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SUMMARY 

Moraxella catarrhalis is a major cause of infectious exacerbations of chronic obstructive lung 

disease (COPD). In pulmonary epithelial cells, M. catarrhalis induces release of the pro-

inflammatory cytokine interleukin 8 (IL-8) which plays a pivotal role in orchestrating airway 

inflammation. Herein we demonstrate that protein kinase C (PKC) is activated by Moraxella 

infection and positively regulated M. catarrhalis- triggered NF-κB activation and subsequent 

IL-8 release. Activation of the PKC/NF-κB signaling pathway was found to be dependent on 

expression of the Moraxella-specific ubiquitous surface protein (Usp) A2. In addition, we 

show that specific isoforms of PKC play differential roles in fine tuning of the M. catarrhalis-

induced NF-κB-dependent gene expression through controlling il8 promoter activity. 

Inhibition of PKCα and ε with chemical inhibitors or using siRNA-mediated gene silencing 

significantly suppressed, whereas inhibition of PKCθ increased the M. catarrhalis-induced 

IL-8 transcription and cytokine release. In conclusion, we show that M. catarrhalis infection 

activates PKC and its isoforms α, ε and θ which are differentially regulating IL-8 transcription 

in human pulmonary epithelial cells. 
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INTRODUCTION 

Chronic obstructive pulmonary disease (COPD) is one of the most common causes of 

morbidity and mortality worldwide with increasing prevalence [1]. In COPD-patients 

Moraxella catarrhalis continues to emerge as a leading human mucosal pathogen [2]. This 

Gram-negative diplococcus colonizes the lower respiratory tract of up to 32% of adults with 

COPD and is associated with recurrent and persistent lower respiratory tract infections 

causing approximately 10% of all COPD exacerbations [3]. Among the various putative 

virulence factors of this pathogen that have been identified to date several proteinaceous 

antigens have been shown to protrude from the outer membrane of M. catarrhalis including 

the UspA1 and UspA2 proteins which are expressed in most clinical isolates [2, 4, 5]. In vitro 

mutant analysis indicates that UspA1 is involved in adherence to epithelial cells whereas 

UspA2 is essential for serum resistance [6]. However, little is known about the role of these 

proteins in inflammatory immune responses of pulmonary epithelial cells. Inflammation in 

COPD is characterised by increased infiltration of neutrophils, lymphocytes, and macrophages 

into the airways [7]. In addition, bronchial epithelium also directly contributes to immune 

responses by secreting bioactive substances when exposed to pathogens or stimulation by 

inflammatory mediators [8]. Among them interleukin 8 (IL-8), a member of the CXC 

chemokine family plays a pivotal role in regulating neutrophil and monocyte chemotaxis 

toward sites of infection and inducing airway inflammation  [9, 10]. The presense of 

microorganisms such as M. catarrhalis in the lower respiratory tract of COPD-patients has 

been found to increase IL-8 release in bronchoalveolar lavage of COPD patients which is 

asociated with disease progression [11-13]. Transcriptional regulation of IL-8 is controlled by 

a tight regulatory signalling network most importantly involving the nuclear factor κB (NF-

κB). NF-κB comprises a family of Rel proteins that are normally retained in the cytoplasm by 

binding to inhibitor IκBs [9, 14]. Following cellular activation, phosphorylation of IκBα 
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results in its ubiquitination and proteolysis, which lead to nuclear translocation and binding to 

the IL-8 κB-binding site within the il8 promoter [14]. Subsequently binding of the RNA 

polymerase II to the promoter is determining the start of the IL-8 gene transcription [15, 16]. 

Recently, we demonstrated that M. catarrhalis induced NF- B activation results in IL-8 

release of pulmonary epithelial cells [17]. There are, however, considerable data to suggest 

that a number of additional signal transduction pathways are required for fine tuning the NF-

κB-dependent cytokine transcription [18]. PKC has been recently implicated in the control of 

IL-8 release by interleukin 1β or tumor necrosis factor-α [19, 20]. Members of the PKC 

family are serine/threonine kinases that play ubiquitous roles in intracellular signal 

transduction [18]. The PKCs comprise twelve closely related isoforms (isozymes) which are 

classified into three subfamilies on the basis of their domain structure and their ability to 

respond to Ca2+ and diacylglycerol (DAG). Classical PKC isoforms (α, βI, βII and γ) require 

calcium, DAG and phosphatidylserine for activation. Novel PKC isoforms including PKC δ, ε 

and θ require DAG  and phosphatidylserine. Atypical PKC isoforms (ζ, ι and λ) and PKCµ 

require phosphatidylserine only and, in contrast to conventional and novel PKCs, do not 

respond to phorbol esters [21]. The classical PKCs, PKCα and PKCβ, the novel PKCs, PKCδ, 

PKCε and PKCθ as well as the atypical PKCζ have been shown to be expressed in the 

pulmonary epithelium [22-24]. Individual PKC isozymes are activated by diverse stimuli and 

have been implicated to play distinct, and in some cases opposing roles in the transduction of 

intracellular signals, being often overexpressed in disease states [19]. However, the role of 

