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SUMMARY 

I have investigated the role played by reactive oxygen species (ROS) generated by the 

phagocyte NADPH oxidase system in the innate immune response. I first looked at 

effector functions by asking whether ROS released from phagocytes might be effective 

in the killing of extracellular bacteria. Since bacteria can be killed in many other ways – 

for example by proteases or by cationic peptides – I made use of the recently 

demonstrated capacity of ROS to remove discontinuities from the surface of gold as the 

basis of an in vivo assay for extracellular ROS. Unlike bacterial killing, this readout 

system is not affected by enzymes, cationic peptides or other biological anti-bacterial 

agents. By this means I was able to use wild type mice and a congenic strain which 

lacks the gene coding for the gp91 subunit of the phagocyte NADPH oxidase to 

demonstrate that ROS generated by the NADPH oxidase system are indeed found 

outside the cells during an inflammation in vivo and that their principle source is 

neutrophil granulocytes rather than tissue macrophages. Since ROS released by these 

cells will be non-specific in its action it is to be expected that the releasing cell will 

itself suffer considerable damage. This fits well to the known short life of activated 

neutrophils and may explain the established fact that their death is dependent on the 

NADPH oxidase system. The long lived macrophages, in contrast, restrict their 

production of extracellular ROS. 

ROS are increasingly being found to be involved in both intra and intercellular 

signalling processes I looked for an involvement of NADPH oxidase derived ROS in 

the recruitment of neutrophils to sites of inflammation in vivo. Since the gene coding for 

the gp91 subunit of the NADPH oxidase is on the X chromosome I made use of a 

mosaic expression strategy based on X chromosomal inactivation. The results show that 

indeed ROS serves as a component of the neutrophil recruitment process in the critical 

early stages of an infection. Possible mechanisms are explored. 
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INTRODUCTION 

1 Innate immune surveillance 

The innate immune system provides a first line of active defence against infection and is 

centrally involved in initiating tissue repair after sterile injury. To achieve these ends 

innate immunity must be in a position to detect deviations from normal tissue 

homeostasis resulting from infection or injury, and to re-instate the status quo ante. This 

requires that the system have sensors for infection and injury coupled to effector 

mechanisms which are able to respond appropriately. 

1.1 Sentinel systems of innate immunity 

The sentinel systems of innate immunity are in part made up of soluble components of 

the serum such as the complement system (Frank and Fries 1991) or acute phase 

proteins (Bopst, Haas et al. 1998) though the major contribution is made by cell bound 

receptors – often referred to as “Pathogen Recognition Receptors” (PRR) (Medzhitov, 

Preston-Hurlburt et al. 1997). PRR are expressed on or in many cells including the 

mononuclear phagocytes (monocytes, macrophages and dendritic cells) which act as 

immune sentinels. The most intensively investigated receptors of this type are the “Toll 

Like Receptors” (TLR) and the first of these to be characterised was TLR4 (Medzhitov 

and Janeway 1997; Beutler, Jiang et al. 2006). This receptor is expressed on the cell 

surface where it interacts with the secreted protein MD-2 which has the ability to bind 

lipopolysaccharide of Gram negative bacteria with very high affinity (Viriyakosol, 

Tobias et al. 2001). When the TLR4–MD2 complex binds LPS (Park, Song et al. 2009), 

a signal transduction pathway is activated which causes the sentinel cell to produce and 

release pro-inflammatory mediators (Akira, Uematsu et al. 2006). 

These sentinel cells also carry receptors capable of detecting endogenous danger signals 

and indeed some of the PRR do double duty as detectors of tissue injury. Thus TLR4 

forms a complex with CD36 which detects oxidised low density lipoprotein (LDL)  

(Stewart, Stuart et al. 2009), TLR2 detects lipid break down products released from 

necrotic cells (Schaefer, Babelova et al. 2005) and the formyl methionyl peptide 
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receptor (FPR) detects not only peptides released from invading bacteria but also those 

released from mitochondria in areas of cell necrosis (Zhang, Raoof et al. 2010). 

The tissue macrophages and other phagocytic cells of the innate immune system such as  

granulocytes also have the ability to detect sterile particles ranging from uric acid 

crystals (Kono, Chen et al. 2010), which are readily formed from the breakdown of 

nucleic acid released from necrotic cells, to asbestos fibres, hyaluronan (Taylor, 

Yamasaki et al. 2007) and silica particles (Dostert, Petrilli et al. 2008). The means of 

sentinel cell activation in these cases does not involve specific cell surface receptors but 

results from the attempts of the phagocyte to ingest a particle which is many times 

larger than itself. This results in "NACHT, LRR and PYD domains-containing protein-

3" (NALP3) activation by “frustrated phagocytosis” (Martinon, Mayor et al. 2009).  

In these ways the sentinel cells are activated and this activation quickly results in their 

producing and releasing inflammatory mediators which are centrally involved in 

recruiting innate system effector cells – principally the neutrophil granulocytes – to the 

site of the inflammatory disturbance.  

1.2 Innate system effector cells 

1.2.1 Origin of the innate system cells 

The principle phagocytes of innate immunity are the macrophages and neutrophil 

granulocytes. Circulating neutrophils emerge from the post-mitotic pool of neutrophils 

in bone marrow (Pillay, den Braber et al. 2010) as functionally dormant cells which can 

be quickly activated to leave the circulation and enter tissues at sites where the 

inflammatory mediators are being produced by the sentinel cells (Svanborg, Godaly et 

al. 1999). Macrophages also originate in the bone marrow. However, because different 

tissues have macrophages with very different properties, the cells produced in the bone 

marrow are in an incompletely differentiated form known as monocytes. These 

monocytes leave the bone marrow and spread via the circulation to the different tissues 

where their final differentiation into end stage macrophage takes place in response to 

tissue specific signals (Auffray, Sieweke et al. 2009). Like neutrophils they can also be 

recruited to sites of inflammation (Auffray, Fogg et al. 2007). 
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1.2.2 Neutrophils 

Neutrophils are the most abundant innate immune cell type and they are the principle 

phagocytic cells of the body. Once these cells have entered the tissue at a site of 

inflammation they are activated – and activated neutrophils are extremely destructive. 

Because of this they may cause problems not only for invading bacteria but also for our 

own cells and tissues. For this reason activated neutrophils have an extremely short life 

expectancy which is not much more than two hours (Brinkmann, Reichard et al. 2004; 

Ermert, Urban et al. 2009). During this time they may kill many bacteria by 

phagocytosis (Potter and Harding 2001) and, when they die, they extrude their genome 

as decorated chromatin to form so-called “Neutrophil extra cellular traps” (NETs) 

which can trap and kill yet more micro-organisms  (Brinkmann and Zychlinsky 2007). 

Since these activated neutrophils have a short half life, sites of inflammation rapidly 

acquire a large population of dead and dying neutrophils. 

1.2.3 Macrophages 

Macrophages act as innate system sentinel cells in tissues throughout the body. 

Different tissues have different requirements of their sentinels and hence a bewildering 

array of macrophage phenotypes is found. Many of the macrophage populations seem to 

be maintained under steady state conditions by influx of circulating monocytes 

(Auffray, Sieweke et al. 2009), while others such as Langerhans cells of the skin are 

normally renewed from a self replicating peripheral pool (Merad, Ginhoux et al. 2008).  

During an inflammatory response many extra so-called “inflammatory macrophages” 

are recruited from the pool of circulating monocytes. The principle function of these 

macrophages is to remove the dead neutrophils (Savill, Wyllie et al. 1989) and damaged 

cells and tissues (Gordon and Martinez 2010). They are, however, also themselves 

capable of ingesting bacteria by phagocytosis and killing them within their phagocytic 

vesicles (Green, Meltzer et al. 1990). 
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1.2.4 Trafficking of innate system cells in response to inflammatory 

signal 

Tissue macrophages are activated when tissue homeostasis is disturbed and they 

respond by releasing pro-inflammatory mediators which initiate the recruitment of 

innate cells into the tissue by inducing the expression of cell trafficking signals on the 

surface of the endothelial cells (Beutler, Jiang et al. 2006). 

The emigration of leukocytes from the vasculature is regulated by three major molecular 

signals: These involve interactions between (a) selectins and selectin ligands, (b) 

chemokines and chemokine receptors and (c) integrin and integrin ligands (Springer 

1994). These three sets of interactions form the basis of a cellular “area code” or 

“addressing” system and this tripartite area code hypothesis is supported by the fact that 

inhibition of any one of these steps inhibits emigration. This system provides great 

combinatorial diversity for regulating the selectivity of leukocyte localization in vivo 

because at each step a ligand on one cell must meet the appropriate receptor on the 

other. 

The first step involves selectin – selectin ligand interactions. The endothelial cells lining 

the blood vessels interact with pro-inflammatory mediators, such as TNFα (Tumour 

necrosis factor α), which are released from the tissue macrophages at sites of infection 

or injury. The endothelial cells respond with the rapid externalization of preformed P-

selectin (CD62P) from their Weibel-Palade body granules.  The P-selectin can thus be 

expressed on the surface of local endothelial cells within minutes of the release of 

TNFα by macrophages. E-selectin is also expressed on the surface of endothelial cells 

but this takes longer because de novo mRNA and protein synthesis are required. Both of 

these selectins interact with the sulfated-sialyl-Lewis
x
 of mucin-like proteins such as P-

selectin glycoprotein ligand-1 (PSGL-1), which is present on the surface of neutrophils. 

This selectin – selectin ligand interaction has a very fast “on” rate and a fast “off” rate 

and thus acts like an anti-lock braking system (ABS) to slow up the rapidly flowing 

leukocyte without the risk that their membrane be torn apart. The leukocyte now rolls 

across the surface of the endothelium at an ever slower pace (Springer 1995). 
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Figure 1: The tripartite area code: the combinatorial specificity of the leukocyte 

adhesion cascade. Adapted from Timothy A. Springer 1994 and Klaus Ley et. al. 2006. 
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The second step involves a chemokine – chemokine receptor interaction between 

leukocyte and endothelium. The activated endothelial cells up-regulate the expression of 

chemokines on their surface over which the leukocyte is rolling. The chemokines 

secreted by the endothelial cells bind to glucose amino glycans (GAGs) on the 

endothelial cell surface (Handel, Johnson et al. 2005; Massena, Christoffersson et al. 

2010) and can thus interact with those leukocytes which express the appropriate 

receptor. Since chemokines and their receptors are by far the most diverse group of 

trafficking molecules, they provide the greatest number of molecular choices and hence 

the greatest cellular specificity in the extravasation process. 

The third step involves integrin activation on the leukocyte surface. Chemokine 

receptors are G protein coupled signal transducers which mediate the conformational 

activation of the integrins expressed on the leukocyte surface. Integrins are non-

covalently associated hetero-dimeric cell surface adhesion molecules. 18 α subunits and 

8 β subunits are encoded in the genome making for 144 potential αβ integrin 

heterodimers of which 24 have been shown to be expressed on cells in vivo. The 

diversity in subunit composition contributes to diversity in ligand recognition and to the 

coupling to downstream signalling pathways. The β2 and β7 integrins are exclusively 

expressed on leukocytes, whereas the β1 integrins are expressed on a wide variety of 

cells throughout the body. All hetero-dimeric integrins have a large extracellular 

ectodomain supported on two “legs”. The globular extracellular domain mediates 

subunit association and ligand binding while the two C-terminal α- and β-“legs” cross 

the plasma membrane and terminate in short cytoplasmic domains. Circulating 

leukocytes generally maintain their integrins in a non-adhesive state in which the head 

lies close to the cell membrane and in this state has little access to appropriate ligands 

expressed on other cells. However binding of chemokine to the chemokine receptor 

leads to rapid separation of the integrin cytoplasmic tails and this causes the ectodomain 

of the receptor to take on an extended conformation in which it now has high-affinity 

for its ligands (Campbell and Humphries 2011). The integrin – integrin ligand 

interaction leads to firm leukocyte arrest on the endothelium after which the arrested 

cell may transmigrate across the endothelial cell barrier. 

