinal tissue 57.6 ± 2.3 7.6 ± 0.3 

Liver 40.6 ± 5.4 5.4 ± 0.7 

Kidney 72 ± 20 9.5 ± 2.6 

Muscle 29.2 ± 1.8 3.8 ± 0.2 

Bone marrow 48.9 ± 4.5 6.4 ± 0.6 
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Importantly, these diverse oxygen concentrations also influence the molecular and 

subsequent cellular behavior (Carreau et al., 2011). During in vitro studies on e.g. 

immune effector cells like neutrophils and MCs, normoxic (atmospheric) oxygen levels 

are traditionally used to evaluate their function, ignoring the fact that normoxia could 

affect the cellular behavior. Since the physiological oxygen level of the tissue drops even 

more while an infection is establishing in the tissue, oxygen should be considered as an 

important parameter. “Hypoxia is defined by a lower tissue pO2 as compared to the pO2 

to which the specific tissue element in question is adjusted under healthy conditions in 

vivo” (Sen, 2009). Specifically, immune cells need to function properly in an oxygen 

depleted milieu. Thus, resident tissue MCs should be already adapted to the 

physiological oxygen level during their differentiation in the respective tissue and need to 

function while more drastically hypoxic oxygen levels occur during infections. Also, 

infiltrating neutrophils, which usually circulate in the oxygen-rich bloodstream, need to 

adapt rapidly to the hypoxic inflammatory milieu in the tissue (Eltzschig, 2011). 

Consequently, innate immune cells have established effective cellular adaptation to 

oxygen shortages. The most prominent factor is the transcription factor hypoxia 

inducible factor-1α (HIF-1α). The bactericidal activity of neutrophils and macrophages 

was shown to be regulated on the transcriptional level (Peyssonnaux et al., 2005) by 

HIF-1α, which is in general stabilized under hypoxia and degraded under normoxia 

(Semenza et al., 1997). Besides strengthening the bactericidal activity, HIF-1α was 

furthermore shown to extend neutrophil survival under hypoxia (Walmsley et al., 2005). 

In in vitro cultured macrophages, a lack in factors which are important for HIF 

degradation (such as vHL) leads to HIF-accumulation and to a more efficient killing of 

Gram-positive and Gram-negative bacteria compared to wild-type macrophages 

(Peyssonnaux et al., 2005). These findings direct the attention towards HIF-1α as a 

possible target to boost immune cell functions. HIF agonists could hypothetically support 

or even displace antibiotics in localized infections and, thus, function effectively against 

antibiotic resistant bacteria (Nizet and Johnson, 2009). To realize this idea of boosting 

the antimicrobial activity of immune cells, the function of these cells under hypoxia and 

the relation to HIF-1α needs to be completely understood.   
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3.7 Hypoxia inducible factor 

The cellular response to hypoxia is coordinated by a transcriptional program that 

ensures optimal functional, metabolic, and vascular adaptation to O2 shortages. 

Hypoxia-inducible factor (HIF) transcription factors are master regulators of the cell in 

response to this oxygen stress (Palazon et al., 2014; Semenza et al., 2011). HIF is a 

basic helix–loop–helix transcription factor (Wang et al., 1995) and composed of a 

heterodimer with an oxygen regulated HIF-1α subunit and a constitutively expressed 

HIF-1β subunit (Wang and Semenza, 1993; Semenza et al., 2012). Initially discovered 

for its role in erythropoietin regulation (Wang and Semenza, 1992), HIF nowadays is 

well-studied as regulator in tumor development and progression and recently also in 

focus in modulating immune responses and the host response to infection (Palazon et 

al., 2014; Schaffer and Taylor, 2015). The complete HIF-α gene family consists of tree 

genes: Hif-1α, Hif-2α and Hif-3α (Heikkila et al., 2011); the present study focusses on 

HIF-1α, which is known as protein with a superordinate role in hypoxic adaptation in 

immune cells.  

HIF-1α is generally expressed in all innate and adaptive immune populations e.g. 

neutrophils (Walmsley et al., 2005), MCs (Branitzki-Heinemann et al., 2013; Möllerherm 

et al., 2017) macrophages (Cramer et al., 2003), dendritic cells (Jantsch et al., 2008), 

and lymphocytes (McNamee et al., 2013). 
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Figure 6: Degradation and stabilization of HIF-1α (Drawn from a model of Palazon et al., 2014). During 
normoxic oxygen levels HIF-1α is proteasomal degraded trough hydroxylation by PHDs and following 
polyubiquitinylation by vHL. In the absence of oxygen, PHDs are inactive, HIF-1α is accumulating and 
translocates into the nucleus. In the nucleus HIF-1α dimerizes with HIF-1β and builds together with 
p300/CBP a stable complex for the transcription of HIF-1α target genes. FIH hydroxylates HIF-1α oxygen- 
dependent on asparaginyl residues, which blocks the coactivator p300/CBP, consequently the 
transcription of target genes. 

 

The HIF-1α subunit is regulated on the protein level through oxygen availability (Wang 

and Semenza, 1993). Hypoxic conditions stabilize the transcription factor HIF-1α, 

whereas during normoxic (atmospheric) oxygen conditions HIF-1α is hydroxylated and 

polyubiquitinylated for proteasomal degradation (Figure 2).  The degradation is initiated 

by the hydroxylation HIF-1α by iron-dependent enzymes named prolylhydroxylases 

(PHDs), which are active in the presence of oxygen. This hydroxylation by PHDs is a 

sign for initiating the polyubiquitination by the von Hippel-Lindau tumor suppressor 

protein (vHL); thus, this polyubiquitination indices proteasomal degradation of the 
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protein. HIF-1α is not only hydroxylated by PHDs and consequently degraded; 

simultaneously an inhibition takes place when oxygen is available by a factor named 

factor inhibiting HIF (FIH). FIH inhibits the effective transcriptional complex by blocking 

the interaction between HIF-1α and the coactivator p300/CBP (CREB-binding protein) 

through hydroxylating asparaginyl residues of HIF-1α (Kaelin and Ratcliffe, 2008; 

Schofield and Ratcliffe, 2005). By lowering the oxygen level PHDs and FIHs get 

inactivated due to lacking oxygen as cofactor. HIF-1α is stabilized and able to 

accumulate, translocates into the nucleus and dimerizes with the constitutively 

expressed nuclear protein HIF-1β. This complex binds to hypoxia-responsive elements 

(HREs) in target genes and the transcription of over hundred targets are initiated (Nizet 

and Johnson, 2009) (Figure 4).  