PKC and its isoforms in regulating epithelial NF-κB activation and IL-8 expression following 

M. catarrhalis infection has not yet been investigated. In the present work, we therefore 

studied the involvement of Moraxella UspA1 and UspA2 and different PKC isoforms 

expressed in pulmonary epithelial cells in the M. catarrhalis-induced IL-8 production. Our 

data demonstrate that expression of the Moraxella UspA2 was important for activating the 

PKC/NF-κB signaling pathway leading to IL-8 release. Moreover, we found that the PKC 
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isoforms PKCα, PKCε and PKCθ are involved in the M. catarrhalis-induced IL-8 release by 

differentially regulating the transcription at the il8 promoter. 
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MATERIAL AND METHODS 

Bacterial strains  

The Moraxella catarrhalis strain 25238 (serotype A) was purchased from the American Type 

Culture Collection (ATCC, Manassas, VA, USA). M. catarrhalis wild-type strain O35E 

(Serotype A) and the UspA1 and UspA2 deficient mutant strains O35E.1 and O35E.2 were 

kindly provided by Eric Hansen (University of Texas Southwestern Medical Center, Dallas, 

Texas, USA). Antimicrobial supplementation for the M. catarrhalis mutant O35E.1 and 

O35E.2 involved kanamycin (15 µg/ml). M. catarrhalis was grown overnight at 37°C on 

brain-heart infusion (BHI) agar (Dibco Laboratories, BD Heidelberg) supplemented with 5% 

heated sheep blood as described previously [17, 25, 26]. For infection experiments, single 

colonies of bacterial overnight cultures were expanded by resuspension in BHI broth and 

incubation at 37 °C for 2-3 h to midlog phase (A405 0.4–0.6). Subsequently, bacteria were 

harvested by centrifugation, re-suspended in cell culture medium without antibiotics and 

adjusted to an optical density (OD) of 0.3 (≈1x106 colony forming units (cfu)/ml) at 405 nm 

and used for infecting epithelial cells at the indicated doses. Cells were infected with M. 

catarrhalis at doses between 0.1 to 10 cfu/ml. To investigate inactivated M. catarrhalis, 

bacterial suspension were treated by heat ( 95°C, 30 min) and subsequently viability was 

ruled out by plating the suspension on BHI agar for 12 hrs. 

 

Cell lines 

Human primary bronchial epithelial cells (PBECs) were obtained by endobronchial brushing 

during bronchoscopy of normal human volunteers. The study was approved by the local ethics 

committee. PBECs were plated in bronchial epithelial cell basal medium supplemented with 

human epidermal growth factor (0.5 ng/ml), insulin (5 µg/ml), transferrin (10 µg/ml), 

epinephrine (0.5 µg/ml), tri-iodothyronine (6.5 ng/ml), gentamicin (50 µg/ml), amphotericin 
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B (50 ng/ml), bovine pituitary extract (52 µg/ml), retinoic acid (0.1 ng/ml) and cultured on 

tissue culture plates coated with human collagen (Vitrogen 100; Cohesion Technologies, Palo 

Alto, USA). All experiments were performed with cells in passage 2. The bronchial epithelial 

cell line BEAS-2B, was a kind gift of C. Harris, NIH, Bethesda, USA. BEAS-2B cells were 

grown in Keratinocyte-SFM (Gibco BRL, Life Technologies, Paisley, UK) supplemented 

with 2 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml streptomycin as described 

previously [17]. The cells were used between passages 10-35. A549 epithelial cells (type II 

alveolar cells) were obtained from ATCC and cultured in DMEM (Gibco) supplemented with 

10% fetal calf serum, 200 mM L-glutamine, and 100 µg/ml streptomycin as described 

previously (Zitate). The NF-κB -dependent reporter cell line, A549 6Btkluc, was a kind gift of 

R. Newton (Dept of Biological Sciences, University of Warwick, Coventry, UK). These cells 

contain a stably integrated plasmid with three tandem repeats of the sequence 

5’AGCTTACAAGGGATTTCCGCTGGGGACTTTCCAGGGA-3’, which contains two 

copies of the decameric NF-κB binding site upstream of a minimal thymidine kinase promoter 

(-105–51) driving a luciferase gene [27]. Twelve hours prior to the experiment cells were 

grown in medium without antibiotic supplements. To assess the multiplicity of infection 

(Moi) per epithelial cell infected with M. catarrhalis, cell counts of confluent BEAS-2B 

layers per well of a 24 well plate were performed after trypsination in a Neubauer cytometer. 

Cell counts were approximately 5 x105 cells/well. Counting of PBEC- and A549 cells/well 

gave similar results. Experiments were performed in 500µl volume per well. Therefore, the 

infection doses of 106 cfu/ml M. catarrhalis corresponded with an Moi of 1. 

