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Sepsis is a very severe disease with a high risk of fatality despite modern intensive 

care facilities. The pathophysiology of sepsis is still poorly understood but there is 

increasing evidence that the proinflammatory complement split product C5a which is 

generated in excessive amounts during the onset of sepsis plays an important role 

(RIEDEMANN et al. 2003c; WARD 2004; GUO u. WARD 2005) and blocking 

strategies have significantly improved survival in rodent models of experimental 

sepsis (CZERMAK et al. 1999; RIEDEMANN et al. 2002b). C5a has been shown to 

alter innate immune functions, such as generation of inflammatory mediators as well 

neutrophils functions, leading to a status of immune suppression (GUO et al. 2003). It 

has recently been demonstrated that C5a alters intracellular signaling pathways in 

neutrophils (RIEDEMANN et al. 2003a; RIEDEMANN et al. 2004b; WRANN et al. 

2007a; WRANN et al. 2007b), offering an explanation for the above mentioned 

suppression of innate immune functions. 

 

Objective of the study was to further investigate this involvement of different signaling 

pathways in the regulation of innate immune functions during experimental sepsis in 

general and especially of the regulation of the C5a-mediated effects. We 

concentrated on cell signaling pathways that are well known to play an important role 

in regulating innate immunity (refer to chapter 3 and 4 as well): the 

phosphatidylinositol-3 kinase (PI3K/Akt) signaling pathway, the mitogen-activated-

protein kinase (MAPK) signaling pathway with its three major members: the 

extracellular regulated kinase1/2 (ERK1/2), p38 MAPK, and c-Jun N-terminal kinase 

(JNK) as well as the protein kinase c (PKC) signaling pathway.  

 

In the first part of this study we investigated the effects of PI3K inhibition on innate 

immunity during the onset of sepsis in vivo using the CLP (cecum ligation and 

puncture) model to induce experimental sepsis in C57/Bl6 mice and in vitro using 

human blood cells in various assays. We measured the cytokine levels in the serum 

of septic mice and the oxidative burst capacity of their blood phagocytes, neutrophils 

and monocytes. The mediator generation of isolated human neutrophils and PBMCs 

(peripheral blood mononuclear cells), the major producer of cytokines and 
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chemokines in the blood, was evaluated after stimulation with LPS 

(lipopolysacharide) and C5a. Oxidative burst, phagocytosis and its C5a-mediated 

priming was assessed in human blood phagocytes. As inductors of oxidative burst in 

monocytes and neutrophils we used the Gram-negative bacterium E.coli as an 

infectious stimulus and phorbol 12-myristate 13-acetate (PMA), a very strong 

universal cell stimulant that acts as synthetic diacylglycerol analogue. In the second 

part we studied the regulation of C5a-mediated priming of oxidative burst by 

specifically blocking the ERK1/2, p38 MAPK, JNK or PKC signaling pathways in 

human blood phagocytes in vitro. 

 

Ultimately, an improved understanding of the regulation of the effects that the potent 

pro-inflammatory complement split product C5a exerts on the innate immune 

response during sepsis can generate new potential therapeutic targets for treatment 

of septic patients that aims to control the excessive inflammation or immune 

suppression during sepsis. 
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2.1 Sepsis 
Sepsis is the third common cause of death after cardio-vascular disease and cancer 

in Germany and accounts for 40.000-57.000 deaths/year. A recent epidemiological 

study showed that the prevalence in German hospitals depending on their size varies 

between 11-14%, each year 110.000-154.000 new cases occur. In severe sepsis the 

mortality is still as high as 55% (ENGEL et al. 2007). 

 

2.1.1 Definition 
Sepsis is defined as the very complex inflammatory host response to an infection. So 

far, there is no single parameter known based on which the diagnosis sepsis could 

solely be made. Sepsis, severe sepsis and septic shock define a continuum of 

disease that is defined by a combination of vital parameters, lab results, 

hemodynamic data and organ function (RUSSELL 2006). 

According to the guidelines from the ACCP/SCCM Consensus Conference 

Committee (1992) sepsis is defined as suspected or proven infection plus systemic 

inflammatory response syndrome that is present if at least two of the following clinical 

criteria are met: fever (≥ 38°C) or hypothermia (≤ 36°C), tachycardia (heart rate 

> 90/min), tachypnea (respiratory rate > 20/min) or hyperventilation (PaCO2 

≤ 33 mmHg), and leukocytosis (≥ 12,000/mm3) or leukopenia (≤ 4,000/mm3) or ≥ 10% 

immature neutrophils in the differential blood count. Severe sepsis is defined as 

sepsis with organ dysfunction (hypotension, hypoxemia, oliguria, metabolic acidosis, 

thrombocytopenia, or obtundation). Septic shock is defined as severe sepsis with 

hypotension despite adequate fluid resuscitation (ACCP/SCCM 1992; REINHART et 

al. 2006). 

 

2.1.2 Pathophysiology 
The pathophysiology of sepsis is very complex and despite intense research yet not 

fully understood but a general agreement has evolved that sepsis represents an 

uncontrolled inflammatory response of the host to an infection, independent of the 

kind of causative organism, which could be bacterial, viral or fungal (LANDRY u. 
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OLIVER 2001; TEN CATE et al. 2001; COHEN 2002; HOTCHKISS u. KARL 2003; 

RIEDEMANN et al. 2003c; REINHART et al. 2006).  

This infection leads to a full activation of all parts of the immune system, including the 

coagulation cascade, cytokines, complement system, cellular and humoral immune 

response. Numerous pro-inflammatory mediators, such as interleukine-6 (IL-6), 

tumor necrosis factor-α (TNF-α), and macrophage migration inhibitory factor (MIF) 

are released by endothelial and epithelial cells, as well as by macrophages, 

neutrophils, and lymphocytes. The generation of acute phase proteins occurs such 

as C-reactive protein is induced, the complement system is activated and excessive 

amounts of C3a and C5a are generated. This primary inflammatory response is self-

sustained and further triggered by the generation of additional secondary mediators. 

At the same time an anti-inflammatory response will be started and anti-inflammatory 

mediators will be produced, such as IL-4, IL-10, and IL-1 receptor antagonists and 

apoptosis of the activated immune cells will begin (COHEN 2002; RIEDEMANN et al. 

2003c).  

This hyperreactive host response induces further inflammation pathways and leads 

to an impairment of various organ functions. Tissue factor expression on monocytes, 

neutrophils, and endothelial cells increases, the coagulation cascades becomes 

activated and anticoagulatory factors, such as antithrombine III, protein C, and 

protein S, are inhibited in summary resulting in disseminated intravasal coagulation 

(TEN CATE et al. 2001). Endothelial cells upregulate the expression of adhesion 

molecules on their surface. This results in activation of leukocytes to perform the 

oxidative burst, i.d. the release of reactive oxygen species that effectively destroy 

pathogens but also damage the endothelial cell and the surrounding tissue. Vascular 

permeability increases and great loss of intravasal volume into the interstitium occurs 

leading to hypovolemic shock. In addition, nitrogen oxide, NO, a very potent 

vasodilatator is generated by the endothelial NO-synthetase inducing dangerous 

arterial hypotension and aggravating the effects of volume loss through the capillary 

leakage (LANDRY u. OLIVER 2001). Sepsis is accompanied by cardiomyopathy with 

decreased cardiomyocyte contractibility resulting in reduced cardiac output. 

Endocrine regulation seems also impaired as demonstrated by relative insufficiency 
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of the adrenal cortex as well as inadequate vasopressin and insulin secretion. This 

severe disturbance of the microcirculation and organ perfusion favors the 

development of a multi-organ-failure, the most common cause of death in septic 

patients. But the exact mechanisms of this multi-organ-failure and death remains 

elusive (HOTCHKISS u. KARL 2003). 

Usually, the course of sepsis is described as biphasic: during the first phase 

hyperinflammation and hyperreaction dominates the host immune response. Later if 

this overactivation persists the immune system becomes anergic and enters a state 

of immune suppression. Depending on the potency of this immune response and the 

persistence of the invading microorganism the host is either capable to clear the 

infection and to recover or sepsis will progress to multi-organ-failure and finally death 

of the patient (HOTCHKISS u. KARL 2003). 

 

2.1.3 Treatment and failure of the implementation of new therapeutic options 
In the past almost forty years intense research has been conducted to develop new 

option for the treatment of sepsis. Numerous different substances have been tested 

in clinical trails, such as glucocorticoids, anti-LPS antibodies, TNFα antibodies, IL-1 

receptor antagonists, platelet activating factor antagonists, thromboxane inhibitors, 

and C1 inhibitors to name a few. But despite promising results from experimental 

studies almost all of those anti-inflammatory treating strategies failed in those clinical 

trials to demonstrate a benefit in survival (RIEDEMANN et al. 2003b, c). Only one 

drug, a recombinant form of activated protein C, showed a small reduction in 

mortality (absolute reduction in the risk of death was 6.1 percent) in initial phase III 

clinical trial and received approval for the treatment of severe sepsis by the FDA 

(Food and Drug Administration) (BERNARD et al. 2001). But this approval was 

discussed very controversially. In a follow-up study on patients with severe sepsis 

that were at low risk for death no beneficial treatment effects were found but an 

increased incidence of serious bleeding complications (ABRAHAM et al. 2005). 

Therefore, the guidelines for diagnosis and treatment of sepsis of the Deutsche 

Sepsis-Gesellschaft e.V. (German sepsis society) emphasize the importance an 

early detection of clinical signs of sepsis, identification and sanitation of the source of 
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infection combined with rapid high dose antibiotic therapy along with supportive 

therapy trying to compensate for the organ dysfunction (REINHART et al. 2006). If 

the initial phase of disease remains undiscovered and severe sepsis or even septic 

shock has developed the prognosis for recovery is very poor.  

 

Many possible reasons for this observed failure of the clinical introduction of new 

therapeutic options have been discussed (RIEDEMANN et al. 2003b). Because it is 

very difficult to clearly define the status of disease the group of patients that 

participate in clinical trials is very heterogeneous. Since the immune system and the 

metabolic system undergo continuously changes during the course of the disease 

one patient may benefit in his actual situation from the treatment but would not later, 

making it very difficult to compare the responses to treatment between patients. 

Another cause of failure was the choice of inappropriate animal models for sepsis 

due to wrong assumption about the nature of this disease. Because in earlier times 

Gram-negative bacteria were the main source of infection and the observation that 

administration of LPS (lipopolysaccharides), the major component of the cell wall of 

Gram-negative bacteria, to lab animals caused elevation of inflammatory mediators 

in the serum and symptoms of acute infection the theory was established that sepsis 

is the phenomenon of shock caused by endotoxins. The cecum-puncture-ligation 

model (CLP model) is a widely used and well defined model for experimental sepsis 

and septic shock (RIEDEMANN et al. 2003b; HUBBARD et al. 2005; REMICK u. 

WARD 2005). During an abdominal operation under general anesthesia the cecum is 

ligated at its proximal two-thirds and punctured with a needle of defined size leading 

to a polymicrobial infection and a severe inflammation due to the tissue damage. 

After a few hours the blood cultures are positive for enteric organisms. The clinical 

course with its symptoms presents similarly to humans: it shows a hyperdynamic, 

hypermetabolic phase with tachycardia, tachypnoe and fever in the beginning, 

followed by a hyporesponsive, hypometabolic phase with hypotension and 

hypothermia that can lead to the death of the animal. The animals respond to a 

treatment with fluid resuscitation and antibiotics. This model seems to simulate quite 

accurately the pathological changes that occur in human patients during sepsis. 
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2.2 Complement system 
2.2.1 General aspects 
The complement system is an important part of the innate immune response to fight 

infections. It consists of series of more than thirty plasma proteins that are able to 

activate each other after an initial stimulus has started this cascade (GUO u. WARD 

2005). During sepsis this complement cascade is activated by three well known 

pathways: the classical pathway, the lectin pathway and the alternative pathway. The 

classical pathway is activated by antigen-antibody complexes that react with 

activated C1q. The lectin pathway is initiated by either serum mannose binding lectin 

(MBL) or ficolins that recognize certain oligosaccharide moieties on microbial 

surfaces. The alternative pathway can be activated either by the presence of 

alterated foreign surfaces as lipopolysaccharides and through C3b generated by 

spontaneous hydrolyses, the so-called “tick-over”. All these pathways result 

ultimately in the generation of the potent pro-inflammatory complement split product 

C5a and the terminal membrane attack complex (MAC). C5a acts as a potent pro-

inflammatory anaphylatoxin and the MAC binds to its targets cell and destroys them 

through induced cell lysis. 

 

 
 
Figure 2-1: Complement cascade with its complement activation pathways: the classical pathway, the 
lectine pathway, and the alternative pathway leading to the generation of the anaphylatoxins C3a and 
C5a as well as the terminal membrane attack complex (MAC), simplified illustration. 
 

The complement system was traditionally believed to be solely involved in the innate 

host response against invading microorganisms and clearance of cell debris. 

However, activation of complement system has also been demonstrated to play an 
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important role in the pathogenesis of many inflammatory and immunological 

diseases, including acute respiratory distress syndrome (ROBBINS et al. 1987), 

rheumatoid arthritis (LINTON u. MORGAN 1999), glomerulonephritis (WELCH 2002), 

multiple sclerosis (FFRENCH-CONSTANT 1994), ischemia/reperfusion injury 

(ARUMUGAM et al. 2004), and asthma (HAWLISCH et al. 2004) where it contributes 

to a sustained inflammation. There is also growing evidence for an important role of 

complement system and especially the anaphylatoxin C5a in the pathophysiology 

and harmful effects during the onset of sepsis (RIEDEMANN et al. 2003c; WARD 

2004). 