Transmigration through venular walls is the final step in the process of leukocyte 

emigration into inflamed tissues and has to occur with minimal disruption to the 
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structure of the vessel walls. Leukocyte migration through the endothelial cell barrier 

can be rapid (2 – 5 minutes), but penetrating the endothelial cell basement membrane 

can take much longer (5 – 15 minutes) (Ley, Laudanna et al. 2007). Both in in vivo and 

in in vitro models neutrophils have the ability to transmigrate either directly through the 

endothelial cells or at the junctions between them. The junctional pathway is strongly 

preferred and inflamed endothelial cells redistribute junctional molecules in a way that 

favours cell migration there. Junctional molecules which form homophilic interactions 

such as platelet/endothelial cell adhesion molecule-1 (PECAM-1), CD99 and junctional 

adhesion molecules (JAM) are expressed both at endothelial cell junctions and on the 

leukocytes and this allows for a “zipper” mechanism of transmigration (Weber, 

Fraemohs et al. 2007; Woodfin, Voisin et al. 2011) in which the leukocyte slips between 

the endothelial cells without disturbing their barrier function. As the leukocyte passes 

through the endothelial junction reseals.  

Having penetrated the endothelial cell barrier, leukocytes pass through the basement 

membrane, a protein mesh consisting largely of laminins and collagen type IV, a 

process which, at least in part is facilitated by leukocyte proteases (Khandoga, Kessler 

et al. 2006). 

2 Production of ROS of cells of the innate immune system 

2.1 What are ROS? 

ROS include a number of chemically reactive partially reduced forms of oxygen 

including O2
−
, H2O2, and HO

•
. These ROS  are substantially more reactive than 

molecular oxygen which is itself a di-radical. To reduce O2 to two molecules of water, 

four electrons and four protons are needed. Since the electrons are added one at a time 

intermediates are formed during this reduction process. 
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It is these intermediates that are primarily responsible for the toxicity of O2, and defense 

against that toxicity involves minimizing their production and eliminating those whose 

production cannot be avoided. 

2.2 Source in mitochondria 

 

Figure 2: The electron transport chain in the mitochondrion is the site of oxidative 
phosphorylation in eukaryotes. Adapted from Frasconcellos 2007. 

O2 consumption by respiring cells is largely restricted to the mitochondria and, on that 

basis alone, one would expect these organelles to produce substantial amounts of the 

partial reduction products of O2. During mitochondrial respiration, electrons are 

extracted from reduced substrates and are transferred to molecular oxygen (O2) through 

a chain of enzymatic complexes (I to IV). This electron flux through the respiratory 

chain polarises the inner mitochondrial membrane, and this polarisation is used as an 
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energy source for the synthesis of ATP (Adenosine triphosphate). In the final step of the 

electron transport chain, cytochrome c oxidase (complex IV) carries out the four-

electron reduction of O2 to 2H2O and thus ensures the complete reduction of O2 to water 

without the formation of ROS. However, partial reduction of O2, which results in the 

generation of ROS, can occur if O2 interacts with the electron transport chain upstream 

of complex IV. Some electrons can escape from the mitochondrial electron transport 

chain and react with O2 to form O2
−
 which is subsequently converted to H2O2. 

In mitochondria the extent of electron leakage varies depending on cell type and 

respiratory status but will generally represent around 0.1% of total electron flux. 

Mitochondria are well endowed with defences against O2
−
 in the form of superoxide 

dismutases (SODs). The abundance of MnSOD in the matrix and of Cu, ZnSOD in the 

inter-membrane space suggests the need for elimination of O2
−
 on both sides of the 

inner membrane and that in turn suggests that O2
−
 is formed on both faces of that 

membrane. The severe pathology and perinatal death of mice lacking MnSOD (Li, 

Huang et al. 1995; Lebovitz, Zhang et al. 1996) is a clear indication that 

mitochondrial O2
−
 is capable of causing great damage when not scavenged by the 

MnSOD. However, Cu, ZnSOD null mice do not display such obvious pathology 

(Sentman, Granstrom et al. 2006), indicating that there may be back-up mechanisms for 

elimination of O2
−
 in the cytosol and inter-membrane space. In the inter-membrane 

space of mitochondria such a back up may be provided by cytochrome c, since it can be 

reduced by O2
−
 and re-oxidized by complex IV (cytochrome c oxidase). Mitochondria 

also contain glutathione peroxidase (GPx) which will remove hydrogen peroxide (H2O2) 

that is formed. Nevertheless, since hydrogen peroxide is much more stable than 

superoxide, some of it may escape the organelle.  

2.3 NADPH oxidase 

Professional phagocytes are indispensable for the rapid eradication of pathogenic 

microbes. These phagocytes are equipped with a number of antimicrobial systems, 

including the NOX2-containing NADPH oxidase complex (NADPH oxidase II), which 

reduces molecular oxygen to reactive oxygen species (ROS). The enzyme complex is 

also commonly referred to as the phagocyte oxidase (phox) and it can lead to the 
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generation of substantially higher levels of ROS than are produced by other cellular 

oxidases. 

 

Figure 3: Regulation of the phagocyte NADPH oxidase complex. Translocation and 

assembly of the cytosolic components of the NADPH oxidase complex (p40
phox

, 

p47
phox

, and p67
phox

, p
21rac

) with the membrane associated cytochrome b558 (p22
phox

 and 

gp91
phox

) and further mutiple phosphorylation events lead to the activation of NADPH 

oxidase which in turn catalyses the reduction of molecular oxygen O2 into O2
−
. Adapted 

from genkyotex. 

The phagocyte oxidase is a multi-component, electron transfer complex. Two of the 

subunits, p22
phox

 and gp91
phox

 (the subunit also known as NOX2), form a membrane-

bound, hetero-dimeric flavohemoprotein referred to as cytochrome b (cytochrome 

b558). Cytochrome b constitutes the catalytic, electron transferring part of the NADPH 

oxidase. In the absence of cellular activation, the cytosolic components of the NADPH 

oxidase, namely p40
phox

, p47
phox

, and p67
phox

 are not associated with cytochrome b and 

the oxidase is dormant. Upon cellular activation, the cytosolic components translocate 

to the membrane and associate with cytochrome b to form a functional NADPH 

oxidase.  

Assembly of NADPH oxidase II at the plasma membrane results in the release of ROS 

into the extracellular milieu, whereas NADPH oxidase II assembly on a phagosomal 

membrane would result in ROS being pumped into the phagosome. In neutrophils 

around 95% of the cytochrome b is present in phagocyte granule membranes and some 
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5% is associated with the plasmalemma (Borregaard, Heiple et al. 1983; Borregaard and 

Tauber 1984). In these cells the phagocyte granule membranes are thus the major sites 

for NADPH oxidase assembly and activation. 

The active NADPH oxidase transfers electrons from NADPH in the cytoplasm across 

the membrane where they interact with molecular oxygen (O2) to form superoxide (O2
−
) 

that dismutates spontaneously to hydrogen peroxide (H2O2). These primary ROS can be 

further processed to generate other reactive metabolites including hypochlorous acid 

(HOCl) which is a highly microbicidal product formed by the myeloperoxidase present 

in the azurophil granules of neutrophils (Chapman, Hampton et al. 2002; Rosen, 

Crowley et al. 2002; Hirche, Gaut et al. 2005; Rosen, Klebanoff et al. 2009).  

3 Functions of ROS of cells of the innate immune system 

3.1 Role(s) in killing bacteria 

Neutrophil defense against infecting micro-organisms largely depends on phagocytosis 

which is initiated by invagination of the plasma membrane and results in a membrane-

enclosed vesicle called the phagosome. The phagosome is further processed through 

heterotypic fusion of granules (gelatinase, specific, and azurophil granules) forming the 

mature phagolysosome. The fusion of these granules with the phagosomal vacuole is 

completed roughly 20 seconds after the uptake of micro-organisms. These granules 

contain large amounts of anti-microbial protein which together are present at a 

concentration of about 500 mg/ml. There are three fundamental types of granules in 

neutrophils. Azurophilic granules (also known as peroxidase-positive or primary 

granules) are the largest, measuring approximately 0.3 µM in diameter, and contain 

myeloperoxidase (MPO), an enzyme critical in the oxidative burst. Other cargo of this 

granule class include the defensins, lysozyme, bactericidal/permeability-increasing 

protein (BPI), and a number of serine proteases: neutrophil elastase (NE), proteinase 3 

(PR3), and cathepsin G (CG). The second class of granules, the specific (or secondary) 

granules, are smaller (0.1 µM diameter), do not contain myeloperoxidase (MPO), and 

are characterized by the presence of the glycoprotein lactoferrin. These granules also 

contain a wide range of anti-microbial compounds including neutrophil gelatinase-

associated lipocalin (NGAL), hCAP-18, and lysozyme. The third class, the gelatinase 



Doctoral dissertation  Introduction 

 13 

(tertiary) granules, are also MPO-negative, are smaller than specific granules, and 

contain few anti-microbials, but they serve as a storage location for a number of 

metalloproteases, such as gelatinase and leukolysin (Amulic, Cazalet et al. 2012). 

Around 0.2 fmols of O2 are estimated to be consumed when a particle the size of a 

bacterium is engulfed and this would correspond to the generation of a concentration of  

O2
−
 of 1–4 M  within the vacuole. Experiments with the MPO-H2O2-halide system 

demonstrate that the HOCl produced by this enzyme can kill bacteria in the test tube 

(Albrich, Gilbaugh et al. 1986). However, these experiments were conducted under non-

physiological conditions in the absence of the high levels of proteins (approximately 

500 mg/ml) which are present in the vacuole. When bacteria were exposed to 100 mM 

H2O2 or 1 mM HOCl in the presence of 25 mg/ml granule proteins, killing was almost 

completely abolished (Reeves, Nagl et al. 2003). 

The NADPH oxidase transfers electrons unaccompanied by protons across the vacuolar 

membrane where they are used to reduce molecular oxygen to water. Each molecule of 

oxygen requires four protons for its reduction and this loss of protons elevates the pH 

within the vacuole to a level optimal for the activation of neutral proteases, a process 

which is supported by K
+
 counter ions driven into the vacuole to compensate the 

membrane polarisation. The hypertonic K
+
 solubilises the cationic granule proteases and 

peptides by displacing them from the anionic sulphated proteoglycan granule matrix. 

These proteases play a major role in bacterial killing and their activation may be the 

mechanism by which ROS mediate bacterial killing (Segal 2005). Of further interest, 

mice deficient in both NE and CG are highly susceptible to fungal infections as was 

observed in patients with chronic granulomatous disease (CGD) and in the 

corresponding mouse models. Despite a completely normal oxidative burst, these 

proteases deficient mice were shown to be unable to control fungal infections. 

Therefore, the activation of both phagocyte NADPH oxidase and neutral serine 

proteases are required for full protection against fungi in vivo (Tkalcevic, Novelli et al. 

2000). 

Thus, although ROS produced by the functional NADPH oxidase II complex are 

essential for the effective killing of microbes as is demonstrated by the fact that the 

deficiency of the complex leads to chronic granulomatous disease (CGD), there remains 
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the unresolved question of whether they directly react with and kill microbes to any 

significant extent or whether they act indirectly by the activation of phagocyte 

proteases. 

3.2 Detection of biologically relevant ROS 

To determine whether ROS are able to kill bacteria in a biologically relevant 

environment one might make use of the observation that neutrophils generate 

considerable quantities of extracellular ROS (Scholz, Lopez de Lara Gonzalez et al. 