 

Materials DMEM, FCS, trypsin-EDTA-solution, CA-650, and antibiotics were obtained from 

Life Technologies (Karlsruhe, Germany). Protease inhibitors, Triton X-100, and Tween-20 

were purchased from Sigma Chem. Co. (Munich, Germany), calphostin C, Gö6976, Protein 

Kinase C Inhibitor 20-28, PKC beta inhibitor, Rottlerin, PKCε inhibitor peptide, PKCθ 
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myristoylated pseudosubstrate inhibitor, PKC ζ  pseudosubstrate inhibitor, were purchased 

from Calbiochem-Merck (Darmstadt, Germany) and dissolved in DMSO. PMA (Phorbol-12-

myristate-13-acetate) was from Calbiochem-Merck (Darmstadt, Germany). All other 

chemicals used were of analytical grade and obtained from commercial sources. 

 

IL-8 ELISA 

IL-8 secreted by PBECs, BEAS-B and A549 cells was measured using a commercially 

available sandwich-ELISA kit, according to the manufacturers protocol (R&D Systems, 

Wiesbaden, Germany) as described previously [17].  

 

RT-PCR Analysis 

RNA was extracted using RNeasy Mini kit (Qiagen, Hilden, Germany), according to the 

manufacturer's instructions.. All primer were purchased from TIB MOLBIOL (Berlin, 

Germany). PCR products were analyzed on 1.5% agarose gels, stained with ethidium 

bromide, and subsequently visualized. To confirm equal loading, PCR for glyceraldehyd-3-

phoshate dehydrogenase (GAPDH) was performed in parallel. 

 
 
PKC-assay 

The PKC assay StressXpress (Stressgen Bioreagents Corp., Victoria, CA, Canada) was used 

to detect PKC activity as described previously (Zitate). BEAS-2B and A549 cells were 

stimulated with M. catarrhalis. A cell extract, containing activated PKC was collected and 

processed for PKC activity by ELISA according to manufacturer`s instructions. 

 
 
Western Blot   

Transfection efficiency of siRNA for PKCα, PKCε and θ and the phosphorylation of 

MARCKS and PKC isotypes translocation to membrane was assessed by Western blot 
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analysis. Briefly, BEAS-2B cells were infected as indicated and lysed in buffer containing 

Triton X-100, subjected to SDS-PAGE and blotted on Hybond-ECL membrane (Amersham 

Biosciences, Freiburg, Germany). Immunodetection of target proteins was carried out with 

specific antibodies. In all experiments, actin or ERK-2 was determined simultaneously on the 

same membrane by using Odyssey Infrared Imaging System (LI-COR-Inc) to confirm equal 

protein load as described previously  [17, 28]. 

 

RNA interference in A549 cells and bacterial infection 

Control non-silencing siRNA (sense UUCUCCGAACGUGUCACGUtt, antisenseACGUG 

ACACGUUCGGAGAAtt), siRNA targeting PKCα (sense 

UAGUUGAUCUCGCGGACGAtt, antisense UCGUCCGCGAGAUCAACUAtt), siRNA 

targeting PKCε (sense CGAUUCCAUCACUAUCCAUtt, antisense 

AUGGAUAGUGAUGGAAUCGtt) and PKCθ-siRNA (sense 

AAACCACCGTGGAGCTCTACTtt antisense AAGAGCCCGACCTTCTGTGAAtt) were 

purchased from MWG (Ebersberg, Germany). A549 cells were transfected by using Amaxa 

Nucleofector™ (Amaxa, Köln, Germany) according to the manufacturer's protocol, 

(Nucleofector™ Solution V, Nucleofector™ program G-16) with 2 µg siRNA per 106 cells. 

 

Chromatin Immunoprecipitation 

BEAS-2B cells were stimulated, culture medium was removed, and 1% formaldehyde was 

added as described previously [17]. After 1 min, the cells were washed in ice-cold 0.125 M 

glycin in PBS, then rapidly collected in ice-cold PBS, centrifuged and washed twice with ice-

cold PBS. The cells were lysed in ChIP RIPA buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 1% 

Nonidet P-40, 1% desoxycholic acid, 0.1% SDS, 1 mM EDTA, 1% aprotinin), and chromatin 

was sheared by sonication. The samples were cleared by centrifugation, and the supernatants 

were stored in aliquots at -80 °C until further use. NFκB p65 (C-20) antibodies and  
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Polymerase II (N-20) antibodies were purchased from Santa Cruz Biotechnology Inc. 

