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Outline 
 
Bacterial infections represent an increasing threat in human health and hospital-

acquired infections meanwhile account for 99,000 deaths every year in the United 

States (Ventola, 2015). Live-threating bacterial infections will certainly emerge to an 

even more serious concern in future, essentially by accelerated development of 

antibiotic resistance. Only recently, the discovery of plasmid-encoded mcr-1, that 

confers resistance against colistin, marks the point where this highly transmissible 

resistance mechanism is now reported for every so far developed antibiotic (Liu et 
al., 2016). Staphylococcus aureus is a Gram-positive bacterium and well-known for 

its ability to quickly acquire resistance toward antibiotics either by chromosomal 

mutations and/or horizontal gene transfer (Pantosti et al., 2007). Although 

approximately 30% of the population is colonized with S. aureus (Kluytmans et al., 
1997), it can transform to an invasive pathogen that causes a wide range of severe 

infections including pneumonia. The success of S. aureus as opportunistic pathogen 

can be attributed to combinations of several beneficial properties and capabilities 

including the expression of an arsenal of virulence factors (Archer, 1998), 

intracellular persistence (Garzoni & Kelley, 2009) and subversion of host cell defense 

mechanisms (Schnaith et al., 2007).  

The airway epithelium is the first line of defense against bacterial pathogens by 

forming a relative impermeable physical barrier composed of epithelial cells that are 

linked by tight junctions, desmosomes and adherence junctions (Davies & Garrod, 

1997). Additionally, the airway epithelium mediates the detection of bacterial 

pathogens via toll-like receptors (TLRs) that recognize a variety of bacterial 

molecular patterns such as lipopolysaccharide (LPS), peptidoglycan and flaggelin 

(Sha et al., 2012). This interaction is transduced via protein phosphorylations into the 

cell in order to promote adaptation to the infection by initiation of the adaptive and 

innate immune defense. Although few insights where obtained of the signaling host 

responses towards staphylococcal infections (Agerer et al., 2003; 2005; Ellington et 
al., 2001), a comprehensive description of the host signaling network is largely 

missing. Thus, this dissertation thesis focuses on the decipherment of 

phosphorylation-mediated signaling responses towards S. aureus infections in non-

professional and professional phagocytes by mass spectrometry-based 
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phosphoproteomic techniques. The results of this thesis are summarized in the 

following four chapters. 

 

Chapter I Proteomic discovery of host kinase signaling in bacterial 
infections (Article I) 
 

Richter E, Mostertz J, Hochgräfe F; Accepted for publication in 
Proteomics-Clinical applications. 
 
This review introduces to recent advances in the development of 

methodologies applied in the field of phosphoproteomics, including 

quantification strategies, peptide fractionation techniques and 

phosphopeptide enrichment methods applied for the system-wide 

characterization of protein phosphorylations by mass spectrometry. 

Additionally, publications reporting phosphorylation-based host 

signaling responses towards bacterial pathogens or their molecular 

patterns that applied mass spectrometry-based phosphoproteomics are 

discussed.  

 

 

Chapter II A multi-omics approach identifies key hubs associated with cell 
type-specific responses of airway epithelial cells to staphylococcal 
alpha-toxin (Article II)  

 
Richter E, Harms M, Ventz K, Gierok P, Chilukoti RK, Hildebrandt JP, 

Mostertz J, Hochgräfe F; 2015; PLoS One. 10(3):e0122089. 
 
In this chapter, the responses of the human bronchial epithelial cell 

lines 16HBE14o- and S9 following challenge with staphylococcal alpha-

toxin at the level of proteome and phosphoproteome are summarized. 

General and cell type-specific signaling events are highlighted and 

evidences linking the activity of the epidermal growth factor receptor 

(EGFR) with differences in tolerance toward alpha-toxin are provided.  
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Chapter III Quantitative proteomics reveals the dynamics of protein 
phosphorylation in human bronchial epithelial cells during 
internalization, phagosomal escape and intracellular replication of 
Staphylococcus aureus (Article III) 
 

Richter E, Harms M, Ventz K, Nölker R, Fraunholz MJ, Mostertz J, 

Hochgräfe F; Submitted. 
 
This chapter describes the modulation of the host signaling network of 

16HBE14o- airway epithelial cells triggered by infection with S. aureus 

including temporal dissection of signaling events. Several protein 

kinases were identified as important signaling hubs mediating the host 

response. Targeted pharmaceutical inhibition of these kinases was 

probed and resulted in reduction of intracellular bacterial load. 

 
 
Chapter IV Induction of macrophage function in Human THP-1 cells is 

associated with rewiring of MAPK signaling and activation of 
MAP3K7 (TAK1) protein kinase (Article IV) 

 
Richter E, Ventz K, Harms M, Mostertz J, Hochgräfe F; 2016; Front. 
Cell Dev. Biol. 4:21. 

   
This chapter describes the rearrangement of the kinome by the 

differentiation of THP-1 monocytes to macrophage-like cells by 

application of quantitative kinomics. This approach identified the kinase 

MAP3K7 (TAK1) as key mediator of bacterial clearance, chemokine 

secretion and the differentiation process itself. 

 



7 
 

 

Summary 
 

Proteomic discovery of host kinase signaling in bacterial infections 
(Article I) 
 
Protein phosphorylations are a reversible posttranslational modification 

predominantly on serine, threonine and tyrosine residues that act as molecular 

switches important for regulation of protein function and transduction of signals 

involved in virtually all cellular processes. Addition and removal of phosphoryl groups 

is mediated by protein kinases and protein phosphatases, respectively. The human 

genome encodes an impressive repertoire of approximately 520 protein kinases and 

100 protein phosphatases (Venter et al., 2001; Manning et al., 2002). The combined 

action of kinases and phosphatases generates a highly dynamic and sophisticated 

landscape of phosphorylation and early estimations suggested that around 100,000 

protein phosphorylation exist in a eukaryotic cell (Zhang et al., 2002). This 

emphasized the development of techniques for comprehensive and system-wide 

characterization of protein phosphorylations and finally yielded in phosphoproteomic 

workflows, accompanied by advances in mass spectrometric instrumentation, which 

enabled quantitative in-depth analyses of phosphoproteomes (Figure 1).  

The initial step of cell disruption can be performed either under denaturating or native 

conditions, whereas the letter is required if kinase-selective enrichment either by 

small molecule inhibitors (Bantscheff et al., 2007; Wissing et al., 2007) or by acyl-

ATP probes (Patricelli et al., 2007) is implemented in the workflow. This enrichment 

facilitates an increase in the information density regarding the phosphorylation 

patterns present on protein kinases. Extracted proteins are cleaved to peptides by 

enzymatic digestion, most commonly by using trypsin. Resulting peptides are 

subsequently assessable for multiplexed chemically labeling approaches including 

tandem mass tags (TMT) (Andrew Thompson et al., 2003), isobaric tags for relative 

and absolute quantitation (iTRAQ) (Ross et al., 2004) and dimethyl labeling (Hsu et 
al., 2003) for quantification of phosphorylations. In situations where cells can be 

maintained in a proliferative state in cell culture, metabolic labeling of proteins can be 

performed by stable isotope labeling in cell culture (SILAC) (Ong et al., 2002). For 

that purpose, cells are grown in media supplemented with essential amino acids,  
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Figure 1: Generalized workflow for MS-based phosphoproteomics. Experimental procedure 
includes the lysis of cells, preparation of total protein cell lysates, followed by generation of peptides 
by proteolysis. In cases where increased information density of the kinome is required, protein kinases 
are enriched using either small molecule inhibitors or acyl-ATP probes prior digestion under native 
conditions. For accurate quantification, proteins are metabolically labeled using SILAC or peptides are 
chemically labeled using TMT, iTRAQ or dimethyl labeling. Sample complexity is subsequently 
decreased by fractionation using SCX, HILIC or ERLIC. Phosphopeptide enrichment is performed by 
metal oxides, IMAC or immunoaffinity-based. The steps fractionation and phosphopeptide enrichment 
are changeable in order. Mass spectra of phosphopeptides are recorded by LC-MS/MS and 
quantification is performed at MS1 level of precursor ion intensities or at MS2 (also MS/MS) level of 
reporter ion intensities. Obtained data are subsequently examined regarding differential regulation of 
phosphorylations and numerous available downstream analyses tools can be used in order to gain 
insights of the implications in a biological context. 
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most commonly arginine and lysine, labeled with stable isotopes for quantification of 

phosphorylations across up to three different conditions by mixing equal amounts of 

proteins or equal number of cells. Although protein phosphorylations have a pivotal 

role in regulating key cellular functions, these events occur frequently on rather low 

abundant proteins. This results in low stoichiometry and abundance of 

phosphorylated peptides in complex peptide mixtures and thus requires an 

enrichment of phosphopeptides prior analysis by mass spectrometry. Most 

commonly, fractionation is performed for reduction of sample complexity prior 

phosphopeptide enrichment, although both steps are changeable in order. 

Fractionation by strong cation exchange chromatography (SCX) is basically based on 

the net charge of peptides and allows rough separation of phosphorylated peptides 

from non-phosphorylated peptides (Beausoleil et al., 2004). Recently, peptide 

fraction techniques that rely on differences in hydrophobicity/hydrophilicity such as 

hydrophilic interaction chromatography (HILIC) (McNulty & Annan, 2009) and 

electrostatic repulsion interaction chromatography (ERLIC) (Alpert, 2008) were 

successfully introduced for phosphoproteomic analyses. 

Titanium dioxide (TiO2) is most widely used for the efficient enrichment of 

phosphorylated peptides (Pinkse et al., 2004; Larsen et al., 2005). In addition, 

immobilized metal affinity chromatography (IMAC) using a variety of different metal 

ions is another popular method for phosphopeptide enrichment (Neville et al., 1997). 