2007). However, even in this situation killing of extracellular bacteria may be mediated 

by many other cellular components. A possible contribution of direct bacterial killing by 

ROS to innate immune defence requires some readout which is not dependent on 

measuring microbial survival. For this purpose the recent demonstration that 

mechanically polished gold surfaces can be smoothed by ROS generated by Fenton 

chemistry provides a potential solution. The surface of mechanically polished gold 

which appears to be flat on a millimetre scale contains a density of micrometre scale 

asperities. The surface is characterised by “rough” areas in which, for some atoms, 

neighbours are missing. These gold atoms are not stably packed and integrated into a 

crystal structure and hence are chemically more reactive than their fully bonded 

neighbours. Such atoms can be mobilised and removed by the action of highly reactive 

radicals (Nowicka, Hasse et al. 2010; Nowicka, Hasse et al. 2010). The resulting 

smoothing of the surface can be shown by atomic force microscopy scanning of the 

surface before and after Fenton treatment. This provides the basis for demonstrating a 

potential direct role of ROS at least in extracellular bacterial killing. 

3.3 ROS as a signalling component 

Environmental insults, such as ionizing radiation and xenobiotics like polycyclic 

aromatic hydrocarbons or phorbol esters, increase ROS production, and this led to the 

idea that ROS play a negative role in physiology by contributing to increased cell 

proliferation and to malignant transformation (Klaunig and Kamendulis 2004). Later on, 

it became evident that intracellular H2O2 production is directly implicated in the signal 

transduction events triggered by growth factor. Indeed the intracellular level of H2O2 is 

regulated by various growth factors − such as epidermal growth factor (EGF), platelet-
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derived growth factor (PDGF) and insulin − and H2O2 itself inhibits crucial 

phosphatases that are involved in the attenuation of signal propagation from the 

activated growth factor receptors (Giorgio, Trinei et al. 2007). 

H2O2 functions as a signalling molecule by virtue of its ability to oxidise certain 

cysteine residues in proteins. The cysteine thiol moiety is only a good target for the 

oxidising action of H2O2 if it exists in the form of a cysteine thiolate anion (-S-) and 

most cysteine residues in proteins are not in this form at physiological pH values. Only 

in a few proteins, including certain phosphatases involved in signal transduction 

cascades, has a cysteine located in a local environment in which it can function as a 

target for H2O2 (Reth 2002). 

Recently, it was shown that the embryonic brain development depends on the enzymatic 

activity of glutaredoxin 2 and zebrafish with silenced expression of glutaredoxin 2 lost 

virtually all types of neurons by apoptotic cell death and the inability to develop an 

axonal scaffold. As demonstrated in zebrafish, glutaredoxin 2 controls axonal outgrowth 

via thiol redox regulation of collapsin response mediator protein-2 (CRMP-2), a central 

component of the semaphorin pathway. This study provides an example of a specific 

thiol redox regulation (Brautigam, Schutte et al. 2011). Though ROS induced 

modifications have been shown to be functionally relevant and reversible for only a few 

proteins, the involvement of ROS in numerous signal transduction cascades has been 

demonstrated and this suggests that redox modifications can be tightly regulated in 

cells.  

Not all ROS have half lives in biological milieus which would restrict their participation 

in signal transduction cascades to intracellular functions. In particular, H2O2 is both 

sufficiently long lived, readily diffusible and membrane permeable so that it can take 

part in intercellular signalling over a distance of many cell diameters (Winterbourn 

2008). Indeed, H2O2 has been shown to serve as an early inflammatory response 

mediator after injury in the zebra fish. A gradient of H2O2 initiates at the wound margin, 

extends approximately 100 – 200 µm from the wound − far enough to reach the nearest 

blood vessels. The H2O2 gradient is established within 5 minutes of wounding and 

peaks at around 20 minutes just prior to the movement of the first neutrophils from the 

circulation towards the wound. Using a combination of genetic and pharmacological 
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experiments, dual oxidase (Duox), a specific NADPH oxidase, was identified to be the 

source of the H2O2 signal (Niethammer, Grabher et al. 2009). The H2O2 is detected by 

the neutrophils which use the protein tyrosine kinase Lyn as a redox sensor. Inhibition 

of this neutrophil Src family kinase reduces neutrophil recruitment in zebra fish, and is 

associated with the oxidation of a single cysteine thiol at position 466. SFKs inhibition 

also disrupted H2O2-mediated chemotaxis of primary human neutrophils (Yoo, Starnes 

et al. 2011). 

4 Objectives of this work 

Biologically generated free radicals are believed to be involved in two crucial areas of 

innate immunity – the killing of bacteria and the transfer of information between cells 

needed to integrate an immune response. We have used mouse peritoneal inflammation 

models to examine aspects of both areas.  

4.1 Bacterial killing 

The importance of free radicals generated by the phagocyte NADPH oxidase system in 

the killing of bacteria is underscored by the phenotype of individuals carrying genetic 

lesions affecting elements of the system. These so-called “chronic granulomatous 

patients” suffer from recurrent bacterial infections which cannot be adequately 

controlled. However, as discussed above, there is considerable controversy as to how 

the ROS generated by this system may perform their killing function in vivo.  

Determining whether the free radicals are able to act per se on bacteria, or whether they 

act only indirectly by activating proteases is not easy to test. Bacteria themselves cannot 

be used as the readout because they are killed both ways. However, as our colleagues in 

the Institute of Biochemistry here in the University of Greifswald have recently shown, 

irregular gold surfaces can be efficiently smoothed by the action of free radicals. These 

surfaces are impervious to the action of lytic enzymes.  

We have therefore used the phagocyte NADPH oxidase dependent smoothing of gold 

surfaces as a detector of direct radical action taking place outside of phagocytes. We 

show that ROS generated by this system can indeed smooth gold surfaces in vivo and 
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this strongly suggests that such radicals might well directly kill bacteria in an infection 

setting. 

4.2 ROS as signalling elements 

The recent demonstration that H2O2 acts as a primary signal of inflammation in the 

zebra fish embryo has raised the possibility that sentinel cells of the mammalian innate 

immune system may also utilise ROS in a similar way. We therefore examined the early 

phase of an inflammatory response to peritoneal inflammation in the mouse to 

determine whether ROS might play a signalling role. To our surprise we found that 

ROS are indeed involved, but unlike in the zebra fish situation, they are not used as 

secreted signals to induce neutrophil influx, rather they are required in the responding 

cells themselves to optimally enable recruitment. 
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MATERIALS AND METHODS 

1 Materials 

1.1 Instruments 

Analytical balance Satorius 

Centrifuge: Multifuge X3R Heraeus Instrument 

Centrifuge: EBA 12R Hettich 

FACScan BD Biosciences 

FACSCanto II BD Biosciences 

Freezer (−20
0
C) Liebherr-International AG 

Freezer (−80
0
C) Heraeus Instrument 

Gel Electrophoresis Chamber Biorad 

Incubator Heraeus Instrument 

Laminar Flow Station  Nunc GmbH 

Magnetic stirrer Heidolph Instruments 

Micropipette Eppendorf 

pH-meter Hanna Instruments 

Refrigerator (4
0
C) Liebherr-International AG 

Shaking Water Bath Julabo SW21 Seelbach 

Thermocycler Biometra 

Vortexer Scientific Industries 

1.2 Laboratory equipment 

20 G, 27G and 30G needles Dispomed 

30 µm cell strainers Miltenyi Biotec  

40 and 100 µm cell strainers BD Biosciences 

Blood collection tube (Vacutainer, Lithium heparin) BD Biosciences 

FACS tubes BD Biosciences 

Falcon tube (15 ml, 50 ml) BD Biosciences 

Filter pipette tips (10µl, 100µl, 1000µl) PEQLAB Biotechnology 

PCR Tubes PEQLAB Biotechnology 

Petri dish (3.5 cm, 6 cm, 10 cm) BD Biosciences 

Pipette tips (10µl, 100µl, 1000µl) Eppendorf 

RNase free reaction tube (0.5 ml, 1.5 ml) Eppendorf 

Surgical tools dissection scissors, micro-dissection 

scissors, straight surgical forceps, straight anatomical 

forceps 

Roth 
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Syringes (2 ml, 5 ml and 10 ml)  BD Biosciences 

TruCount Tubes BD Biosciences 

White-braided silk nonabsorbable surgical spool suture Dispomed 

1.3 Reagents 

Erythrocyte Lysing Solution BD Biosciences 

Annexin V binding buffer BD Biosciences 

Bovine serum albumin (BSA) Sigma-Aldrich 

Catalase Sigma-Aldrich 

Collagenase D Roche Applied Science 

dATP, dCTP, dGTP, dTTP     Promega 

4',6-diamidino-2-phenylindole (DAPI) di-lactate Invitrogen 

Dihydrorhodamine 123 (DHR) Invitrogen 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

DNase Roche Applied Science 

DNA 1kb ladder plus MBI Fermentas GmbH 

Ethanol Roth 

Ethylene diamine tetra-acetic acid (EDTA) Sigma-Aldrich 

Ethidium bromide Boehringer 

Foetal Calf Serum (FCS) Biochrom AG 

Hanks' balanced salt solution (HBSS) Biochrom AG 

Isopropanol Merck 

Ketamine Deltaselect 

Mouse recombinant keratinocyte chemo-attactant (KC) 

(CXCL1) 

Perprtotech 

Mouse recombinant LPS-induced CXC chemokine (LIX) 

(CXCL5) 

Perprtotech 

Mouse recombinant macrophage inflammatory protein 2 

(MIP 2) (CXCL2) 

Perprtotech 

Penicillin/Streptomycin/Glutamine PAA Laboratories 

Phosphate buffered saline (PBS) Biochrom AG 

Phorbol-12-myristate-13-acetate (PMA) Sigma-Aldrich 

Rompun Bayer Vital GmbH 

Sodium Dodecyl Sulfat (SDS) Merck 

Taq-Reactions buffer (10X) Promega 

TRIzol Reagent Invitrogen 
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1.4 Buffers and solutions 

− Anaesthetic solution: 2.4 ml Ketamine (50 mg/ml) was mixed with 0.8 ml 

Rompun 2% in 6.8 ml NaCl 0.9% (Braun). 200µl solution was used for a 20 

gram mouse. 

− Catalase: 100 mg catalase was dissolved in 500 µl PBS (1500 U/µl) and stored 

in 10 µl aliquots at −20
0
C. 

− DAPI 10 mM: 10mg DAPI di-lactate (MW = 457.5) was dissolved in DMSO to 

10 mM and stored in 10 µl aliquots at −20
0
C. For use one aliquot was thawed 

and added to 1 ml with PBS. 

− Digestion solution: 1.5 mg Collagenase D and 2 mg DNase I was dissolved in 

1 ml of 1 × PBS. The solution was freshly prepared just before using. 

− Dihydrorhodamine 123 (DHR) 20 mM: 10 mg DHR (MW = 346) was 

dissolved (Invitrogen) in DMSO to 20 mM and store in 50 µl aliquots at −20
0
C. 

For use one aliquot thawed and added to 500 µl with PBS. 

− Ethylene diamine tetra-acetic acid (EDTA) 0.5M pH 8.0: 100 g EDTA was 

dissolved in 685 ml water. The pH was adjusted to pH 8.0 using 10M NaOH. 

The solution was then autoclaved. 

− FACS buffer: PBS was supplemented with 3% FCS and 5 mM EDTA. 

− Keratinocyte chemo-attractant (KC) 10 µM: 20 µg KC was dissolved in 256 

µl PBS and stored in 10 µl aliquots at −80
0
C. 