 

3.8. HIF-1α and hypoxia in innate immune cells 

HIF-1α is discussed as “master regulator of innate immunity” which orchestrates the 

optimal function under low oxygen level (Zinkernagel et al., 2007); thereby, hypoxic and 

inflammatory responses are tightly controlled by the transcriptional program initiated by 

HIF-1α (Palazon et al., 2014). Various bacterial pathogens adjust their metabolism 

efficiently to hypoxia, which is well observable because of their survival and proliferation 

under anaerobic conditions; thus, also innate immune cells urgently need to adapt to 

drastic environmental oxygen changes during infection and inflammation, especially due 

to their initial role as the first line of defense against invading pathogens (Zinkernagel et 

al., 2007).  

The first evidence of this oxygen sensing pathway in immune cells was found in myeloid 

cells by Cramer et al., 2003. The authors concluded that HIF-1α is essential for the 

regulation of glycolytic capacity, showing that myeloid cells are impaired in aggregation, 

motility, invasiveness, and bacterial killing when lacking HIF-1α (Cramer et al., 2003). 

This study was strengthened by Peyssonnaux and colleagues in 2005 and showed that 

HIF-1α supported defense factor production by murine myeloid cell and improved the 

bactericidal capacity. Interestingly they reported that bacteria like Group A streptococci, 
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methicillin-resistant S. aureus (MRSA), Pseudomonas aeruginosa, and Salmonella 

species can trigger HIF-1α expression in phagocytes like murine neutrophils and 

macrophages. Mice lacking HIF-1α are not able to eliminate bacterial infection, as was 

shown in a systemic spread of bacterial skin infection (Peyssonnaux et al., 2005).  

The discovery of the importance of HIF-1α in innate immune cells led to the approach to 

pharmacologically boost the innate immune response via HIF-1 stabilization. Several 

studies were conducted to support this theory and present the effect of HIF-1α-protein 

stabilizing agents cobalt chloride (Kumar et al., 2014), l-mimosine (Zinkernagel et al., 

2008), AKB 4924 (Okumura et al., 2012; Branitzki-Heinemann et al., 2013), 

dimethyloxalylglycine (DMOG) (Völlger et al., 2016) or desferrioxamine (DFO) (Völlger et 

al., 2016). In 2005, the effect of HIF-1α on the bactericidal activity in the murine system 

of phagocytes was shown using conditional gene targeting (Peyssonnaux et al., 2005). 

Further examinations were performed by focusing on the human infection model in 

primary human blood derived neutrophils and cultured U937 monocytic cells by 

Zinkernagel et al., 2008. They boosted HIF-1α with its agonist L-mimosine and found a 

dose-dependent enhancement of bactericidal activity against the leading human 

pathogen S. aureus. Interestingly, this enhancement was independent of phagocytic 

killing of S. aureus, which suggests the contribution of an extracellular killing 

mechanism. This study displays that a pharmacologic agent can boost the host’s innate 

immune functions without acting bactericidal by itself (Zinkernagel et al., 2008). 

HIF-1α stabilization by the agonist Akebia-4924 enhanced the antibacterial activity of 

phagocytes and keratinocytes against MRSA and MSSA strains in vitro as well as in 

vivo: in a mouse skin abscess model the host’s mediated S. aureus proliferation and 

lesion formation was limited after treatment with the HIF-1α agonist (Okumura et al., 

2012). The augmentation of HIF-1α-activity mediated by Akebia-4924 also resulted in a 

boosting of the antimicrobial activity of human and murine MCs by inducing the 

formation of MCETs (Branitzki-Heinemann et al., 2013).  

HIF-1α stabilization under hypoxia leads to a delay of neutrophils apoptosis. This was 

also true for stabilizing HIF-1α with iron-chelating agents, desferrioxamine (DFO) and 

hydroxypyridines, showing a direct involvement of HIF-1α (Mecklenburgh et al., 2002). 
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The mechanism was unraveled some years later, showing that the hypoxic inhibition of 

neutrophil apoptosis is regulated by the HIF-1α hydroxylase oxygen-sensing pathway 

and NF-κB re-expression (Walmsley et al., 2005). Moreover, iron-chelating and HIF-1α 

stabilizing agents (DFO as well as DMOG) slightly boost the formation of NETs in 

human blood-derived neutrophils (Völlger et al., 2016). The authors hypothesized that 

stabilization of HIF-1α might facilitate formation of NETs in hypoxic or iron-deficient 

tissue as it occurs during infection (Völlger et al., 2016). 

Although, multiple studies deal with the boosting of HIF-1α, the exact role of this 

transcriptional program in response to real hypoxia in innate immune cells is not 

completely identified. Moreover, if HIF-1α has this superordinate role in response to 

oxygen shortages in innate immune cells, this needs further investigation.  

HIF-1α-independent adaptation of innate immune cells in response to oxygen shortages 

is discussed in chapter 8: Discussion. 
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3.9. Aims of this study 

Considering the low oxygen levels in the tissue as well as the drop of these physiological 

oxygen levels during an infection, immune cells like MCs and neutrophils need to 

function properly in oxygen stress situations to fight against invading pathogens. 

Additionally, it needs reflection that MCs differentiate in vivo in the tissue under 

predominantly physiological oxygen levels, which are much lower compared to normoxic 

oxygen levels used in in vitro cell culture systems. 

The goal of this study was to investigate the impact of hypoxia on neutrophil and MC 

function and differentiation. Overall the role of HIF-1α in the adaption of neutrophil and 

MCs to low oxygen levels will be discussed. To reach these goals the following aims 

were targeted:  

Aim 1: The impact of hypoxia on neutrophil extracellular trap (NET) formation (Chapter 

5). 

Aim 2: The effect of oxygen shortage on MC functionality as response to a bacterial 

infection (Chapter 6). 

Aim 3: The effect of physioxia on murine bone-marrow derived MC differentiation and 

function in vitro (Chapter 7). 

 

Aim 1: The impact of hypoxia on neutrophil extracellular trap (NET) formation. 