The use of immunoprecipitation using antibodies specific for phosphotyrosines is 

feasible for enrichment of peptides containing phosphorylated tyrosine in order to 

account for the small contribution of phosphotyrosines to the total phosphoproteome 

(approximately 2%), which is not improved by general phosphopeptide enrichment 

strategies (Rush et al., 2005). Finally, peptide mixtures are analyzed by liquid 

chromatography-mass spectrometry (LC-MS) that includes determination of 

precursor ion masses and the acquisition of peptide fragment spectra (MS/MS) that 

are important for accurate site localization of the phosphorylation especially for 

peptides that contain several potential sites for phosphorylation. Further, 

fragmentation of phosphotyrosine containing peptides generates immonium ions 

whereas phosphoserine and phosphothreonine-containing peptides may show a 

neutral loss of phosphoric acid. Consideration of these features during MS 

measurements and data analysis can improve the accuracy of identifications (Macek 

et al., 2009). Recorded data are subsequently processed with available software 
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such as MaxQuant (Cox et al., 2011), Proteome Discoverer, or Mascot (Perkins et 
al., 1999) that perform feature extraction, peak list generation, database search for 

identification of peptides and their quantification as well as site assignment for 

phosphorylated peptides. A large repertoire of downstream processing tools are 

available to draw biological clues from obtained high-throughput data including 

repositories of known phosphorylation sites assigned to biological functions such as 

PhosphoSitePlus (Hornbeck et al., 2011), functional annotation tools such as 

GeneOntology (GO) (Ashburner et al., 2000) and the Kyoto Encyclopedia of Genes 

and Genomes (KEGG) (Kanehisa & Goto, 2000), or upstream kinase predictors like 

NetPhorest (Horn et al., 2014). 

System-wide analyses of signaling networks by mass spectrometry-based 

phosphoproteomics contributed greatly for a better understanding of the molecular 

basis of signal transduction processes in almost all biological subdisciplines. This 

also holds true for bacterial infection research as numerous published reports applied 

phosphoproteomics for elucidation of cellular signaling at the host-pathogen 

interface. For instance, macrophage-associated TLR signaling, involved in 

recognition of evolutionary conserved components of bacterial origin, was extensively 

characterized towards a variety of TLR ligands (Weintz et al., 2010; Sjoelund et al., 
2014; Chen et al., 2012). Moreover, phosphoproteomics is suitable to resolve 

alterations in host signaling with associated changes in molecular functions triggered 

by mutants or strain variants that show differences in cytotoxicity, e.g., in 

macrophages challenged with Franciselle novicida (Nakayasu et al., 2013). Further, 

mechanistic insight regarding the involvement of bacterial effectors on the host 

signaling to exploit cellular functions to establish or promote infections aided by 

phosphoproteomics were obtained for Salmonella (Rogers et al., 2011; Imami et al., 
2013) and diarrheagenic E. coli (Scholz et al., 2015). 

Conclusively, recent developments in enrichment techniques, quantification 

strategies, software packages and mass spectrometry instrumentations yielded in 

workflows that enable researches to analyze phosphoproteomes in a cost- and time-

efficient manner. Although first insights in regulatory host signaling networks involved 

in bacterial infections have been gained, mass spectrometry-based 

phosphoproteomics will become further important for the understanding of infection- 

associated signaling processes.  



11 
 

 

A multi-omics approach identifies key hubs associated with cell 
type-specific responses of airway epithelial cells to staphylococcal 
alpha-toxin (Article II) 
 
Staphylococcus aureus exhibits an arsenal of virulence factors that mediate evasion 

and dissemination within the host. One major virulence factor of S. aureus is 

hemolysin alpha (alpha-toxin; Hla) that is directly linked with staphylococcal 

pathogenicity and morbidity in lung infections (Bubeck Wardenburg et al., 2007). 

Alpha-toxin is a member of the pore-forming toxins and is secreted as water-soluble 

monomers that form a heptameric transmembrane pore upon binding to the 

membrane of target cells (Song et al., 1996), resulting in disruption of epithelial 

barrier function (Inoshima et al., 2011). Additionally, the interaction of Hla with airway 

epithelial cells is associated with a diverse range of cellular effects including 

depletion of intracellular metabolites (Gierok et al., 2014), elevation of intracellular 

Ca2+ levels (Eichstaedt et al., 2009) and secretion of proinflammatory chemokines 

and cytokines (Räth et al., 2013) via activation of mitogen-activated protein kinases 

(MAPKs) including Erk (MAPK1/3) and p38 (Below et al., 2009; Räth et al., 2013). 

However a comprehensive view of the host response to Hla at the level of signaling 

in airway epithelial cells is still missing. We addressed this issue in a comparative 

multi-omics approach that included proteomic and phosphoproteomics analyses by 

combining SILAC, phosphopeptide enrichment and high-resolution mass 

spectrometry using the cell lines 16HBH14o- and S9 obtained from human bronchial 

epithelium (Gruenert et al., 2004; Cozens et al., 2012). 

In accordance with previous findings (Hermann et al., 2014), treatment with 

recombinant Hla (rHla) at a concentration of 2,000 ng/ml highlighted differences in 

the ability to tolerate rHla between the two airway epithelial cell lines. 16HBH14o- 

cells showed a dramatic decline in the proportion of vital cells reaching 80%, 30% 

and 5% following rHla treatment after 2 h, 6 h and 24 h, respectively, when compared 

to corresponding control cells (Figure 2a). In striking contrast, S9 cells showed only a 

moderate decrease in the number of viable cells, reaching 70% after 24 h rHla 

treatment. In addition, to assess the metabolic activity of 16HBE14o- and S9 cells, a 

resazurin based-assay was used (Figure 2b). A gradually decrease in the metabolic 

activity was observed for 16HBE14o- cells that was not seen for S9 cells, indicating 

that S9 cells were not susceptible to Hla-mediated cytotoxicity. 
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According to the results obtained and previous reports on Hla-induced kinase 

activation (Below et al., 2009; Räth et al., 2013), a treatment period of 2 h using 

2,000 ng/ml rHla was chosen for the –omics experiments.  

Proteomic analysis facilitated the identification of 3,579 proteins based on two 

peptide sequences including one unique peptide sequence per protein and by 

applying a false discovery rate (FDR) of ≤ 0.01. Considering only proteins that 

showed a 1.58-fold-change in their abundance as regulated, both cell lines displayed 

only marginally alterations in their proteome composition after two hours Hla 

treatment. In 16HBE14o- cells, 29 and 26 proteins were detected in increased and 

decreased amounts, respectively. Similar quantities were observed for S9 cells that 

showed higher amounts of 33 proteins, while 37 proteins were observed with 

decreased expression levels. Only syndecan 4 (SYND4), glycosyltransferase 

glycogenin (GYG-1), transmembrane 4 superfamily member (TSN11) and 

centromere protein F showed regulation in abundance across both cell lines. 

Along proteomic analyses, phosphoproteomics was performed and quantitative data 

for a total of 5,432 modification-specific peptide sequences, mapping to 1827 

phosphoproteins, were obtained based on at least two independent quantification 

events (Figure 2c). High confidence sites (localization probability > 0.75; score 

difference > 5) were obtained for 4,532 phosphorylation sites including 4,036 

phosphoserines, 321 phosphothreonines and 167 phosphotyrosines. Application of 

1.58-fold as cut-off for significant regulation, translated in Hla-induced changes of 

43% and 35% of the quantified phosphoproteomes of 16HBE14o- and S9 cell, 

respectively. Out of 1,106 phosphoproteins that were observed overlapping between 

both cell lines, approximately 50% showed changes in their phosphorylation pattern 

in both cell lines and the vast majority with comparable trends for up- or down-

regulation of phosphorylation. 

In order to obtain a global view on the effects of Hla on the phosphoproteomes of 

both cell lines, pathways enrichment analysis of regulated phosphoproteins using the 

KEGG was performed (Kanehisa et al., 2016). A number of pathways were 

commonly enriched in both cell lines including ‘Spliceosome’, ‘Regulation of actin 

cytoskeleton’, ‘Focal adhesion’, ‘Adherence junction’ and ‘ErbB signaling pathway’ 

(Figure 2d). 
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Considering the different phenotypic outcome displayed by both model cell lines after 

alpha-toxin treatment, we speculated that disparity in critical signaling hubs exist that 

might contribute or account for the observed difference in susceptibility to Hla. 

Figure 2: Cellular effects and general phosphorylation response of S9 and 16HBE14o- cells 
following treatment with rHla. A: Cell counts of 16HBE14o- and S9 cells obtained 2 h, 6 h and 24 h 
following rHla treatment compared to mock-treated control cells. Data is presented as mean ± 
standard error of the mean (SEM) (n=3) B: General metabolic condition of 16HBE14o- cells 
(diamonds) and S9 cells (triangles) following rHla treatment. Data is normalized to data obtained prior 
rHla treatment. Data represents mean ± SEM (n=3). C: Distribution of log2-transformed SILAC ratios 
obtained for rHla-treated against mock-treated 16HBE14o- and S9 cells. D: Significantly enriched 
(Benjamini-Hochberg corrected p-value ≤ 0.01; indicated by dotted line) KEGG pathways associated 
with rHla treatment of 16HBE14o- and S9 cells. Numbers next to bars indicate the number of assigned 
phosphoproteins to the respective pathway. E: Interaction network of phosphoproteins present in 
enriched KEGG pathways that showed alterations in phosphorylation in both cell lines upon rHla 
treatment. Hla-induced phosphorylation changes are indicated in cyan (decreased), ruby (increased) 
or purple (both) of kinases (diamonds) and substrate proteins (circles). Grey lines indicate 
experimentally proven protein-protein interactions (extracted from STRING) and red arrows indicate 
kinase-substrate relationships (extracted from PhosphoSitePlus). 
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Inspection of the phosphoproteomic data highlighted 14 proteins with oppositely 

regulated phosphorylation sites, whereas the majority of 11 phosphoproteins (CHD1, 

CTNB1, EGFR, EPHA2, GAB1, LASP1, MAPK1, MAPK3, NU153, TOM1, VIGLN) 

(Figure 2e) showed decreased phosphorylation in 16HBE14o- and increased 

phosphorylation in S9 cells and only 3 phosphoproteins (IF4G3, ODPA, PSIP1) were 

reciprocally regulated. Phosphorylation of activation sites of protein kinases EGFR 