 
2.2.2 C5a and innate immunity 
C5a is a very potent anaphylatoxin and numerous effects on immune cells have been 

described: C5a acts as an effective chemoattractant for neutrophils, monocytes and 

macrophages (MARDER et al. 1985). It enhances oxidative burst, phagocytosis and 

release of lysosomal enzymes from neutrophils (GOLDSTEIN u. WEISSMANN 1974; 

SACKS et al. 1978; MOLLNES et al. 2002) and can cause vasodilatation and 

increased vascular permeability (SCHUMACHER et al. 1991). C5a affects cytokine 

and chemokines production (LAUDES et al. 2002a; RIEDEMANN et al. 2002c), 

upregulates the expression of adhesion molecules on neutrophils (GUO et al. 2002) 

and activates the coagulation cascade (LAUDES et al. 2002b). C5a has also been 

shown to delay apoptosis of neutrophils but to increase apoptosis of thymocytes 

(GUO et al. 2000; PERIANAYAGAM et al. 2002; RIEDEMANN et al. 2002a). 

Two high-affinity receptors for C5a have been reported: C5aR and C5L2. C5aR is a 

seven-membrane spanning G-protein coupled receptor (GERARD et al. 1989; 

GERARD u. GERARD 1991). C5aR is present on phagocytic cells (CHENOWETH u. 

HUGLI 1978; GERARD et al. 1989; KURIMOTO et al. 1989; WERFEL et al. 1992) as 

well as on many nonmyeloid cells such as endothelial cells, Kupffer cells, alveolar 

epithelial cells (HAVILAND et al. 1995; SCHIEFERDECKER et al. 2001; 

RIEDEMANN et al. 2002c). This C5aR expression is well known to be inducible by 

LPS, TNFα and IL-6 and ubiquitously upregulated on many organs (lungs, liver, 

heart, kidneys) during the onset of sepsis (RIEDEMANN et al. 2002b). 
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C5L2 is also a seven transmembrane-spanning receptor which is not G-protein-

coupled (OKINAGA et al. 2003) that can be found on myelopoetic and non-

myelopoetic cells (OHNO et al. 2000). Recent research has suggested a negatively 

regulatory role on the inflammatory response (GAO et al. 2005; GERARD et al. 2005) 

but its exact biological function remains elusive.  

 

2.2.3 Role of C5a in sepsis 
During sepsis the complement system becomes strongly activated (WARD 2004) as 

suggested by elevated plasma levels of C3a, C4a and C5a in laboratory animals and 

human patients during sepsis (SMEDEGARD et al. 1989; DE BOER et al. 1993; 

NAKAE et al. 1994). Evidence is accumulating that C5a and C5aR activation play a 

major role in the pathophysiology of sepsis and is responsible for many harmful 

effects during sepsis, such as impaired innate immunity or organ dysfunction 

(RIEDEMANN et al. 2003c; WARD 2004; GUO u. WARD 2005). Blocking of either 

C5a or C5aR leads to greatly improved survival of rodents in experimental sepsis 

(CZERMAK et al. 1999; RIEDEMANN et al. 2002b).  

As mentioned above C5a is thought to be responsible for apoptosis in thymocytes 

and C5aR was found to be strongly up-regulated in many different organs and cell 

types during sepsis (GUO et al. 2000; PERIANAYAGAM et al. 2002; RIEDEMANN et 

al. 2002a; RIEDEMANN et al. 2002b). Blocking of C5a with C5a antibodies improved 

not only survival of rodent after experimental sepsis but also decreased serum levels 

of IL-6 and TNFα in the serum of septic animals (RIEDEMANN et al. 2002b). In 

addition, blocking of IL-6 during sepsis also improved survival and reduced up-

regulation of C5aR expression liver, lung, heart, and kidney (RIEDEMANN et al. 

2003d). C5a has been shown to alter innate immune functions of neutrophils, such 

as oxidative burst, chemotaxis and production of chemokines leading to a status of 

immune suppression (GUO et al. 2003).  

Different studies have shown that C5a alters intracellular signaling pathways in 

neutrophils in vitro and during the onset of sepsis in vivo offering an explanation for 

the above mentioned suppression of innate immune functions (RIEDEMANN et al. 

2003a; RIEDEMANN et al. 2004a; RIEDEMANN et al. 2004b). TNFα production in 
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neutrophils during sepsis was found to be regulated by C5aR signaling involving the 

increased production of the transcription factor IκBα. Interestingly, opposite 

regulation of C5aR-mediated effects were identified in alveolar macrophages 

(RIEDEMANN et al. 2003a). In the regulation of the C5a-induced IL-6 production in 

neutrophils the p38 MAPK and ERK1/2 signaling pathway were found to be involved 

(RIEDEMANN et al. 2004b). Enhanced generation of MIF by neutrophils was found 

to be regulated by the AKT pathway via PI3K phosphorylation (RIEDEMANN et al. 

2004a). 

In septic rats after CLP pathological changes in the coagulation/fibrinolytic systems 

occurred with enhanced procoagulant activity and impaired fibrinolysis. 

Administration of a blocking antibody against C5a to CLP rats prevented these 

defects. This data suggest that C5a generation during sepsis is directly or indirectly 

involved in the disturbance of the hemostasis that is associated with sepsis and may 

lead to disseminated intravasal coagulation (LAUDES et al. 2002b). Recently, a 

study demonstrated that cardiomyocyte contractility and left ventricular pressure 

were significantly reduced in septic rats after CLP. These effects could be 

counteracted by treatment with an anti-C5a antibody and in-vitro studies supported 

the finding that C5a-C5aR interaction causes the cardiac dysfunction during sepsis 

(NIEDERBICHLER et al. 2006). 

In summary, C5a is involved in many pathological changes during sepsis and 

blocking strategies against C5a were able to counteract the sepsis-induced effects of 

impairment of innate immune function of neutrophils, apoptosis of lymphoid tissues, 

the consumptive coagulopathy, and the loss of cardiomyocyte contractility during 

sepsis. 
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2.3 Cell signaling pathways 
All processes within a cell are tightly regulated by a complex network of different 

signaling pathways. Every pathway consists of many interacting molecules and finally 

leads to activation or suppression of specific processes on transcriptional level.  

Cross-talk between pathways occurs very often. Because it is possible to block single 

pathways by specific inhibitors of key regulating signaling molecules these cell 

signaling pathways have become of great interest for the development of new targets 

for pharmacotherapy. 

In this study we concentrated on cell signaling pathways that are well known to play 

an important role in regulating innate immunity (for details refer to chapter 3 and 4): 

the PI3K/Akt signaling pathway, the MAPK signaling pathway with its three major key 

players, ERK1/2, p38 MAPK, and JNK, as well as the PKC signaling pathway. 

 

2.3.1 PI3K/Akt pathway 
The PI3K/Akt pathway can be activated by various survival factors, such as growth 

factors and cytokines, as well as insulin (MEISENBERG u. SIMMONS 2006). The 

PI3K (Figure 2-2) binds either to an autophosphorylated growth factor receptor or to 

tyrosine-phosphorylated IRS-1 (insulin receptor substrate-1) thereby becoming 

allosterically activated. In addition, the small GTPase Ras when bound to guanosine 

triphosphate (Ras-GTP) can activate PI3K. Activated PI3K phosphorylates inositol 

lipids from the cell membrane at position 3 thereby generating phosphatidyl-inositol-

3,4,5-trisphosphate (PIP3) from phosphatidyl-inositol-4,5-bisphosphate (PIP2). Now 

Akt, a member of the serine/threonine-specific protein kinase family, also known as 

protein kinase B can be recruited to the plasma membrane by binding with its 

pleckstring homology domain to the 3-phosphorylated-inositol lipids in the 

membrane. Akt contains two amino acid residues that have to be phosphorylated for 

activation: Thr308 and Ser473. Thr308 is phosphorylated by the phosphoinositide-

dependent kinase (PDK) which is activated by either PIP2 or PIP3. Ser473 is 

phosphorylated by the integrin-linked kinase (ILK) which is found in focal adhesion 

(YOGANATHAN et al. 2000). Known downstream targets of activated Akt are Bad 

(Bcl-xL/Bcl-2 associated death promoter) (CARDONE et al. 1998), forkhead 
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transcription factors (FKHR) (BRUNET et al. 1999), c-Raf (c-rapidly growing 

fibrosarcoma) (ZIMMERMANN u. MOELLING 1999) and caspase-9 thereby inhibiting 

apoptosis and promoting cell survival. Akt is also involved in the regulation of 

glycogen synthesis through phosphorylation and inactivation of GSK-3α and β 

(CROSS et al. 1995; HAJDUCH et al. 2001). In addition to its role in survival and 

glycogen synthesis, Akt plays a role in the regulation of the cell cycle (GESBERT et 

al. 2000; ZHOU et al. 2001) and cell growth (NAVE et al. 1999). Recent research has 

also suggested controversial functions in models of acute and chronic inflammation 

(refer to chapter3). 

 

 
Figure 2-2: The PI3K/AKT signaling pathway. 
The autophosphorylated receptor (R) recruits the phosphatidylinositol-3 kinase (PI3K). Alternatively, 
PI3K can be recruited by the small GTPase bound to GTP (Ras-GTP). After binding of PI3K 
substrates Akt travels to the membrane and can be phosphorylated by either an integrin-activated or 
PIP3-activated protein kinase on two amino acid residues. Active Akt phosphorylates serine and 
threonine side chains in its substrates. GTP, guanosine triphosphate; PIP3, phosphatidyl-inositol-3,4,5-
trisphosphate (MEISENBERG u. SIMMONS 2006). 
 

2.3.2 MAPK pathways 
The MAPK also belongs to the serine/threonine-specific protein kinase family and 

three major types of MAP kinase cascades have been identified that are key 

regulating three separate signaling pathways: the ERK1/2, p38 MAPK, and JNK 

(DAVIS 1994). These pathway play an important role in cell proliferation and 

differentiation (WASKIEWICZ u. COOPER 1995; MORIGUCHI et al. 1996; SU u. 

KARIN 1996; PEARSON et al. 2001). Dysregulated activity of these MAPKs has 

been found to be involved in cancer (SIVARAMAN et al. 1997; WU 2007). Although 

the different MAPK pathways can only be activated by specific stimuli, for example 

cell stress leads to the activation of the JNK pathway without activation of ERK, 

cross-talk between the different pathways has been reported. However, finally on 
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transcriptional level an unique activation pattern will be achieved allowing for a 

appropriate cellular response to a particular stimulus (Figure 2-3).  

 
Figure 2-3: The MAPK signaling cascades: ERK1/2, p38MAPK, and JNK. 
Different kind of stimuli, such as growth factors, inflammatory cytokines or UV radiation activate MAPK 
cascade that leads to changes at transcriptional level generating an unique pattern of action a 
appropriate cellular response to each different stimulus. a-/b-/c-Raf, a-/b-/c-rapidly growing 
fibrosarcoma; MLK3, mixed-lineage kinase 3; DLK, dual leucine zipper bearing kinase, TAK, Tat-
associated kinase; MEKK1,3, MEK kinase 1,3; MEK1/2 mitogen-activated protein kinase and ERK 
kinase 1/2; MKK3/6, MAPK kinase 3/6; MKK4/7, MAPK kinase 4/7; ERK1/2, extracellular regulated 
kinase1/2; p38 MAPK, p38 mitogen-activated protein kinase; JNK1/2, c-Jun N-terminal kinase. 
 

In general the ERK 1/2 pathway is activated by growth factors, e.g. epidermal growth 

factor (STURGILL et al. 1991) that bind to a receptor tyrosine kinase leading to 

activation of one of the Raf serine-threonine kinases (a-Raf, b-Raf, or c-Raf) 

(AVRUCH et al. 1994). Next the dual specificity kinase MEK 1/2 (mitogen-activated 

protein kinase and ERK kinase 1/2) is either phosphorylated by active Raf kinase on 

serine218 and serine222 or by MEKK1 (MEK kinase 1). The activated MEK 

phosphorylates ERK1/ERK2 on threonine183 and tyrosine185. This dual-

phosphorylated form represents the high active form of these kinases (COBB et al. 

1996). The p38 MAPK shows a fifty percent homology to the ERKs and is mostly 

involved in response to inflammatory cytokines, endotoxins, and osmotic stress (HAN 

et al. 1994; RAINGEAUD et al. 1995). Mixed-lineage kinase 3 (MLK3) that also can 

activate the JNK pathway, TAK1 (Tat-associated kinase), or DLK (dual leucine zipper 
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bearing kinase) can activate MKK3/6 (MAPK kinase 3/6) that acts directly upstream 

of p38 MAPK. The JNK pathway is also known as the stress activated protein kinase 

(SAPK) pathway because it becomes activated upon cell stress exposure, such as 

UV radiation, heat shock, or inflammatory cytokines (WINSTON u. HUNTER 1996). 

JNK/SAPK shares a forty to forty-five percent homology to the classical MAP 

kinases. MEKK1,4, MLK3, or ASK1 (apoptosis signal-regulating kinase 1) can 

activate MKK4/6 that in turn JNK/SAPK. The active JNK/SAPK can phosphorylate c-

Jun at serine63 and serine73.   

 

2.3.3 PKC pathway 
The PKC is a cyclic nucleotide-independent but phospholipide-dependent enzyme 

that phosphorylates serine and threonine residues in many target proteins. It plays an 

important role in the regulation of cell proliferation, differentiation, and apoptosis 

(NEWTON 1997; MELLOR u. PARKER 1998; WEBB et al. 2000; YOSHIDA 2007). 

PKC seems also to be involved in the pathogenesis of different types of cancer, such 

as breast cancer, adenomatous pituitaries, leukemia, lung cancer, and colon 

adenocarcinomas (MACKAY u. TWELVES 2007).   