While it has been proven, that the stabilization of HIF-1α enhances bactericidal activities 

of human neutrophils (Peyssonnaux et al., 2005), and that it delays the rates of 

apoptosis and elevates bacterial phagocytosis (Walmsley et al., 2006), the effect of 

hypoxia on NET release still needs to be elucidated. It may be hypothesized that NET 

formation increases under low oxygen conditions similarly to that shown by HIF-1α 

stabilizing agents, like DFO and DMOG (Völlger et al., 2016). Here, the effect of hypoxic 

oxygen conditions (1% O2) on NET-formation in response to PMA or S. aureus was 

investigated. 
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Aim 2: The effect of oxygen shortage on MC functionality as response to a 

bacterial infection.  

Pharmacological stabilization of HIF-1α levels under normoxia mediates the extracellular 

antimicrobial activity of human and murine MCs by increasing the formation of MCETs 

(Branitzki-Heinemann et al., 2013). The effect of oxygen shortages and hypoxia might 

induce stabilization of HIF-1α; however, the functionality of MCs, especially as response 

to bacterial infection, has previously not been fully addressed. Here, the long- and short-

term effect of hypoxic oxygen conditions (1% O2; hypoxia) in comparison to atmospheric 

oxygen concentrations (20–21% O2; normoxia) in response to S. aureus on MC 

functionality was investigated. Thereby, mediator release, including histamine and 

TNFα, phagocytosis rate, MCET release as well as the expression of HIF-1α and its 

target genes were in focus.  

 

Aim 3: The effect of physioxia on murine bone-marrow derived MC differentiation 

and function in vitro.  

To differentiate MCs and to study their functionality, atmospheric oxygen conditions are 

traditionally used in cell culture although the physiological oxygen level in vivo is much 

lower. However, the effect of physioxia (here defined as 7% O2) during MC 

differentiation in vitro and consequently the effect on the functionality as immune cells is 

unexplored. To adress this issue, the differentiation rate, transcript expression of hif-1α, 

selected target genes, foxo3 and vhl as well as ROS production and histamine content, 

as functional markers of MCs were evaluated. 
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Abstract 

Mast cells (MCs) have been shown to release their nuclear DNA and subsequently form 

mast cell extracellular traps (MCETs) comparable to neutrophil extracellular traps, which 

are able to entrap and kill various microbes. The formation of extracellular traps is 

associated with the disruption of the nuclear membrane, which leads to mixing of 

nuclear compounds with granule components and causes the death of the cell, a 

process called ETosis. The question arises why do MCs release MCETs although they 

are very well known as multifunctional long-living sentinel cells? MCs are known to play 

a role during allergic reactions and certain parasitic infections. Nonetheless, they are 

also critical components of the early host innate immune response to bacterial and 

fungal pathogens: MCs contribute to the initiation of the early immune response by 

recruiting effector cells including neutrophils and macrophages by locally releasing 

inflammatory mediators, such as TNF-α. Moreover, various studies demonstrate that 

MCs are able to eliminate microbes through intracellular as well as extracellular 

antimicrobial mechanisms, including MCET formation similar to that of professional 

phagocytes. Recent literature leads to the suggestion that MCET formation is not the 

result of a passive release of DNA and granule proteins during cellular disintegration, but 

rather an active and controlled process in response to specific stimulation, which 

contributes to the innate host defense. This review will discuss the different known 

aspects of the antimicrobial activities of MCs with a special focus on MCETs, and their 

role and relevance during infection and inflammation. 
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Abstract 

Since their discovery, neutrophil extracellular traps (NETs) have been characterized as a 

fundamental host innate immune defense mechanism. Conversely, excessive NET-

release may have a variety of detrimental consequences for the host. A fine balance 

between NET formation and elimination is necessary to sustain a protective effect during 

an infectious challenge. Our own recently published data revealed that stabilization of 

hypoxia-inducible factor 1α (HIF-1α) by the iron chelating HIF-1α-agonist desferoxamine 

or AKB-4924 enhanced the release of phagocyte extracellular traps. Since HIF-1α is a 

global regulator of the cellular response to low oxygen, we hypothesized that NET 

formation may be similarly increased under low oxygen conditions. Hypoxia occurs in 

tissues during infection or inflammation, mostly due to overconsumption of oxygen by 

pathogens and recruited immune cells. Therefore, experiments were performed to 

characterize the formation of NETs under hypoxic oxygen conditions compared to 

normoxia. Human blood-derived neutrophils were isolated and incubated under 

normoxic (21%) oxygen level and compared to hypoxic (1%) conditions. Dissolved 

oxygen levels were monitored in the primary cell culture using a Fibox4-PSt3 

measurement system. The formation of NETs was quantified by fluorescence 

microscopy in response to the known NET-inducer phorbol 12-myristate 13-acetate 

(PMA) or Staphylococcus (S.) aureus wild-type and a nuclease-deficient mutant. In 

contrast to our hypothesis, spontaneous NET formation of neutrophils incubated under 

hypoxia was distinctly reduced compared to control neutrophils incubated under 

normoxia. Furthermore, neutrophils incubated under hypoxia showed significantly 

reduced formation of NETs in response to PMA. Gene expression analysis revealed that 

mRNA level of hif-1α as well as hif-1α target genes was not altered. However, in good 

correlation to the decreased NET formation under hypoxia, the cholesterol content of the 

neutrophils was significantly increased under hypoxia. Interestingly, NET formation in 

response to viable S. aureus wild-type or nuclease-deficient strain was retained under 

hypoxia. Our results lead to the conclusion that hypoxia is not the ideal tool to analyze 

HIF-1α in neutrophils. However, the data clearly suggest that neutrophils react differently 

under hypoxia compared to normoxia and thereby highlight the importance of the usage 

of physiological relevant oxygen level when studying neutrophil functions.  
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Abstract 

To study the antimicrobial function of immune cells ex vivo, cells are commonly 

cultivated under atmospheric oxygen concentrations (20–21%; normoxia), although the 

physiological oxygen conditions in vivo are significantly lower in most tissues. Especially 

during an acute infection, oxygen concentration locally decreases to hypoxic levels 

around or below 1%. The goal of this study was to investigate the effect of hypoxia on 

the activity of mast cells (MCs). MCs were cultivated for 3 or 24 h at 1% O2 in a hypoxia 

glove box and co-incubated with heat-inactivated Staphylococcus aureus. When 

incubating the cells for 24 h under hypoxia, the transcriptional regulator hypoxia-

inducible factor 1α (HIF-1α) was stabilized and resulted in increased extracellular trap 

formation and decreased phagocytosis. Interestingly, while phagocytosis of fluorescent 

S. aureus bioparticles as well as the release of extracellular traps remained unaffected 

at 3 h hypoxia, the secretion of the prestored mediator histamine was increased under 

hypoxia alone. In contrast, the release of TNF-α was generally reduced at 3 h hypoxia. 