(pY1197), MAPK1 (pT185/pY187) and MAPK3 (pT202/pY204) were quantifiable by 

mass spectrometry and were validated by western blots confirming Hla-mediated 

inactivation in 16HBE14o- cells and activation in S9 cells (Figure 3a). Since it was 

not possible to detect signals with phosphosite-specific anti-EGFR antibodies, direct 

downstream substrates SHC Y239 and GAB1 Y627 were used as surrogates for 

EGFR activity. This analysis further supported an increased activity of EGFR in S9 in 

response to Hla that was not present in 16HBE14o- cells (Figure 3a). To evaluate a 

potential association of EGFR and MAPK1/3 activation with its resistance phenotype, 

S9 cell were co-treated with rHla and either the EGFR selective inhibitor tyrphostin 

AG1478 or the MAP2K1/2 selective inhibitor PD98059. Whereas inhibition of 

MAPK1/3 through its upstream kinase MAP2K1/2 did not have an effect on the 

survival of S9 cell following rHla treatment, inhibition of EGFR rendered S9 cells 

susceptible to Hla cytotoxicity as assessed by cell counting (Figure 3b). To exclude 

the possibility that the observed cell type-specific activation of EGFR is only 

attributed to differences in protein amounts, surface-exposed EGFR protein levels 

were quantified by flow cytometry. No correlation between observed EGFR-specific 

activation and protein amounts were observed as 16HBE14o- cells are decorated 

even with higher amounts of EGFR than S9 cells (Figure 3c). 

The metalloprotease ADAM10 has recently been identified as the proteinaceous Hla 

receptor that mediates binding and cytolytic activity in A549 alveolar cells (Wilke & 

Bubeck Wardenburg, 2010). Quantification of total ADAM10 in cell lysates by 

western blot and cell surface located ADAM10 with flow cytometry revealed a higher 

expression level as well as a higher amount of ADAM10 at the cell surface of 

16HBE14o- cells compared to S9 cells (Figure 3c, 3d). Reduction of ADAM10 levels 

by siRNA-mediated knockdown abolished the adverse effect on the general 

metabolic condition of 16HBE14o- cells (Figure 3e). However, ADAM10 knockdown 

did not seem to have a general impact on the Hla-induced host signaling response as  
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exemplified by the dephosphorylation of PAK2 pY141 and phosphorylation of FAK 

pY576 (Figure 3f).In summary, the airway epithelial cell lines 16HBE14o- and S9 

showed dramatic differences in the susceptibility to Hla-mediated cytotoxicity. Global 

changes in the phosphoproteomes were observed and signaling pathways 

associated with focal adhesions, adherence junctions and tight junctions as well as 

Figure 3: Implication of EGFR and ADAM10 in Hla-induced cytotoxicity and host signaling of 
16HBE14o- and S9 cells. A: Western blot analysis of rHla-treated 16HBE14o- and S9 cells. Results 
indicate inactivation of MAPK1/3 and EGFR (using EGFR downstream targets SHC and GAB1 as 
surrogates) in 16HBE14o- cells and activation in S9 cells upon rHla treatment. B: Cell counts of S9 
cells treated for 6 h either with rHla, tyrphostin AG1478 or co-treated. Data represent mean ± SEM 
(n=3). C: Relative quantification of cell surface located EGFR and ADAM10 in 16HBE14o- cells (red), 
A459 alveolar epithelial cells (blue) and S9 cells (orange) by flow cytometry. MFI = mean fluorescence 
intensity. D: Western blot analysis of cell extracts obtained from 16HBE14o- and S9 cells for relative 
quantification of total ADAM10. E: Estimation of general metabolic activity of 16HBE14o- cells with 
and without siRNA-mediated ADAM10 knockdown in the presence or absence of rHla determined by a 
resazurin-based assay. F: Western blot analysis using phosphorylation site-specific antibodies 
directed against PAK2 pY141 and FAK pY576 of extracts obtained from 16HBE14o- and S9 cells with 
or without siRNA-mediated ADAM10 knockdown 2 h post rHla or mock treatment. 
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regulation of the actin cytoskeleton were effect in both cell models. A major 

difference in Hla-induced signaling was the activation of EGFR and down-stream 

MAPK1/3 in S9 cells that was not observed in 16HBE14o- cells. Eventually, 

pharmacological inhibition of EGFR made S9 cells susceptible to Hla cytotoxicity 

indicating a critical role of EGFR activity in resistance to Hla. 
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Quantitative proteomics reveals the dynamics of protein 
phosphorylation in human bronchial epithelial cells during 
internalization, phagosomal escape and intracellular replication of 
Staphylococcus aureus (Article III) 
 
S. aureus is the leading cause of bacterial induced pneumonia in hospitalized 

persons and prevalence for community-acquired pneumonia increased during recent 

years (Defres et al., 2009). These infections are frequently caused by methicillin-

resistant S. aureus (MRSA) strains that are resistant to commonly used antibiotics, 

making their treatment difficult (Rubinstein et al., 2008). Thus, new approaches for 

the therapy of S. aureus-induced infections are urgently needed. These might be 

provided by a deeper understanding of the host signaling that is triggered during 

invasion of S. aureus. For that purpose, SILAC, phosphopeptide enrichment and 

high-resolution mass spectrometry were combined to decipher the signaling 

response of 16HBE14o- bronchial epithelial cells infected with S. aureus HG001 

(Herbert et al., 2010). In order to attempt a rough resolution of different stages of the 

infection including adhesion of S. aureus to host cells, internalization of S. aureus, 

phagosomal escape and intracellular replication, infection was allowed to proceed for 

15 min, 120 min and 240 min. For infections with a total infection period of 240 min, 

cell culture medium was removed 120 min post infection (p.i.), non-ingested S. 
aureus cells were eradicated with gentamicin/lysostaphin treatment and infection was 

allowed to proceed in order to mimic intracellular persistence (Figure 4a). Monitoring 

the infection by flow cytometry indicated that 7% of cells contained fluorescent S. 
aureus cells 15 min p.i. (Figure 4b). The fraction of epithelial cells accommodating 

staphylococci increased to 31% 120 min p.i. and, as expected, no further increase 

(28%) was observed 240 min p.i.. Several lines of evidence indicated replication of S. 
aureus HG001 within infected host cells, including increased mean fluorescent 

intensity (MFI) over time as detected by flow cytometry (Figure 4c), increased 

number of recovered intracellular S. aureus cells as assessed by a gentamicin 

protection assay (Figure 4d), increased number of identified peptides with 

staphylococcal origin by mass spectrometry (Figure 4e) and accumulation of protein 

A in cell lysates obtained from infected 16HBE14o- cells (Figure 4f). Further, to 

validate whether S. aureus HG001 is capable to escape from the phagosomal 

pathway in airway epithelial cells or not, 16HBE14o- cells that stably expressed a 
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YFP-CWT fusion protein as escape marker (Grosz et al., 2013) were infected with an 

isogenic non-fluorescent strain of S. aureus HG001. This approach highlighted S. 
aureus HG001 as highly competent in escaping from phagososomal degradation in 

16HBE14o- cells, as fluorescent foci were detected 120 min p.i. that were absent in 

non-infected control cells (Figure 4g). 

  

 

Profiling the proteome of infected 16HBE14o- cells by LC-MS/MS resulted in the 

identification of 6662 protein groups of human origin and for the majority of protein 

groups (90%) quantitative data was obtained. In total, infection with S. aureus 

Figure 4: Outline of procedure and characterization of 16HBE14o- cells infected with S. aureus. 
A: Schematic of experimental procedure of infection of 16HBE14o- cells with S. aureus HG001. B: 
Fluorescence intensity distribution of 16HBE14o- cells 15 min, 120 min and 240 min after addition of 
GFP expressing S. aureus (red histograms) or uninfected control cells (grey histograms) as analyzed 
by flow cytometry. Proportion of GFP-positive cells are expressed as mean ± S.D. with n = 4. C: GFP 
fluorescence intensity development of S. aureus infected 16HBE14o- cells after different infection 
periods. Data is expressed as mean ± S.D. with n = 4. D: Enumeration of viable S. aureus recovered 
from infected 16HBE14o- cells by a cfu assay. Data is normalized to the number of cfu observed at 
240 min p.i.. Error bars indicate standard error of mean with n = 4. E: Number of identified peptides 
with staphylococcal origin as observed by mass spectrometry analysis of digests obtained from 
lysates of infected 16HBE14o- cells. F:  Increased protein A content as assayed by western blot 
analysis of lysates of S. aureus infected 16HBE14o- cells. G: Escape of S. aureus HG001 from the 
phagosomal pathway 120 min p.i. as demonstrated by fluorescence microscopy using 16HBE14o- 
cells expressing the cytoplasmic located YFP-CWT fusion protein as escape marker. 
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changed the abundance of 31 proteins in at least one sampling point with a 

consistent fold-change of at least 1.5 compared to uninfected control cells, indicating 

that the infection has only a marginal impact on the host’s proteome within the first 

four hours. Among the proteins that changed in abundance, several proteins 

including LATPM4A and NDFIP1 have been reported as autophagosome-associated 

proteins (Mancias et al., 2014). In addition, altered quantities were detected for 

numerous transmembrane proteins such as members of cell surface heparin sulfate 

proteoglycans (Syndecans-1,-3 and -4), Ephrin type-B receptor 2 (EPHB2) and 

Receptor-type tyrosine-protein phosphatase F (PTPRF). This suggests changes in 

the reception and transduction of environmental signals. Interestingly, fibronectin that 

is targeted by fibronectin-binding proteins of S. aureus for adhesion and 

internalization by host cells (Dziewanowska et al., 1999; Massey et al., 2001) showed 

increased abundance throughout the infection period.  