− LPS-induced CXC chemokine (LIX) 10µM: 20 µg LIX was dissolved in 256 

µl PBS and stored in 10 µl aliquots at −80
0
C. 

− Macrophage inflammatory protein-2 (MIP-2) 10µM: 20 µg MIP-2 was 

dissolved in 256 µl PBS and stored in 10 µl aliquots at −80
0
C. 

− Phorbol-12-myristate-13-acetate (PMA) 1 mM: 1 mg PMA (MW = 617) was 

dissolved in DMSO to 1 mM and store in 10 µl aliquots at −20
0
C. For use one 

aliquot was thawed and added to 1 ml with PBS. 
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1.5 Antibodies 

Table1: List of antibodies used for flow cytometry analysis 

Antibody Clone Isotype Fluorochrome 

conjugation 

Company 

Annexin V   PE−Cy7 BD Biosciences 

CD3e 145−2C11 American 

hamster IgG1 
PE−Cy7 Biolegend 

CD11a 2D7 Rat IgG2a, κ PE BD Biosciences 

CD11b M1/70 Rat IgG2b, κ PerCP−Cy5.5 

PE−Cy7 

APC−Cy7 

Biolegend 

Biolegend 

BD Biosciences 

CD16/32 

(FcR Block) 

2.4G2 Rat IgG2b, κ Purified Miltenyi Biotec 

Biolegend 

CD18 M18/2 Rat IgG2a, κ PE BD Biosciences 

CD19 1D3 Rat IgG2a, κ PE−Cy7 

APC 

Biolegend 

CD44 IM7 Rat IgG2b, κ PerCP−Cy5.5 Biolegend 

CD45 30−F11 Rat IgG2a, κ FITC BD Biosciences 

CD47 miap301 Rat IgG2a, κ FITC Biolegend 

CD62L MEL−14 Rat IgG2a, κ APC BD Biosciences 

F4/80 BM8 Rat IgG2a, κ PE−Cy 

APC 

Biolegend 

eBioscience 

Gr1 

(Ly6G/Ly6C) 
RB6−8C5 Rat IgG2b, κ APC−Cy7 

APC−eF780 

BD Biosciences 

eBioscience 

Integrin α7  334908 Rat IgG2b, κ APC R&D systems 

Integrin β1  2E7 Armenian 

Hamster IgG 

FITC Biolegend 

Integrin β7  FIB504 Rat IgG2a, κ FITC Biolegend 

Ly6G 1A8 Rat IgG2a, κ PE 

PE−Cy7 

APC 

V450 

Miltenyi Biotec 

BD Biosciences 

BD Biosciences 

BD Biosciences 

MHCII M5/114 Rat IgG2b, κ eF450 eBioscience 

NK1.1 PK136 Mouse IgG2a, κ Brilliant Violet 

421 

Biolegend 

 

SiglecF E50−2440 Rat IgG2a, κ PE BD Biosciences 
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1.6 Software 

Adobe Photoshop CS5 extended Adobe Systems 

Endnote X Thomson Reuters 

FlowJo Tree Star Inc. 

GraphPadPrism 5.0 GraphPad Software 

1.7 Mice 

BALB/c and C57BL/6 mice were purchased from Charles River. C57BL/6 gp91
phox

 

knock-out were a gift from Prof. Ivo Steinmetz and Dr. Antje Bast in the Institute of 

Medical Microbiology, BALB/c eosinophil ablated mice were a gift from Dr. Van 

Trung Chu and Dr. Claudia Berek, Deutsches Rheuma-Forschungszentrum, Berlin, 

Germany. All experiments used 8-12 week old animals. Experiments were carried out 

after obtaining approval from the Landwirtschaftsministerium according to the German 

Animal Protection Law. 

2 Methods 

2.1 Gold preparation 

Before implantation, the 3 × 10mm gold pieces were either left unpolished, were 

mechanically polished or were Fenton polished. 

The smoothness of the gold surfaces was examined by AFM (Atomic Force 

Microscopy) before and after implantation. The preparation of the gold pieces and the 

AFM imaging were done by our colleagues in the Institute of Biochemistry, University 

of Greifswald. 

2.2 Anaesthetics 

A combination of ketamine and xylazine was used as the anaesthetic. 
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2.3 Gold implantation 

Gold pieces were obtained from the Institute of Biochemistry, University of Greifswald. 

Under anesthesia, a small surgical incision is made through both the skin and the 

peritoneum of the mouse, and a 3 × 10mm gold piece was introduced into the peritoneal 

cavity. Both the peritoneum and the skin were closed by applying simple running 

sutures. Control animals underwent sham surgery. The mice were returned to cages 

immediately at the end of the surgical procedure and given water and food ad libitum. 

2.4 Organ sampling in mice 

2.4.1 Blood sampling 

Blood samples were collected from the retro-orbital complex under anesthesia or from 

the lateral tail vein into a tube containing lithium heparin as anti-coagulant. 

2.4.2 Bone marrow sampling 

An anesthetised mouse was sacrificed by cervical dislocation, the tibiae and femurs 

were removed, and the medullar channels were flushed with 5 ml PBS containing 10% 

FCS. The single cell suspension obtained by mechanical dissociation (passing the cells 

through 1000µl pipette tips) was then filtered through a 30µm nylon cell strainer and 

kept at 4
0
C for further analysis. 

2.4.3 Peritoneal cell wash 

An anesthetised mouse was sacrificed by cervical dislocation, the abdominal skin below 

the sternum was gently drawn apart. The peritoneal cavity was flushed with 2 ml PBS 

containing 10% FCS using a 2 ml syringe fitted with a 20G needle. The needle was 

removed and the peritoneum was massaged and peritoneal cell wash then collected, 

filtered through a 30µm nylon cell strainer and kept at 4
0
C for further analysis. 

2.4.4 Gold harvesting after implantation 

14 day after implantation, mice were anesthetised. The peritoneal cell exudate was 

harvested by thorough washing of the peritoneal cavity with 2 ml PBS containing 10% 
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FCS. The peritoneum was opened and the gold piece was removed and washed two 

times with PBS. 

2.5 Inflammatory models 

Poly-microbial peritonitis was induced by intra-peritoneal injection of ceacal content 

suspension. The ceacums of untreated C57BL/6 littermates were collected and the 

contents were resuspended in PBS to obtain a concentration of 40mg ceacal contents in 

1 ml PBS. The suspension was filtered through a 70µm nylon cell strainer to remove 

large debris. The recipient mice were then intra-peritoneally injected with 500µl of this 

suspension, equivalent to 20mg ceacal contents. The ceacal contents were freshly 

prepared for every experiment. 

Sterile inflammation was induced by intra-peritoneal injection of 500µl of 4% 

autoclaved Brewer’s thioglycollate broth. 

2.6 Effect of chemokines on the recruitment of neutrophils into the 

peritoneal cavity   

To determine recruitment of neutrophils into the peritoneal cavity, mice were injected 

with 200 µl of KC, LIX or MIP-2 (200 nM each), or PBS intraperitoneally. After 3 

hours, blood and peritoneal lavage were collected. The content of leukocytes in the 

blood and the peritoneal cavity were determined by flow cytometry. 

2.7 Sample preparation for flow cytometry analysis 

2.7.1 Blood 

In order to identify leukocyte populations in the blood, 50 µl heparinized blood was 

incubated with anti-CD45_FITC; anti-Ly6G_PE; anti-SiglecF_PE; anti-CD11b_PerCp; 

anti-CD3e_PE-Cy7; anti-CD19_APC; anti-NK1.1_Brilliant Violet 421 at 4
0
C for 20 

minutes in the dark. Thereafter, the anti-Gr1_APC-Cy7 was added and the samples 

were vortexed and then incubated at 4
0
C for another 20 minutes in the dark. The 

erythrocyte lysing buffer was added and incubation continues at 4
0
C for 10 minutes in 

the dark. TruCOUNT beads were added to the samples before centrifugation at 
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500×g for 5 minutes at 4°C. The samples were then washed twice with 1 ml cold PBS 

following by centrifugation at 500×g for 5 minutes at 4°C. The pellet was resuspended 

in 300 µl FACS buffer. After exclusion of duplets, data was collected on cells gated on 

the CD45
+ 

leukocyte populations to distinguish the following populations: neutrophils 

(CD11b
+
, Ly6G

+
 and Gr1

+
), eosinophils (CD11b

+
, SiglecF

+
 and SSC

hi
); monocytes 

(CD11b
+
, Ly6G

-
 and NK1.1

-
); B cells (CD19

+
) and T cells (CD3e

+
). 

The expression of the adhesion molecules on blood neutrophils was determined by 

incubating 50 µl blood with either anti-CD47_FITC; anti-CD11a_PE; anti-

CD11b_PerCp; anti-α7 integrin_APC; anti-Ly6G_V450 or with anti-β7 integrin _FITC; 

anti-CD18_PE; anti-CD44_PerCp; anti-β1 integrin_APC; anti-CD11b_APY-Cy7; anti-

Ly6G_V450 at 4
0
C for 20 minutes in the dark. The rest of the sample preparation was 

done as describe above. We collected data on gated neutrophils (CD11b
+
, Ly6G

+
). 

2.7.2 Bone marrow 

100 µl bone marrow suspension was used for flow cytometry analysis. To block the Fc 

receptor (FcR), the samples were incubated with anti-CD16/CD32 for 5 minutes prior to 

the staining which involved incubating with anti-CD45_FITC; anti-Ly6G_PE; anti-

SiglecF_PE; anti-CD11b_PerCp; anti-CD3e_PE-Cy7; anti-CD19_APC; anti-

NK1.1_Brilliant Violet 421 at 4
0
C for 20 minutes in the dark. The anti-Gr1_APC-Cy7 

was then added and the samples were vortexed and incubated at 4
0
C for another 20 

minutes in the dark. 1 ml cold PBS and subsequently TruCOUNT beads were added to 

each sample before centrifugation at 500×g for 5 minutes at 4°C. The samples were then 

washed with 1ml cold PBS following by centrifugation at 500×g for 5 minutes at 4°C. 

The pellet was resuspended in 300 µl FACS buffer. After exclusion of duplets data was 

collected on cells gated on the CD45
+ 

leukocyte populations to distinguish the following 

populations: neutrophils (CD11b
+
, Ly6G

+
 and Gr1

+
), eosinophils (CD11b

+
, SiglecF

+
 

and SSC
hi

); monocytes (CD11b
+
, Ly6G

-
 and NK1.1

-
); B cells (CD19

+
) and T cells 

(CD3e
+
). 
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2.7.3 Peritoneal cell wash 

100 µl peritoneal cell suspension was used for flow cytometry analysis. To block the 

FcR, the samples were incubated with anti-CD16/CD32 for 5 minutes prior to the 

staining which involved incubating with anti-CD45_FITC; anti-Ly6G_PE; anti-

SiglecF_PE; anti-CD11b_PerCp; anti-CD3e_PE-Cy7; anti-CD19_PE-Cy7; anti-

F4/80_APC; anti-MHCII_eF450 at 4
0
C for 20 minutes in the dark. The anti-Gr1_APC-

Cy7 was then added and the samples were vortexed and incubated at 4
0
C for another 20 

minutes in the dark. 1 ml cold PBS and subsequently TruCOUNT beads was added to 

each sample before centrifugation at 500×g for 5 minutes at 4°C. The samples were then 

washed with 1ml cold PBS following by centrifugation at 500×g for 5 minutes at 4°C. 

The pellet was resuspended in 300 µl FACS buffer. After exclusion of duplets, data was 

collected on cells gated on the CD45
+ 

leukocyte populations to distinguish the following 

populations: neutrophils (CD11b
+
, Ly6G

+
 and Gr1

+
), eosinophils (CD11b

+
, SiglecF

+
 

and SSC
hi

); macrophages (CD11b
hi

), B cells (CD19
+
 and MHCII

+
) and T cells (CD3e

+
 

and MHCII
-
). 