Microarray transcriptome analysis revealed 13 genes that were significantly 

downregulated in MCs comparing 3 h hypoxia versus normoxia. One interesting 

candidate is sec24, a member of the pre-budding complex of coat protein complex II 

(COPII), which is responsible for the anterograde transport of proteins from the ER to 

the Golgi apparatus. These data lead to the suggestion that de novo synthesized 

proteins including crucial factors, which are involved in the response to an acute 

infection like TNF-α, may eventually be retained in the ER under hypoxia. Importantly, 

the expression of HIF-1α was not altered at 3 h. Thus, our data exhibit a HIF-1α-

independent reaction of MCs to short-term hypoxia. We hypothesize that MCs respond 

to short-term low oxygen levels in a HIF-1α-independent manner by downregulating the 

release of proinflammatory cytokines like TNF-α, thereby avoiding uncontrolled 

degranulation, which could lead to excessive inflammation and severe tissue damage. 
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Abstract  

Mast cells (MCs) are long-living multifunctional innate immune cells that originate from 

hematopoietic precursors and specifically differentiate in the destination tissue, e.g., 

skin, respiratory mucosa, intestine, where they mediate immune cell recruitment and 

antimicrobial defense. In vivo these tissues have characteristic physiological oxygen 

levels that are considerably lower than the atmospheric oxygen conditions (159 mmHg, 

21% O2; 5% CO2) traditionally used to differentiate MCs and to study their functionality 

in vitro. Only little is known about the impact of physiological oxygen conditions on the 

differentiation process of MCs. This study aimed to characterize the differentiation of 

immature murine bone marrow-derived MCs under physioxia in vitro (7% O2; 53 mmHg; 

5% CO2). Bone marrow-derived suspension cells were differentiated in the presence of 

interleukin-3 with continuous, non-invasive determination of the oxygen level using a 

Fibox4-PSt3 measurement system without technique-caused oxygen consumption. 

Trypan blue staining confirmed cellular viability during the specified period. Interestingly, 

MCs cultivated at 7% O2 showed a significantly delayed differentiation rate defined by 

CD117-positive cells, analyzed by flow cytometry, and reached >95% CD117 positive 

population at day 32 after isolation. Importantly, MCs differentiated under physioxia 

displayed a decreased transcript expression level of hif-1α and selected target genes 

vegf, il-6, and tnf-α, but an increase of foxo3 and vhl expression compared to MCs 

cultivated under normoxia. Moreover, the production of reactive oxygen species as well 

as the amount of intracellular stored histamine was significantly lower in MCs 

differentiated under low oxygen levels, which might have consequences for their function 

such as immunomodulation of other immune cells. These results show for the first time 

that physioxia substantially affect maturation and the properties of MCs and highlight the 

need to study their function under physiologically relevant oxygen conditions.  
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8. Discussion 

 

Taken together, all presented projects highlight the importance of physiological oxygen 

levels for in vitro cell culture systems when studying the function and differentiation of 

innate immune cells. 

Innate immune cells provide the first line of defense against infections. Upon infection, 

these cells need to function fast and efficiently to fight against invading pathogens, 

although acute local tissue hypoxia is occuring due to overconsumption of oxygen by 

pathogens and recruited immune cells (Eltzschig et al., 2011). The adaptation to oxygen 

shortages is mediated by HIF-1α, the central regulator of the cell to oxygen stress 

(Zinkernagel et al., 2007). It has already be shown that this transcription factor has a 

high impact e.g. on the bactericidal activity of myeloid cells by enhancing their 

bactericidal capacity (Peyssonnaux et al., 2005). It was questioned in these present 

studies if hypoxia and consequently inevitably associated HIF-1α play a role in NET 

release in neutrophils as well as in the antimicrobial activity of MCs. Furthermore the 

differentiation process und the function of MCs under their physiological oxygen level 

were investigated. 

Condensed, the overall goal of this study was to evaluate the effect of oxygen shortages 

on innate immune cell function against zoonotic bacterial infections. To reach this goal, 

the following aims were placed in focus:  

The impact of hypoxia on neutrophil extracellular trap (NET) formation (Aim1, Chapter 

5), the effect of oxygen shortage on MC functionality as response to a bacterial infection 

(Aim 2, Chapter 6) and the effect of physioxia on murine bone-marrow derived MC 

differentiation and function in vitro (Aim 3, Chapter 7).  

It was already shown for MCs that pharmacological boosting of HIF-1α by Akebia-4924 

results in augmentation of MCET release (Branitzki-Heinemann et al., 2013). 

Furthermore, in neutrophils it could be proven by data of our own laboratory, that HIF-1α 

might be involved in the formation of NETs by pharmacological stabilization of HIF-1α by 
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DFO and DMOG (Völlger et al., 2016). Thereby, DFO and DMOG also enhanced the 

release of NETs in human and bovine neutrophils in a ROS-dependent manner (Völlger 

et al., 2016). Based on these results of boosting HIF-1α in MCs and neutrophils under 

normoxia, we hypothesized that NET and MCET formation as well as other antimicrobial 

activities, like mediator release and phagocytosis by MCs may be similarly increased 

under more physiological hypoxic conditions, since HIF-1α is a global regulator of the 

cellular response to low oxygen. In the present thesis, this result was confirmed by the 

exposure of MCs to long-term hypoxia (24 h at 1% oxygen), when HIF-1α is stabilized 

resulting in a HIF-1α-dependent mechanism of adaptation by increasing MCET release 

(Chapter 6, figure 2 and 3A; Möllerherm et al., 2017). Contrary to these previous results, 

we show here that both, neutrophils and MCs, may adapt to short-term hypoxia (2 h for 

neutrophils and 3 h for MCs) in a HIF-1α-independent manner. We presented that HIF-

1α might not be responsible for the altered NET-phenotype in neutrophils under hypoxia 

(Chapter 5, figure 2 and 3; Branitzki-Heinemann, Möllerherm, Völlger et al., 2016). 