In addition to the proteomic profiling, phosphoproteomic analyses by combining SCX 

for peptide fractionation, TiO2 for general phosphopeptide enrichment and 

immunoprecipitation of tyrosine-phosphorylated peptides was carried out. In contrast 

to the proteome that showed only minor changes, the phosphoproteome of 

16HBE14o- cells was strongly affected by infection with S. aureus. A total of 4588 

class I phosphorylation sites (localization probability > 75%; score difference > 5) 

were quantified and 504 phosphorylation sites consistently changed at least 1.5-fold, 

representing 11% of the recorded phosphoproteome. The number of regulated 

phosphorylation sites increased during the course of the infection whereas only 21 

regulated phosphorylation sites (20 phosphoproteins) were detected 15 min p.i., 305 

phosphorylation sites (214 phosphoproteins) and 329 phosphorylation sites (250 

phosphoproteins) were changed 120 min p.i. and 240 min p.i., respectively (Figure 

5a). Regulated phosphoproteins observed for infection periods of 120 min and 240 

min were subjected to functional annotation analysis using Gene Ontology (GO) that 

revealed several significant terms in the categories ‘biological process’, ‘cellular 

component’ and ‘molecular function ‘associated with infection with S. aureus (Figure 

5b). Terms enriched in both time points included ‘regulation of DNA-templated 

transcription, elongation’ (p = 7.92 x 10-3) and ‘extrinsic component of membrane’ (p 

= 8.15 x 10-3). In addition to enrichment of GO terms common for both infection 

periods, numerous terms enriched in a time point-dependent manner. Whereas 

regulated phosphoproteins detected 120 min p.i. were associated with GO 
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terms such as ‘adherens junction’ (p = 2.90 x 10-12) , ‘Ras protein signal transduction’ 

(p = 1.60 x 10-8), ‘small GTPase regulator activity’ (p = 4.49 x 10-5) and 

‘endomembrane system organization’ (p = 5.94 x 10-8), the terms ‘cytoskeleton 

organization’ (p = 8.05 x 10-18), ‘microtubule-based process’ (p = 1.91 x 10-8), 

‘establishment or maintenance of cell polarity’ (p = 4.26 x 10-6) and ‘recycling 

endosome membrane’ (p = 2.00 x 10-3) were among the most significant GO terms 

associated with regulated phosphoproteins detected 240 min p.i.. 

In order to gain a deeper insight into the temporal progression of signaling events 

that are triggered during staphylococcal infection, 308 class I phosphorylation sites 

that were consistently quantified across the infection experiment and that showed 

regulation in at least one sampling time point were subjected to fuzzy c-means 

clustering (Futschik & Carlisle, 2005; Kumar & E Futschik, 2007). Five distinct 

clusters were calculated based on differences in the observed phosphorylation 

kinetics (Figure 5c). The flanking amino acid sequences of phosphorylation sites 

were subsequently analyzed cluster-wise regarding enriched motifs that might match 

known kinase substrate consensus sequences in order to infer temporal resolved 

kinase activities during infection. Enriched arginine residues upstream of the 

phosphorylation site were prominent sequence features of phosphopeptides present 

in clusters 1 and 4 that point to increased activity of calmodulin-dependent protein 

kinase II (CaMK2), cAMP-dependent protein kinase A (PKA) and protein kinase C 

(PKC) 120 min p.i. (both clusters) and 240 min p.i. (cluster 4). The prominent 

sequence feature present in phosphopeptides assigned to cluster 2, 3 and 5 was a 

proline at the +1 position, suggesting involvement of glycogen synthetase kinase 3 

Figure 5: Results obtained by phosphoproteomic analysis of S. aureus-infected 16HBE14o- 
cells. A: Frequency distribution of SILAC ratios of quantified class I phosphorylation sites after 
different infection periods. The dashed lines indicate log2 SILAC ratios of 0.58 (red) or -0.58 (blue) that 
were considered as cut-off for regulation and the numbers of up- and downregulated phosphorylation 
sites are indicated. B: GO enrichment analysis of proteins with regulated phosphorylation sites. 
Bubbles are scaled according to p-values (Benjamini-Hochberg corrected) of corresponding GO terms 
and time point specificity, i.e. the highest number of matching phosphoproteins, is indicated by the 
border color. C: Fuzzy c-means clustering of class I phosphorylation sites that showed regulation in at 
least one time point. Sequence logos were generated cluster-wise based on the flanking sequence of 
phosphorylation sites and significantly enriched sequence features are highlighted. D: Modulation of 
intracellular bacteria by pharmaceutical inhibition of host kinases. Several protein kinases that showed 
association with the signaling response of 16HBE14o- cells to S. aureus infection including protein 
kinase C (PKC; inhibitor: Bisindolylmaleimide-I, BIS), protein kinase A (PKA; inhibitor: H-89), cyclin-
dependent kinases (CDKs; inhibitor: roscovitine, Ros), focal adhesion kinase (FAK; inhibitor: PF-
562271) and Src (inhibitor: PP2) were inhibited before, during or following infection and the number 
viable S. aureus cells recovered from infected 16HBE14o- cells were quantified with a cfu assay and 
compared to infected 16HBE14o- cells without kinase inhibition.  
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(GSK3), cyclin-dependent kinases (CDKs) and mitogen-activated protein kinases 

(MAPKs) in the signaling responses of 16HBE14o- cells to S. aureus. 

With the knowledge of putative infection associated signaling mediators, directed 

pharmaceutical inhibition of these highlighted protein kinases was performed to 

evaluate if this might have a beneficial effect on host airway epithelial cells as judged 

by reduction of viable intracellular S. aureus cells following recovery from 16HBE14o- 

cells. Compared to untreated control cells, all tested small molecule protein kinase 

inhibitors including bisindolylmaleimide-I (PKC inhibitor), H-89 (PKA inhibitor), 

roscovitine (CDK inhibitor), PF-562271 (FAK inhibitor) and PP2 (Src-family kinase 

inhibitor) reduced the number of recovered colony forming units (CFU), although to a 

different extent and dependent on the administration conditions (Figure 5d). The 

maximum reduction was observed for inhibitor treatment for the first two hours of 

infection using roscovitine (32% reduction of recovered CFUs), PF-562271 (52%) 

and PP2 (88%).  

In conclusion, infection of 16HBE14o- cells with S. aureus HG001 had only minor 

effects on changes in protein expression within the first four hours of infection but 

triggered major alterations of the phosphoproteome. Especially phosphorylation of 

proteins involved in the regulation of the cytoskeleton, GTPase signaling, membrane 

organization and vesicle trafficking were affected. Finally, key mediators of signaling 

related to the infection were identified and their targeted inhibition significantly 

impaired establishment of an intracellular staphylococcal infection. 
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Induction of macrophage function in human THP-1 cells is 
associated with rewiring of MAPK signaling and activation of 
MAP3K7 (TAK1) protein kinase (Article IV)  
 
Macrophages belong to a cell lineage that has great plasticity in terms of phenotypic 

characteristics and functionality. They can be found in virtually any tissue and 

represent an important building block of innate immunity. Bone marrow located 

hematopoietic stem cells represent the natural source of macrophages. These cells 

differentiate through different precursors to monocytes that enter the circulation of the 

body and finally terminally differentiate to tissue-resident macrophages (Auffray & 

Sieweke, 2009). The differentiation is associated with shaping of cell type-specific 

functionality and here we speculated that changes in the kinomes of monocyte and 

macrophages occur that result in different signal transduction capabilities. 

A number of reports focused on changes of the proteome that is accompanied by the 

differentiation of monocytes to macrophages by general proteome techniques (Kraft-

Terry & Gendelman, 2011; Kristensen et al., 2013; Sintiprungrat et al., 2010). 

However, given the small proportion of protein kinases that contribute to the cell’s 

proteome, a deeper understanding of the fate of the kinome in the fundamental 

process of monocyte differentiation, and how this might results in changes in 

signaling architecture in differentiated cells, is still missing. To address this issue, we 

combined SILAC, kinase-class selective affinity enrichment, phosphopeptide 

enrichment and LC-MS/MS (Figure 6a). In detail, the human model monocyte cell 

line THP-1 (Tsuchiya et al., 1980) was metabolically labeled in its monocyte and 

macrophage variant that was obtained by initiation of differentiation with phorbol-12-

myristate 13-acetate (PMA). Protein kinases were subsequently enriched from cell 

lysates by small molecule affinity chromatography (SMAC) using mixtures of ATP-

competitive kinase inhibitors including Purvalanol B, SU6668 and VI16832 

(Bantscheff et al., 2007; Wissing et al., 2007; Daub et al., 2008). The obtained 

kinase-enriched fraction was subsequently subjected to phosphopeptide enrichment 

by TiO2 for mapping and quantification of site-specific phosphorylations or directly 

analyzed by LC-MS/MS for quantification of protein kinase amounts. 

This workflow yielded in the identification of 199 protein kinases, whereas 163 were 

reliable quantified across replicates and allowed comparison between the 

undifferentiated and differentiated state of THP-1 cells. A total of 86 protein kinases  
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Figure 6: Differentiation procedure for THP-1 cells, kinase enrichment strategy and major 
results for kinome rearrangement. A: THP-1 cells in the monocyte and macrophage states were 
metabolically labeled (SILAC), kinase enrichment was performed using small molecules and kinomes 
were compared regarding kinase abundance and phosphorylation pattern using proteomics and 
phosphoproteomics. B: Log2 SILAC ratios of quantified protein kinases grouped according to known 
kinase groups. C: Correlation of log2 SILAC ratios obtained for phosphorylation sites with 
corresponding log2 SILAC ratios of protein abundance. Colored dots indicate increased 
phosphorylation (blue: increased phosphorylation in monocytes; orange: increased phosphorylation in 
macrophages) with a fold-change >2 that is not attributable to changes in protein amounts. D: 
Rewiring of MAPK network at the level protein amounts (ellipses) and phosphorylation (circles) 
following monocyte differentiation. Phosphorylation sites with a reported functional implication are 
highlighted with a red border. 
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showed remarkable changes in abundance with a fold-change greater than two 

following differentiation (Figure 6b). Sixty protein kinases were present in higher 

amounts in the monocytic state, whereas only 26 protein kinases were present in 

higher amounts in the macrophage-like cells. Changes in protein kinase amounts 

affected essentially all described kinase families such as Src family kinases (SRC, 

YES, HCK, FGR), MAPKs (MAPK13, MAP2K1, MAP2K3, MAP2K4, MAP3K7) and 

calcium/calmodulin-activated protein kinases (CAMK1, CAMK2A, CAMK2B, 

CAMKK1). 