(Heidelberg, Germany). Immunoprecipitations from soluble chromatin were carried out 

overnight at 4°C. Immune complexes were collected with protein A/G-agarose (Santa Cruz 

Biotechnology Inc., Heidelberg, Germany) for 60 min and washed thoroughly with RIPA 

buffer and high salt buffer (2 M NaCl, 10 mM Tris, pH 7.5, 1% Nonidet P-40, 0.5% 

desoxycholic acid, 1 mM EDTA). Immune complexes were extracted in elution buffer by 

shaking the samples for 15 min at 1200 rpm, 30°C. They were then digested with RNase for 

30 min at 37°C. After proteinase K digestion for 6 h at 37°C and 6 h at 65°C, DNA was 

extracted using a PCR purification kit (Qiagen, Hilden, Germany). Il-8 promoter DNA was 

amplified by PCR using Hot Star Taq (Qiagen) DNA polymerase. PCR products were 

separated by agarose gel electrophoresis and detected by ethidium bromide staining. Equal 

amounts of input DNA was controlled by gel electrophoresis. The following promoter-

specific primers for iL8 were used: sense, 5'-AAG AAA ACT TTC GTC ATA CTC CG-3'; 

antisense, 5'-TGG CTT TTT ATA TCA TCA CCC TAC-3'.  

 

Statistical analysis  

Data in Fig. 1 C and D, 2A, 3A and B, 4 A and B, 6 A and C-F and 7A are shown as means ± 

S.E.M. of at least three independent experiments. Main effects were then compared by a 

Newman-Keul`s post-test. Stimulatory effects of M. catarrhalis as well as inhibitory effects 

of siRNA used were statistically evaluated employing the Student's t test. Throughout the 

figures, p values of < 0.05 are indicated by one asterisk. 

RESULTS 

 

M. catarrhalis induced IL-8 transcription and release in bronchial epithelial cells 
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To study the host-pathogen interaction between M. catarrhalis and pulmonary epithelium in vitro 

we used the SV-40 T antigen transformed bronchial epithelial cell line BEAS-2B as cell culture 

model as well as primary isolated bronchial epithelial cells (PBECs) closely resembling their in 

vivo state and therefore offering an important tool to study PBEC activation in vitro. Moreover, 

BEAS-2B cells has been shown to behave similarly to the primary culture of PBEC cells in many 

aspects of their cellular functions [17, 26, 29]. Incubation of BEAS-2B cells and primary 

bronchial epithelial cells (PBECs) with M. catarrhalis strain O35E (107 cfu/ml for 60, 120 and 

240 min) produced a time-dependent increase in IL-8 transcription (Fig.1A and B). Infection of 

BEAS-2B cells with M. catarrhalis strain ATCC 25238 induced an equally strong IL-8 protein 

release when compared to strain O35E (Fig. 1C). A dose-dependent IL-8 release also could be 

demonstrated by PBECs infected with Moraxella strain O35E (Fig. 1D). In order to investigate 

the influence of bacterial viability on IL-8 release we heat-inactived M. catarrhalis strain O35E 

(1x107 CFU/ml) prior to infection of BEAS-2B cells. We found no significant difference in the 

IL-8 release of BEAS-2B cells induced by inactivated bacteria when compared to infection with 

viable Moraxella at the same doses (Fig. 1 E). 

 

M. catarrhalis increased PKC activity in bronchial epithelial cells 

To further explore whether activation of PKC might play a crucial role in M. catarrhalis-induced 

cell activation, we infected BEAS-2B cells for 60, 120 and 240 min with M. catarrhalis (107 

cfu/ml) and found a 2 to 4 fold increase in PKC activity (Fig. 2A). 2 h stimulation of the cells 

with strain O35E resulted in an increase of PKC activity which was comparable to that observed 

after infection with strain ATCC 25238 or a 1 h stimulation of the cells with  phorbol 12-

myristate 13-acetate (PMA, 160 nM), a strong inducer of PKC activity (Fig. 2A). M. catarrhalis-

induced PKC activation was confirmed by immunoblot showing a time-dependent increase of 

phophorylation of myristoylated, alanine-rich C-kinase substrate (MARCKS), one major substrate 

of PKC [30] in strain O35E-infected cells (Fig. 2B). 
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M. catarrhalis-induced IL-8 release and PKC activation in bronchial epithelium is 

dependent on UspA2 but not on UspA1 expression  

In order to investigate the role of M. catarrhalis proteins UspA1 and UspA2 for the IL-8 release 

of pulmonary epithelial cells, we infected BEAS-2B cells with either the M. catarrhalis wild type 

strain O35E, the UspA1-deficient mutant strain O35E.1 or the UspA2 deficient mutant strain 

O35E.2 for 16 h. As shown in figure 3A, IL-8 protein release induced by the strain O35E.1 did 

not differ from IL-8 secretion induced by the wild type strain O35E.  In contrast, strain O35E.2 

induced significantly lower IL-8 secretion suggesting that UspA2-epithelial cell interaction is 

important for the M. catarrhalis-induced IL-8 release. Next, we investigated the impact of UspA1 

and UspA2 expression on the activation of PKC by incubating the cells with either the O35E wild 

type strain, the UspA1 deficient mutant strain O35E.1 or the UspA2 deficient mutant strain 

O35E.2. We found that Moraxella expression of UspA1 was not involved in PKC activation of 

BEAS-2B cells, whereas PKC activity seemed to be dependent on UspA2 (Fig. 3B). To exclude 

possible discrepancies in growth-rates of the used Moraxella strains we compared the growth of 

the wild-type and mutant strains of M. catarrhalis by incubating the bacterial suspensions at an 

initial OD of 0.01 (at 405 nm) in BHI broth and at 37°C with shaking. Growth was followed by 

means of OD measurements. Data were verified by different CFU countings at different OD of M. 

catarrhalis suspensions. Analogous to the results of Aebi et al. we found no differences between 

the strains tested (data not shown), [31]. Therefore, these data suggest that UspA2 but not UspA1 

is important for the M. catarrhalis induced PKC activation and IL-8 release in pulmonary 

epithelial cells. 