Nevertheless, these results are based on the transcript expression level in neutrophils, 

and further investigations on the protein level need to be conducted since HIF-1α is 

stabilized on the protein level under hypoxia (Branitzki-Heinemann, Möllerherm and 

Völlger et al., 2016). Since it is shown that pharmacological stabilization of HIF-1α 

results in increased MCET formation (Branitzki-Heinemann et al., 2013) and increased 

NET formation (Völlger et al., 2016), it could be critically discussed, if hypoxia is an ideal 

tool to study HIF-1α stabilization in MC and neutrophils in vitro. An additional or longer 

hypoxic trigger seems to be needed under natural occurring physiological oxygen 

conditions to induce the stabilization of HIF-1α as it is shown for the long-term hypoxic 

adaptation of MCs. Short-term hypoxia alone does not alter the expression level of hif-

1α in neutrophils or the protein and expression level in MCs. Nevertheless, we were not 

able to reproduce the same effect like the pharmacological boosting of HIF-1α under 

hypoxia; in any case, the antimicrobial activity of MCs and neutrophils is altered under 

short-term hypoxia. 

Interestingly, MCs modulate their main antimicrobial activity, the degranulation of 

mediators, under short-term hypoxia independently of HIF-1α, shown on protein and on 

transcript level, by increasing the histamine release and reducing TNF-α release 
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(Möllerherm et al., 2017). Especially the decreasing mediator release of MCs could have 

a significant effect on the recruitment of effector immune cells. This hypothesis is 

assisted through the fine-tune release of the vasoactive mediator histamine, an 

important endogenous modulator of inflammatory and immune responses, which is 

responsible for the vascular permeability to enhance the blood flow and to allow the 

recruitment of other effector cells, which was shown to be significantly increased under 

hypoxia, but not under normoxia, in response to S. aureus (Chapter 6, figure 5B; 

Möllerherm et al., 2017). Furthermore, it was shown before that histamine inhibits the 

TNF-α release in a concentration and time-dependent manner (Bissonnette et al., 1996), 

leading to the suggestion that MCs act more immunomodulatory under hypoxia to 

reduce an overwhelming inflammation by recruited immune effector cells (Möllerherm et 

al., 2017). This theory is also supported by data from studying the differentiation of MCs 

under physioxia (7% O2; 53 mmHg; 5% CO2). Mature physioxic differentiated MC 

display a reduced ROS-production and reduced cellular histamine storage, which might 

also have important consequences for mediating immune cell recruitment and 

antimicrobial defense functions (Chapter 7, figure 4A and 5A, Möllerherm et al. 

submitted). This downregulation of intracellular stored histamine through physiological 

differentiation and also released proinflammatory cytokines like TNF-α during acute 

hypoxic conditions could avoid uncontrolled degranulation, which could lead to 

excessive inflammation and severe tissue damage (Hoenderdos et al., 2016).  

These results were the first evidence that MCs and neutrophils may adapt to short-term 

hypoxia, as found during the early phase/ acute phase of infection, in a HIF-1α 

independent manner. Furthermore, these findings lead to the suggestion that beside 

HIF-1α, other regulatory factors play a role in the early adaptation to hypoxic stress.  

Beside HIF-1α also other HIF-isoforms, like HIF-2α and HIF-3α, are known for their role 

in oxygen adaptation (Tian et al., 1997). The comprehensive function of HIF-3α remains 

nearly unknown, but a negative regulatory function of HIF-1α and HIF-2α is discussed, 

by competing for available HIF-1β (Yamashita et al., 2008) or by dimerizing with HIF-1α 

(Makino et al., 2001). HIF-2α gained more attention in the recent years; it is expressed 

in many different cell types including cells of the innate and adaptive immune system 
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and promising an important role in the adaptation to oxygen shortages (Palazon et al., 

2014). Whether HIF-1α or HIF-2α is stabilized or even both depends on various intrinsic 

and extrinsic factors, like hypoxia or the activation status of the cell, subsequently 

leading to the regulation of overlapping or distinct sets of target genes (Palazon et al., 

2014). The stabilization and degradation procedure of HIF-2α is similar to HIF-1α, both 

dimerize with HIF-1β to transcribe target genes. HIF-2α is expressed in diverse forms 

but not ubiquitously, like HIF-1α. The expression is limited to a few cell types, like in 

endothelial cells (Hu et al., 2003) in macrophages in relation to tumors (Imtiyaz et al., 

2010; Talks et al., 2000) as well as in adaptive immune cells like CD8+ T cells (Doedens 

et al., 2013) and innate immune cells like neutrophils (Thompson et al., 2014). Until now 

just a few publications deal with the role of HIF-2α in neutrophils. Thompson et al 

published in 2014 that HIF-2α seems to have a more selective role in neutrophil biology 

and the regulation of inflammation resolution. While using a myeloid-specific deletion of 

hif2α, the results displayed an increased apoptosis ex vivo and in vivo leading to a 

reduced neutrophil mediated inflammation. In comparison to our results, short-term 

adaptation of neutrophils and MCs antimicrobial activity could depend in part on HIF-2α 

stabilization, since a reduction in NET release (Branitzki-Heinemann, Möllerherm, 

Völlger et al., 2016) as well as mediator release in MCs (Möllerherm et al., 2017) was 

shown. Furthermore, intracellular stored histamine and ROS-production was shown to 

be reduced in MCs differentiated under physioxia (Möllerherm et al., submitted). 

Nevertheless, the experimental proof of HIF-2α expression on the mRNA level or the 

stabilization on the protein level seems to be more challenging compared to HIF-1α. The 

group was unable to detect HIF-2α in immature murine bone marrow neutrophils; just 

low levels of HIF-2α mRNA human blood- derived neutrophils could be detected. 

Thereby higher levels of HIF-2α mRNA were found following neutrophil activation in 

inflammatory conditions, like arthritis or recruitment LPS-mediated acute lung injury. 

Very recently Triner et al., 2017 published a role of epithelial HIF-2α in colon tumors. On 

the one hand overexpression of HIF-2α in epithelial cells resulted in neutrophil 

recruitment and on the other hand disruption of HIF-2α significantly decreased 

neutrophils in the colon tumor microenvironment. They discussed HIF-2α as a novel 

regulator of neutrophil recruitment by increasing colon carcinogenesis (Triner et al., 
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2017). The selective role of HIF-2α in neutrophils or MCs in acute hypoxic environments 

during infections or physioxia would be an exciting field for further examinations of 

neutrophil and MC functions.   