After blocking with anti-CD16/CD32 for 5 minutes, 100 µl peritoneal lavage was 

incubated by with either anti-CD47_FITC; anti-CD11a_PE; anti-CD11b_PerCp; anti-α7 

integrin_APC; anti-Ly6G_V450; or with anti-β7 integrin _FITC; anti-CD18_PE; anti-

CD44_PerCp; anti-β1 integrin_APC; anti-CD11b_APC-Cy7; anti-Ly6G_V450 at 4
0
C 

for 20 minutes in the dark to determine expression of the adhesion molecules on 

peritoneal neutrophils. The rest of the sample preparation was done as describe above. 

We collected data on gated neutrophils (CD11b
+
, Ly6G

+
). 

2.7.4 Ex vivo ROS production 

After being stained with anti-Ly6G_PE; anti-SiglecF_PE; anti-CD11b_PerCp; anti-

CD3e_PE-Cy7; anti-CD19_PE-Cy7; anti-F4/80_APC; anti-Gr1_APC-Cy7; anti-

MHCII_eF450 as previously described, blood, bone marrow samples and peritoneal 

lavage were mixed with catalase (500 U/ml) and subsequently incubated with DHR at a 

final concentration of 50µM at 37
0
C for 20 minutes. The samples were then washed 

with 1ml cold PBS following by centrifugation at 500×g for 5 minutes at 4°C. The 

pellet was resuspended in 300 µl FACS buffer. After exclusion of duplets, data was 
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collected and cells were gated to distinguish the following populations: neutrophils 

(CD11b
+
, Ly6G

+
 and Gr1

+
), eosinophils (CD11b

+
, SiglecF

+
 and SSC

hi
); macrophages 

(CD11b
hi

), B cells (CD19
+
 and MHCII

+
) and T cells (CD3e

+
 and MHCII

-
). 

2.7.5 Oxidative burst assay 

After being stained with anti-SiglecF_PE; anti-CD11b_PerCp; anti-Gr1_APC-Cy7; 

anti-Ly6G_V450 as previously described, blood, bone marrow samples and peritoneal 

lavage were mixed with catalase (500 U/ml) and subsequently incubated with DHR at a 

final concentration of 100 µM at 37
0
C for 10 minutes. The samples were incubated with 

PMA at a final concentration of 2 µM at 37
0
C for 10 minutes. The reaction was stopped 

by adding 1 ml of cold PBS supplemented with 10% FCS following by centrifugation at 

500×g for 5 minutes at 4°C. The pellet was resuspended in 300 µl FACS buffer. After 

exclusion of duplets, data was collected and cells were gated to distinguish the 

following populations: neutrophils (CD11b
+
, Ly6G

+
 and Gr1

+
), eosinophils (CD11b

+
, 

SiglecF
+
 and SSC

hi
). 

2.8 Isolation and subsequent analysis of murine mononuclear cells 

attaching to gold implants 

Attached cells were isolated as follows: the gold pieces were incubated with 1.5 ml 

digestion solution containing collagenase D and DNase I for 30 minutes at 37 °C under 

slow rotation in a 2 ml eppendorf tube. After incubation, the cell suspension was 

vortexed at full speed for 20 s, passed through a 30 µm cell strainer and centrifuge for 5 

minutes at 500×g at 20
0
C. The pellet was resuspended in 1 ml cold Hanks' balanced salt 

solution (HBSS) containing 10% FCS and centrifuged at 500×g  for 5 minutes at 20 °C. 

The samples were then washed with 1 ml cold HBSS containing 10% FCS following by 

centrifugation at 500×g  for 5 minutes at 4°C. The pellet was resuspended in 100 µl cold 

Hanks' balanced salt solution (HBSS) containing 10% FCS and blocked with anti-

CD16/CD32 for 5 minutes prior to the staining by incubating with anti-CD45_FITC; 

anti-Ly6G_PE; anti-SiglecF_PE; anti-CD11b_PerCp; anti-CD3e_PE-Cy7; anti-

CD19_PE-Cy7; anti-F4/80_APC; anti-MHCII_eF450 at 4
0
C for 20 minutes in the dark. 

Thereafter, the anti-Gr1_APC-Cy7 was added and the samples were vortexed and then 

incubated at 4
0
C for another 20 minutes in the dark. The samples were resuspended in 1 
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ml cold PBS. TruCOUNT beads were added to the samples before centrifugation at 

500×g for 5 minutes at 4°C. The samples were then washed with 1ml cold PBS 

following by centrifugation at 500×g  for 5 minutes at 4°C. After exclusion of duplets, 

data was collected and cells were gated on the CD45
+ 

leukocyte populations to 

distinguish the following populations: neutrophils (CD11b
+
, Ly6G

+
 and Gr1

+
), 

eosinophils (CD11b
+
, SiglecF

+
 and SSC

hi
); macrophages (CD11b

hi
), B cells (CD19

+
 and 

MHCII
+
) and T cells (CD3e

+
 and MHCII

-
). 
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RESULTS 

1 Detection of ROS in phagocytes 

The work in this thesis required the ability to determine a possible direct anti-bacterial 

role for extracellular ROS and the ability to detect intracellular ROS in phagocytes. For 

this reason the initial experiments were concerned with establishing the necessary 

experimental protocols. 

1.1 Detection of extracellular ROS in vivo 

The detection of the bactericidal effect of extracellular ROS in vivo is complicated by 

the plethora of alternative anti-bacterial mediators available to the organism, such as 

defensins, proteases and opsonins. We therefore chose a methodology which would 

permit a clear discrimination of these alternative processes from the direct action of 

ROS. For this we made use of the unique ability of ROS to smooth the surfaces of 

mechanically polished gold (Figure 4, A and B). 

 

Figure 4:  Atomic force micrographs of a polished gold surface. (A) Mechanically 

polished gold surface (B) Fenton polished gold surface. The traces under the AFM 

pictures show representative cross sections through the gold surface. Pictures were 

provided by our colleagues in the Institute of Biochemistry, University of Greifswald. 

1.2 Detection of intracellular ROS ex vivo 

To detect the intracellular production of ROS we made use of a standard protocol which 

is based on the oxidation of dihydrorhodamine 123 (DHR) to the fluorescent rhodamine 
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123 (Rh-123). Because in dense cell populations, ROS with significant half lives, such 

as H2O2, may accumulate in sufficient amounts extracellularly so that it can diffuse into 

ROS negative cells, catalase was used as a membrane impermeable ROS scavenger. 

 

Figure 5: Rhodamine generation by blood neutrophils. (A) Whole blood from wild 

type C57BL6 and gp91
phox

 knock-out mice was incubated with DHR alone (upper 
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panel) or subsequently with 2 µM PMA (lower panel) in the presence of catalase. 

Neutrophils (Ly6G
+
) were gated and analyzed for Rhodamine fluorescence; (B) ROS 

production of untreated neutrophils in the blood of wild type C57BL6 mice and of 

gp91
phox

 knock-out mice. Mean ± SEM, N = 3, Student's t-test. ∗∗∗ shows p < 0.001) 

As an initial test we determined ROS production before and after phorbol-12-myristate-

13-acetate (PMA) activation of whole blood from wild type and gp91
phox

 knock-out 

mice. Since the major phagocyte population in the blood is the neutrophils, the analysis 

was carried out after gating the cells using the neutrophil marker Ly6G  (Figure 5, A 

and B). 

2 Extracellular ROS  

2.1 The effect of extracellular phagocyte derived ROS on the 

surface of gold implants in vivo 

To determine whether significant levels of extracellular ROS are produced by 

phagocytes in vivo, and if yes, whether these ROS might survive for long enough to 

attack extracellular bacteria, we measured the phagocyte NADPH oxidase dependent 

smoothing of gold surfaces implanted into the peritoneal cavity of wild type C57BL6 

mice. The effect on the gold surfaces was examined by AFM (Atomic Force 

Microscopy) before and after implantation. As shown in Figure 4 the surface of 

mechanically polished gold is quite rough at the resolution of the AFM and it can be 

effectively smoothed by the action of free radicals generated by Fenton chemistry. A 

similar smoothing of the surface takes place after implantation of the gold into the 

peritoneal cavity and this effect is dependent on the activity of the ROS generating 

phagocyte NADPH oxidase complex since it is not evident on implants in the gp91
phox

 

knock-out mice. The result shows that implantation into the peritoneal cavity of wild 

type mice results in a significant phagocyte NADPH oxidase dependent smoothing of 

the gold surface (Figure 6). 

The preparation of the gold pieces and the AFM imaging were done by our colleagues 

in the Institute of Biochemistry, University of Greifswald. 
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Figure 6:  The effect of extracellular phagocyte derived ROS on the surface of gold 
implants in vivo. (A) Mechanically polished gold surface before implantation (B)  

Fenton polished gold surface (C) Mechanically polished gold surface after implantation 

for 14 days into the peritoneal cavity of wild type C57BL6 mice or (D) gp91
phox

 knock 

out mice. 

3 Cell populations in the peritoneal cavity and their 

association with the implant 

3.1 Cell populations in the peritoneal cavity of untreated mice 

To characterise changes in the cell populations present in the peritoneal cavity after 

implantation of gold we had first of all to characterise the normal peritoneal populations 

in the C57BL6 mouse. For this we used flow cytometry with labelled antibody sets 

capable of distinguishing as many as 9 markers per cells. We collected data on the 

CD45
+ 

leukocyte population to distinguish the following subsets: neutrophils (Ly6G
+
 

and Gr1
+
), eosinophils (SiglecF

+
 and Gr1

int
), macrophages (CD11b

hi
), B cells (CD19

+
 

and MHCII
+
) and T cells (CD3e

+
 and MHCII

-
). The gating strategy used to separate and 
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define the various populations is shown in (Figure 7). These data served as the basis for 

comparison of the changes taking place upon implant insertion. 

 

Figure 7: Untreated C57BL6 peritoneal cell wash contains various immune cell 
populations. Data shown are representative of > 3 experiments. 

3.2 Implant associated phagocyte populations 

Since the mechanically polished gold surfaces are smoothed during the 14 day implant 

period in the peritoneal cavity of wild type mice, we examined the phagocyte 

populations (Ly6G
+
 and Gr1

+
 neutrophils, SiglecF

+
 and Gr1

int
 eosinophils and CD11b

hi
 

macrophages) which attached to these gold surfaces (Figure 8A). Neutrophils, 

eosinophils and macrophages make up nearly 90% of the cells attached to the gold 

surface. There is no significant difference in the proportion of the various cell types on 
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the mechanically polished gold surfaces after implantation into wild type or gp91
phox

 

knock-out mice (Figure 8A and B). However, on the surface of Fenton polished gold 

pieces the percentage of granulocytes (neutrophils and eosinophils) tends to be reduced 

while the percentage of macrophage populations is increased (Figure 8C). Thus the 

smoother surface of Fenton polished gold may somewhat favour the attachment of 

macrophages. The gp91
phox

 knock-out mice also have the same proportion of cells 

attached to the gold surface as do the wild type mice (Figure 8D) demonstrating that 

lack of functional gp91
phox

 does not affect the ability of phagocytes to attach to the gold 

surfaces. 

 

Figure 8: Cell populations attaching to the gold surfaces. Total cells isolated from 
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the mechanically polished gold pieces (MP gold) 14 days after implantation into the 

peritoneal cavity of wild type C57BL6 mice (A) or of gp91
phox

 knock-out mice (B), 

were stained with anti-Ly6G, anti-SiglecF, anti-Gr1 and anti-CD11b and analyzed by 

FACS. The data is representative of 3 similar experiments. (C) Comparison of cell 

populations attached to the surfaces of mechanically polished (MP gold) or Fenton 

polished gold (FP gold) after implantation into the peritoneal cavity of C57BL6 mice 

(Mean ± SEM, N = 3, Student's t-test. ∗ p < 0.05). (D) Comparison of the cell 

populations attached to the surface of Fenton polished gold implanted into the peritoneal 

cavity of C57BL6 or gp91
phox

 knock-out mice. 