In addition to the tremendous changes in abundance of many protein kinases, their 

phosphorylation pattern were affected in a similar extend. A total of 311 

phosphorylation sites (222 phosphoserine, 55 phosphothreonine, 34 phosphotyrosine 

sites) were quantified that matched to 118 distinct protein kinases. Out of these, 223 

phosphorylation sites changed in abundance with a fold-change greater than two. 

Interestingly, most of the quantifiable phosphorylation sites have been reported only 

rarely so far using shotgun proteomics and a few phosphorylation sites were 

detected for the first time, underlining increased sensitivity of detection achieved by 

the affinity enrichment of protein kinases. Normalization of determined SILAC ratios 

of phosphorylation sites with the SILAC ratios obtained for their corresponding 

protein amounts revealed that 100 phosphorylation sites in 52 protein kinases were 

upregulated, i.e. the changes in phosphorylation exceeded the changes in protein 

amounts, in macrophage-like cells and 38 phosphorylation sites in 28 protein kinases 

were upregulated in monocytes (Figure 6c). Matching of the regulated 

phosphorylation sites with the PhosphoSitePlus database (Hornbeck et al., 2011) 

identified 21 phosphorylation sites with functional implications. These included, for 

instance, the phosphorylation sites S21 in FYN, pS17 in Src, T202 in MAPK3 and 

Y187 in MAPK1 that were observed with increased phosphorylation in macrophage-

like cells and are direct inducers of protein kinase activities, suggesting an increased 

basal activity of the kinase and corresponding downstream pathways following 

differentiation. 

A closer inspection of the obtained data revealed several signaling structures that 

were either established or abrogated by the differentiation process of monocytes to 

macrophages. Differentiation induced depletion especially of several protein kinases 

that are related to cell cycle regulation. These included the cyclin-dependent kinases 

CDK1, CDK2, and CDK6 that regulate the progression through the cell cycle, the 
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mitotic protein kinases AURKA, AURKB and PLK1 as well as the checkpoint kinases 

CHEK1 and CHEK2. Moreover, pronounced dephosphorylation was observed for 

those mentioned protein kinases including T160 in CDK2. Phosphorylation at this site 

correlates with the enzymatic activity of CDK2, which in turn is required for the G1 to 

S transition and the progression through the S phase (Gu et al., 1992). These 

findings suggest that proliferative deficiency of macrophage in the THP-1 background 

(Auwerx, 1991) can be largely attributed to the depletion and/or inactivation of protein 

kinases implicated in the cell cycle regulation. 

The protein kinases LIMK1, TNIK, MERTK, FGR, ACVR and STK10 showed the 

highest increase in abundance following differentiation with fold-changes ranging 

from 3.1 to 12.5. LIMK1 is known to have implication in the regulation of the actin 

cytoskeleton dynamics (Arber et al., 1998). In addition, MERTK is required for the 

efficient phagocytosis of apoptotic cells and has pleiotropic inhibitor activity against 

the inflammatory response to pathogens (Scott et al., 2001; Rothlin et al., 2007). 

Another set of protein kinases that showed enrichment following differentiation were 

calcium/calmodulin-activated protein kinases. These included CAMK1 (3.3 fold-

change) which is involved in the inflammatory response to sepsis (Zhang et al., 2011) 

and CAMK2 (4.9 and 7.3 fold-change for the α and β form respectively) that 

participates in phagosomal maturation and activation of the NLRP3 inflammasome 

(Malik et al., 2001) as well as CAMKK1 (2.8 fold-change). Moreover, at least 30 

MAPKs were identified and most of them showed remarkable changes at the level of 

protein abundance as well as phosphorylation (Figure 6d). This indicates that 

macrophage differentiation is accompanied by a major restructuring of the MAPK 

signaling networks. Two MAP kinases, 2 MAP kinase activated protein kinases and 

11 protein kinases upstream of MAPKs (MAP4Ks, MAP3Ks and MAP2Ks) were 

detected with differences in protein amounts with an at least two-fold-change. Within 

the MAPKs, only MAPK13 and MAPK7 changed in abundance following 

differentiation, whereas MAPK13 was enriched in macrophage and MAPK7 was 

enriched in monocytes. MAPK1 and MAPK3 did not change in abundance but 

increased phosphorylation of their corresponding kinase activation sites (MAPK1 

pY187, 2.4 fold-change; MAPK3 pT202, 4.6 fold-change) was detected, indicating 

increased basal activity in macrophage-like cells compared to their monocyte 

precursors. In order to better understand the functional association accompanying 

the potentially altered downstream signaling capabilities of the rewired MAPK 
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signaling network, the protein kinase MAP3K7 (TAK1) was selected for further 

analysis. Selection of TAK1 was based on its increased abundance in macrophages  

 

Figure 7: Implication of TAK1 in differentiation and infection-related processes of THP-1 
macrophage-like cells. A: Western blot analysis of TAK1 downstream signaling under control and 
inhibition conditions using the selective inhibitor 5Z during the first 60 min of differentiation of THP-1 
monocytes to macrophage-like cells by PMA treatment. B: Cfu assay of THP-1 macrophage-like cells 
infected with S. aureus under inhibition of TAK1. Data is presented as mean ± S.D. (n=3). C: Flow 
cytometric analysis of THP-1 macrophage-like cells infected with GFP-expressing S. aureus HG001 
either with or without inhibition of TAK1. D: Chemokine concentration of cell culture supernatants of 
THP-1 macrophage-like cells treated with heat-inactivated S. aureus either with inhibition of TAK1 or 
not and control THP-1 cells as measured by ELISA. Data is presented as mean ± S.D. (n=4). E: 
Micrographs of THP-1 cells 3 days following PMA-induced differentiation either with or without TAK1 
inhibition and non-PMA treated THP-1 cells. F: Cell counts of THP-1 cells adhered to cell culture 
plastic or present in cell culture supernatant various periods post PMA treatment in the absence or 
presence of different concentrations of the TAK1-selective inhibitor 5Z. Data is represented as mean ± 
S.D. (n = 3). Statistical analysis of variance was performed by two-way ANOVA with Bonferroni post 
test. *p < 0.05, **p < 0.01, ****p < 0.0001. 
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and on its regulator position that is direct upstream of MAP2K3 and MAK2K4 that 

were likewise enriched following differentiation as well as on the ability for targeted 

pharmaceutical inhibition. Moreover, increased activity of TAK1 in macrophages 

compared to monocytes was indicated by inhibition of TAK1 using (5Z)-7-

Oxozeaenol (5Z) (Ninomiya-Tsuji et al., 2003) that abolished phosphorylation of its 

downstream targets MAPK1/3 (pT202/pY204), MAPK14 (pT180/pY182) and HDAC4 

(pS246) (Dequiedt et al., 2006) following PMA-induced differentiation of THP-1 

monocytes (Figure 7a). To elucidate potential implications for TAK1 in macrophage-

facilitated bacterial killing, a gentamicin protection assay was performed and the 

number of recovered S. aureus cells was compared between differentiated THP-1 

macrophages with or without inhibition of TAK1 by 5Z. This analysis demonstrated 

that TAK1 inhibition results in a pronounced decrease of recovered bacteria (Figure 

7b). Considering that TAK1 inhibition did not affect the intracellular bacterial load, as 

assessed by flow cytometry (Figure 7c) and using a GFP-expressing S. aureus 
strain, a role for TAK1 in intracellular bacterial killing in macrophages is likely.  

A major function of macrophages is the recruitment of other immune cells to sites of 

an infection via secretion of chemokines. To gain further insights into the role of 

TAK1 in this process, differentiated THP-1 cells were exposed to heat-inactivated S. 
aureus and cell culture supernatants were screened against a panel of 12 

chemokines. Secretion of 7 chemokines was detected, whereas TGF-β and MDC 

showed no difference in secreted protein amounts between control cells and those 

exposed to heat-inactivated S. aureus either with or without TAK1 inhibition. 

RANTES was secreted in higher amounts in response to heat-inactivated S. aureus 
but showed no dependency on TAK1 activity. In contrast, TAK1-dependent secretion 

was observed for IL-8, MIP-1A, MIP-1B and GROα and the kinetics of secretion 

suggested a rapid and sustained mode of inhibition by 5Z (Figure 7d).   

Considering previous reports that suggest a role for TAK1 in the differentiation of 

osteoclasts (Lamothe et al., 2013) and the apparent involvement of TAK1 activity in 

the early signaling events that are triggered during differentiation (Figure 7a), the role 

of TAK1 in the differentiation process itself was addressed. Pre-treatment of 

undifferentiated THP-1 cells with 5Z followed by induction of differentiation by PMA 

resulted in cells that resembled morphologies of monocytes (Figure 7e) and 

interfered with the adherence of cells to cell culture plastic suggesting an important 
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role for TAK1 activity in the differentiation of monocytes in the THP-1 background 

(Figure 7f). 

To conclude, the differentiation of THP-1 monocytes to macrophage-like cells is 

associated with pronounced alteration of the kinome regarding both, protein amounts 

and phosphorylation patterns. Differentiation resulted in the depletion of protein 

kinases related to cell cycle regulation and enrichment of protein kinases involved in 

the dynamics of the actin cytoskeleton and calcium/calmodulin signaling as well as 

major reconstruction of the MAPK signaling network. Furthermore, TAK1 was 

uncovered as pivotal signaling switch in mediating anti-bacterial activity in THP-1 

macrophage-like cells and driver of macrophage differentiation. 
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Concluding remarks and future perspectives 
 
The introduction of antibiotics for the treatment of bacterial-induced infections 

represented a milestone in history of medicine. The story of success is evident, as 

antibiotics became the standard medication against bacterial infections since the 

1940s. However, nowadays not a few researchers and physicians predict a return to 

the pre-penicillin age. This is largely owed by misuse of antibiotics in human health 

and livestock farming that dramatically promoted emergence of antibiotic resistance. 