So far eleven closely related PKC isozymes have been identified and divided into 

conventional (α, β1, β2, γ), novel (δ, ε, η, θ, µ), and atypical (ζ, λ) isozymes 

depending on their requirement for cofactors: conventional isozymes require both, 

calcium and diacylglycerol (DAG) for activation, the novel isozymes require only DAG 

and the atypical isoforms require neither calcium or DAG for activation. These 

isoforms also differ in their structure, biochemical properties, tissue distribution, 

subcellular localization, and substrate specificity, but all PKCs can interact with the 

plasma membrane by a phospholipid-binding domain. In resting state most PKCs are 

localized in the cytosol. If an effector molecule binds to a specific subtype to a G-

protein coupled-receptor Gq at the cell membrane phospholipase C (PLC) or 

phospholipase A2 (PLA2) is activated generating DAG and inositol-1,4,5-

trisphosphate (IP3) by hydrolysis of phosphatidylinositol-4, 5-bisphosphate (PIP2) in 

the cell membrane (Figure 2-4). IP3 results in a release of endogenous Ca2+ from the 

endoplasmatic reticulum. Ca2+ and DAG lead to activation of classical PKCs and 



Chapter 2 Introduction 
___________________________________________________________________________ 

17 

activated classical PKCs are translocated to the cell membrane. Phorbol esters, such 

as phorbol 12-myristate 13-acetate (PMA), are experimentally used as DAG 

analogues facilitating activation of conventional and novel PKC isoforms (GOEL et al. 

2007).  

 

 
Figure 2-4: The PKC signaling pathway. 
R3, receptor 3; R4, receptor 4; R6, receptor 6; Gq, G-Protein q; PLC, phospholipase C; PKC, protein 
kinase C; ER, endoplasmatic reticulum; PIP2, phosphatidylinositol-4, 5-bisphosphate; IP3, inositol-1,4,5-
trisphosphate; DAG, diacylglycerol; IP3-R, IP3-receptor (MEISENBERG u. SIMMONS 2006). 
  

 

 

 

. 
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Abstract 
The PI3K/Akt signaling pathway has been recently suggested to have controversial 

functions in models of acute and chronic inflammation. Our group and others have 

reported previously that the complement split product C5a alters neutrophil innate 

immunity and cell signaling during the onset of sepsis and is involved in PI3K 

activation. We report in this study that in vivo inhibition of the PI3K pathway resulted 

in increased mortality in septic mice accompanied by strongly elevated serum levels 

of TNF-α, IL-6, MCP-1, and IL-10 during sepsis as well as decreased oxidative burst 

activity in blood phagocytes. PI3K inhibition in vitro resulted in significant increases in 

TLR-4-mediated generation of various proinflammatory cytokines in neutrophils, 

whereas the opposite effect was observed in PBMC. Oxidative burst and 

phagocytosis activity was significantly attenuated in both neutrophils and monocytes 

when PI3K activation was blocked. In addition, PI3K inhibition resulted in strongly 

elevated TLR-4-mediated generation of IL-1β and IL-8 in neutrophils when these 

cells were costimulated with C5a. C5a-induced priming effects on neutrophil and 

monocyte oxidative burst activity as well as C5a-induced phagocytosis in neutrophils 

were strongly reduced when PI3K activation was blocked. Our data suggest that the 

PI3K/Akt signaling pathway controls various C5a-mediated effects on neutrophil and 

monocyte innate immunity and exerts an overall protective effect during experimental 

sepsis.  
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Introduction 
During the early inflammatory response to invading microorganisms, crucial innate 

immune players such as neutrophils and monocytes are set into place to defend the 

host. During experimental sepsis, neutrophils are activated very early in the onset 

phase of the inflammatory response as first line of defense, contributing significantly 

to mediator generation, pathogen phagocytosis, and O2
.- radical production. In 

various diseases related to acute inflammation, neutrophils are also thought to be 

responsible for host tissue damage and organ failure. However, during sepsis it is a 

well described phenomenon that neutrophils undergo a status of immune paralysis 

with regard to their ability to fight invading microorganisms (1), setting the stage for 

super infection and for high lethality during sepsis (2), whereas the overall t1/2 in the 

serum is prolonged. The latter observation could be explained by activation of the 

PI3K pathway in neutrophils (3, 4), which, during sepsis, could at least partially be 

due to generation of the complement split product C5a (5, 6).  

During the onset of experimental sepsis, the complement system is activated via 

three well-known pathways, leading to generation of the potent inflammatory split 

product C5a. There is growing evidence for various harmful effects of C5a and C5aR 

activation during the onset of sepsis (1, 7, 8). Blockade of either C5a or C5aR leads 

to greatly improved survival in septic rodents (9 –11). Earlier work suggested that 

C5a generation during sepsis plays a critical role for suppression of neutrophil innate 

immune functions (11–14). We recently demonstrated that C5a has a key function for 

altering intracellular signaling pathways in neutrophils in vitro and during the onset of 

sepsis in vivo (2, 15, 16), offering an explanation for the above-mentioned 

suppression of innate immune functions.  

The PI3K signaling pathway, including the downstream Akt kinase, has been 

described as important inhibitory regulator of neutrophil apoptosis (3, 4). Recent work 

pointed out an important role of this signaling pathway for neutrophil respiratory burst 

(17, 18) as well as chemotaxis of neutrophils in response to fMLP (17, 19–21). 

Various studies then reported the importance of PI3K activation for neutrophil 

sequestration in inflamed tissue in different animal models (22–25). These results 

implicated an important role of this signaling pathway for the innate immune 
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response during acute inflammation. We thought to investigate the regulatory 

potential of this pathway for TLR-4- and C5a-mediated activation of neutrophils and 

monocytes and for outcome in experimental sepsis. 

 

Materials and Methods 
Reagents 

Human recombinant C5a and other reagents were purchased from Sigma-Aldrich, if 

not otherwise indicated. 

 

Neutrophil and PBMC isolation from whole blood and in vitro stimulation 

EDTA/heparin was used as an anticoagulant for the isolation of human neutrophils 

and PBMC from blood. After Ficoll-Paque gradient centrifugation (Biocoll; Biochrom), 

PBMC were collected from the interphase and neutrophils were separated from the 

pellet by dextrane (Roth) sedimentation. Hypotonic RBC lysis was achieved, using 

sterile H2O. Neutrophils were resuspended in DMEM containing 10% FCS 

(Biochrom). A final concentration of 6x106 cells/ml was used for stimulation at 37°C 

and 5% CO2 for the times indicated with C5a (50 or 200 ng/ml) or LPS (20, 50, or 100 

ng/ml), or both. Supernatant fluids were collected after pelleting of the cells and 

frozen at -80°C until used for ELISA analysis. For certain experiments, neutrophils 

were preincubated for 30 min with 50 µM PI3K inhibitor LY294002 (New Englands 

Biolabs), which inhibits downstream phosphorylation of the Akt pathway. 

 

Western blot analysis 

Neutrophils were isolated from human blood and stimulated at 37°C in vitro with 

human rC5a (10–100 ng/ml) or LPS (50 ng/ml), or both. Approximately 2x106 cells 

per condition were then used for whole cell lysis using Laemmli buffer containing 5% 

2-ME. Lysates were separated on a NuPAGE 4–12% Bis-Tris gel (Invitrogen Life 

Technologies), and proteins were then transferred to a nitrocellulose membrane. 

Membranes were incubated overnight with Abs to phosphorylated and 

nonphosphorylated human/rat Akt, FKHR,4 glycogen synthase kinase (GSK)-3β, 

phosphatise and tensin homolog deleted on chromosome 10, and 
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phosphoinositidedependent protein kinase 1 (New Englands Biolabs). For detection 

of the protein, ECL plus was used (Amersham Biosciences), according to the 

manufacturer’s instructions. 

 

Quantitation of IL-6, TNF-α, IL-1β, IL-12, IL-10, and IL-8 in cell supernatants 

Neutrophils were isolated from human whole blood, as outlined above, and 

stimulated at 37°C in vitro with human rC5a (50 or 200 ng/ml) or LPS (50ng/ml), or 

both for 6 h in an incubator with 5% CO2 under sterile conditions. Cell supernatants 

were then isolated and frozen at -80°C until analyzed for various mediators using a 

commercially available flow cytometric bead assay, according to the manufacturer’s 

instructions (BD Biosciences). For IL-8 ELISA experiments were conducted using a 

commercially available IL-8 ELISA kit, according to the manufacturer’s instructions 

(BioSource International). 

 

Cecum ligation and puncture (CLP) in mice and inhibition of the PI3K/Akt pathway in 

vivo 

Specific pathogen-free C57BL/6 mice (Own Laboratories, Zentrales Tierlabor 

Medizinische Hochschule Hannover) were used for all CLP studies. Anesthesia was 

achieved by i.p. injection of ketamine (Ketanest; Pfizer) and xylazine (Rompun; 

Bayer). In the CLP model, approximately twothirds of the cecum were ligated through 

a 3 cm abdominal midline incision. The ligated part of the cecum was punctured 

through and through with a 21-gauge needle. After repositioning of the bowel, the 

abdomen was closed in layers, using a 4.0 surgical suture (Ethicon) and metallic 

clips. For inhibition of the PI3K/Akt signaling pathway in vivo, a specific inhibitor 

(LY294002; New Englands Biolabs) was diluted in 200 µl of Dulbecco’s PBS (DPBS) 

solution and injected into the penal vein of mice immediately following CLP to 

achieve a total blood concentration of 50 µM. Control animals received 200 µl of 

DPBS, including equal amounts of DMSO, also immediately after CLP. All animal 

studies were reviewed and approved by the local ethic committee of the state of 

Lower Saxony, Germany. 
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Collection of serum samples in mice 

After induction of CLP, animals were sacrificed at the indicated time points and blood 

was drawn from the inferior caval vein. Blood samples were allowed to clot at 5°C for 

6 h before centrifugation at 4000 rpm for 15 min at 4°C. Serum was collected and 

immediately frozen at -80°C until used for ELISA analysis. For experiments using the 

flow cytometric analysis of oxidative burst in neutrophils and monocytes from whole 

blood in mice, animals were treated with LY294002, as outlined earlier, and were 

then sacrificed 90 min thereafter. Next, blood was drawn from the inferior caval vein, 

and 100 µl of mouse whole blood was used for further flow cytometric analysis of 

oxidative burst activity, as outlined in the section below. Heparin was used as 

anticoagulant. 

 

Quantitation of IL-6, TNF-α, IL-10, MCP-1, IL-12, IFN-γ, and keratinocyte-derived 

chemokine (KC) in serum samples 

Serum samples were collected, as outlined above. For quantification of various 

mediators, a commercially available flow cytometric bead assay was performed, 

according to the manufacturer’s instructions (BD Biosciences). For quantification of 

mouse KC ELISA experiments were conducted using a commercially available 

mouse KC ELISA kit, according to the manufacturer’s instructions. 

 

Quantitation of oxidative burst and phagocytosis in whole blood cells 

To determine the ability of blood neutrophils and monocytes to generate oxygen 

radicals and to conduct phagocytosis, commercially available flow cytometry-based 

assays were used, according to the manufacturer’s instructions (Phagoburst, 

Phagotest; ORPEGEN Pharma). The Phagoburst assays use dihydrorhodamine 123 

as a fluorogenic substrate and determine the percentage of active cells and their 

enzymatic activity/degree of activity. For Phagotest analysis, whole blood samples 

were incubated with FITC-labeled Escherichia coli bacteria (3.3x107 bacteria/ml) for 

10 min in a 37°C warm water bath. Leukocyte surface-bound bacteria were 

neutralized using quenching solution. Cells were analyzed in a FACSCalibur flow 

cytometer (BD Biosciences). In a forward/side scatter dot plot, gates were set on 
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granulocytes and monocytes to analyze each population with regard to mean 

fluorescence intensity (MFI). For oxidative burst measurement in mouse whole blood, 

samples were collected after inhibitor treatment, as described earlier, and then 

stimulated with PMA (1.4 µM) for 10 min in a 37°C water bath and processed 

according to the same protocol explained in this paragraph. 

 

In vitro stimulation of oxidative burst and phagocytosis in blood 

phagocytes 

Heparinized human whole blood was preincubated for 30 min with 50 µM PI3K 

inhibitor LY294002 (New England Biolabs) or with an equal amount of the vehicle 

(DMSO) at 37°C and 5% CO2. Human rC5a was then added at different 

concentrations (1–10,000 ng/ml), and the blood was further incubated for different 

time periods (10, 20, and 60 min). In one set of experiments, the cells were then 

stimulated with either unlabeled opsonised bacteria (E. coli) (6.7x108 bacteria/ml), 

PMA (1.4µM), or the chemotactic peptide fMLP (0.8 µM) for 10 min in a 37°C water 

bath and processed afterward, according to the protocol explained above. In another 

set of experiments, the cells were processed immediately after C5a incubation with 

no further stimulation. 

 

Assessment of bacterial growth in the peritoneal cavity during CLP-induced sepsis in 

mice 

Sepsis was induced with CLP, and animals were treated with or without LY294002, 

according to the explained protocol, before being sacrificed at 6 h after CLP. The 

peritoneal cavity was lavaged with 10 ml of sterile 0.9% NaCl. Samples were diluted 

serially in 0.9% NaCl and incubated in parallel on Columbia 5% sheep blood plates, 

McConkey plates, and Slanetz-Bartley Enterococci-specific indicator plates for 24 h 

in aerobic atmosphere. The resulting bacterial colonies were further analyzed by 

biochemical assays, counted, and expressed as CFU per sample. 
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Statistical analysis 

All values were expressed as the mean ± SEM. Significance was assigned where 

p < 0.05. Data sets were analyzed using Student’s t test or using one-way ANOVA, 

with individual group means being compared with the Tukey multiple comparison 

test. Statistical analysis for survival studies was performed using proportional 

hazards modeling. The software used was GraphPad Prism 3.0 (GraphPad). 