3.3 Peritoneal wash phagocyte population after implantation 

The differences in the proportion of cells which attached to mechanically polished or to 

Fenton polished gold surfaces led us to ask whether these cell populations merely reflect 

changes in the peritoneal wash populations or whether the implant associated cells are 

selected populations. In an initial experiment we compared the cell populations present 

in the peritoneal wash fraction of wild type and of gp91
phox

 knock-out mice 14 days 

after implanting gold pieces. As shown in Figure 9 the cell populations in the two 

strains are similar except that there is an increase in the fraction of macrophages in the 

gp91
phox

 knock-out mice. 

 

Figure 9: Cell populations in the peritoneal wash fraction 14 days after 
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implantation. (A) wild type C57BL6; (B) gp91
phox

 knock-out mice 14 days after 

implantation; (C) Graphical comparison of these cell populations. Mean ± SEM, N = 3, 

Student's t-test. ∗ shows p < 0.05. 

However, when we compared the populations of granulocytes present in the peritoneal 

wash then we see that neutrophils are very substantially enriched on the surface of 

mechanically polished gold both in wild type C57BL6 and gp91
phox

 knock-out mice 

(Figure 10). 

 

Figure 10: Comparison of cell populations in the peritoneal cell wash and on the 
mechanically polished gold surfaces (MP gold): of (A) wild-type and (B) gp91

phox
 

knock-out mice 14 days after implantation. Mean ± SEM, N = 3, Student's t-test. ∗∗ 

shows p < 0.02; ∗ shows p < 0.05. 

The phagocyte populations express the NADPH oxidase II complex and the 

experiments using the gp91
phox

 knock-out mice show that this complex is required to 

provide the free radicals to smooth the gold surfaces. The ex vivo intracellular ROS 

production of these phagocyte populations was measured 6 hours and 14 days after 

implantation (Figure 11). 



Doctoral dissertation  Results 

 37 

 

Figure 11: Ex vivo ROS production of phagocyte populations in the peritoneal cell 
wash after implantation: (A) 6h and (B) 14 days after implantation. Mean ± SEM, N = 

3, Student's t-test. ∗ shows p < 0.05) 

The results show that in macrophages the phagocyte NADPH oxidase system does not 

contribute a great deal to the ROS production under these conditions. This is 

demonstrated by the fact that the levels of ROS in macrophages are similar in the wild 

type and in the gp91
phox

 knock-out mice. Production of ROS by NADPH oxidase is 

most prominent in neutrophils as compared to other phagocyte populations. 

Because the neutrophils are the principle source of NADPH oxidase derived ROS and 

are most active in this respect at early time points we looked at the populations of 

phagocytes present in the peritoneal wash at both early (6 hours) and late (14 days) after 

implant. Granulocytes make up less than 1% of the 2.0 ± 0.3 × 10
7
 cells in the peritoneal 

wash fraction of untreated C57BL6 mice (Figure 7). However, after implantation of the 

gold, neutrophils flood into the peritonel cavity and 6 hours after implant they account 

for 25 ± 5% of the total peritoneal leukocytes (Figure 12). Thereafter the number of 

neutrophils present in the peritoneal cavity falls off over the course of 14 days. 

However, even at this late time point the remaining neutrophils are considerably in 

excess of the numbers found in a normal peritoneal cell wash showing that the 

implantation of the gold into the peritoneal cavity induces a low grade but chronic 

inflammatory response (Figure 12). 
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Figure 12: Comparison of cell populations in the peritoneal cell wash of wild type 
mice at 6 hours and 14 days after implantation. Mean ± SEM, N = 3, Student's t-

test. ∗∗∗ shows p < 0.001. 

3.4 Implants as inducers of peritoneal inflammation 

Many different models of peritoneal inflammation exist and each of them has its own 

kinetics of cellular influx and of development of the inflammatory response. To try to 

place the inflammatory response to gold implantation into context we compared it with 

a number of the well established inflammatory models using granulocyte (neutrophil 

and eosinophil) influx as a criterion of inflammation. Eosinophils are a minor 

granulocyte population which, in contrast to the neutrophils, are present in substantial 

numbers in the peritoneal cavity prior to inflammation. Although the roles of 

eosinophils in inflammation are controversial, it has been suggested that these cells play 

a role in the recruitment of neutrophils to sites of inflammation (Loke, Gallagher et al. 

2007; Gebreselassie, Moorhead et al. 2012). 

As models of peritoneal inflammation we used the injection of caecal contents (CC) to 

induce poly-microbial peritonitis and the injection of thioglycollate medium (TG) as a 

model of sterile inflammation. In addition, since gold implantation requires a small 

incision to be made in the peritoneal wall and we had previously noted in another 

context that animals which only underwent the surgical procedure also showed an 

inflammatory response we also followed the peritoneal granulocyte populations after 

surgery alone. 
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A single intra-peritoneal injection of the caecal contents equivalent to 20mg caecal wet 

weight quickly resulted in a rapid influx of both granulocyte populations (neutrophils 

and eosinophils) into the peritoneal cavity. In contrast a single injection of 500 µl 4% 

autoclaved Brewer’s thioglycollate, the sham surgery and gold implant situations 

resulted in the influx of only neutrophils (Figure 13). 

 

Figure 13: Quantitation of granulocyte populations early in inflammation. Number 

of (A) eosinophils and (B) neutrophils in the C57BL6 peritoneal cell wash in untreated 

and 6 hours after gold implantation (IMP) thioglycollate (TG) and caecal contents 

induced peritonitis (CC). Mean ± SEM, N = 3, Student's t-test. ∗∗∗ shows p<0.001; ∗∗ 

shows p<0.02; ∗ shows p<0.05. 

We observed that while the number of eosinophils stayed constant from 6 hour to day 3 

in the caecal content induced peritonitis model, the number of eosinophils peaked at day 

2 for the other two models (surgery alone and thioglycollate) (Figure 14A). Indeed, in 

these latter two models the number of eosinophils is substantially increased already 24 

hours after treatment (Figure 14C). Thus in all of the situations examined neutrophils 

are rapidly recruited into the peritoneal cavity, while eosinophil influx is considerable 

after sterile inflammatory insults but not after poly-microbial infection. Since in all of 

these situations a considerable population of  eosinophils is already present in the 

peritoneal cavity prior to induction of the inflammatory response we were curious as to 

whether, as suggested by others,  these cells play a role in inflammatory induction. 
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Figure 14: Kinetics of granulocyte population change in inflammation. Kinetic of 

(A) eosinophils and (B) neutrophils in the peritoneal cell wash at various time points 

after surgery; caecal content induced peritonitis (CC) and thioglycollate (TG) induced 

inflammation. Quantitation of (C) eosinophils and (D) neutrophils in the peritoneal cell 

wash at 24 hours after surgery; caecal content induced peritonitis (CC) and 

thioglycollate (TG) induced inflammation. Mean ± SEM, N = 3, Student's t-test. ∗∗∗ 

shows p < 0.001; ∗ shows p < 0.05. 

To address this we tested the recruitment of neutrophils into the peritoneal cavity of 

sham operated animals carrying a deletion in the GATA-1 promoter which renders them 

unable to generate mature eosinophils. 

 

Figure 15:  Peritoneal cell wash of wild-type BALB/c and of congenic eosinophil 
ablated mice 18h after surgery. (N = 2)  
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The result, shown in Figure 15 demonstrates that the presence of mature eosinophils in 

the wild type mice does not affect the extent of neutrophil influx into the peritoneal 

cavity 18 hours after surgery. We conclude that the recruitment of neutrophils – the 

major ROS producing phagocytes in inflammatory situations – is not dependent on the 

presence of eosinophils in the system. 

4 ROS and mechanisms of leukocyte extravasation after 

inflammatory stimuli 

Extravasation of leukocytes into sites of inflammation is regulated by the tripartite area 

code principle. This requires that the leukocyte to be recruited must be able respond to 

locally generated chemokines and they must also provide the appropriate cell adhesion 

molecules for interaction with the local endothelium. We therefore asked if the capacity 

of leukocytes to respond to extravasation signals was in any way dependent on their 

ability to produce ROS. Because of its simplicity, reproducibility, lack of requirement 

for anaesthesia or operation, we started these experiments using peritoneal inflammation 

induced by the application of caecal contents as an inflammatory model. Extravasation 

involves the interaction of the neutrophils with the endothelium by way of cell adhesion 

molecules. Because of this we looked for ROS dependent expression of cell adhesion 

molecules on neutrophils in the steady state and after the induction of a peritoneal 

inflammation by injection of caecal content. 

4.1 Expression of cell adhesion molecules on neutrophils 

We asked whether ROS production is associated with the upregulation of the expression 

of cell adhesion molecules such as integrins. We first measured the expression of the 

adhesion molecules on blood neutrophils in uninfected C57BL6 and gp91
phox

 knock-out 

mice. Both mouse strains have the same expression level of the tested cell adhesion 

molecules (Figure 16). 
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Figure 16: Adhesion molecule expression on blood neutrophils from untreated 
mice. Histograms show adhesion molecule in untreated C57BL6 and gp91

phox
 knock-

out mice. The filled histogram is the isotype control; the dashed lined shows the 

expression level of gp91
phox

 knock-out and the solid line shows the expression level of 

wild type C57BL6 mice. (N = 2) 

We then induced peritoneal inflammation using the application of caecal contents and 

again examined the level of expression of these markers on blood neutrophils. Both 

C57BL6 and gp91
phox

 knock-out blood neutrophils elevated the expression level of α7 

integrin and of β2 integrin after the inflammatory stimulus in comparison to the level 

expressed by blood neutrophils of untreated animals. However, the NADPH oxidase 

competent peritoneal neutrophils from C57BL6 have a clearly higher expression for 

both the α7 and β2 integrin chains three hours after peritoneal application of caecal 

content (Figure 17 – FACS data; Figure 19 – graphical display). 
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Figure 17: Expression of αααα7 and ββββ2 integrins on neutrophils from wild type and 
gp91phox knock-out mice after being challenged with commensal flora for 3 hours. 
The filled histogram is the isotype control; the dashed lined shows the expression level 

of gp91
phox

 knock-out mice and the solid line shows the expression level of wild type 

C57BL6 mice. The upper panel shows the expression level of these integrin chains on 

blood neutrophils and the lower panel shows their expression on peritoneal neutrophils. 

However, a similar effect was not seen in the thioglycollate model of sterile 

inflammation (Figure 18 – FACS data; Figure 19 – graphical display). 
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Figure 18: Expression of αααα7 and ββββ2 integrins on neutrophils from wild type and 
gp91phox knock-out mice after being challenged with thioglycollate for 3 hours. The 

filled histogram is the isotype control; the dashed lined shows the expression level of 

gp91 knock-out and the solid line shows the expression level of wild type C57BL6 

mice. The upper panel shows the expression level of these integrins on blood 

neutrophils and the lower panel shows the expression of these integrins on peritoneal 

neutrophils. 

Thus the dramatic differences in the expression level of these two integrin chains are 

only observed in the caecal content peritonitis model (Figure 19). 
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Figure 19: MFI of αααα7 and ββββ2 integrins of blood and peritoneal neutrophils from 
wild type and gp91phox knock-out 3 hours after treatment. (Mean ± SEM, N = 3, 

Student's t-test. ∗∗∗ shows p < 0.001.) 