 

M. catarrhalis-induced IL-8 release is differentially regulated by the PKC isoforms PKCα, 

PKCε and PKCθ. 

To further investigate the contribution of PKC and its different isoforms on the M. catarrhalis-

induced IL-8 release, we pre-incubated BEAS-2B cells with the pan-PKC inhibitors calphostin C 



 13

or staurosporin for 1 h and subsequently infected them with Moraxella strain O35E. Induction of 

IL-8 release was assessed by ELISA. As shown in figure 4A both inhibitors lead to a reduction of 

IL-8 release suggesting an involvement of  PKC in the IL-8 production in response to Moraxella 

infection. Next, we studied the role of different PKC isoforms known to be expressed in 

pulmonary epithelium. Therefore, confluent BEAS-2B cells were pre-incubated with chemical 

PKC isoform inhibitors blocking PKCαβ (Gö6976, PKC 20/28), PKCβ (PKCβ inhibitor), PKCδ 

(rottlerin), PKCε (PKCε-translocation inhibitor peptide), PKCθ (PKCθ pseudosubstrate inhibitor, 

myristoylated) or PKCζ (PKCζ pseudosubstrate inhibitor, myristoylated) before infecting the cells 

with M. catarrhalis for 16 h.. As shown in figure 4B blocking of PKCα and PKCε reduced M. 

catarrhalis-induced IL-8 production. In contrast, inhibiton of PKCθ lead to a significant increase 

of the IL-8 response. Inhibition of other PKC isotypes did not affect IL-8 release as exemplarily 

shown for PKCβ and PKCζ (Fig. 4B, and data not shown). The chemical inhibitors used in these 

experiments did neither reduce epithelial cell numbers, nor induce morphological signs of 

cytotoxicity or alter bacterial growth within the time frame tested (data not shown). 

Next, the relevance of PKCα, PKCε and PKCθ for IL-8 expression was analyzed in more detail 

using siRNA mediated gene silencing. However, viability of BEAS-2B cells was significantly 

affected during the gene knock-out procedure (data not shown). Therefore, we used the 

pulmonary epithelial cell line A549 which we used previously with success for efficient target 

gene silencing [26, 32]. At first, we confirmed involvement of the PKC isoforms PKCα, PKCε 

and PKCθ for the Moraxella induced IL-8 release in this cell line by making use of the chemical 

inhibitors described above (Fig. 5A). Next, we tested the siRNA for their ability to reduce 

expression of the target proteins and found that the PKCα−, PKCε− and PKCθ-specific siRNA 

substantially reduced protein levels of the corresponding kinase isotypes (Fig. B-D). Moreover, 

knock-down of PKCα  and PKCε by siRNA decreased the IL-8 production induced by O35E 

compared to cells transfected with control siRNA (Fig. 5E and F). In contrast, transfection of 

PKCθ siRNA increased the Moraxella-induced IL-8 response in A549 cells (Fig. 5G). Thus, our 
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results confirm the different regulatory functions of these PKC isoforms for the M. catarrhalis-

induced IL-8 release.  

 

M. catarrhalis activates PKCα, PKCε and PKCθ activation in pulmonary epithelial cells. 

The translocation of kinases from cytosol to the cellular membrane is known to be an indicator for 

activation PKC of these PKC isoforms  [33, 34].  In order to confirm activation of the PKC 

isotypes PKCα, PKCε and PKCθ we therefore detected translocated PKC isotypes in the cell 

membrane following M. catarrhalis infection by Western blotting. As shown in figure 5A by 

using a pan-specific PKC antibody, PKC strongly translocated from the cytosol to the cell 

membrane of infected cells. Similarly, translocation to the cell membrane could also be shown for 

PKCα , PKCε and PKCθ isoforms indicating activation of these isoforms by following Moraxella 

infection in pulmonary epithelium (Fig. 5 B-D). 