 

Results 

Impact of PI3K/Akt inhibition on outcome during sepsis in mice 

To determine whether inhibition of the PI3K/Akt pathway had effects on outcome 

during experimental sepsis in rodents, we conducted CLP experiments in mice 

receiving either 200 µl of DPBS as control or 200 µl of DPBS containing the PI3K 

inhibitor LY294002 to achieve a serum concentration of 50 µM. Mice were followed 

up for 7 days and monitored every 6 h for various signs of sickness. The group of 

mice receiving LY294002 demonstrated significantly reduced survival as well as 

earlier and more severe onset of sepsis (Fig. 3-1) when compared with the control 

group. These results demonstrated an overall protective effect mediated by the 

PI3K/Akt signaling pathway during the onset of sepsis. 

 

Impact of in vivo PI3K/Akt pathway inhibition on cytokine generation during sepsis 

and on burst activity in phagocytes  

We conducted CLP experiments in mice receiving either 200 µl of DPBS as control or 

200 µl of DPBS containing the PI3K inhibitor LY294002 to achieve an intravascular 

concentration of 50 µM, as described in Materials and Methods. Six hours after 

induction of sepsis, blood was drawn from the caval vein, followed by 

exsanguinations of the animals. Serum samples were prepared and analyzed for 

presence of various mediators using a flow cytometric bead assay. As depicted in 

Fig. 3-2A, significantly higher serum levels were found in LY294002-treated animals 

for TNF-α, IL-6, IL-10, and MCP-1, when compared with control mice. For KC, a 

tendency toward higher levels in LY294002-treated mice (mean value  
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Figure 3-1: Effect of PI3K inhibition on outcome in experimental sepsis CLP study in C57BL/6 mice.  
CLP was induced with a 21-gauge needle and a two-thirds ligation of the cecum. CLP was induced 
and mice were treated with LY294002 directly after CLP by penal vein injection with 200 µl of DPBS 
containing body weight-adjusted concentrations of LY294002 to reach a calculated serum 
concentration of 50 µM. Control groups were treated equally with 200 µl of DPBS containing no 
inhibitor. Experiments were conducted with n = 12 animals per group. 
 

33,833 pg/ml) was observed when compared with control mice (mean value 26,998 

pg/ml), which was not found to be statistically significant. No differences were found 

for IL-12 and IFN-γ (data not shown). These results demonstrated an inhibitory 

function of the PI3K/Akt pathway for generation of crucial inflammatory mediators 

such as TNF-α and IL-6 during the onset phase of sepsis, suggesting an overall 

negative feedback mechanism on inflammation in this model. We further investigated 

the effect of in vivo inhibition of the PI3K pathway on oxidative burst in neutrophils 

and monocytes in a whole blood assay. Mice were treated with 200 µl of DPBS 

containing LY294002 (50 µM serum concentration) or no inhibitor. Heparinized whole 

blood samples were drawn 90 min after treatment and stimulated with PMA (1.4 µM) 

for 10 min. The inhibitor treatment resulted in a significant decrease of burst activity 

in both cell populations, neutrophils and monocytes (Fig. 3-2B), demonstrating in vivo 

activity of the administered PI3K inhibitor. The number of bursting cells was not 

affected (data not shown).  
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Figure 3-2: Impact of in vivo PI3K/Akt pathway inhibition on cytokine generation during sepsis and on 
burst activity in phagocytes. 
A, Flow cytometric bead ELISA of serum samples from septic animals. Animals underwent CLP and 
were treated with 200 µl of DPBS containing LY294002 (50 µM serum concentration) or no inhibitor 
directly after CLP. Blood serum samples were drawn 6 h after induction of CLP. The symbol * 
indicates statistical significant difference from the control group. Data are representative for five to 
seven animals per group. B, Flow cytometric analysis of oxidative burst in whole blood samples gated 
for neutrophil and monocyte cell populations. Animals were treated with 200 µl of DPBS containing 
LY294002 (50 µM serum concentration) or no inhibitor. Heparinized whole blood samples were drawn 
90 min after treatment and stimulated with PMA (1.4 µM) for 10 min. Fifty thousand cells were 
analyzed for each experimental point. Oxidative burst activity per single cell is depicted as MFI. 
Neutrophils are shown in the left panel and monocytes in the right panel. * Statistical significant 
difference from the control group. Data are representative for three to five animals per group.  
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Effect of PI3K/Akt inhibition on bacterial growth in the peritoneal cavity during sepsis 

Six hours after induction of sepsis and inhibitor treatment with or without LY294002, 

peritoneal lavage fluids were collected from the mice and cultured and bacterial 

counts were determined as CFU after 24 h of incubation. The dominating bacteria 

found in all samples were Enterococci spp.; Staphylococci and Lactobacillus spp. 

were also detected to a lesser extent in most samples. No statistical significant 

difference in CFU counts of Enterococci spp. could be detected in the LY294002-

treated group when compared with the vehicle control group (data not shown). Also, 

no significant differences in the variety of other bacteria were detected. These results 

suggested that PI3K inhibition resulted in adverse effects on outcome in septic mice 

most likely triggered by impaired innate immune functions rather than by direct 

effects on bacterial growth. 

 

Role of the PI3K/Akt pathway on LPS-induced cytokine generation in neutrophils and 

PBMC 

An earlier study has described the involvement of the PI3K pathway in LPS/TLR-4-

dependent TNF-α generation in PBMC demonstrating reduction of LPS-induced TNF-

α generation after PI3K inhibition (26), suggesting a promoting effect of PI3K for 

TNF-α generation. Because we found in vivo strongly elevated mediator levels 6 h 

after CLP in serum samples of mice, we sought to investigate LPS-induced in vitro 

generation of various mediators in neutrophils and PBMC after 6 h of stimulation. 

Interestingly, we observed that in neutrophils the proinflammatory mediators TNF-α, 

IL-6, and IL-1β were significantly increased when PI3K activity was inhibited (Fig. 3-

3, A, C, E, and G), whereas the opposite effect could be seen in PBMC (Fig. 3-3, B, 

D, F, and H), suggesting an inhibitory potential of this signaling pathway for LPS-

induced neutrophil mediator generation and a stimulatory function in PBMC. 

However, under in vivo conditions as described above, an overall inhibitory function 

of the PI3K pathway was dominating, with respect to TNF-α, IL-6, but also IL-10 and 

MCP-1 generation, as described earlier. 
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Figure 3-3: Effects of PI3K inhibition on LPS-induced mediator generation in human neutrophils (A, C, 
E, G) and PBMC (B, D, F, H) in vitro.  
Flow cytometric bead ELISA of neutrophil and PBMC supernatant fluids. Neutrophils and PBMC were 
isolated from whole blood and incubated in vitro with LPS (50 ng/ml) or medium control for 6 h at 37°C 
at a concentration of 6x106 cells/ml. Cells were stimulated in the absence or presence of LY294002 
after preincubation for 30 min at a concentration of 50 µM. *, Statistical significant difference from the 
control group; **, statistical significant difference from the LPS-treated group with no inhibitor. Data are 
representative of three to four independent experiments, with incubation and analysis being conducted 
in separate triplicate or quadruplicate samples. 
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Effects of PI3K inhibition on oxidative burst in neutrophils and monocytes in vitro 

We investigated the role of the PI3K pathway on oxidative burst in neutrophils and 

monocytes in a whole blood assay, as described in Materials and Methods. Whole 

blood samples were preincubated with 50 µM LY294002 for 30 min, and oxidative 

burst was then stimulated with PMA, E. coli, as well as fMLP. PI3K inhibition resulted 

in a strong reduction of PMA- and E. coli-induced oxidative burst in neutrophils and in 

monocytes (Fig. 3-4, A and B), as well as in reduction of the number of cells initiating 

oxidative burst (Fig. 3-4, C and D). The latter effect was more apparent in PMA-

induced oxidative burst when compared with E. coli as stimulus, especially in 

neutrophils (Fig. 3-4C). PMA appeared to be the strongest stimulus for neutrophils, 

whereas in monocytes, E. coli achieved a stronger stimulation of oxidative burst. The 

induction of oxidative burst by fMLP resulted in only minor initiation of oxidative burst 

in neutrophils and monocytes. Also, no inhibitory effects could be seen after PI3K 

inhibition when cells were stimulated with fMLP. Earlier studies have suggested a 

stimulatory effect of PI3K for fMLP-induced oxidative burst in isolated neutrophils in 

vitro (17), which could not be confirmed in this whole blood assay (Fig. 3-4A). Our 

data suggest an overall promoting effect of the PI3K pathway on PMA- and E. coli-

induced oxidative burst in neutrophils and monocytes. 

 

Effects of PI3K inhibition on phagocytosis activity in neutrophils and monocytes in 

vitro 

We further sought to investigate whether PI3K inhibition would also affect 

phagocytosis in neutrophils and monocytes. Whole blood samples were collected 

from healthy donors and subjected to PI3K inhibition by preincubation for 30 min with 

50 µM LY249002 or control containing PBS and equal amounts of DMSO. PI3K 

inhibition clearly attenuated E. coli-induced phagocytosis activity in both neutrophils 

and monocytes (Fig. 3-5A), as well as the total number of phagocytosing cells (Fig. 

3-5B), with the latter effect being less prominent in monocytes. Our data suggest a 

promoting effect of the PI3K signaling pathway for neutrophil and monocyte 

phagocytosis activity. 



Chapter 3        The PI3K Signaling Pathway Exerts Protective Effects during Sepsis  
___________________________________________________________________ 

32 

0

500

1000

1500 w/o inhibitor
LY294002

   PMA          E. coli          fMLP

B
ur

st
 a

ct
iv

ity
 / 

ce
ll 

[M
FI

]

0

500

1000

1500
w/o inhibitor
LY294002

  PMA           E. coli          fMLP

B
ur

st
 a

ct
iv

ity
 / 

ce
ll 

[M
FI

]

 PMA          E.coli          fMLP

0

20

40

60

80

100

    w/o   LY     w/o   LY     w/o   LY

N
um

be
r o

f c
el

ls
 [%

]

0

20

40

60

80

100

     w/o   LY     w/o  LY      w/o  LY

 PMA          E.coli          fMLP

N
um

be
r 

of
 c

el
ls

 [%
]

Neutrophils MonocytesA B

DC

 
Figure 3-4: Effects of PI3K inhibition on oxidative burst in neutrophils and monocytes in human whole 
blood.  
Flow cytometric analysis of oxidative burst in whole blood samples gated for neutrophil and monocyte 
cell populations. Fifty thousand cells were analyzed for each experimental point. Human whole blood 
samples were preincubated with LY294002 (50µM) or equal amounts of vehicle control and then 
stimulated with either PMA (1.4 µM), E. coli bacteria (6.7x108/ml), or fMLP (0.8 µM) for 10 min. 
Oxidative burst activity per single cell is depicted as MFI (A and B), and numbers of bursting cells are 
shown in percentages (C and D). Data are representative of two to three independent experiments per 
graph. 
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Figure 3-5: Effects of PI3K inhibition on E. coli-induced phagocytosis in neutrophils and monocytes in 
human whole blood.  
Human whole blood samples were preincubated with LY294002 (50 µM) or equal amounts of vehicle 
control and then stimulated with opsonized FITC-conjugated E. coli bacteria (3.3x107/ml) for 10 min. 
Fifty thousand cells were analyzed for each experimental point. Phagocytosis activity per single cell is 
depicted as MFI (A), and numbers of bursting cells are shown in percentages (B). Data are 
representative of three independent experiments. 
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Activation of the PI3K/Akt signaling pathway in neutrophils by C5a 

It has been described recently that C5a activates the PI3K/Akt signaling pathway in 

neutrophils in vitro, which could be linked to inhibition of apoptosis in neutrophils (4, 

5). In monocytes, LPS-induced phosphorylation of Akt, Raf-1, and GSK-3β has been 

described before (26). The c-Raf kinase is known to initiate MEK1/2 phosphorylation, 

thereby initiating activation of the ERK1/2 MAPK pathway. The c-Raf kinase 

therefore represents an important link between Akt and ERK1/2 MAPK signaling 

pathways. Another group has described recently that, in macrophages, C5a induces 

PI3K/Akt activation, leading to downstream activation of ERK1/2 (27). Our group 

demonstrated earlier rapid phosphorylation of Akt in neutrophils upon stimulation with 

C5a (2). We thought to investigate in further detail the activation patterns of C5a 

within the PI3K/Akt signaling pathway in neutrophils. We conducted in vitro studies 

stimulating isolated human neutrophils with C5a at various time points and various 

concentrations (Fig. 3-6). We found that C5a was capable of inducing Akt 

phosphorylation within 2–15 min, peaking at 5-min activation (data not shown). 

Concentrations of 50–100 ng/ml C5a demonstrated the strongest Akt 

phosphorylation potential (Fig. 3-6A). Blockade of the PI3K with LY294002 resulted 

in complete inhibition of Akt phosphorylation (Fig. 3-6B). We investigated upstream 

and downstream activation within the Akt signaling pathway induced by C5a. We 

found that C5a induced phosphorylation of GSK-3β as well as the forkhead kinase 

family member FKHR in a time-dependent manner (Fig. 3-6C). Induction of the 

known negative regulator of Akt activation, the so-called phosphatase and tensin 

homolog deleted on chromosome 10, could also not be detected (data not shown). 