As a consequence, development of novel antibiotics cannot keep pace with the 

development of resistance as the period between introduction of novel antibiotics and 

first appearance of genes conferring resistance becomes shorter and shorter. Thus, 

new approaches to battle infections caused by bacterial pathogens are urgently 

required. Therapies targeting the host cell rather than the pathogen might be a 

promising strategy that should be more seriously considered in future. Results 

obtained within this thesis indicate that pathogen-induced signaling might be a target 

for host-directed therapies. Small molecule mediated kinase inhibition in different 

infection related scenarios showed host beneficial effects. The pharmaceutical 

inhibition of several infection-associated kinases in airway epithelial cells resulted in 

reduction of viable S. aureus cell following recovery from infected epithelial cells. A 

similar observation has been made in THP-1 macrophages where inhibition of TAK1 

potentially increased the bactericidal activity. Moreover, EGFR activation was 

identified as positive modulator of airway epithelial cell survival when challenged with 

Hla. These findings collectively show that manipulation of the host signaling may 

provide new avenues for the treatment of staphylococcal infections either by 

maintaining airway epithelium integrity, preventing the establishment of an 

intracellular niche or by rendering tissue-resident macrophages more potent in killing 

S. aureus in order to prevent colonization and dissemination. Since numerous kinase 

inhibitors already have been approved for the treatment of different types of cancer, 

evaluation of these anti-cancer agents as anti-infectives could be done in a timely 

manner. 
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List of abbreviations 
 
5Z   (5Z)-7-Oxozeaenol 

CDKs   cyclin-dependent kinases 

cfu   colony forming units 

ELISA  enzyme-linked immunosorbent assay 

ERLIC  electrostatic repulsion interaction chromatography 

FDR  false discovery rate 

Hla  hemolysin alpha 

GFP   green fluorescent protein 

GO   Gene Ontology 

HILIC   hydrophilic interaction chromatography 

IMAC   immobilized metal affinity chromatography 

iTRAQ  isobaric tags for relative and absolute quantitation 

LC-MS/MS liquid chromatography-mass spectrometry/mass spectrometry 

LPS  lipopolysaccharide 

MAPKs  mitogen-activated protein kinases 

MFI  mean fluorescence intensity 

MRSA  methicillin-resistance S. aureus 

MS  mass spectrometry 

p.i.   post infection 

PMA   phorbol-12-myristate 13-acetate 

SCX   strong cation exchange chromatography 

S.D.  standard deviation 

SEM   standard error of the mean 

SMAC  small molecule affinity chromatography 

TLR  toll-like receptor 

TMT   tandem mass tags  
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Abstract 

Protein phosphorylation catalyzed by protein kinases acts as a reversible molecular 

switch in signal transduction, providing a mechanism for the control of protein 

function in cellular processes. During microbial infection, cellular signaling essentially 

contributes to immune control to restrict the dissemination of invading pathogens 

within the host organism. However, pathogenic microbes compete for the control of 

host signaling to create a beneficial environment for successful invasion and 

infection. Although efforts to achieve a better understanding of the host-pathogen 

interaction and its molecular consequences have been made, there is urgent need 

for a comprehensive characterization of infection-related host signaling processes. 

System-wide and hypothesis-free analysis of phosphorylation-mediated host 

signaling during host-microbe interactions by mass spectrometry (MS)-based 

methods is not only promising in view of a greater understanding of the pathogenesis 

of the infection but also may result in the identification of novel host targets for 

preventive or therapeutic intervention. Here, we review state-of-the-art MS-based 

techniques for the system-wide identification and quantitation of protein 

phosphorylation and compare them to array-based phosphoprotein analyses. We 

also provide an overview of how phosphoproteomics and kinomics have contributed 

to our understanding of protein kinase-driven phosphorylation networks that operate 

during host-microbe interactions.  



 
 

1. Introduction 

Protein phosphorylation, which acts as a reversible molecular switch, provides a 

mechanism for the control of protein function during virtually all cellular processes 

and is essential for the rapid responses of cells to internal and external cues. The 

covalent attachment of phosphate groups from adenosine triphosphate (ATP) to 

proteins at serine, threonine, and tyrosine residues is achieved by protein kinases, 

and the phosphate groups attached at these residues are removed by protein 

phosphatases. The human kinome consists of approximately 520 protein kinases [1], 

but only up to 70-80% of these are likely expressed in eukaryotic cells at a given time 

[2-4]. On the other hand, recent studies have identified tens of thousands of 

phosphorylation events in up to eight thousand proteins and shown that individual 

proteins are often phosphorylated at multiple sites, leading to estimations that at least 

two-thirds of the proteins in most cells are phosphorylated [5, 6]. 

Protein function is regulated by phosphorylation through conformational changes, 

which may either directly modulate enzymatic activity or provide a docking site for 

intra- or intermolecular protein interactions. These changes influence the subcellular 

localization and turnover of proteins as well as the interplay of phosphorylation with 

other posttranslational protein modifications (PTMs). Kinases and their substrates 

thereby form dynamic complexes and temporal information-processing networks that 

facilitate cell-cell communication and cellular responses to changing environmental 

conditions. 

Phosphorylation-based signaling contributes in an essential manner to innate and 

adaptive immunity, e.g., in the defense of host cells against pathogenic bacteria. Key 

processes of the immune system, such as differentiation, cytokine/chemokine 

production, inflammation and bacterial killing, are controlled to a large extent by 



 
 

protein phosphorylation and consequently by the corresponding protein kinases. In 

the innate immune system, microbe-associated molecular patterns are recognized by 

specific pattern recognition receptors (PRR) that upon engagement trigger 

proinflammatory and antimicrobial responses. These receptors also represent an 

important link to the adaptive immune system that ultimately results in resolution of 

infection and immunological memory. For example, the Toll-like receptor (TLR) family 

of PRRs has been extensively studied. Stimulation of TLR proteins results in the 

consecutive activation of many kinases, including interleukin-1 receptor-associated 

kinases (IRAK1, 2 and 4), mitogen-activated protein kinases (MAPKs; e.g., 

MAP3K7/TAK1, p38-alpha and JNK) and IκB kinase (IKK) and the subsequent 

phosphorylation of downstream targets, such as activator protein 1 (AP-1) and 

nuclear factor κB (Nf-κb), which function as master transcriptional regulators during 

the induction of proinflammatory and anti-apoptotic mediators (reviewed in [7, 8]). 

Deregulation of these signaling processes is associated with inflammatory diseases, 

autoimmunity and the pathogenesis of infections.  

On the other hand, it has recently become clear that during an infection bacterial 

pathogens exploit host signaling pathways associated with major processes, such as 

membrane and cytoskeleton dynamics, autophagy, vesicle trafficking, cell death, 

inflammation and immunity. These bacterial pathogens have evolved mechanisms, 

such as the production of specific toxins, effector molecules or virulence factors, by 

means of which they subvert and control these signaling pathways for their own 

benefit by supporting bacterial adherence, survival, replication or dissemination. 

Interference with kinase-mediated phosphorylation in host signaling is a beneficial 

strategy used by many pathogens. Examples include the uptake of cells of Yersinia, 

Salmonella and Staphylococcus species, which has been demonstrated to be 

dependent on the formation of focal adhesion-like complexes and the activities of 



 
 

associated protein kinases, including the cytoplasmic tyrosine kinases FAK and SRC 

[9-14]. Several Gram-negative bacterial pathogens (e.g., enteropathogenic and 

enterohemorrhagic Escherichia coli and Pseudomonas aeruginosa) modulate critical 

host regulators of actin dynamics, such as small Rho GTPases [15, 16] and the Src-

family and Abl tyrosine kinases [17-19]. Furthermore, after successful internalization, 

S. Typhimurium activates the host protein kinases A (PKA) and PKB/AKT1 to 

promote its intracellular lifestyle [20-22]. Eventually, Yersinia spp. disrupt the innate 

immune response by irreversible inactivation of MAPKs and IKK, resulting in 

attenuation of the immune response and cell death [23, 24]. 

Although the examples provided above demonstrate the significance of host protein 

kinases and phosphorylation in the pathogenesis of bacterial infections, cellular 

signaling during infection remains to be elucidated in full detail. Widely used classical 

single-observation experiments are hypothesis-driven and do not provide a global 

view of the biological system. In contrast, proteomics of PTMs has been limited to 

research groups with specialized knowledge and equipment. However, the system-

wide and hypothesis-free characterization of phosphorylation-mediated host signaling 

during host-microbe interactions is not only promising in view of its potential to 

provide a deeper and more rapid understanding of the pathogenesis of microbial and 

viral infections, but it may also result in the system-wide identification of novel host 

targets that are suitable for preventive or therapeutic intervention.  

In this review, we will describe current phosphoproteomic and kinomic workflows, 

describe state-of-the-art mass spectrometry (MS)-based methodology for the global 

identification and quantitation of protein phosphorylation and compare this 

methodology to array-based technologies. In addition, we will exemplify how 

unbiased system-wide phosphoproteomic and kinomic screening has contributed to 



 
 

our understanding of protein kinase-driven phosphorylation networks in host-microbe 

interactions. 

2. MS-based phosphoproteomic and kinomic technologies 

MS-based proteomics usually involves the proteolytic digestion of proteomes into 

peptide mixtures that are separated by nano-liquid chromatography (LC) using 

reversed-phase (C18) material. The mass-to-charge ratio (m/z) and intensity of the 

eluted ionized molecules are subsequently measured in a survey spectrum or 

precursor scan (MS1 spectrum) in a mass spectrometer. At the same time, peptides 

are fragmented and the resulting fragment ions are detected in an MS/MS spectrum. 

The acquired spectra provide the basis for the identification of the proteins in the 

sample and mapping of their PTMs. 