 

PKC and UspA2 participate in M. catarrhalis -induced NF-κB activation  

Recently, we have demonstrated that the M. catarrhalis induced IL-8 release is dependent on the 

activation and translocation of NF-κB and its binding to the il8 promoter [17]. Previous studies 

have demonstrated that activation of PKC by PMA and TNF-α were required for NF-κB 

activation in various cell types [35]. To assess the importance of PKC for the M. catarrhalis-

induced NF-κB activation, we infected the NF-κB-dependent reporter cell line, A549 6Btkluc 

with M. catarrhalis for different time periods. Prior to the infection, cells were incubated with the 

pan-PKC inhibitor calphostin C (calphC). As shown in Fig. 7A, inhibition of PKC significantly 

reduced NF-κB activation measured by the NF-κB luciferase activity. Moreover, infection of the 

cells with the UspA2 deficient mutant strain O35E.2 also resulted in a decreased NF-κB activation 

when compared to the wild type strain (Fig. 7A) and to the UspA1-deficient mutant strain O35E.1 

(data not shown).  
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The PKC isoforms PKCα , PKCε and PKCθ differentially control IL-8 expression in M. 

catarrhalis infected pulmonary epithelial cells. 

Following activation, NF- B translocates from the cytosol to the nucleus, to bind the IL-8/ κB-

binding site of the il8 promoter and induce transcription [14]. To characterize the role of the 

different PKC isoforms for the M. catarrhalis-induced transcription at the il8 promoter Chromatin 

immunoprecipitation (ChIP) studies were employed. We examined whether M. catarrhalis-

induced NF-κB activation in pulmonary epithelial cells led to an increased binding of RNA 

polymerase II (Pol II) at the il8 promoter to indicate start of gene transcription [36]. As shown in 

figure 7B, infection of the BEAS-2B cells with M. catarrhalis resulted in an increased binding of 

Pol II to the il8 promoter confirming previous results of an increased IL-8 transcription induced 

by this pathogen (Fig. 7B) [17]. To investigate the role of PKCα , PKCε and PKCθ in this 

process, BEAS-2B cells were pre incubated for 60 min with the specific inhibitors of PKCα  

(Gö6976), PKCε (PKCε translocation inhibitor peptide) or PKCθ (PKCθ pseudosubstrate 

inhibitor) before infection with M. catarrhalis (107 cfu/ml) for additional 120 min. Pre-incubation 

of the cells with PKCζ  inhibitor did not influence the M. catarrhalis-induced IL-8 release, was 

used as internal control. Our results clearly show that the M. catarrhalis-induced recruitment of 

the Pol II to the il8 promoter was significantly reduced after inhibition of PKCα- and PKCε (Fig. 

7B). In contrast, inhibition of PKCθ resulted in an increased binding of Pol II to the promoter in 

response to Moraxella infection, suggesting that M. catarrhalis-induced IL-8 transcription is 

negatively regulated by this PKC isoform (Fig.7B). Inhibition of PKCζ did not change the 

binding pattern of Pol II when compared to the untreated but Moraxella-infected cells. 
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DISCUSSION 

M. catarrhalis plays a pathological role in COPD exacerbations by stimulating the secretion of 

pro-inflammatory mediators such as IL-8 [17, 26]. In the study presented, we demonstrated that 

the M. catarrhalis-induced NF-κB-dependent IL-8 release is controlled, at least in part, by 

activation of PKC. In addition, we found that several PKC isoforms expressed in pulmonary 

epithelium were differentially involved in M. catarrhalis-induced IL-8 secretion [24]. Chemical 

inhibition as well as siRNA-mediated gene silencing of PKCα and ε significantly suppressed 

whereas inhibition of PKCθ increased the M. catarrhalis-induced IL-8 release suggesting an 

opposing effect of these isoforms. The activating effect of PKCα and ε as well as the inhibiting 

effect of PKCθ on M. catarrhalis-induced IL-8 release was accompanied by a translocation of 

these PKC isoforms from the cytosol to the cell membrane fraction. Other PKC isoforms 

expressed in pulmonary epithelium revealed no effects on M. catarrhalis-induced IL-8 

production. Furthermore, we demonstrated that the differential regulation of the PKC isoforms α, 

ε and θ was mediated through controlling the binding of the polymerase II to the il-8 promoter of 

respiratory epithelial cells. PKC activation was found to be dependent on the expression of the M. 

catarrhalis-specific outer membrane protein UspA2. Cells infected with the UspA2-deficient M. 

catarrhalis mutant strain O35E.2 showed a decreased PKC activity resulting in a decreased NF-

κB activation and IL-8 release when compared to infection with the wild type strain or with the 

UspA1-deficient mutant strain O35E.1. The UspA2 protein is a putative autotransporter 

macromolecule that forms relatively short, filamentous projections on the surface of M. 

catarrhalis cells and is a target for biologically active antibodies [6, 37]. In contrast to UspA1 it is 

not functioning as adhesin but is directly involved in the expression of serum resistance found in 

UspA2 positive Moraxella strains  [5, 38, 39]. In addition, the results of our study suggest that the 

UspA2 mediated activation of PKC controlling the NF-κB dependent IL-8 release may represent a 

new virulence mechanism of Moraxella UspA2 in repiratory epithelial cells. The main limitation 

of our investigation is that it is an in vitro study making use of human bronchial epithelial cells. 
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However, studying the mechanisms of the pathogenesis of this strictly human specific pathogen is 

difficult because of the lack of simple animal models that mimic the pathogen-host-interactions 

seen in humans. Thus, as documented in several publications in vitro cell culture methods provide 

a useful alternative to investigate the interactions between Moraxella or other potentially 

pathogenic microorganisms and the host pulmonary epithelium that occur during infection [13, 

26, 29]. 