 

Role of PI3K inhibition for C5a-mediated effects on LPS-induced generation of IL-1β 

and IL-8 in neutrophils 

A recent report described C5a as negative regulator for IL-12 generation in human 

monocytes, with this effect being dependent on C5a-induced PI3K/Akt activation 

(28). Our group described various regulatory effects of C5a on neutrophil mediator 

generation in concert with LPS-induced TLR-4 stimulation (2, 15, 16). We thought  
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Figure 3-6: Activation of the PI3K pathway in human neutrophils by C5a.  
Western blot analysis of Akt activation (phosphorylation) in whole cell lysates of human neutrophils. A, 
Cells were stimulated at 37°C for 5 min with various concentrations of C5a, as depicted. B, Cells were 
stimulated for 5 min at 37°C in the absence or presence of 50 µm LY294002. C, Western blot analysis 
of Akt, GSK-3β, and FKHR activation in whole cell lysates of isolated human neutrophils. Cells were 
stimulated at 37°C with C5a (50 ng/ml) for various time points, as depicted. The blots are 
representative of two to three independent experiments. 
 

to investigate in greater detail the involvement of PI3K activation for LPS-induced 

mediator generation in neutrophils in vitro. Human neutrophils were isolated from 

blood and incubated for 6 h in vitro with C5a (50 ng/ml), LPS (50 ng/ml), or both in 

the absence or presence of the PI3K inhibitor LY294002 (Fig. 3-7). Stimulation of 

neutrophils with C5a alone did not result in significant generation of IL-1β (Fig. 3-7A). 

LPS stimulation resulted in minor generation of IL-1β, which was increased when 

PI3K signalling was absent. Costimulation of neutrophils with C5a and LPS per se 

did not result in significant increase of IL-1β generation when compared with LPS-

only stimulated cells. This changed dramatically under conditions of PI3K inhibition. A 

similar phenomenon could be observed for generation of IL-8 (Fig. 3-7B). PI3K 

inhibition attenuated baseline IL-8 generation completely. This effect was 

counteracted by stimulation with C5a or LPS. The latter stimulation led to small, but 

significant increases in IL-8 generation after PI3K signaling was inhibited, when 

compared with C5a or LPS-stimulated neutrophils undergoing no PI3K inhibition. 

Costimulation of neutrophils with LPS and C5a after PI3K blockade resulted in  
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Figure 3-7: Effects of PI3K inhibition on C5a-mediated modulation of TLR-4-dependent generation of 
IL-1β and IL-8 in human neutrophils. Flow cytometric bead ELISA of neutrophil supernatant fluids for 
IL-1β (A) and IL-8 (B). Neutrophils were isolated from whole blood and incubated in vitro with C5a (50 
ng/ml), LPS (50 ng/ml), or both for 6 h at 37°C at a concentration of 6x106 cells/ml. Cells were 
stimulated in the absence or presence of LY294002 after preincubation for 30 min at a concentration 
of 50 µM. *, Statistical significant difference from the corresponding single treatment group (LPS and 
C5a, respectively) without LY294002. **, Statistical significant difference from the LPS + C5a-
costimulated treatment group with no inhibitor. Data are representative of two to three independent 
experiments, with incubation and analysis being conducted in separate triplicate or quadruplicate 
samples. 
 

significantly enhanced IL-8 generation when compared with cells with intact PI3K 

signaling. These results suggested that the PI3K signaling pathway exerts an 

important inhibitory control function for C5a-mediated boost of TLR-4-dependent 

generation of the proinflammatory mediator IL-1β and the potent chemoattractant   

IL-8. 

 

Role of PI3K inhibition for C5a-mediated effects on oxidative burst generation in 

neutrophils and monocytes 

Generation of oxidative burst represents a crucial function of the innate immune 

response to invading microorganisms. We thought to investigate the effect of PI3K 

inhibition on C5a-mediated oxidative burst and on C5a-mediated priming effects in 

human neutrophils and monocytes. We found that C5a induced oxidative burst in 

neutrophils and monocytes with regard to the intensity of burst activity per cell (Fig. 

3-8, A and B), whereas only small effects could be observed on the total number of 

bursting cells (data not shown). When PI3K activation was inhibited, the observed 

increase was almost completely abolished in neutrophils and strongly reduced in 

monocytes, demonstrating involvement of this signaling pathway in C5a-mediated 
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oxidative burst. We further investigated whether C5a-mediated priming of oxidative 

burst was dependent on PI3K activation (Fig. 3-8, C–F). Whole blood samples were 

preincubated with or without LY294002 for 30 min and then treated with various 

concentrations of C5a for 20 min before being stimulated with either PMA or E. coli. 

PMA-induced oxidative burst was strongly primed by preincubation with C5a in both 

neutrophils and monocytes (Fig. 3-8, C and D). This effect was strongly reduced in 

both cell populations when PI3K activation was inhibited, suggesting PI3K 

dependency of this C5a-mediated priming effect for PMA-induced oxidative burst. 

Similar experiments were conducted using E. coli as stimulus for oxidative burst. Low 

concentrations of C5a (1 ng/ml) achieved a noticeable priming effect for E. coli-

induced oxidative burst in neutrophils and monocytes (Fig. 3-8, E and F). This effect 

was clearly reduced when PI3K activation was inhibited. However, in neutrophils, 

preincubation with high doses of C5a (1000 ng/ml) resulted in strongly increased E. 

coli-induced oxidative burst even after inhibition of PI3K activation (Fig. 3-8E), 

suggesting another pathway being responsible for priming effects induced by high-

dose C5a preincubation before E. coli stimulation. Similarly, in monocytes, the C5a-

induced priming effect for higher doses of C5a (200–1000 ng/ml) was only slightly 

inhibited when PI3K activation was blocked (Fig. 3-8F). 

 

Role of PI3K inhibition for C5a-mediated effects on phagocytosis in neutrophils and 

monocytes 

The ability of neutrophils and monocytes to conduct phagocytosis represents another 

crucial function of the innate immune response, which has also been demonstrated 

to be strongly dependent on C5a/C5aR (29), as well as on C5a and activating FcγR 

in Kupffer cells (30). We thought to investigate whether C5a effects on E. coli-

induced phagocytosis were dependent on PI3K signaling in neutrophils and 

monocytes. Preincubation of neutrophils with C5a resulted in dose-dependent 

enhancement of the phagocytic process induced by attenuated E. coli bacteria. This 

effect was completely abolished, when the PI3K signaling pathway was blocked, 

suggesting a strong dependency of this C5a-mediated priming effect on intact PI3K 

signaling (Fig. 3-9A). These findings could not be seen in monocytes applying the 
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same experimental setting and assay (Fig. 3-9B). The number of phagocytosing cells 

was not considerably affected by C5a in both neutrophils and monocytes (data not 

shown). 
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Figure 3-8: Effects of PI3K inhibition on C5a-mediated modulation of oxidative burst in neutrophils 
and monocytes in human whole blood. Flow cytometric analysis of oxidative burst in whole blood 
samples gated for neutrophil and monocyte cell populations. Fifty thousand cells were analyzed for 
each experimental point. A and B, Human whole blood samples were preincubated with LY294002 (50 
µM) or equal amounts of vehicle. Samples were then incubated with or without C5a (100 ng/ml) for 60 
min, and oxidative burst was measured with no further stimulation. C–F, Whole blood samples were 
preincubated with or without LY294002 (50 µM) for 30 min and then incubated with different 
concentrations of C5a (0 –10,000 ng/ml) for 20 min before final stimulation with either PMA (1.4µM) (C 
and D) or E. coli bacteria (6.7x108/ml) (E and F) for 10 min. Oxidative burst activity per single cell is 
depicted as MFI. Percentages of the maximum increase in oxidative burst activity are calculated 
compared with control values (0 C5a) and depicted on the right panels of the curves. Data are 
representative of two to three independent experiments. 
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Figure 3-9: Effects of PI3K inhibition on C5a-mediated priming of E. coli-induced phagocytosis in 
neutrophils and monocytes in human whole blood. 
Flow cytometric analysis of phagocytosis in whole blood samples gated for neutrophil and monocyte 
cell populations. Fifty thousand cells were analyzed for each experimental point. Samples were 
preincubated with LY294002 (50 µM) or equal amounts of vehicle control, and then incubated with 
different concentrations of C5a (0–1000 ng/ml) for 60 min before being stimulated for 10 min with 
opsonized FITC-conjugated E. coli bacteria (3.3x106/ml). The phagocytosis activity per single cell of 
neutrophils (A) and monocytes (B) is given as MFI. Percentages of the maximum increase in 
phagocytosis activity are calculated compared with control values (0 C5a) and depicted on the right 
panels of the curves. Data are representative of two to three independent experiments. 
 

 

Discussion 
The PI3K/Akt signaling pathway has been suggested before to exert protective 

effects in models of acute inflammation (20, 31, 32), but rather harmful effects in 

models of chronic inflammation such as systemic lupus (33) or rheumatoid arthritis 

(34). It has also been described as important inhibitory pathway for apoptosis in 

neutrophils (5, 6, 35) and as important signaling pathway for LPS-induced B-cell 

activation (36). Overexpression of Akt in lymphocytes prolonged their survival and 

also improved outcome in experimental sepsis (31), suggesting an important role of 

this signaling pathway during inflammation. However, until now, only little is known 

about the function of this pathway for innate immunity during acute inflammation. We 

demonstrate in this study an overall protective role of this pathway in our acute model 

of polymicrobial sepsis (Fig. 3-1) and a controlling inhibitory function for generation of 

various inflammatory mediators during the onset phase of sepsis (Fig. 3-2A). We 

were able to demonstrate that in vivo injection of LY294002 resulted in significant 

reduction of oxidative burst activity in blood monocytes and neutrophils in mice, 

offering a possible explanation for observed adverse effects for outcome during 
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sepsis. Recent data demonstrated that inhibition of PI3K with wortmannin reversed 

the protective effects of glucan phosphate during experimental sepsis, demonstrating 

a protective effect of this pathway during acute inflammation (32). Our observations 

are in line with such earlier findings.  

We compared the role of the PI3K pathway for TLR4-dependent generation of 

cytokines in vitro in neutrophils and monocytes. Interestingly, we were able to 

demonstrate opposing effects in these two cell populations. In neutrophils, PI3K 

activation appeared to limit the LPS response for generation of TNF-α, IL-6, IL-1β, 

and IL-8 (Fig. 3-3, A, C, E, and G), whereas in monocytes PI3K activation appeared 

to have a significantly promoting function for LPS- dependent generation of these 

mediators (Fig. 3-3, B, D, F, and H). Similar findings in monocytes have been 

reported regarding the role of PI3K for LPS-induced TNF-α generation (26). In bone 

marrow mouse neutrophils, a recent study reported that TLR-2- dependent activation 

of PI3K occurs, and that inhibitions of this pathway resulted in reduced generation of 

TNF-α and MIP2. The latter observations are somewhat in contrast to our findings, 

even though it cannot be excluded that TLR-2-dependent generation of TNF- α in 

neutrophils is controlled by PI3K differently from the TLR-4-dependent one. Also, 

another study recently reported crucial differences between mouse and human 

neutrophils with respect to the importance of various PI3K subunits, making 

observation regarding PI3K activation in mouse neutrophils difficult to compare with 

those in humans (18).  

The same may or may not apply to monocytes. In the context of mediator generation, 

the findings in vivo during sepsis in mice (Fig. 3-2A) clearly demonstrate an inhibitory 

potential of the PI3K pathway. Our in vitro studies reflect these findings only in 

neutrophils, but not in PBMC (Fig. 3-3). The question as to which of these two cell 

populations is responsible for the cytokine storm in vivo during sepsis is puzzling. 

Complex interactions between various blood phagocytes and also endothelial cells 

further complicate this matter. Earlier studies of our own group demonstrated that 

neutrophil depletion clearly diminished the IL-6 generation in the serum of septic 

mice (15), suggesting a leading role of neutrophils. However, the question outlined 

above cannot be finally answered as of yet.  
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Neutrophils are generally regarded as driving force for acute inflammation, whereas 

monocytes are thought to be more important in chronic inflammation. In this context, 

our observations may partially explain why PI3K activation appears to be beneficial in 

acute inflammatory processes, e.g., by limiting neutrophil activation, whereas being 

harmful in more chronic inflammatory processes, e.g., by promoting monocyte 

activation.  

As outlined earlier, PI3K activation has been reported before to be involved in 

regulating oxidative burst and phagocytosis in neutrophils and monocytes (17, 18, 

20, 37). However, no studies have been conducted to compare these cell populations 

directly. We report in this study that PI3K inhibition resulted in impaired oxidative 

burst and phagocytosis activity in both neutrophils and monocytes (Figs. 3-4 and 3-

5). In neutrophils, this effect was especially strong for PMA-induced oxidative burst, 

whereas in monocytes the inhibitory effect was more prominent for E. coli-induced 

oxidative burst. These findings again suggest different regulatory functions of this 

pathway in neutrophils when compared with monocytes.  

The concept of C5a/C5aR interception during sepsis has evolved in recent years, 

and C5a has become an interesting target for potential clinical interventions in the 

field of acute inflammation and especially sepsis (1). Our and other groups have 

suggested that large amounts of C5a are generated early during the onset of sepsis, 

but the intracellular regulatory mechanisms controlling C5a-induced effects on innate 

immune functions are not understood in detail. We have found recently that C5a 

negatively regulates LPS-induced production of TNF-α by rat neutrophils in vitro, but 

has the opposite effect on macrophages (16). In this study, TNF-α generation in 

neutrophils was strongly dependent on NF-κB activation, and treatment of CLP mice 

with anti-C5a caused enhanced serum levels of TNF-α apparently by protecting the 

signaling pathways from C5a-induced dysfunction. We also recently demonstrated 

involvement of p38 and ERK1/2 activation in generation of IL-6 in neutrophils (15) 

and reported that the PI3K signaling pathway is involved in LPS-mediated 

macrophage migration inhibitory factor generation in neutrophils (2). A recent report 

from another group described C5a as negative regulator for IL-12 generation in 

human monocytes, with this effect being dependent on C5a-induced PI3K/Akt 
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activation (28). We thought to investigate in greater detail the role of the PI3K/Akt 

signalling pathway for C5a-induced alterations of mediator generation upon TLR4 

stimulation in neutrophils. We found that C5a-mediated effects on LPS-induced IL-

1 β and IL-8 generation were controlled in an inhibitory fashion by the PI3K pathway 

(Fig. 3-7), offering a partial explanation for the observed rise of serum inflammatory 

mediators in CLP mice after PI3K inhibition.  