Technological development in recent years has yielded super-fast and highly 

accurate mass spectrometers. Consequently, MS became the method of choice for 

the study not only of proteins in complex mixtures but also of their PTMs on a global 

scale. However, protein phosphorylations are generally of low abundance due to the 

substoichiometric nature of the modification. Recent advances in protein analysis, 

including the development of enrichment and purification strategies for 

phosphopeptides and improvements in sample processing and computational data 

analysis, have accelerated the application of MS-based workflows to the analysis of 

phosphorylation and enabled scientists to simultaneously monitor the 

phosphorylation patterns of thousands of proteins with site-specific accuracy. An 

overview of the steps included in a phosphoproteomic workflow is depicted in Figure 

1.  



 
 

2.1 Sample Preparation 

Characterization of protein phosphorylation requires special considerations regarding 

the workflow to maintain and successfully measure phosphate groups in proteins by 

MS. In general, analysis of protein phosphorylation is hampered by the activity of 

protein phosphatases, which rapidly catalyze the dephosphorylation of rather 

unspecific target sequences. Therefore, cell disruption is generally performed under 

denaturing conditions and/or in the presence of phosphatase inhibitors to preserve 

the native state of protein phosphorylation. As a classical bottom-up proteomics 

approach, protein phosphorylation is analyzed by proteolytic digestion of proteins 

prior to MS. The serine protease trypsin is most commonly used for the degradation 

of proteins to peptides; it cleaves peptide bonds carboxy-terminal to arginine and 

lysine residues. Given the distribution of these amino acids in the proteome, this 

approach generates a large population of peptides that are suitable for MS-based 

mass detection and efficient fragmentation, resulting in confident identification of 

peptides [25]. However, two major drawbacks of using exclusively trypsin for 

digestion should be noted. First, when the negative charge introduced by 

phosphorylation is near potential trypsin cleavage sites, it dramatically decreases the 

cleavage efficiency [26]. Second, although trypsin is superior to other proteases with 

regard to the theoretical number of observable peptides it can produce, the average 

length of tryptic peptides is often too short for MS analysis, thus impairing the 

comprehensive analysis of phosphorylation throughout the proteome. The use of 

multiple proteases has been suggested as a means of improving the overall 

sequence coverage that directly yields increased information density regarding the 

phosphorylation pattern within the proteome [27, 28]. 



 
 

2.2 Metabolic and chemical labeling 

The systematic analysis of protein phosphorylation requires extensive sample 

processing by serial application of different methods. Although a high level of 

standardization of operational procedures can be expected, sample processing may 

lead to experimental variation because of discrepancies in the working process. 

Additionally, deviations in peptide elution during LC because of differences in 

retention times and the continuous change of MS performance contribute to data 

variation. To minimize this large source of error, multiple proteomic samples can be 

processed simultaneously in a multiplex format when the biological material is 

metabolically or chemically labeled with stable isotopes prior to extensive sample 

processing (comprehensively reviewed in [29]). This approach leads to higher 

precision and accuracy in quantification.  

Metabolic labeling of proteins in cells can be achieved using SILAC, which stands for 

‘stable isotope labeling with amino acids in cell culture’ [30, 31]. For SILAC, cells are 

grown in medium supplemented with stable isotope variants of essential amino acids, 

usually arginine and lysine, allowing the direct comparison of up to three different 

samples in a single LC-MS run. The metabolic conversion of arginine to lysine, which 

is observed in some cell types and may affect accurate quantification, can be largely 

avoided by using a cell type-specific minimal concentration of arginine [32] and/or by 

supplementation of the cell culture medium with light proline [33, 34]. Application of a 

‘Super-SILAC’ approach using a spiked-in isotope-labeled reference mix generated 

from SILAC cells can be considered for projects involving cells for which efficient 

metabolic labeling is impossible, such as for tissue samples [35]. Alternatively, 

dimethyl labeling has found its way into quantitative phosphoproteomics [36]. In this 

post-digest isotopic labeling method, peptides are labeled with formaldehyde via the 

primary amines of lysine and the amino terminus through reductive amination. As in 



 
 

SILAC, the introduction of stable isotopes allows triplex labeling [37]. Quantification in 

SILAC and dimethyl labeling is performed by comparing the intensities of the peptide 

ions in a survey spectrum (MS1 scan), allowing determination of changes in the 

relative abundance of specific (phospho)peptides under various conditions. Dimethyl 

labeling is similar to SILAC in terms of quantification accuracy but shows poorer 

reproducibility because sample mixing follows the initial sample processing steps, 

including protein digestion [38].  

In contrast to isotopic labeling strategies in which quantification is based on precursor 

ion intensities obtained by MS survey scans, isobaric mass tags allow the concurrent 

identification and multiplexed quantitation of proteins and their PTMs in different 

samples based on reporter ion intensities in MS/MS scans. Isobaric tags for relative 

and absolute quantification (iTRAQ) [39] and tandem mass tags (TMT) [40] are two 

commercially available isobaric label sets with multiplex capacity that are routinely 

used for quantitative phosphoproteome analyses in up to 8-plex and 10-plex formats, 

respectively [39-44]. The overall molecular architecture of the two labels is similar; 

each includes a reactive group for peptide labeling (N-hydroxysuccinimide (NHS) 

chemistry targeting primary amines), a region for mass normalization and a reporter 

group that is quantified via dissociation from peptides and detection in MS/MS scans. 

The accuracy of quantification of all the recently introduced labeling approaches is 

affected by ratio compression and covers a limited dynamic range [31, 38, 45-49]. 

This results in underestimation of peptide ratios, a problem that becomes more 

severe as the ratios increase. Various strategies have been introduced to increase 

accuracy, including decreasing sample complexity by orthogonal fractionation prior to 

MS analysis [38, 50] and, specifically for metabolic labeling, the use of advanced MS 

methods [49, 51]. 



 
 

Label-free quantification based on either feature intensities or spectral counting has 

been successfully used to study protein interactions and changes in protein 

expression across biological samples [52-56]. However, label-free quantification 

requires complex statistical analysis, and, from our point of view, mixing of samples 

that have undergone prior differential labeling at an early stage of the experimental 

workflow is preferred when extensive sample processing is undertaken, such as in 

the study of phosphoproteomes.  

2.3 Kinase enrichment 

Information about the temporal abundance and activity of protein kinases can be 

invaluable when signal transduction networks are studied. For example, active 

networks may be deduced by bioinformatic approaches when comparative 

information about kinase abundance and activity has been collected. More 

importantly, information about these master regulators of cell function can be used to 

regulate cell activities by kinase-targeting pharmacological intervention strategies. To 

study the kinomes of cells and tissues in detail, chemoproteomic tools utilizing 

immobilized small-molecule kinase inhibitors as selective capture reagents for protein 

kinases have been described [57, 58]. Several suitable reagents with broad target 

profiles have been employed, including VI16832 [59] and CTx-0294885 [60]. 

Moreover, to maximize the kinome coverage, different immobilized kinase inhibitors 

with distinct kinase-binding properties have been combined [58, 59, 61]. An 

advantage of this chemoproteomic approach is its versatility; it can be combined with 

SILAC and with phosphopeptide enrichment strategies [59, 61]. A related method of 

protein kinase enrichment uses modified ATP or ADP probes [62]. These probes 

consist of a scaffold of ATP or ADP, a biotin tag for enrichment and an acyl group 

directly attached to the gamma phosphate of ATP for reaction with primary amines. 



 
 

The conserved lysine residue in the ATP-binding loop of protein kinases is the 

preferred site for nucleophilic attack by these probes, allowing kinase-selective 

attachment and affinity purification. 

2.4 Phosphopeptide enrichment 

The fact that phosphorylated peptides are found in substoichiometric amounts 

compared to their unphosphorylated counterparts impedes their rigorous analysis. 

Accordingly, enrichment of phosphorylated peptides is necessary, and a number of 

techniques for such enrichment have been developed (these are comprehensively 

reviewed in [63, 64]). Titanium dioxide (TiO2) and immobilized metal affinity 

chromatography (IMAC) employing Ga3+, Zr4+, Ti4+ and especially Fe3+ have 

achieved high popularity [65-71]. Selectivity for phosphorylated peptides is highly 

dependent on the conditions used in the enrichment step, and a major issue is the 

co-enrichment of peptides rich in glutamic and aspartic acid. Several strategies have 

been established to prevent the co-purification of acidic peptides, including methyl 

esterification of carboxyl groups [72], acidification of loading buffers [65, 66, 73] and, 

for TiO2 enrichment, addition of direct competitors, such as 2,5-dihydroxybenzoic 

acid [66], and aliphatic hydroxyl acids (e.g., lactic acid or glycolic acid) [74, 75].  

Tyrosine phosphorylation plays an important role in receptor-mediated signal 

transduction, but the low relative amount of phosphorylated tyrosines (~2%) 

compared to serine (~86%) and threonine (~12%) requires specific enrichment 

strategies for their comprehensive characterization. The use of phosphotyrosine-

specific antibodies permits the enrichment of phosphotyrosine peptides at the peptide 

and protein levels via immunoprecipitation. Eluates from phosphotyrosine pull-downs 

are generally low in complexity and can be analyzed directly via LC-MS without 

further sample fractionation [76]. However, TiO2-based phosphopeptide enrichment 



 
 

prior to or following immunoprecipitation of peptides containing phosphorylated 

tyrosine residues has been described and has been shown to lead to a reduction in 

non-phosphorylated peptides [77, 78]. Combinations of antibodies targeting tyrosine 

phosphorylation may be beneficial for in-depth analysis because different commercial 

anti-phosphotyrosine antibodies show unique binding preferences with respect to the 

sequences flanking the phosphorylated tyrosine residues [79]. Considering the low 

abundance of tyrosine phosphorylation, the analysis of tyrosine-phosphorylated 

peptides is further complicated by the large amounts of sample material needed, 

which usually falls within the milligram range [76, 80-82].  