Furthermore, different possibilities of HIF-independent adaptation to hypoxia are 

published. One candidate is the mammalian target of rapamycin (mTOR), a highly 

conserved PI3K-like serine/threonine kinase and its downstream effectors that 

orchestrate the initiation of protein synthesis, autophagy and apoptosis sensitivity 

(Wouters and Koritzinsky, 2008). Thereby, mTOR has a role in the transcriptional 

cellular response in multiple environmental signals, like in response to nutrient 

availability and stress conditions e.g. hypoxia (Arsham et al., 2003). The cellular 

response to hypoxia through protein translation is facilitated in part by the mTOR 

complex 1 (mTORC1) kinase (Arsham et al., 2003; Koritzinsky et al., 2006). Hypoxia 

inhibits mTORC1 activity and requires hypoxia-inducible protein REDD1 (for regulation 

in development and DNA damage) (Shoshani et al., 2002; Brugarolas et al., 2004; 

Reiling and Hafen, 2004). Interestingly, activation of mTORC1 promotes glycolysis and 

mitochondrial respiration through HIF1α (Hudson et al., 2002), which increases the 

expression on the surface of glucose transporter 1 (GLUT1) resulting in enhanced 

glucose import. Nevertheless, HIF-1α is stabilized downstream of mTORC. In cancer 

progression it is discussed as an oncogenic regulation of HIF-1 which occurs in certain 

cellular and pathological contexts (Arsham et al., 2003). Yost et al., 2004 linked the 

response to inflammatory signaling of human PMNs to mTOR for the first time. They 

discussed mTOR as a checkpoint for posttranscriptional gene regulation in PMNs. 

Recently, the connection of the mTOR pathway and NET formation was observed by 

McInturff et al. in 2012. The authors showed in contradiction to Arsham et al., 2003, that 

HIF-1α regulates NET formation and NET-mediated antibacterial activity and 

hypothesize that HIF-1α can be found downstream in the mTOR-regulated pathway in 

human neutrophils. In good correlation to this data we show here, that NET release in 

primary blood-derived neutrophils is decreased under hypoxia (Chapter 5, figure 2) in a 

possibly HIF-1α-independent manner (Chapter 5, figure 3). However, successful protein 

analysis of HIF-1α stabilization, as well as HIF-1α knockout studies are still needed. In 

another study by focusing the neutrophil-mediated bronchial epithelial damage under 
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hypoxia, an upregulation of neutrophil degranulation increased the capacity for tissue 

injury. This upregulation of degranulation was shown to be HIF-1α -independent, but 

revealed PI3Kγ as a key mediator of neutrophil degranulation under hypoxia. How 

hypoxia modulates PI3Kγ activity independent of HIF needs further investigations 

(Hoenderdos et al., 2016). Furthermore, it would be interesting if MCs are also regulated 

by the mTOR pathway and if PI3Kγ serves as a key mediator of MC degranulation under 

hypoxia, since the mediator release of MCs is affected under short-term hypoxia.  

Another very important cellular player regulating the immune response to infection is the 

transcription factor Nuclear factor-kappa B (NF-κB) (Baeuerle and Henkel, 1994). The 

crosstalk between the HIF and NF-κB is essential for the control of immune responses 

by sharing regulators and targets (D'Ignazio et al., 2016), and indeed, HIF and NF-κB 

are both regulated by hypoxia (Culver et al., 2010). On the one hand HIF acts as 

regulator of NF-κB based on IKK–transforming growth factor β-activated kinase 1 

(TAK1) and cell division protein kinase 6 (CDK6) (Bandarra et al., 2015), on the other 

hand NF-κB modulates HIF expression in inflammation and hypoxia (van Uden et al., 

2008; van Uden et al., 2011; D'Ignazio et al., 2016). As already introduced in chapter 3, 

hypoxia enhances neutrophil survival through increased HIF-1α-dependent NF-κB 

activity (Walmsley et al., 2005). It has also been shown that NF-κB is required for the 

bacteria-induced HIF-1α mRNA transcriptional response in macrophages. Upon loss of 

IKKβ, both macrophages infected with bacteria and mice subjected to hypoxia revealed 

a pronounced HIF-1α induction defect, demonstrating the critical importance of the 

interplay of HIF and NF-κB under pathophysiological relevant conditions ex vivo and in 

vivo (Rius et al., 2008). Furthermore, pro-inflammatory cytokines, like TNF-α and IL-1β 

promote HIF-1α accumulation in a NF-κB–dependent manner (Zhou et al., 2003; Jung et 

al., 2003(1); Jung et al., 2003(2); Lin and Simon, 2016). The outcome of this crosstalk 

between HIF and NF-κB is very diverse and cell type dependent, but possibly targeting 

of HIF pathways will impact NF-κB function and should be considered in future work 

(D'Ignazio et al., 2016). For MCs it is published that the expression of TNF-α and IL-6 is 

regulated by NF-κB in rat basophilic leukemia (RBL)-2H3 MCs. Inhibition of NF-κB 

activation resulted in reduced mediator release (Jeong et al., 2002). Since we 

demonstrated that TNF-α release is reduced under short-term hypoxia (Chaper IV, 
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figure 4; Möllerherm et al., 2017), the regulation of mediator release by NF-κB under 

hypoxia in MCs could give a further hint. Nevertheless, TNF-α seems to be regulated 

intracellularly on the posttranscriptional basis as well, thus de novo synthesized TNF-α 

may retain in the ER without being efficiently transported to the Golgi for further 

modifications, as has been proven by microarray transcriptome analysis (Chapter 6, 

figure 7; Möllerherm et al., 2017). Certainly, further experiments are needed to verify this 

hypothesis. Aside from this, these studies focus on the interaction of HIF-1α and NF-κB, 

thus investigations on HIF-2α and HIF-3α in relation to NF-κB could open more 

prospects in the adaptation to oxygen shortages.   