Oxidative burst and phagocytosis represent key players of the innate immune 

response to invading microorganisms. Recent work has demonstrated the 

importance of C5a for an intact oxidative burst and phagocytosis in neutrophils and 

monocytes in response to E. coli in a new whole blood assay applying flow 

cytometric analysis (29). The PI3K/Akt pathway has also been described to be an 

important mediator of neutrophil oxidative burst in other assays using isolated human 

neutrophils (17). The ability of Kupffer cells to conduct phagocytosis has been 

described to be regulated by C5a as well as activating FcγR in recent studies (30). 

The PI3K pathway appears to be important late in the process of phagocytosis in 

neutrophils and monocytes, namely during the phagosome closure after cup 

formation (37, 38). We thought to investigate in how far C5a-dependent regulation of 

oxidative burst and phagocytosis was dependent on PI3K activation in neutrophils 

and peripheral blood monocytes. Our results demonstrated that C5a-mediated 

priming of E. coli- and PMA-induced oxidative burst was largely dependent on intact 

PI3K signaling in both neutrophils and monocytes. C5a-mediated enhancement of 

phagocytosis appeared also to be dependent on PI3K activation in neutrophils.  

Taken together, our results suggest that the PI3K signaling pathway exerts an overall 

protective role during the onset of sepsis in rodents by limiting C5a-mediated effects 

on neutrophil cytokine generation, and promoting oxidative burst and phagocytosis. 

We further propose that this pathway has opposing regulatory mechanisms in TLR-4-

mediated cytokine generation in neutrophils when compared with monocytic cells. 

Inducing the activation of this pathway may represent a therapeutic approach for 

limiting acute inflammatory diseases such as sepsis.  
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Abstract 
C5a exerts various known harmful functions during experimental sepsis and blocking 

strategies demonstrated survival benefits in experimental sepsis. We investigated its 

potential for priming of oxidative burst in blood neutrophils and monocytes and the 

involvement of various signaling pathways. We here report that C5a-induced priming 

of neutrophils and monocytes for Escherichia coli- and PMA-induced oxidative burst. 

This effect was strongly dependent on intact ERK1/2 signaling. P38 inhibition 

resulted in abrogation of C5a-induced priming only for E. coli-induced oxidative burst 

and PKC blockade had this effect only for PMA-induced burst. JNK inhibition had no 

impact. Our results demonstrate for the first time distinct involvement of ERK1/2, p38 

and PKC pathways for C5a-induced priming of oxidative burst in phagocytes.  

 

Keywords: Complement; C5a; Oxidative burst; Neutrophils; Monocytes; ERK1/2; p38; 

MAPK; PKC 
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Introduction 
The oxidative burst of phagocytic cells plays a crucial role for the innate immune 

response against invading microorganisms because sufficient generation of 

superoxide anions such as O2
.- or H2O2 represents an essential mechanism of 

microbial killing [1]. In this context, neutrophils and monocytes are important players 

because they are rapidly activated and among the first cells arriving at the side of 

infection. Their burst activity is known to be influenced by many different mediators, 

such as PAF, TNFα, IL-8 and others, augmenting O2
.- -generation in response to a 

second stimulus [2]. The complement split product C5a has also been suggested to 

be a potential regulator of oxidative burst generation in neutrophils [3]. This potent 

inflammatory mediator is generated via three well known pathways and produced in 

large amounts during the early phase of bacterial infection. C5a acts as strong 

chemoattractant and anaphylatoxin during the early phase of inflammation. There is 

growing evidence for various harmful effects of C5a and C5a receptor activation 

during the onset of sepsis [4,5]. C5a has been shown to alter innate immune 

functions, such as generation of inflammatory mediators, leading to a status of 

immune suppression [6,7]. We recently demonstrated that C5a alters intracellular 

signaling pathways in neutrophils in vitro and during the onset of sepsis in vivo [8,9], 

offering an explanation for the above mentioned suppression of innate immune 

functions.  

Regulation of burst activity and related molecular mechanisms have been subject of 

recent investigations and distinct contributions of separate signaling pathways for 

individual substances, e.g., GM-CSF or TNFα, have been identified [10–13]. We 

thought to investigate the proposed priming effect of C5a for neutrophil and 

monocyte oxidative burst in greater detail and to determine the regulatory potential of 

MAPK and PKC signaling pathways for such priming effect in these two different cell 

populations. 
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Materials and methods 
Reagents 

Recombinant human C5a and other reagents were purchased from Sigma–Aldrich 

Chemicals (Taufkirchen, Germany) or as indicated specifically.  

 

Quantitation of oxidative burst of human blood leukocytes  

In order to determine the ability of human blood neutrophils and monocytes to 

generate oxygen radicals commercially available flow cytometry based assays were 

used according to the manufacturer’s instructions (Phagoburst®, ORPEGEN 

Pharma, Heidelberg, Germany). The Phagoburst® assay uses dihydrorhodamine 

(DHR) 123 as a fluorogenic substrate for oxidative products within the cell and 

determines the percentage of active cells and their enzymatic activity. Cells were 

analysed with a FACSCalibur flow cytometer (BD Biosciences, Heidelberg, Germany) 

using CellQuestPro (BD Biosciences, Heidelberg, Germany). Forty thousand cells 

were measured for each experimental point in a forward/side scatter (FSC/SSC) dot 

plot, gates were set on granulocytes and monocytes to analyse each population with 

regard to mean fluorescence intensity (MFI).  

 

In vitro stimulation for oxidative burst and phagocytosis whole blood assay 

Whole blood was drawn from human volunteers following informed consent. The 

blood was heparinized and pre-incubated for 30 min with 10 µM MEK1/2 inhibitor 

U0126 (NEB, Frankfurt, Germany), 10 µM MAPK p38 inhibitor SB 203580 

(Calbiochem, Darmstadt, Germany), 1 µM protein kinase C inhbitor GF 109203X 

(Calbiochem, Darmstadt, Germany), 20 µM JNK II inhibitor (Calbiochem, Darmstadt, 

Germany) or with equal amounts of vehicle control medium (DMSO) at 37°C and 5% 

CO2. Recombinant human C5a (1000 ng/ml) was then added and blood samples 

were further incubated for 20 min. Next, cells were stimulated with either unlabeled 

opsonized bacteria (Escherichia coli) (6.7x108 bacteria/ml), phorbol 12-myristate 13-

acetate (PMA) (0.7 µM), or the chemotactic peptide N-formyl-Met-Leu-Phe (fMLP) 

(6.4 µM) for 10 min in a 37°C water bath and processed afterwards according to the 

protocol explained above.  
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Statistical analysis 

All values were expressed as the means ± SEM. Significance was assigned where p 

< 0.05, and further differentiated between p < 0.01, or p < 0.001. Data sets were 

analysed using Student’s t-test. The software used was GraphPad Prism 3.0 

(GraphPad Software Inc.). 

 

Results 
Role of C5a priming for oxidative burst generation in neutrophils and monocytes 

We investigated the priming potential of C5a on oxidative burst in neutrophils and 

monocytes in a whole blood assay. Whole blood samples were pre-incubated with 

C5a (1000 ng/ml) for 20 min and oxidative burst was then stimulated with PMA, E. 

coli, and fMLP. Both, PMA-induced as well as E. coli-induced oxidative burst was 

strongly primed by pre-incubation with C5a in neutrophils and monocytes, leading to 

a significant increase in numbers of bursting cells and intensity of burst activity (for 

PMA-stimulation: 67.9% ± 1.3 in neutrophils and 19.2% ± 0.9 in monocytes; for E. 

coli-stimulation: 89.3% ± 1.1 in neutrophils and 29.8% ± 5.6 in monocytes) (Fig. 4-

1a–d). In both cell populations the priming effect of C5a was most prominent for 

PMA-stimulated oxidative burst. Stimulation of neutrophils or monocytes with fMLP 

resulted in only minor initiation of oxidative burst and only very little recruitment of 

bursting cells in both cell populations leading to high variability and standard 

deviations in separate experiments. In Fig. 4-1, the strongest observed induction of 

oxidative burst in response to fMLP stimulation is shown. We therefore decided to 

focus on E. coli and PMA as prominent stimuli for oxidative burst in our studies. 

 

Role of ERK1/2 inhibition for C5a-mediated priming of oxidative burst generation in 

neutrophils and monocytes 

Extracellular regulated kinase1/2 (ERK1/2), p38 mitogen activated protein kinase 

(MAPK) and c-Jun N-terminal kinase (JNK), as members of the MAPK family, as well 

as protein kinase C (PCK) are important regulators of many different cell functions 

and have been suggested to be involved in oxidative burst generation. We thought to 

investigate the effect of inhibition of these pathways on C5a-mediated priming of  
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Figure 4-1: Effects of C5a on oxidative burst in neutrophils and monocytes in human whole blood.  
Flow cytometric analysis of oxidative burst in whole blood samples gated for neutrophil and monocyte 
cell populations. 40,000 cells were analysed for each experimental point. Human whole blood samples 
were pre-incubated with or without C5a (1000 ng/ml) for 20 min before final stimulation with either 
PMA (0.7 µlM), E. coli bacteria (6.7x108/ml) or fMLP (6.4 µM) for 10 min. Neutrophils are depicted in 
the left panel (a and c) and monocytes are shown in the right panel (b and d). Oxidative burst activity 
per single cell is depicted as mean fluorescence intensity (MFI). The symbol (*) indicates statistical 
significant difference with p < 0.05 from the corresponding control group without C5a priming, the 
symbol (**) indicates statistical significant differences with p < 0.01, the symbol (***) indicates 
statistical significant differences with p < 0.001. Experiments were carried out in duplicates. Data are 
representative of 7–9 independent experiments. 
 

oxidative burst in human neutrophils and monocytes. For E. coli- and PMA-induced 

oxidative burst, the C5a-mediated priming was significantly reduced with regards to 

burst intensity (for E. coli stimulation: 19.2% ± 0.2 vs. 2.2% ± 5.2 in neutrophils and 

19.1% ± 0.5 vs. -13.5% ± 5.3 in monocytes; for PMA-stimulation: 13.0% ± 0.8 vs. -

4.5% ± 0.2 in neutrophils and 48.2% ± 0.7 vs. 39.9% ± 0.3 in monocytes) as well as 

number of recruited cells in both cell populations when ERK1/2 activation was 

inhibited, suggesting ERK1/2 dependency of this C5a-mediated priming effect for 

both stimuli (Fig. 4-2a–d). We observed a tendency towards an elevated baseline 

level in intensity of oxidative burst in monocytes after treatment with the MEK1/2  
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Figure 4-2: Effects of ERK1/2 inhibition on C5a-mediated priming of oxidative burst in neutrophils and 
monocytes in human whole blood.  
Flow cytometric analysis of oxidative burst in whole blood samples gated for neutrophil and monocyte 
cell populations. 40,000 cells were analysed for each experimental point. Human whole blood samples 
were pre-incubated with U0126 (10 µM) or equal amounts of vehicle for 30 min and then incubated 
with or without C5a (1000 ng/ml) for 20 min before final stimulation with either PMA (0.7 µM) or E. coli 
bacteria (6.7x108/ml) for 10 min. Results of experiments with E. coli-induced oxidative burst are shown 
in the left panel (a and c) and with PMA induced oxidative burst in the right panel (b and d). Oxidative 
burst activity per single cell is depicted as mean fluorescence intensity (MFI). The symbol (*) indicates 
statistical significant difference with p < 0.05 from the corresponding control group without C5a 
priming, the symbol (**) indicates statistical significant differences with p < 0.01. Experiments were 
carried out in duplicates. Data are representative of 5–7 independent experiments. 
 

inhibitor as compared to control cells (Fig. 4-2a), but this difference was not 

statistically significant (p-value = 0.075) and accompanied by a higher SEM. The total 

number of bursting cells after inhibitor treatment on the other hand was decreased 

(32% vs. 47%), explaining at least partially a tendency towards higher SEM values of 

the oxidative burst. 
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Figure 4-3: Effects of MAPK p38 inhibition on C5a-mediated priming of oxidative burst in neutrophils 
and monocytes in human whole blood.  
Flow cytometric analysis of oxidative burst in whole blood samples gated for neutrophil and monocyte 
cell populations. 40,000 cells were analysed for each experimental point. Human whole blood samples 
were pre-incubated with SB203580 (10 µM) or equal amounts of vehicle for 30 min and then incubated 
with or without C5a (1000 ng/ml) for 20 min before final stimulation with either PMA (0.7 µM) or E. coli 
bacteria (6.7x108/ml) for 10 min. Results of experiments with E. coli-induced oxidative burst are shown 
in the left panel (a and c) and with PMA induced oxidative burst in the right panel (b and d). Oxidative 
burst activity per single cell is depicted as mean fluorescence intensity (MFI). The symbol (*) indicates 
statistical significant difference with p < 0.05 from the corresponding control group without C5a 
priming, the symbol (**) indicates statistical significant difference with p < 0.01. Experiments were 
carried out in duplicates. Data are representative of 5–7 independent experiments. 
 