Recent reports support a role for PKC in the regulation of proinflammatory gene expression in 

airway epithelial cells. PKC activation by PMA has been shown to stimulate NF-κB activation 

and to induce GM-CSF expression in A549 cells and human bronchial epithelial cells [40, 41]. In 

addition, several studies have demonstrated airway epithelial cell TNF-  responses to be at least 

partially sensitive to PKC inhibitors. In human bronchial epithelial cells, cigarette smoke-induced, 

as well as C5a-mediated IL-8 expression  [42] and TNFα-induced ICAM-1 expression [43] were 

blocked by calphostin C, and TNF-α-induced GM-CSF expression was inhibitable by the pan-

PKC blocker staurosporine [44]. In addition, Hewson et al. reported that PMA-induced expression 

of the airway mucins MUC5B and MUC5AC by airway epithelial cells were attenuated after 

treatment of the cells with the pan-PKC inhibitor, calphostin C [45]. Although these studies did 

not determine the PKC isoenzymes responsible for phorbol ester-induced responses, they are 

consistent with our findings that PKC isoforms may regulate airway epithelial cell gene 

expression in an NF- B-dependent manner. The PKC family has long been known to play pivotal 

roles in controlling inflammation, cell growth, differentiation and apoptosis by regulating the 

activity of transcription factors such as NF-κB [19, 46]. However, their biological effects exerted 

by the activation of PKC may be stimulus as well as cell- or tissue-specific. In epithelial cells 

little is known about pathogen-induced specific regulation of  PKC and in particular PKC 

isoforms and in regard to NF-κB-dependent pro-inflammatory cytokine transcription. Candida 

albicans was found to up-regulate COX-2 through activation of PKC in epithelial cells [47]. 

Moreover, pathogen-related expression of COX-2 in Helicobacter pylori- or Staphylococcus 
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aureus-infected epithelial cells was shown to be mediated by PKC activation [48, 49].  We 

recently demonstrated that COX-2 expression and subsequent PGE2-synthesis induced by 

Legionella neumophila infection of the alveolar epithelial cell line A549 was reliant on PKCα and 

NF-κB activation in lung epithelial cells [28]. As shown in this study, infection of pulmonary 

epithelial cells with M. catarrhalis activated PKC which triggered NF-κB activation resulting in 

IL-8 transcription and release. Moreover we found, that the PKC isoforms PKCα, PKCε and 

PKCθ were involved the M. catarrhalis-induced IL-8 release by differentially regulating IL-8 

transcription. Therefore, our results suggest a specific regulation of PKC isoforms in regard to IL-

8 induction in Moraxella-infected pulmonary epithelial cells.  

The levels and different compositions of the PKC isoforms represent a tissue-dependent balance 

between expression and degradation that may be altered in settings of cellular stress such as acute 

or chronic inflammation or smoking [50]. Changes in the expression of PKC isoforms may further 

influence the inflammatory immune response following M. catarrhalis infection. However, 

limited information exists about PKC in human pulmonary epithelial cells and further studies are 

needed to analyze the composition of PKC isoforms in normal and diseased pulmonary 

epithelium. A better understanding of the mechanisms how individual PKC isozymes contribute 

to the pathogenesis of bacterial infections in COPD patients, may provide a new therapeutic target 

to combat this chronic inflammatory disease. 
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FIGURE LEGENDS 

Figure 1. Determination of IL-8 production in pulmonary epithelial cells. BEAS-2B cells (A) 

and primary bronchial epithelial cells (PBEC) (B) were infected for 60, 120, and  240 min with M. 

catarrhalis strain O35E and IL-8 mRNA was detected by RT-PCR. In addition BEAS-2B cells 

(C) and PBECs (D) were infected with Moraxella strain O35E with the indicated doses and 

incubated for 12 h. IL-8 release in the supernatants of the cells was measured by ELISA. In 

addition, IL-8 release was measured in the supernatants of BEAS-2B cells after infection with M. 

catarrhalis strain ATCC 25238 (Fig 1C). In figure 1E BEAS-2B monolayer were incubated with 

viable (v) M. catarrhalis or heat-inactivated (hi) bacteria of strain O35E (107 CFU/ml) and IL-8 

release was measured by ELISA as described before. Data presented in (C-E) are means ± SEM 

of 3 separate experiments. *, p<0.05 vs. infected control. Representative gels out of three 

independent experiments are shown (A, B); M.c. M. catarrhalis. 
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Figure 2. M. catarrhalis induces PKC activity in pulmonary epithelial cells 
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(A) BEAS-2B cells were incubated with M. catarrhalis (106 cfu/ml) and PKC activity was 

detected by PKC activity assay. PMA (160 nM, 60 min) was used as positive control. (B) In 