This demonstrates a correlation between the ability to form NADPH oxidase dependent 

ROS and the capacity of neutrophils to up-regulate the expression of the ß2 and α7 

integrins which is particularly strong in the infection model. 

4.2 Chemokines 

Integrin activation in leukocytes is tightly regulated by signals transmitted via 

chemokine receptors. Having established that integrin expression on inflammatory 

neutrophils is correlated with their ability to produce ROS from the phagocyte NADPH 

oxidase we therefore next asked whether the response of these cells to the chemokines is 

also ROS dependent. For this reason, the effect of murine neutrophil chemokines 

application was tested to determine whether any of them might require that their target 

cells be able to generate ROS. To model this in vivo, we first injected intra-peritoneally 

200 µl of either KC, LIX or MIP-2 (200 nM each) and examined the effect on local 

neutrophil recruitment. Intra-peritoneal administration of these CXC chemokines induce 
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neutrophil recruitment into the peritoneal cavity of wild type C57BL/6 animals (Figure 

20). 

 

Figure 20: KC, LIX or MIP-2 induce neutrophil recruitment into the peritoneal 
cavity. The numbers of neutrophils in the peritoneal cell wash were determined 3 hours 

following a single intra-peritoneal injection of either 200 µL KC, LIX or MIP-2 (200 

nM each) (N = 2). 

4.3 ROS production and the ability to extravasate 

ROS have been implicated not only as innate system effectors but also as inflammatory 

mediators both in the zebra fish (Niethammer, Grabher et al. 2009) and in a model of 

pulmonary inflammation in the mouse (Wang, Rui et al. 2008). If ROS were to play a 

role as inflammatory mediators in peritoneal inflammatory responses then we might 

expect that, as in the zebra fish model, their influence would be most clearly seen at the 

earliest time points. Because of this we made use of the caecal content inflammatory 

model which provides us with a very large number of influxing neutrophils at the very 

earliest time points.  

To this end we determined whether the recruitment shown in Figure 20 is dependent on 

the ability of the responding cells to express ROS in an inflammatory setting. For this 

we once again used the caecal content infection model. 
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Figure 21: Ex vivo ROS production of neutrophils in blood of untreated and in the 
blood and peritoneal cell wash 3h after caecal content induced peritonitis. (Mean ± 

SEM, N = 3, Student's t-test. ∗∗∗ shows p < 0.001.) 

The slightly elevated level of peritoneal neutrophil ROS production from gp91
phox

 

knock-out mice in the model of caecal content induced peritonitis show that the level of 

ROS from the leakage of mitochondrial electron transport chain varies depending on 

respiratory status. However, the peritoneal neutrophils from wild type mice show an 

order of magnitude higher level of ROS production than those from the gp91
phox

 knock-

out mice (Figure 21). This implies the important contribution of the NADPH oxidase 

system to ROS production in these cells. Last but not least, the NADPH oxidase 

dependent production of ROS is much higher early after in infection than after gold 

implantation (Figure 22). 

 

Figure 22: (A) C57BL6 peritoneal cell wash 6h after implantation (IMP) and 
caeceal content induced peritonitis (CC); (B) Ex vivo ROS production of peritoneal 
neutrophils 6h after implantation and caecal content induced peritonitis. (Mean ± 

SEM, N = 3, Student's t-test. ∗∗∗ shows p < 0.001; ∗ shows p < 0.05.) 
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We compared the absolute numbers of influxing phagocyte populations in wild-type 

C57BL6 and in congenic gp91
phox

 knock-out mice 3 hours after caecal content induced 

peritonitis (Figure 23). 

 

Figure 23: Comparison of cell populations in the peritoneum wash of wild-type 
and gp91phox knock-out mice at 3 hours after caecal content induced peritonitis. 
(Mean ± SEM, N = 3.) 

The initial result was encouraging in the sense that the number of neutrophils does 

indeed tend to be somewhat higher in the wild type C57BL6 mice. However the effects 

did not reach a statistically significant level and therefore would be difficult to pin down 

using this sort of protocol. Because of this we turned to a situation which permits 

neutrophils of both genotypes to compete within one host. 

4.4 In vivo competiton assay for gp91phox-deficient and wild type 

neutrophil recruitment to the peritoneum 

Since female mammals randomly inactivate the X chromosome in somatic cells, and 

since the Nox2 gene coding for the gp91 component of the NADPH oxidase is on the X 

chromosome, gp91
+/ko

 heterozygous females are mosaics. One half of their neutrophils 

express the wild type allele of the gp91 gene while the rest express the targeted allele. 

This is demonstrated by the functional assay for ROS production carried out on blood 

and bone marrow from wild type C57BL6, gp91
phox

 knock-out and gp91
+/ko

 

heterozygous female mice (Figure 24). 
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Figure 24: Assay for the identification of mosaic neutrophil subpopulations in 
gp91+/ko heterozygous mice. Whole blood from wild type C57BL6, gp91

phox
 knock-out 

and gp91
+/ko

 heterozygous mice was incubated with DHR alone (upper panel) or 

subsequently with 2 µM PMA (lower panel) in the presence of catalase. Neutrophils 

(Ly6G
+
) were gated and analyzed for Rhodamine fluorescent. (N = 3) 

For this experiment the blood cells were incubated with dihydrorhodamine 123 (DHR) 

which is oxidised by ROS to the strongly fluorescent rhodamine 123 (Rh-123). Un-

stimulated neutrophils of all three genotypes showed a low intensity rhodamine signal 

presumably derived from mitochondrial respiration (Figure 24 upper panels). However 

after activation of the neutrophils from wild type mice by treatment with PMA, the 

mean fluorescence intensity of the rhodamine signal from the wild type neutrophils was 

substantially increased and this increase was not seen in PMA treated neutrophils from 

the gp91
phox

 knock-out animals (Figure 24 left and centre lower panels). As expected 

neutrophils from heterozygous females are present as two populations one of which 

expresses the PMA inducible NADPH oxidase system while the other does not. This 

provided the basis for the further analysis. 

By looking at the expression of gp91 in blood neutrophils of gp91
+/ko

 heterozygous 

mice, we observed that the ratio of wild type to gp91
phox

 deficient subpopulations was 

not always 1:1. 
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Figure 25: Flow cytomectric analysis of peripheral blood and bone marrow of 
gp91+/ko heterozygous mice. Bone marrow (upper panel) and whole blood (lower 

panel) from gp91
+/ko

 heterozygous mice was incubated with DHR followed with 2 µM 

PMA. Neutrophils (Ly6G
+
) and eosinophils (SiglecF

+
) were gated and analyzed for 

Rhodamine fluorescent. Data shown are representative of 3 experiments. 

Since neutrophils are produced in the bone marrow, we compared the ratio of wild type 

neutrophils to gp91
phox

 deficient neutrophils subpopulations between bone marrow and 

blood of individual gp91
+/ko

 heterozygous mice. The results showed that blood and bone 

marrow neutrophils had the same ratio of wild type to gp91
phox

 deficient subpopulations 

(Figure 25). Furthermore, eosinophils also shared the same ratio of wild type : gp91
phox

 

deficiency as did the neutrophils. The results show that in these animals the X 

chromosome inactivation is stable and that ROS production is not required in these 

granulocyte populations for their normal trafficking from the bone marrow to the 

peripheral blood. 
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Figure 26: The ratio of wild type to gp91phox deficient neutrophil subpopulations of 
one gp91+/ko heterozygous female mouse determined on day 1, 3 and 5. Similar 

results were found for two other heterozygous animals (N = 3) 

To determine the stability of this ratio we evaluated it 2 days and 4 days later. The result 

demonstrate that within a given animal the ratio is stable at least over this time scale 

(Figure 26). 

 

Figure 27: Distribution of wild type and gp91phox deficient blood neutrophil 
subpopulations in gp91+/ko heterozygous female mice. (Mean ± SD, N = 35.)  

To define the distribution of wild type and gp91
phox

 deficient neutrophil subpopulations 

in gp91
+/ko

 heterozygous female mice, the percentage of wild type and gp91
phox

 deficient 

neutrophil subpopulations in each gp91
+/ko

 heterozygous female mouse was analysed. 
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The assessment of blood neutrophils from gp91
+/ko

 heterozygous female mice showed 

that on average the ratio of wild type to gp91
phox

 deficient subpopulations was 40% to 

60% in a gp91
+/ko

 heterozygous female mouse (Figure 27). 

4.5 gp91phox-deficient and wild type neutrophil recruitment in 

peritoneal inflammation 

 

Figure 28: Wild type neutrophils have an advantage in entering the peritoneal 
cavity early after induction of inflammation. (Mean ± SEM; N = 3 to 8 animals for 

each time point, Student's t-test. ∗∗∗ shows p < 0.001; ∗ shows p < 0.05.) 
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We next used this in vivo mosaic assay to examine the recruitment of neutrophils into 

the peritoneal cavity of gp91
+/ko

 heterozygous female mice after caecal content induced 

peritonitis. At both 1 hour and 3 hour after treatment, there is a substantial excess of 

wild type neutrophils entering the peritoneal cavity (Figure 28). However, this 

phenomenon disappeared by 12 hours. On the other hand, the ratio of wild type to 

gp91
phox

 deficient blood neutrophil subpopulations of these mice remained as in the 

untreated condition. This indicates that the NADPH oxidase activity is involved in the 

early phase of neutrophil extravasation. The wild type neutrophils have a clear 

advantage in entering the peritoneal cavity. 

4.6 gp91phox deficient and wild type neutrophil recruitment: 

chemokine application 

The rapid initial extravasation of the neutrophils is aided by their ability to produce 

ROS. The extravsation process is complex and tightly regulated at a number of check 

points, one of which is the response to chemokines shown in Figure 20.  We therefore 

analysed the response to these mediators using the mosaic analysis. 3 hours after a 

single injection of each chemokines (KC, LIX or MIP-2), we observed the ratio of wild 

type to gp91
phox

 deficient neutrophils in the blood and peritoneal lavage. However, the 

ratio of wild type to gp91
phox

 deficient neutrophils subpopulations in the peritoneal cell 

wash of gp91
+/ko

 heterozygous female mice treated with these chemokines was not 

different from the ratio of these cells in the blood (Figure 29).  We conclude that 

peritoneal influx in response to these chemokines is not ROS dependent. 
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Figure 29: Wild type and gp91phox deficient neutrophils have the same ability to 
enter the peritoneum after being treated with chemokines. The ratio of wild type to 

gp91 deficient neutrophil in the blood and peritoneal cell wash was determined 3 hours 

following a single intra-peritoneal injection of either 200 µL KC, LIX or MIP-2 (200 

nM each). (Mean ± SEM, N = 3, Student's t-test.) 

4.7 gp91phox deficient and wild type neutrophil recruitment in 

sterile peritoneal inflammation 

Since our interest in peritoneal inflammation was directed very much at the sterile 

inflammation associated with gold implants we were interested to see if under these 

milder conditions a ROS dependent activity in the neutrophils was advantages for early 
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influx. However the insertion of the implant involves both anaesthesia and a surgical 

procedure, both of which may severely complicate the analysis of phagocyte influx 

during the immediate post operative period. Because of this we turned instead to sterile 

inflammation induced by the Brewer’s thioglycollate medium into the peritoneal cavity 

of gp91
+/ko

 heterozygous female mice. 

 

Figure 30: Wild type and gp91phox deficient neutrophils have the same ability to 
enter the peritoneum in a sterile peritoneal inflammation (thioglycollate model). 
(Mean ± SEM, N = 3, Student's t-test.) 

As shown in Figure 30 mice treated with thioglycollate have a ratio of wild type to gp91 

deficient neutrophil subpopulations in the peritoneal wash fraction which is very similar 

to that of the blood neutrophils. Thus, in this sterile inflammatory there is no detected 

ROS dependent effect on the influx of neutrophils. 