Alongside mTOR and NF-κB an alternative pathway was shown to be activated in 

response to stress stimuli: Forkhead transcription factor of the O class (FOXO). Four 

different FOXO proteins (FOXO1, FOXO3a, FOXO4 and FOXO6) are encoded in the 

mammalian genome. Their role in cellular oxidative stress is well defined (Storz, 2011); 

FOXO transcription factors are sensors for oxidative stress since their activity is 

regulated by H2O2: An increase in intracellular ROS translocates FOXO into the nucleus 

where it is transcriptionally active (Essers et al., 2004). FOXO upregulates the 

expression of anti-oxidative proteins mediating detoxification of ROS and stress 

resistance. For example FOXO3a leads to the expression of manganese superoxide 

dismutase (MnSOD) via regulation of the sod2 gene (Kops et al., 2002). Interestingly, it 

was shown in normal and in cancer cells responding to hypoxia induced stress, FOXO3a 

fine-tunes HIF-1α to inhibit HIF-1-induced apoptosis (Bakker et al., 2007). New 

evidences for the contribution of FOXO3a in hypoxic responses using a zebrafish model 

showed that FOXO3a (foxo3b in zebrafish) transactivates the von Hippel-Lindau (VHL) 

gene expression, resulting in suppression of hypoxia signaling due to VHL mediated 

proteasomal degradation of HIF-1α. Disruption of foxo3b in zebrafish led to impaired 

hypoxic tolerance. The authors concluded that FOXO3a could serve as vital factor that 

orchestrates cells in response to reactive oxygen stress and hypoxic stress conditions 

(Liu et al., 2016). In 2008, a HIF-1α-independent regulation of oxygen stress by the 

transcriptional coactivator PGC-1α (peroxisome-proliferator-activated receptor-γ 

coactivator-1α) was published. PGC-1α coactivates several transcription factors, 

including many members of FOXO or foxO signaling pathway and nuclear receptor 
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families (Arany et al., 2007). By analyzing MCs adaptation on short-term hypoxia by 

transcriptome analysis, we indicated here the foxO signaling route as a significantly 

enriched pathway from the Partek pathway analysis (Chapter 6, figure 7B; Möllerherm et 

al., 2017). Consequently, based on our data, we also hypothesize that similar HIF-1α-

independent mechanisms might be involved in early adaptation of MCs to oxygen stress. 

Furthermore we showed here that FOXO3 as well as VHL is upregulated in MC 

differentiated under physiological oxygen levels, as they appear in the tissue; suggesting 

also a role of FOXO3 as regulator of MCs in response to prolonged physioxia. 

Beside the physiological oxygen level in the tissue, extracellular pH plays also an 

important role in immune cell function (Lardner et al., 2001; Kellum et al., 2004). If the 

extracellular pH drops, various cellular responses are shown to be reduced, including 

protein and DNA synthesis, cytosolic- and membrane associated enzyme activities, ion 

transport activity and cAMP and calcium levels (Lardner, 2001). The extracellular 

acidification is related to inflammatory processes. Infiltrating, activated immune cells 

display an increased energy and oxygen demand and accelerated glucose consumption 

via glycolysis due to hypoxia, resulting in increased lactic acid secretion (Roiniotis et al., 

2009; Krawczyk et al., 2011; Rajamäki et al., 2013). The extracellular pH seems to differ 

and ranges between pH 5.5–7.0 (Latson et al., 2005; Simmen et al., 1993; Van 

Hoogmoed et al., 1999). Nevertheless no reliable, reproducible literature can be found 

investigating the pH range during infections. Interestingly, for innate immune cell 

function, it was recently shown that extracellular acidification acts as a key regulator of 

neutrophil survival and functioning (Cao et al., 2015), here acidification was defined at a 

pH 6.0, normal cellular balance at pH 7.4 Thereby, extracellular acidification delayed 

neutrophil apoptosis, inhibited respiratory burst, augmented polarization and enhanced 

endocytosis while bacteria killing was suppressed (Cao et al., 2015). Also, earlier 

studies indicated that extracellular acidification has an impact on the release of an 

inflammatory mediator in various innate immune cells: lactic acid appeared to be anti-

inflammatory, whereas hydrochloric acid was pro-inflammatory (Kellum et al., 2004). 

Supporting this theory, acid-treated monocytes and macrophages produce more IL-1β 

and trigger inflammasome activation (Jancic et al., 2012; Rajamäki et al., 2013). Further 

research on pH levels in immune cell functions are needed to assess an infection 
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outcome and observe strategies to externally regulate the extracellular pH in vivo as a 

novel disease therapy (Cao et al., 2015). Moreover, the relation of hypoxia and pH 

changes during studying inflammatory processes in vitro as well as the interplay of the 

transcriptional adaptation may expand the cellular research leading to more 

physiologically relevant culturing methods. A first necessary step is the measuring of pH 

levels throughout experiments under hypoxia in vitro.  

Not only extracellular, but also intracellular changes in pH and glucose availability occur 

during hypoxia. In tumor microphysiology, these changes were continuously considered 

during research on tumor hypoxia (Vaupel, 2008).  In innate immune cells the role of 

intracellular-pH or glucose level under hypoxic conditions remains unexplored. To 

maintain the homeostasis and survival of the cell under hypoxia, HIF transcribes target 

genes which help to reduce mitochondrial oxygen consumption (Fukuda et al., 2007), 

arranges alterations to gain cellular energy through anaerobic glycolysis (Semenza et 

al., 1994) and controls the cellular pH level; thus, they prevent acidification (Shimoda et 

al., 2006). Already in 1986 it was published that inhibition of Na+/H+ exchange results in 

pHi changes in neutrophils leading to a reduction in chemotaxis, hypothesizing that pHi 

changes could serve as an important control mechanism in the regulation of human 

neutrophil function (Simchowitz and Cragoe, 1986).   

Close to the adaptation of immune cells, bacteria also evolved mechanisms to adapt to 

hypoxic conditions. Especially Staphylococci are specialists to adjust to the diverse 

changing host environments during infection and flexibly change their metabolic and 

virulence programs (Wilde et al., 2015). Alongside their facultative anaerobe phenotype, 

it is published that oxygen concentration affects the virulence properties of S. aureus by 

regulating the expression of some virulence-associated genes (pls, hly, splC and splD, 

epiG, and isaB) (Fuchs et al., 2007). Furthermore, hypoxia increases the quorum 

sensing-dependent toxin production, associated with an increase in cytotoxicity toward 

mammalian cells (Wilde et al., 2015). To avoid these bacterial effects and to focus on 

the host response, we excluded these changes by the use of S. aureus-bioparticles as 

well as heat-inactivated S. aureus (Chapter 5; Chapter 6). Nevertheless, studies 
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combining bacterial and host cellular changes under hypoxic conditions are needed to 

understand the network and interplay under physiologically relevant oxygen level. 