BEAS-2B cells a time-dependent M. catarrhalis-induced phosphorylation of MARCKS, one 

major substrate of PKC was detected by Western blot. 
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Figure 3. Moraxella-specific UspA2 is important for IL-8 release and PKC activation in 

pulmonary epithelial cells 
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(A) BEAS-2B cells were incubated with M. catarrhalis wild type strain O35E, the UspA1-

deficient mutant O35E.1, the UspA2-deficient mutant strain O35E.2 (105 cfu/ml) or PMA (160 

nM) and incubated for 12 h. IL-8 secretion in the supernatants of the cells was measured by 

ELISA. (B) BEAS-2B cells were incubated with wild type Moraxella or the mutant strains 

O35E.1,  O35E.2 or PMA for 2 h and PKC activity was assessed by PKC activity assay. Data 

presented are means ± SEM of 3 separate experiments. *, p<0.05 vs. infected control. 
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Figure 4. M. catarrhalis-induced IL-8 release in BEAS-2B cells is differentialy regulated by 

PKC isoforms 
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(A) BEAS-2B cells were pre-incubated (60 min) with the broad sprectrum PKC inhibitors 

calphostin C (10 µM) or staurosporin (50 nM)  and infected with M. catarrhalis (106 cfu/ml) for 

12 h. (B) BEAS-2B cells were pre-incubated for 1 h with inhibitors targeting the PKC isoforms 

PKC α and β (Gö6976 and PKC 20/28), β (PKC β Inhibitor), ε (PKCε translocation inhibitor 

peptide), PKCθ or PKC ζ inhibitor (PKC θ or ζ pseudosubstrate inhibitor) and infected with M. 

catarrhalis for 12 h. IL-8 release was assessed by ELISA (A, B). ELISA data presented are means 

± SEM of 4 separate experiments. *, p<0.05 vs. stimulated control; M.c., M. catarrhalis. 
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Figure 5. Gene silencing of the PKC isoforms PKC α, PKC ε and PKC confirmed 

differential regulation of IL-8 production in pulmonary epithelial cells 
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(A) A549 cells were pre-incubated for 1 h with inhibitors targeting the PKC isoforms PKC α and 

β (Gö6976, PKCε translocation inhibitor peptide), θ or ζ inhibitor or left untrated and infected 

with M. catarrhalis for 12 h. IL-8 release was assessed by ELISA. A549 cells were left untreated, 

or were transfected with control non-silencing siRNA (c-siRNA) or siRNA targeting PKCα (B), 

PKCε (C) or PKCθ (D). After 72 h, cells were lysed and Western blots using anti-PKCα, PKCε- 

or PKCθ antibodies were performed. Membranes were simultaneously probed with anti-ERK2 

antibodies to confirm equal protein loading. Next, A549 cells were transfected with control non-

silencing siRNA (c-siRNA) or siRNA targeting PKCα (E),  PKCε (F) or PKCθ (G). Cells were 

either left untreated  (-) or stimulated with M. catarrhalis strain O35E for 16 h at the doses 

indicated and IL-8 in the cell supernatants were measured by ELISA. Shown is one representative 

experiment out of three independent experiments, each transfection performed in duplicates. *, p< 

0.05 vs wild type strain O35E; representative experiments out of three are shown in figure A, E-

G. 
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Figure 6. Cellular translocation studies of PKC and its isoforms PKCα, PKCε and PKCθ in 

pulmonary epithelial cells.  
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Translocation of PKCs from cytosol (cyt) to membrane compartments provides confirmation of 

their activation. To assess translocation of PKC and its isoforms PKCα, PKCε and PKCθ by 

Western blot, BEAS-2B epithelial cells were infected with M. catarrhalis (106 cfu/ml) for 60, 

120, 240 min. Translocated PKC (A) as well as its isoforms PKCα, PKCε and PKCθ (B-D) could 

be detected after 60-120 min in the cellular membrane fraction (mb). 



 39

 

 

Figure 7. M. catarrhalis-induced NF-κB-dependent IL-8 transcription is differentially 

regulated by the PKC isoforms α, ε and θ  in pulmonary epithelial cells  
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(A) The NF-κB-dependent reporter cell line, A549 6Btkluc was either left untreated or was pre-

incubated with calphostin C (CalphC) (10 µM) and infected with M. catarrhalis strain O35E or 

strain O35E.2 for 6 h.  NF-κB luciferase activity was detected using luciferase assay. (B) BEAS-

2B cells were infected with M. catarrhalis for 2 h and binding pattern of polymerase II (POL II)  

to il-8 promoter was analyzed by ChIP. BEAS-2B were either left untreated or were pre-incubated 

with Gö6976, PKC ε-TIP and PKC θ inhibitor before infection with Moraxella and processed by 

ChIP. PKC ζ inhibitor which is not involved in M. catarrhalis induced IL-8 secretion was used as 

a control. Data presented in A are means ± SEM of 4 separate experiments.*, p< 0.05 vs wild type 

strain O35E; representative experiments out of three are shown in B. 
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