 

Role of p38 MAPK inhibition for C5a-mediated priming of oxidative burst generation 

in neutrophils and monocytes 

Inhibition of p38 MAPK activation resulted in significant impairment of C5a-mediated 

priming of E. coli-induced oxidative burst in both, neutrophils and monocytes (14.9% 

± 4.0 vs. 4.2% ± 10.2 in neutrophils and 18.2% ± 0.5 vs. 5.3% ± 6.3 in monocytes) 

(Fig. 4-3a and c). The C5a-mediated increase in burst activity as well as in number of  
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Figure 4-4: Effects of PKC inhibition on C5a mediated modulation of oxidative burst in neutrophils and 
monocytes in human whole blood.  
Flow cytometric analysis of oxidative burst in whole blood samples gated for neutrophil and monocyte 
cell populations. 40,000 cells were analysed for each experimental point. Human whole blood samples 
were pre-incubated with GF 109203X (1 µM) or equal amounts of vehicle for 30 min and then 
incubated with or without C5a (1000 ng/ml) for 20 min before final stimulation with either PMA (0.7 µM) 
or E. coli bacteria (6.7x108/ml) for 10 min. Results of experiments with E. coli-induced oxidative burst 
are shown in the left panel (a and c) and with PMA induced oxidative in the right panel (b and d). 
Oxidative burst activity per single cell is depicted as mean fluorescence intensity (MFI). The symbol (*) 
indicates statistical significant difference with p < 0.05 from the corresponding control group without 
C5a priming, the symbol (**) indicates statistical significant differences with p < 0.01 and the symbol 
(***) indicates statistical significant differences with p < 0.001. Experiments were carried out in 
duplicates. Data are representative of 5–7 independent experiments. 
 

bursting cells was almost completely abolished. In contrast, C5a-mediated priming of 

PMA-induced oxidative burst was largely unaffected (18.6% ± 1.1 vs. 33.6% ± 0.7 in 

neutrophils and 19.9% ± 3.7 vs. 28.2% ± 18.2 in monocytes) (Fig. 4-3b and d). Only 

in monocytes p38 inhibition demonstrated a tendency towards a decrease in C5a-

mediated priming of PMA-induced oxidative burst. p38 MAPK inhibition also 

decreased baseline levels of burst activity upon E. coli- and PMA-stimulation in both 
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cell populations, suggesting a general involvement of this pathway for oxidative burst 

generation for both stimuli. 

 

Role of PKC inhibition for C5a-mediated priming of oxidative burst generation in 

neutrophils and monocytes 

Inhibition of the protein kinase C pathway with an inhibitor blocking activation of the 

isozymes α, βI, βII, γ, δ, and ε adversely affected the C5a-mediated priming of PMA-

induced oxidative burst (Fig. 4-4b and d) in neutrophils and monocytes in such way 

that the total number of activated cells as well as their burst activity (101.9% ± 7.3 vs. 

30.3% ± 8.5 in neutrophils and 90.1% ± 1.1 vs. 55.2% ± 5.7 in monocytes) was 

significantly lowered. Although in monocytes the increase of burst activity was still 

significant after inhibitor treatment the percentage of increase was strongly reduced. 

PKC inhibition lead to decreased baseline levels for PMA-induced oxidative burst in 

neutrophils and monocytes as well as to a lowered total number of bursting cells. In 

contrast, in E. coli-induced oxidative burst, inhibition of PKC activation resulted in no 

significant alterations of the C5a-mediated priming effect in neutrophils and 

monocytes, regarding the intensity of burst activity (19.2% ± 0.9 vs. 20.6% ± 0.0 in 

neutrophils and 29.8% ± 5.6 vs. 24.0% ± 1.4 in monocytes) as well as recruitment of 

bursting cells (Fig. 4-4a). We identified ERK1/2 to be involved in C5a-induced 

priming of both, E. coli- and PMA-induced oxidative burst, but p38 inhibition only 

appeared to be involved in such priming for E. coli-stimulation. PKC inhibition on the 

other hand had effects only on C5a-induced priming of oxidative burst in PMA-

stimulated cells. We therefore conducted additional experiments in which we co-

incubated whole blood samples with ERK1/2 plus p38 inhibitor followed by C5a and 

E. coli-stimulation and another set of experiments in which we used ERK1/2 plus 

PKC inhibitor followed by C5a and PMA stimulation. We found that such 

simultaneous pathway inhibition resulted in complete abrogation of C5a-induced 

priming effects on oxidative burst in neutrophils and monocytes (data not shown), 

suggesting an additive mode of action of the ERK1/2 pathway together with p38 for 

C5a-induced priming of E. coli-stimulated oxidative burst and, on the other hand, of 

ERK1/2 together with PKC in the case of PMA- stimulated burst. Inhibition of the JNK 
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pathway did not result in reproducible effects on baseline levels of burst activity or on 

C5a-mediated priming of PMA- or E. coli-induced oxidative burst in both cell 

populations (data not shown). 

 

Discussion 
Priming of oxidative burst activity in neutrophils and monocytes is crucial for sufficient 

superoxide generation and effective microbial killing [1]. This effective mechanism 

requires a tight regulation because over-activated neutrophils, after sequestration in 

various tissues, are generally believed to be the major cause of occurring serious 

tissue damage during acute inflammation such as sepsis [14]. The potent 

inflammatory complement split product C5a has been suggested to be one of those 

important priming agents during the early phase of inflammation [3] and various 

influences of C5a on innate immune functions and related alterations of cell signal 

transduction during the onset of sepsis have been identified in earlier studies [4,6–9]. 

However, there are no data available on the intracellular signaling pathways and 

mechanisms being involved in C5a-mediated priming of oxidative burst.  

Recently, complement C5-deficient (C5-/-) mouse macrophages were found to be 

defective in killing intracellular Mycobacterium tuberculosis, which was associated 

with a decreased production of reactive oxygen species, a defective assembly of the 

phox complex on phagosomes, and defective phosphorylation of PKC isozymes-β 

and –γ [15]. Another study, by employing a human whole blood model using lepirudin 

as anticoagulant, found that C5a–C5aR interaction is a critical event in E. coli-

induced upregulation of CR3 (CD11b/CD18) and the subsequent oxidative burst and 

phagocytosis [16].  

The priming of oxidative burst in neutrophils by GM-CSF and TNFα, has been 

described to be dependent on both, ERK and p38 MAPK cascades [17]. Inhibition of 

these two MAPK signaling pathways resulted in a distinct loss of phosphorylation of 

specific subunits of the NADPH oxidase complex [11,13]. These observations 

support our findings in which we observed different involvement of intracellular signal 

cascades in regulating the C5a-mediated priming of oxidative burst, depending on 

PMA or E. coli being the stimulus of such burst. In our model ERK1/2 seemed to play 
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a more general role, while p38 and PKC appeared to be stimulus dependent with 

regards to their role in C5a-induced priming of oxidative burst.  

McLeish et al. investigated MAPK pathways activation during bacterial phagocytosis 

and subsequent oxidative burst in human neutrophils and reported that only p38 

MAPK inhibition significantly attenuated H2O2 but treatment with MEK1 inhibitor 

PD098059 or JNK inhibition had no significant effect on phagocytosis or H2O2 

production [18]. In our experiments, p38 MAPK inhibition also resulted in a strong 

decrease of baseline burst activity in neutrophils and monocytes. When using U0126, 

an inhibitor for MEK1 and MEK2, we also observed a reduced baseline activity in 

PMA- and E. coli-induced oxidative burst. The latter findings may be explained by a 

possible MEK2 dependency of oxidative burst in neutrophils. JNK1/2 inhibition did 

not affect burst activity in our experiments, which is in line with earlier findings 

[18,19].We also could not identify an involvement of the JNK pathway in C5a-

mediated priming of oxidative burst.  

Protein kinase C has many isozymes, several of them found in phagocytes. PKC 

inhibitor GF 109203X selectively blocks the isoforms α, βI, βII, γ, δ, and ε, but not the 

isozyme ς (zeta) that has been described to regulate oxidative burst activity by 

phosphorylating p47phox, an important component of the NADPH oxidase complex 

[20]. This lack of inhibition of PKC ς could explain why in our experiments PKC 

inhibition only impaired C5a-mediated priming of PMA-induced oxidative burst, but 

did not adversely affect E. coli-induced oxidative burst.  

In summary, ERK1/2 inhibition strongly reduced the C5a-mediated priming of both, E. 

coli- and PMA-induced oxidative burst in phagocytes, whereas p38 MAPK inhibition 

only impaired C5a-induced priming of E. coli-induced oxidative burst. Blockade of 

PKC on the other hand resulted in decreased C5a-mediated priming of PMA-induced 

oxidative burst but did not alter the C5a-mediated priming effect on E. coli-induced 

oxidative burst. For ERK1/2 and p38 inhibition, the baseline burst activity after E. coli 

or PMA stimulation was clearly reduced and for PKC inhibition after PMA-stimulation. 

JNK inhibition had no effect on the baseline burst activity or on C5a-mediated 

priming. Our findings suggest burst-inductor specific involvement of p38 MAPK and 

PKC signaling in C5a-mediated priming of oxidative burst in neutrophils and 
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monocytes. In contrast, the role of ERK1/2 signaling appears to be generally 

important for C5a-mediated priming of oxidative burst in these cells independent of 

the burst inducing stimulus. To our knowledge, these are the first studies describing 

the involvement of distinct signalling pathways in the important C5a-mediated priming 

of E. coli- and PMA-induced oxidative burst in neutrophils and monocytes. 

Understanding the underlying regulatory mechanisms of neutrophil and monocyte 

activation provides an important basis for the development of new therapeutic 

concepts to better control the intensity of the inflammatory immune response. 
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Sepsis is a very severe disease with a high risk of mortality. Its underlying 

pathophysiology is still poorly understood but there is increasing evidence that the 

proinflammatory complement split product C5a which is generated in excessive 

amounts during the onset of sepsis plays an important role for many harmful effects 

(RIEDEMANN et al. 2003c; WARD 2004; GUO u. WARD 2005) and blocking 

strategies of either C5a or C5aR have significantly improved survival in rodent 

models of experimental sepsis (CZERMAK et al. 1999; RIEDEMANN et al. 2002b). It 

has also been demonstrated that C5a affects the signal transduction in neutrophils 

probably causing the immune suppression (RIEDEMANN et al. 2003a; RIEDEMANN 

et al. 2004a; RIEDEMANN et al. 2004b). Therefore, this study further investigated the 

involvement of the PI3/Akt, the ERK1/2, p38 MAPK, JNK and PKC signaling 

pathways in the regulation of the C5a-mediated effects on innate immune functions 

during experimental sepsis. 

We found that the PI3K signaling pathway exerts protective effects during sepsis by 

controlling C5a-mediated activation of innate immune functions and that blocking this 

protective pathway has harmful effects on the innate immune response in-vitro and 

in-vivo and the outcome in experimental sepsis. The identifications of this protective 

effect during the onset of sepsis could be a potential new therapeutic target to control 

excessive inflammation responses as well as the immune suppression during sepsis. 

One major concern in those pathophysiological studies of sepsis has always been 

weather the experimental findings could finally be transferred to the clinical situation 

in humans and whether there were benefits for the treatment of septic patients. We 

therefore used an experimental model that induced sepsis by a combination of 

ischemic tissue damage and polymicrobial infection simulating a situation as it occurs 

in polytraumatized patient who are at a great risk to develop sepsis. Rodents 

undergoing this CLP model have been found to share many similarities to the 

pathological changes in septic human patients, especially a final state of immune 

suppression (HUBBARD et al. 2005; REMICK u. WARD 2005). In our in-vitro 

experiments with human blood phagocytes we could confirm our findings from the 

CLP studies with mice demonstrating that PI3K inhibition leads to a significantly 

impaired oxidative burst activity and to significantly elevated levels of 
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proinflammatory cytokines. Our results are in line with earlier studies that have 

identified the C5a stimulated neutrophils as a major contributor to the harmful effects 

during sepsis and the site of immune suppression (RIEDEMANN et al. 2003a; 

RIEDEMANN et al. 2004a; RIEDEMANN et al. 2004b) as we demonstrated that the 

reduced survival in sepsis after PI3K inhibition was associated with altered innate 

immune function in neutrophils, such as cytokine generation, priming, oxidative burst 

and phagocytosis (Figure 5-1). Now, future studies have to show whether induction 

of the PI3K/Akt signaling pathway will exert beneficial effects and improve the 

outcome after sepsis.  

We could also demonstrate for the first time a distinct involvement of cell signaling 

pathways in the regulation of the C5a-mediated priming of oxidative burst in 

phagocytes with general involvement of PI3K and ERK1/2, and a stimulus specific 

involvement of p38 and PKC pathways (Figure 5-2). These findings provide new 

important insight into the regulation of the innate immune responses during infection. 