In assumption, hypoxia alters the behavior of immune cells through a number of O2-

sensitive pathways; one of the best understood pathways is mediated by HIF-1α. 

Although, HIFs are key mediators in the cellular response to oxygen shortages, other 

regulatory pathways, like NF-κB, mTOR and FOXO3 should be considered as well as 

the interplay of all regulatory and adaptation pathways. Furthermore, all publications on 

hypoxic regulation in immune cells indicate an unexpected diversity in gene regulation 

and adaption. Beside environmental hypoxia, also pH might be a possible immune 

regulatory variable, as well as the interplay of both factors on the function of immune 

cells. Furthermore, the bacterial changes under hypoxic conditions, together with 

increased bacterial cytotoxicity, should be considered in the host-bacterial interaction 

under hypoxia.  

Overall, the understanding of the cellular adaptation to oxygen shortages and 

physiological behavior of immune cells could reveal new targets for boosting immune 

cell functions and reduce the impact of antibiotics, thus reducing the risk of drug-

resistant bacteria and fighting against these infections. Further research will strengthen 

the understanding and subsequently the modulatory possibilities of the immune system. 
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9. Future outlook 

 

Exciting prospects for the future include an increased understanding of how innate 

immune cells, like neutrophils and MCs, adapt to short term hypoxia. Since it is 

published that HIF-1α plays a role in innate immune cell function, the direct connection 

between hypoxia or physioxia and HIF-1α in neutrophils and MCs is still missing. Linking 

HIF-1α stabilization to its natural stimulus “hypoxia” seems to be more challenging than 

pharmacological boosting of HIF-1α. To unravel the actual role of HIF-1α in the hypoxic 

regulation of immune cells, studies with HIF-1α deficient mice under hypoxia compared 

to normoxia should be conducted to see if in the absence of HIF-1α displays another 

phenotype than with this important key transcription factor. Due to this experiment, 

different questions could be answered. Do MCs and neutrophils adapt to short-term 

hypoxia in a HIF-1α- independent manner? Is HIF-1α needed for the differentiation of 

MCs under physioxia? Do MCs and neutrophils survive hypoxic conditions without HIF-

1α? To confirm the HIF-1α dependent/ independent theory, it would be interesting to 

block the degradation of HIF-1α by the knockout of vHL, check for example, if MCs 

modulate their antimicrobial activity comparable to the hypoxic adaptation and if they 

differentiate and function like under physioxia or if neutrophils impair their NET release.  

Since we showed that HIF-1α is not stabilized in MCs exposed to short-term hypoxia or 

expressed in neutrophils on the mRNA level, other pathways could be included by 

investigating the adaptation to oxygen shortages. The role of HIF-2α and HIF-3α in 

neutrophils and MCs in acute hypoxic environments and during infections or physioxia 

would be an exciting field for further examinations. Additionally, the crosstalk between 

HIF and NF-κB is very diverse and cell type dependent, but possibly targeting of HIF 

pathways will impact NF-κB function and should be considered in future work (D'Ignazio 

et al., 2016).  

Subsequently, not only HIFs are responsible for the adaptation, but also other cellular 

pathways could be included in further investigations. We demonstrated that foxo3 and 

vhl expression is upregulated in physiologically differentiated MCs, thereby a fine-tuning 

function by FOXO3 towards HIF-1α could be suggested. The interplay of these 
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transcription factors as well as the degradation of HIF-1α by the induction of vHL would 

need further investigations. Western blot analyses as well as FOXO3 knockout studies 

could give a hint on the regulation. Moreover, the role of FOXO3 and vHL in acute short-

term hypoxia could shed light on the suggested HIF-1α-independent adaptation.  

Since the extracellular acidification is related to inflammatory processes due to a switch 

to glycolysis in immune cells in hypoxic environments, resulting in increased lactic acid 

secretion (Roiniotis et al., 2009; Krawczyk et al., 2011; Rajamäki et al., 2013), the 

extracellular pH should also be considered as important factor in immune cell function 

(Lardner et al., 2001; Kellum et al., 2004). Further research on pH levels are needed to 

assess an infection outcome and observe strategies to externally regulate the 

extracellular pH in vivo as a novel disease therapy (Cao et al., 2015). In addition, the 

relation of hypoxia and pH changes during studying inflammatory processes in vitro as 

well as the interplay of the transcriptional adaptation would open a new field of research 

and would lead to more physiologically relevant culturing methods. A first and very 

simple step in this direction could be measuring pH levels throughout experiments under 

hypoxia in vitro. 

After the research on transcriptional regulation in response to oxygen stress as well as 

pH level and the impact on immune cell functions, at first in vitro and in the future 

selected in vivo studies on boosting or inhibiting specialized pathways, like HIF or 

FOXO3 should be conducted to possibly find novel targets to boost the antimicrobial 

activity of the host cell against drug-resistant bacterial infections.    

In vitro mimicking of physiologically relevant conditions, and thereby a progressive 

approximation of in vivo situations, can reduce the necessity of animal experiments. In a 

long-term perspective, the function of immune cells should be conducted in an even 

more complex system, like 3D culture systems, to consider the crosstalk with other 

neighboring cells such as epithelial or endothelial cells.   
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10.  Concluding remarks  

 

Our data clearly confirm that important innate immune cells, like neutrophils and MCs, 

providing the first line of defense against invading pathogens, react differently under 

hypoxia compared to normoxia. This work should draw attention to the importance of 

physiological oxygen levels of in vitro cell culture systems by studying immune cell 

functions.  

Both immune cell types are well adapted to their physiological oxygen levels in the blood 

or in the domiciled tissues as well as oxygen shortages due to infections, injury or 

autoimmunity in vivo. By isolating primary neutrophils or hematopoietic stem cells, they 

have to leave their physiological oxygen level and are very often cultured under 

normoxia. In this case normoxia could induce oxygen stress for the cell which changes 

cellular behaviour and does not reflect the natural in vivo situation. 

The future goal when culturing primary immune cells and studying their functions should 

be to precisely mimic physiologically relevant in vivo conditions. We need to better 

understand the physiological performance of immune cells in response to infections. 

Increasing knowledge in this field could give clues for new targets that could boost the 

immune cells’ antimicrobial activity. Consequently, new possibilities for therapeutic 

treatments may be established, resulting in reduced application of antibiotics.    
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