Taken together, these findings show that wild type neutrophils have an advantage in 

entering the peritoneum in a model of polymicrobial peritonitis. This advantage may be 

related to their ability to up regulate β2 and α7 integrin (Figure 31). 
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Figure 31: (A) MFI of αααα7 and ββββ2 integrins on peritoneal neutrophils from wild 
type and gp91 knock-out mice 3 hours after treatment. (B) In the gp91+/ko 
heterozygous female mice, wild type neutrophils have an advantage in entering the 
peritoneal cavity in the CC but not in the TG inflammatory models. (Mean ± SEM; 

N = 3, Student's t-test. ∗∗∗ shows p < 0.001.) 
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DISCUSSION 

Neutrophils are able to generate large amounts of reactive oxygen species (ROS) using 

the phagocyte NADPH oxidase system and these ROS constitute an important arm of 

host anti−microbial defence. So much is clear, but the precise role of ROS remains a 

matter of some controversy. Initially it was believed that ROS were involved directly in 

the destruction of bacteria but this has been increasingly questioned in recent years. The 

superoxide anion itself was claimed not to directly kill bacteria (Klebanoff 1974) while 

hydrogen peroxide is a relatively stable molecule which  reacts slowly with most protein 

thiols. It does, however, react with ferrous iron by Fenton chemistry to generate 

hydroxyl radicals which are certainly destructive to most biological molecules. Since E. 

coli has been shown to contain substantial amount of Fenton active ferrous ions, part of 

which are associated by charge interaction with the poly−anionic genome, hydrogen 

peroxide can exert a microbicidal effect by virtue of its ability to form hydroxyl radicals 

in close proximity to the genome and thus to impose a massive and lethal mutational 

load. However, since many bacteria are well equipped with peroxidases which will 

destroy hydrogen peroxide before it reaches the Fenton active ion, hydrogen peroxide is 

an effective disinfectant only at concentrations above 500µM (Imlay and Linn 1986; 

Hyslop, Hinshaw et al. 1995). Such concentrations are unlikely to obtain in vivo and, for 

these reasons, a direct anti−microbial effect of phagocyte derived extracellular ROS is 

most likely to derive from hydroxyl radicals generated in situ. This is what I looked for. 

The recent demonstration that the density of asperities on the surfaces of mechanically 

polished gold can be reduced by hydroxyl radicals but not by hydrogen peroxide 

(Nowicka, Hasse et al. 2010; Nowicka, Hasse et al. 2010) provided a possible mean to 

assess the production of NADPH oxidase derived extracellular hydroxyl radicals in 

vivo. Though previous published work using isolated neutrophils yielded evidence of 

hydroxyl radical generation in vitro (Winterbourn 1986; Klebanoff and Waltersdorph 

1990; Ramos, Pou et al. 1992; Candeias, Patel et al. 1993), the clear differences in the 

smoothness of mechanically polished gold implants between the C57BL6 and the 

gp91
phox

 knock-out mice demonstrates for the first time the extracellular formation of 

NADPH oxidase derived hydroxyl radicals in vivo. In the current study, the extent of 

extracellular hydroxyl radical production was sufficient to remove active discontinuities 
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from the surfaces of gold implants and this strongly suggests that this amount would 

also be sufficient for direct bacterial killing. 

For direct extracellular killing hydroxyl radicals must be delivered to the bacteria and 

since this radical has a half-life of only about 10
-9

 seconds or less in biological fluids 

(Sies 1993; Winterbourn 2008) it has a correspondingly low effective radius of 

diffusion which is estimated to be no more than around 40 Angström (Guo, Yue et al. 

2011). Because of this hydroxyl radicals react at their site of generation and hence to 

reach the surface of a gold implant the cell releasing the radicals must be in intimate 

association with the metal surface. However, the hydroxyl radical has no specificity for 

its target and thus will indiscriminatingly attack either the gold surface or the membrane 

of the cell which produced it. Production of extracellular hydroxyl radical will be 

expected to result in severe damage to the producing cell. 

Macrophages and neutrophils are the major cell types present in the inflamed 

peritoneum which are equipped with the phagocyte NADPH oxidase. However as I 

show by using flow cytometry to compare the ROS production at the single cell level 

between wild type mice and a congenic line carrying a targeted gp91 allele, these two 

cell types make very different uses of their capacity to produce ROS. ROS generated in 

macrophages is largely derived from sources other than the phagocyte NADPH oxidase 

– presumably from mitochondrial respiration. Neutrophils, on the other hand, make 

extensive use of the NADPH oxidase and hence are the principle source of the 

extracellular ROS detected by smoothing of the surface of gold implants in vivo. 

Because the ROS will be detrimental to the producing cell this may explain the fact that 

activated neutrophils have a short life span in vivo and that the rapid death of these cells 

is dependent on an intact NADPH oxidase system (Brinkmann, Reichard et al. 2004; 

Fuchs, Abed et al. 2007). 

In biological systems ROS may act not only as an effector but also as a component of 

signal transduction cascades. Of particular interest to us were the recent report that in 

the zebra fish embryo ROS act to recruit neutrophils to the site of an inflammatory 

response (Niethammer, Grabher et al. 2009). In that case the ROS are released at the site 

of injury and the neutrophils in the adjacent capillaries sense their presence through 

oxidation of a thiol group in the src family kinase Lyn (Yoo, Starnes et al. 2011). To 
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search for an involvement of ROS in neutrophil recruitment in mice a sensitive mosaic 

assay was developed which makes use of the fact that the gene for the gp91 subunit of 

the phagocyte NADPH oxidase is on the X chromosome. Because of random X 

chromosome inactivation in females mice heterozygous for an inactivating mutation of 

this gene are mosaic and will produce two types of neutrophils – those which express 

the wild type copy of the gene and those which express the mutant. As with other such 

genes – for example the X chromosome located PigA gene responsible for the formation 

of GPI anchors – the fraction of mutant and wild type cells is not necessarily 1 : 1 

(Keller, Tremml et al. 1999). The reason for this is believed to be that the randomness 

of the X chromosome inactivation is a statistical truth, but the size of the stem cell pools 

which give rise to the various blood cell lineages is quite small and may permit 

deviation from the ideal. Nevertheless the ratio of wild type to mutant cells is 

sufficiently stable within one animal to permit a mosaic analysis at least over short 

periods of time. 

Using this assay I found clear evidence for a requirement of the NADPH oxidase 

system for the recruitment of neutrophils into the infected peritoneum such that 

NADPH oxidase competent cells were preponderant at early time points. However, in 

contrast to the situation in the zebra fish the requirement for ROS in the mouse is not in 

the target tissue but rather in the responding neutrophils. These responding neutrophils 

flood into the peritoneum in very large numbers to combat a bacterial infection and the 

early phase of the infection may be crucial in determining the outcome. Interestingly the 

advantage of the ROS generating system for the recruitment of the neutrophils appears 

to be restricted to infection situations since it is not apparent when a sterile 

inflammation is initiated using thioglycollate treatment. This suggests that the detection 

of bacterial products by sentinel cells of the peritoneal cavity via so−called “pathogen 

recognition receptors” may be necessary to initiate this response. 

By intravenous adoptive transfer of isolated neutrophils from both C57BL/6 wild type 

and gp91
phox

 - deficient mice, into thioglycollate treated recipients, Hattori and 

colleagues noted a reduced peritoneal recruitment of the gp91
phox

 knock-out compared 

with the wild type neutrophils (Hattori, Subramanian et al. 2010). Using the same 

model, we did not observe any differences in the peritoneal recruitment of gp91
phox

-

deficient and wild type neutrophil subpopulations in the gp91
+/ko

 heterozygous female 
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mice. The differences may come from the isolation and ex vivo manipulation of 

neutrophils since neutrophils isolated by density gradient centrifugation  may induce 

ROS production in neutrophils and lead to high backgrounds (Rebecchi, Ferreira Novo 

et al. 2000; Fuchs, Abed et al. 2007). An alternative explanation may be that the 

thioglycollate medium used to induce the sterile inflammation is not a pure substance 

and the medium once prepared must - for reasons that remain unclear - be aged before 

use. Though widely used, thioglycollate treatment is not an optimally reproducible 

inflammatory system. Nevertheless, the results reported by Hattori et al. do certainly go 

in the same direction as my results. 

The NADPH oxidase system is inactive in resting cells and an inflammatory signal such 

as that delivered through the TNFR1 is required to trigger the assembly of the active 

complex on the membrane. At some point in the extravasation process this complex 

must be activated and must underlie the recruitment advantage of the NADPH 

competent neutrophils which is detected at 3 hours post infection. The precise role of 

ROS in this process remains to be elucidated but it is noteworthy that the recruitment 

advantage is no longer seen at 12 hours after infection. The reasons for this are unclear 

and given the complexities of the extravasation process they may be difficult to pin 

down. Two simple none mutually exclusive scenarios may explain this observation. The 

first makes use of the fact that the NADPH oxidase is required not only for the influx of 

the cells to the site of inflammation, but it also is required for their death by netosis 

shortly after activation (Honda, Kano et al.; Brinkmann, Reichard et al. 2004; Fuchs, 

Abed et al. 2007). Thus, while cells expressing the wild type allele may have an initial 

advantage in their rate of entry, the mutant cells will have an extended life time and 

hence build up in the peritoneal neutrophil population. This may explain the apparent 

loss of the extravasation advantage at the 12 hour time point. A second alternative type 

of explanation might be that the loss of the preference for cells expressing the wild type 

allele of the NADPH oxidase gp91 gene may simply be a kinetic effect resulting from 

the massive neutrophil influx into the peritoneum. Over the first 3 hours the average rate 

of neutrophil entry into the peritoneum is 2 x 10
4
 neutrophils per minute but this figure 

fails to take account of the fact that at the start of this time period only a small number 

of cells is involved but this number rises rapidly over the ensuing period. It is 

conceivable that an initial ROS dependent step, necessary to open an extravasation 
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“door”, results in the advantage for the cells expressing the wild type allele in the initial 

phase but that the system is rapidly swamped by the large number of cells entering the 

peritoneum so that the mutant cells can now enter an “open door” by a bystander effect. 

Since the NADPH oxidase system is inactive in resting cells and must be assembled in 

response to activation, my results indicate that neutrophils have achieved a degree of 

activation prior to their entry into the peritoneum. How is this activation achieved – and 

where? Recruitment of these cells requires the action of chemokines and so I looked at 

the ability of murine chemokines known to be involved in neutrophil extravasation to 

differentially attract the wild type and mutant cells. Of those tested − KC, LIX and MIP2 

− all functioned to promote neutrophil extravasation but none preferentially attracted the 

NADPH oxidase competent wild type cells. This lack of an extravasation advantage for 

NADPH oxidase competent cells in response to purified chemokine application is 

reminiscent of the situation in which a sterile inflammatory response is induced in the 

peritoneal cavity. Here too the presence of an active NADPH oxidase system provides 

no advantage in the in vivo mosaic assay. Unlike the situation after a bacterial 

peritonitis, no special contribution of ROS is required for the response to these 

chemokines. However, a flow cytometry analysis of integrin expression on neutrophils 

during the early phase of infection demonstrated that the NADPH competent, but not 

the mutant cells, up regulated the surface expression of both the α7 and β2 integrins.  

This correlative observation may provide a starting point for a future analysis of the 

molecular mechanism of ROS dependent differential extravasation. 

In summary this study demonstrates that extracellular ROS are released from 

neutrophils in amounts which may be significant in terms of direct extracellular 

bacterial killing. It further provides evidence for an involvement of ROS in the process 

of neutrophil extravasation in response to infection. 
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