It demonstrates how the kind of infectious stimulus adds up to the complicity of the 

pathophysiology of sepsis. This may explain why it has been so difficult to 

extrapolate the findings from the very controlled and defined setting in the lab to the 

situation in the clinic and offers another reason why so many clinical trials have failed 

about treatment options that were successful under experimental conditions. In this 

study we have demonstrated that there was a difference in pathway recruitment 

between a natural microbiological agent, i.e. E. coli bacteria which induces signal 

transduction from extracellular to intracellular and phorbol 12-myristate 13-acetate 

(PMA), a synthetic DAG agonist, which is able to permeate the cell membrane and to 

directly interact with the signaling molecules intracellularly. Further investigations 

could help to elucidate the mechanisms behind that distinct regulation and localize on 

what cellular level this different recruitment is created. It is important to know where 

the signal cascades of the different regulating pathways merge because 

pharmacological intervention at that level will cause a general compromise of the 

C5a-medited priming of the oxidative burst and create universal immune 

suppression. On the other hand if different microbial agents require different 

pathways for effective C5a-mediated priming treatment of sepsis could target 
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Figure 5-1: Effect of inhibition of the PI3K/Akt signaling pathway on the innate immune functions of a 
human blood neutrophil. Activation of PI3K through C5a via C5aR, E.coli bacteria or LPS via TLR-4 
leads to activation of Akt mediating. Inhibition of PI3K by LY249002 affects cytokine generation, 
priming, oxidative burst and phagocytosis. C5aR, C5a receptor; PI3K, phosphatidylinositol-3 kinase; 
LPS, lipopolysaccharide; TLR-4; toll-like receptor 4; LY249002, specific inhibitor of the PI3K; 
 

 
Figure 5-2: Involvement of PI3K, ERK1/2, p38 MPAK and PKC in the C5a-mediated priming of 
oxidative burst in phagocytes. PI3K and ERK1/2, and a stimulus specific involvement of p38 and PKC 
pathways for C5a-mediated priming of oxidative burst in phagocytes. Blocking of p38 MAPK inhibits 
only the C5a-mediated priming of E.coli-induced oxidative burst and blocking of PKC only the C5a-
mediated priming of the PMA-induced oxidative burst. Whereas blocking of PI3K or ERK1/2 affects 
C5a-mediated priming of both, E.coli-induced as well as PMA-induced oxidative burst in human blood 
phagocytes in-vitro. C5aR, C5a receptor; p38, p38 mitogen-activated kinase; PKC, protein kinase C; 
ERK1/2, extracellular-regulated kinase 1/2; PI3K, phosphatidylinositol-3 kinase; PMA, phorbol 12-
myristate 13 acetate. 
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differentially depending on the causative infectious agent without compromising the 

immune response in general. The failure of successful immune responses is still not 

completely understand. One theory claims that the neutrophils are overstimulated by 

the excessive amounts of C5a generated during the onset of sepsis and become 

exhausted leading to a state of anergy. Therefore a blocking agent that controls the 

regulation of this disproportionate C5a-mediated priming could prevent the cell from 

overstimulation in the early phase and from anergy in the later stage. 

 

In conclusion, this study has provided further inside into the regulation of important 

innate immune functions on cellular level during the onset of sepsis, thereby 

contributing to an improved understanding of the pathophysiology of sepsis and the 

identification of potential new therapeutic targets. 
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Dr. med. vet. Christiane D. Wrann:  
Regulation of C5a-mediated effects on innate immune functions during 
experimental sepsis. 
 

Sepsis is a very severe disease with a high risk of fatality since effective therapeutic 

options are not available up to now. Despite intense research in the last years a 

profound understanding of the underlying pathophysiology is still lacking. There is 

increasing evidence that the proinflammatory complement split product C5a which is 

generated in excessive amounts during the onset of sepsis plays an important role in 

many harmful effects and blockade of either C5a or C5aR leads to greatly improved 

survival of rodents in experimental sepsis. C5a has been shown to affect innate 

immune functions, such as generation of inflammatory mediators as well neutrophils 

functions, leading to a status of immune suppression. Recent studies demonstrated 

that C5a alters intracellular signaling pathways in neutrophils in vitro and during the 

onset of sepsis in vivo, offering an explanation for the above mentioned suppression 

of innate immune functions. Therefore, we conducted these studies to investigate the 

involvement of different important signaling pathways in the regulation of the C5a-

mediated effects on the innate immune response in experimental sepsis.  

 

Recent studies suggested an important but controversial role of the PI3K/Akt 

signaling pathway in acute and chronic inflammation therefore we investigated the 

effects of inhibition of this cell signaling pathway on innate immunity during the onset 

of sepsis. Sepsis in C57/Bl6 mice was induced by cecal ligation and puncture (CLP). 

Inhibition of the PI3K pathway in vivo with the specific PI3K inhibitor LY249002 

resulted in increased mortality of septic mice accompanied by strongly elevated 

serum levels of TNFα, IL-6, MCP-1 and IL-10 as well as decreased oxidative burst 

activity in blood phagocytes. PI3K inhibition in vitro resulted in significant increases in 

TLR-4-mediated generation of various proinflammatory cytokines in cultured human 

neutrophils, whereas the opposite effect was observed in peripheral blood 

mononuclear cells (PBMC). Oxidative burst and phagocytosis activity was 

significantly attenuated in both, human neutrophils and monocytes when PI3K 
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activation was blocked. In addition, PI3K inhibition resulted in strongly elevated TLR-

4-mediated generation of IL-1β and IL-8 in cultured human neutrophils when these 

cells were costimulated with C5a. C5a-induced priming effects on neutrophil and 

monocyte oxidative burst activity as well as C5a-induced phagocytosis in neutrophils 

were strongly reduced when PI3K activation was blocked. This data suggest that the 

PI3K/Akt signaling pathway controls various C5a-mediated effects on innate 

immunity and exerts an overall protective effect during sepsis. 

Effective priming of the oxidative burst is essential for successful killing of invading 

microbes in the onset of sepsis. Therefore, we further investigated the involvement of 

other important signaling pathways, the ERK1/2, p38 MPAK, JNK, and the PKC 

signaling pathways, in the C5a-mediated priming of oxidative burst in human blood 

neutrophils and monocytes. ERK1/2 inhibition strongly reduced the C5a-mediated 

priming of both, E. coli- and PMA-induced oxidative burst in phagocytes, whereas 

p38 MAPK inhibition only impaired C5a-induced priming of E. coli-induced oxidative 

burst. Blockade of PKC on the other hand resulted in decreased C5a-mediated 

priming of PMA-induced oxidative burst. For ERK1/2 and p38 inhibition, the baseline 

burst activity after E. coli or PMA stimulation was clearly reduced. JNK inhibition had 

no effect on the baseline burst activity or on C5a-mediated priming. Our findings 

suggest burst-inductor specific involvement of p38 MAPK and PKC signaling in C5a-

mediated priming of oxidative burst in neutrophils and monocytes. In contrast, the 

role of ERK1/2 signaling appears to be generally important for C5a-mediated priming 

of oxidative burst in these cells independently of the burst inducing stimulus. Our 

results demonstrate for the first time distinct involvement of ERK1/2, p38 and PKC 

pathways for C5a-induced priming of oxidative burst in phagocytes. 

 

In conclusion, this study demonstrated that the PI3K signaling pathway exerts 

protective effects during sepsis by controlling C5a-mediated activation of innate 

immune functions and the signaling pathways ERK1/2, p38 and PKC are distinctly 

involved in the C5a-induced priming of oxidative burst in phagocytes. These findings 

provide new insight into the pathophysiology of sepsis and identify the PI3K/Akt 

pathway as a potential therapeutic target for the treatment of sepsis. 
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Dr. med. vet. Christiane D. Wrann:  
Die Regulation der durch C5a-vermittelten Effekte auf die angeborenen 
Immunfunktionen bei experimentell induzierter Sepsis. 
 

Sepsis ist eine äußerst schwere Erkrankung, die mit einem hohen Mortalitätsrisiko 

behaftet ist, da leider bis heute keine effektiven Behandlungsmöglichkeiten zur 

Verfügung stehen. Trotz intensiver Forschungsbemühungen in den letzten Jahren ist 

die der Erkrankung zugrundeliegende Pathophysiologie immer noch weitgehend 

unverstanden. Allerdings mehren sich die Beweise, dass das 

Komplementspaltprodukt C5a, welches in großen Mengen in der Frühphase der 

Sepsis produziert wird, eine wichtige Rolle für viele schädigende Effekte spielt. Die 

Blockade von C5a selbst oder seinem C5a Rezeptor verbessert deutlich das 

Überleben von Nagern nach experimentell induzierter Sepsis. Es wurde weiterhin 

gezeigt, dass C5a in der Lage ist die angeborene Immunantwort zu beeinflussen, wie 

beispielsweise die Generierung von Entzündungsmediatoren oder die 

Immunfunktionen von neutrophilen Granulozyten, was letztlich zu einem Status der 

Immunsuppression führt. Neuere Studien weisen darauf hin, dass C5a die 

intrazelluläre Signaltransduktion in neutrophilen Granulozyten in vitro und in vivo 

während der Frühphase der Sepsis beeinflusst. Diese Beobachtung wäre eine 

mögliche Erklärung für die bereits oben erwähnte Suppression der angeborenen 

Immunfunktionen. Ziel dieser Studie war es, die Beteiligung verschiedener wichtiger 

intrazellulärer Signaltransduktionswege an der Regulation der C5a-vermittelten 

Effekte auf die angeborene Immunantwort bei experimentell induzierter Sepsis zu 

untersuchen.  

 

Neuere Studien zeigen, dass der PI3K/Akt Signaltransduktionsweg wichtige, aber 

gegensätzliche Funktionen bei akuten und chronischen Entzündungen hat. Aus 

diesem Grund wollten wir die Effekte der Inhibition dieses Signaltransduktionsweges 

auf die angeborene Immunantwort in der Frühphase der Sepsis untersuchen. In 

C57/Bl6 Mäusen wurde mittels Caecumligation und Punktion (CLP) eine Sepsis 

induziert. Inhibition des PI3K Signalweges in vivo mit dem spezifischen PI3K Inhibitor 
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LY429002 erhöhte deutlich die Mortalität bei diesen septischen Mäusen. Damit 

assoziiert war eine signifikante Erhöhung der Serumspiegel an TNFα, IL-6, MCP-1 

und IL-10, ebenso wie eine erniedrigte Aktivität des Oxidative Burst in 

Blutphagozyten. Die PI3K Inhibition in vitro führte zu einem signifikanten Anstieg der 

TLR-4-vermittelten Produktion verschiedener proinflammatorischer Zytokine in 

kultivierten humanen neutrophilen Granulozyten. Der gegenteilige Effekt wurde bei 

peripheren mononukleären Blutzellen (PBMC) beobachtet. Oxidativer Burst und 

Phagozytose bei humanen neutrophilen Granulozyten als auch Monozyten waren 

nach einer Blockade der PI3K Aktivierung signifikant abgeschwächt. Außerdem 

resultierte eine PI3K Inhibition in einer verstärkten TLR-4-vermittelten Produktion von 

IL-1β and IL-8 in kultivierten humanen neutrophilen Granulozyten bei erfolgter 

Kostimulation mit C5a. Das C5a-vermittelte Priming des Oxidativen Burstes von 

neutrophilen Granulozyten und Monozyten als auch das C5a-vermittelte Priming der 

Phagozytosefähigkeit von neutrophilen Granulozyten war bei blockierter PI3K 

Aktivierung deutlich reduziert. Diese Ergebnisse weisen darauf hin, dass der 

PI3K/Akt Signaltransduktionsweg verschiedene C5a-vermittelte Effekte auf die 

angeborenen Immunfunktionen kontrolliert und insgesamt eine protektive Funktion 

während der Sepsis ausübt. 

 

Ein effektives Priming des Oxidativen Burstes ist essentiell für die erfolgreiche 

Bekämpfung von eindringenden Keimen während der Frühphase der Sepsis. Daher 

haben wir die Beteiligung weiterer wichtiger Signaltransduktionswege, des ERK1/2, 

p38 MAPK, JNK und des PKC Signaltransduktionswege am C5a-vermittelten Priming 

des Oxidativen Burstes von humanen neutrophilen Granulozyten und Monozyten im 

Blut untersucht. Inhibition von ERK1/2 reduzierte deutlich das C5a-vermittelte 

Priming sowohl des E. coli- als auch des PMA-induzierten Oxidativen Burstes in 

Phagoyzten. Dagegen bewirkte die Inhibition von p38 MAPK nur eine 

Beeinträchtigung des C5a-vermittelten Primings des E. coli-induzierten Oxidativen 

Burstes. Andererseits führte eine Blockierung von PKC nur zu einer Verminderung 

des C5a-vermittelten Primings des PMA-induzierten Oxidativen Burstes. Nach 

ERK1/2 und p38 Inhibition war die Grundaktivität des Oxidativen Burstes sowohl bei 
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E. coli- als auch bei PMA-Stimulation herabgesetzt. JNK-Inhibition hatte keine 

Wirkung weder auf die Grundaktivität des Oxidativen Burstes, noch auf das C5a-

vermittelte Priming. Unsere Ergebnisse weisen auf eine Burstinduktor-spezifische 

Beteiligung des p38 MAPK- und PKC-Signalweges beim C5a-vermittelten Priming 

des Oxidativen Burst von neutrophilen Granulozyten und Monozyten hin. Im 

Gegensatz dazu scheint der ERK1/2 Signalweg eine generelle Bedeutung für das 

C5a-vermittelte Priming des Oxidativen Burstes von diesen Zellen zu haben, 

unabhängig vom Burst auslösenden Stimulus. Unsere Studie hat damit zum ersten 

Mal eine distinkte Beteiligung der ERK1/2-, p38- und PKC-Signalwege am C5a-

induzierte Priming des Oxidativen Burstes in Phagozyten nachgewiesen. 

 

Zusammenfassend hat unsere Studie gezeigt, dass der PI3K Signalweg einen 

protektiven Effekt während der Frühphase der Sepsis hat, indem er die C5a-

vermittelte Aktivierung der angeborenen Immunfunktionen kontrolliert und dass die 

Signalwege ERK1/2, p38 und PKC differentiell am C5a-induzierten Priming des 

Oxidativen Burstes in Phagozyten beteiligt sind. Diese Ergebnisse gewähren neue 

Einblicke in die Pathophysiologie der Sepsis und identifizieren den PI3K/Akt 

Signalweg als einen neuen möglichen therapeutischen Angriffspunkt für die 

Behandlung von septischen Patienten. 
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