2.5 Fractionation 

Analyzing complex systems, such as (phospho)proteomes, using mass spectrometry 

in a comprehensive fashion is a very challenging task. One major issue concerns the 

extremely large dynamic range of protein concentrations in cellular systems, a range 

that is usually larger than the dynamic range covered even by modern mass 

spectrometers. Consequently, proteins of low abundance are not detected when a 

certain number of highly abundant proteins are present in the same sample. A 

strategy that can be used to overcome this issue is to decrease the sample 

complexity by fractionation prior to MS analysis. Reversed-phase liquid 

chromatography (RPLC) is routinely used for online fractionation of peptide samples 

according to their hydrophobicity. In addition, a number of fractionation techniques 

based on the physicochemical properties of peptides have been applied; these can 

be used either online or offline to further decrease sample complexity and assist in 

the enrichment of phosphopeptides (comprehensively reviewed in [29, 83]). 

Strong cation-exchange chromatography (SCX) is a very popular technique for 

fractionation of complex peptide samples [84]. This technique is based on 



 
 

electrostatic interactions between peptides and the ion-exchange resin. SCX is 

usually performed at a pH of 2.6-2.7, yielding a charge state of +2 resulting from 

protonation of amino-terminal amino groups for regular tryptic peptides with carboxy-

terminal arginine or lysine residues. These peptides are efficiently retained by the 

anionic resin. In contrast, phosphorylation decreases the net charge according to the 

number of phosphorylated sites in a given peptide, leading to decreased interaction 

with the ion-exchange matrix. As a result, phosphorylated peptides either are not 

retained at all or elute earlier, allowing crude separation of phosphorylated and 

unphosphorylated peptides. 

Separation of peptides using hydrophilic interaction liquid chromatography (HILIC) 

and electrostatic repulsion hydrophilic interaction chromatography (ERLIC) has been 

applied as a promising alternative to SCX [85, 86]. The major principle underlying 

HILIC is the separation of peptides based on their hydrophilicity; HILIC can therefore 

be regarded as the orthogonal counterpart of RPLC. Addition of phosphate groups 

increases the hydrophilicity of peptides, allowing semi-selective enrichment of 

phosphopeptides. ERLIC is a modification of HILIC that employs ionic column 

surface chemistry; in this method, improved separation of phosphopeptides is 

achieved by combining the hydrophilic interaction of phosphate groups with their 

electrostatic attraction to anion- or cation-exchange material [87]. SCX, HILIC and 

ERLIC have been successfully implemented in phosphoproteomic workflows 

involving IMAC or TiO2 for phosphopeptide enrichment as either up- or downstream 

sample fractionation steps [88-99]. 

2.6. MS and data interpretation 

The in-depth identification and quantification of proteins and their PTMs has been 

greatly advanced by the progress that has been made in the development of high-



 
 

resolution and high-mass-accuracy mass spectrometers with sensitivities in the ppm 

or even sub-ppm range. However, the appropriate dissociation of peptide ions and 

the accurate determination of fragment ions are essential prerequisites for the 

accurate localization of phosphorylation sites within the peptide sequence, 

particularly when several potentially modifiable amino acid residues exist, as is often 

the case with phosphorylated peptides. Due to the ever-growing number of large-

scale studies that are being performed, the number of misidentified phosphorylation 

sites is increasing, and systematic validation is hampered because of the lack of 

suitable alternative approaches; e.g., commercial antibodies currently cover less than 

1% of the reported sites. This bottleneck emphasizes the requirement for high-quality 

MS data and well-performing post-acquisition informatics tools for confident 

assignment of phosphorylation sites. 

Several mass spectrometric acquisition strategies for phosphopeptides that take 

advantage of their specific behaviors during MS have been developed. In MS/MS, 

serine- or threonine-phosphorylated peptides can show a diagnostic neutral loss of 

phosphoric acid (-98 Da), whereas tyrosine-phosphorylated peptides generate 

immonium ions (m/z 216.043). Neutral loss-dependent MS3 and precursor ion scan 

methods have, for example, been designed to consider these features for more 

accurate identification (e.g., reviewed in [100]). In addition, peptide dissociation 

methods and fragment analyzers exist that differ in the types of ions produced as well 

as in mass accuracy and speed of detection [101, 102]. Because all of these 

methods have advantages and disadvantages, the selection of the right mass 

spectrometer and acquisition method must be planned in advance; the choice is 

highly dependent on sample complexity and on the selected quantification strategy. 

Measurement of samples by MS usually yields numerous large files containing the 

acquired spectra. Software programs with associated search engines, including 



 
 

MaxQuant (www.coxdocs.org [103]), Proteome Discoverer (www.thermoscientific.de) 

and Mascot (www.matrixscience.com [104]), execute spectra extraction, peak list 

generation and database searching for the identification and quantitation of peptides 

and the corresponding proteins. For phosphorylations, an additional algorithm is 

required that permits automated and confident localization of phosphorylation sites 

within validated peptide sequences [90, 105-107]. Importantly, for large-scale 

phosphoproteomics as well as for proteome data sets in general, bioinformatics tools 

are used to assist in interpreting the ‘omic’ data and to place the results in a 

biologically relevant context. Publically available protein modification databases 

comprising large sets of experimentally verified phosphorylation sites of diverse 

species include PhosphoSitePlus (www.phosphosite.org [108]), PHOSIDA 

(www.phosida.com [109] and Phospho.ELM (http://phospho.elm.eu.org [110]). 

PhosphoSitePlus currently contains approximately 265,000 reported phosphosites for 

which associated information, including implication in protein function and correlation 

with specific diseases, is provided if available. The association of proteins with 

specific molecular functions, biological processes, or cellular components can be 

used in functional annotation enrichment analysis. PhosphoSitePlus also allows the 

user to search for experimentally verified upstream kinases for specific substrate 

phosphosites; these sites can also be predicted by tools, such as NetPhorest 

(http://netphorest.info [111]), KinasePhos (http://kinasephos.mbc.nctu.edu.tw [112]) 

and GPS (http://gps.biocuckoo.org [113]). This information facilitates the generation 

of signaling networks and the highlighting of key hubs with the aim of gaining a 

deeper understanding of molecular (patho)mechanisms and targets for 

pharmacological intervention. 



 
 

3. Application of MS-based screening in infection research 

MS-based phosphoproteomics has greatly contributed to a better understanding of 

the signaling events that are triggered following pathogen recognition. Weintz et al. 

analyzed the response of primary bone marrow-derived macrophages to the major 

outer cell wall component of Gram-negative bacteria and TLR4 ligand 

lipopolysaccharide (LPS) [114]. By using SILAC for quantification and combining 

SCX with TiO2 for enrichment of phosphorylated peptides, the authors were able to 

identify 6,956 phosphorylation sites originating from 1,850 proteins via LC-MS. TLR4-

mediated signaling in macrophages resulted in major changes in the 

phosphoproteome; 24% of all quantified phosphorylation sites were up-regulated, 

and 9% were down-regulated. Based on motif analyses of the regulated 

phosphorylation sites, a number of protein kinases, including MAPK, PKD, AKT, 

AURORA and CAMK2, were suggested to function as important signaling hubs in 

immune signaling triggered by LPS. In addition, enrichment analysis of regulated 

phosphorylation sites and phosphoproteins demonstrated involvement of the mTOR- 

and GTPase-mediated signaling pathway. Further insights into TLR-induced 

signaling were obtained in a study by Sjoelund et al., who compared the signaling 

response of macrophages upon stimulation with LPS, the triacetylated lipopeptide 

Pam3C (TLR2 ligand) and the imidazoquinoline compound R848 (TLR7 ligand) using 

SILAC and LC-MS [115]. Enrichment of phosphopeptides with TiO2 and upstream 

SCX fractionation enabled reproducible quantification of approximately 500 

phosphorylation sites under each of the experimental conditions. The authors 

observed overlapping signaling patterns triggered by different TLR ligands that were 

attributed to common signaling through the myeloid differentiation primary response 

gene MyD88. In addition to the partially overlapping responses, clearly stimulus-



 
 

specific phosphorylation patterns were reported, including differences in the kinetics 

of phosphorylation associated with phagocytosis or endocytosis.  

A more general view of the host signaling triggered by bacterial components was 

attempted by Chen et al., who not only studied the response of murine macrophages 

to LPS but also included heat-inactivated S. aureus cells in their analysis [116]. The 

use of a combination of SILAC, LC-MS, IMAC and HILIC enabled the quantification 

of 2,657 and 1,990 phosphopeptides following treatment with LPS and heat-

inactivated S. aureus, respectively. Of the quantified phosphopeptides, 11.1% 

changed at least 1.5-fold in their abundance following LPS stimulation, whereas the 

abundance of 18.2% of the quantified phosphopeptides was altered by treatment with 

heat-inactivated S. aureus. Stimulation with these agents resulted in a great overlap 

of phosphorylated peptides that changed in abundance. However, the authors 

eventually demonstrated that phosphoproteins implicated in the regulation of 

cytoskeletal dynamics and vesicle transport were more affected by exposure to heat-

inactivated S. aureus than by LPS stimulation, most likely as a result of phagocytosis 

of the bacterial cells.  

The immediate signaling responses of host cells during an infection may not 

necessarily be triggered by the physical interaction of macromolecules of the 

bacterial cell wall with receptors present in the host cell membrane. A wide range of 

pathogenic bacteria secrete virulence factors that promote infection and disease, for 

instance through disintegration of the membranes of immune cells or epithelial cells 

by pore-forming toxins. This led us to investigate the interaction of bronchial epithelial 

cells with alpha-toxin, a major virulence factor of S. aureus, by means of 

phosphoproteomics [117, 118]. We utilized two bronchial epithelial cell lines, one of 

which showed a resistant phenotype and one of which was susceptible to alpha-

toxin, and compared their responses at the level of signaling to identify differentially 



 
 

regulated pathways that might be implicated in the observed phenotypic outcomes. 

Indeed, we identified induction of the EGFR-MAPK signaling axis as a key response 

associated with the tolerance of bronchial epithelial cells to alpha-toxin. Moreover, we 

were able to demonstrate by pharmacological intervention that inhibition of the EGFR 

sensitizes initially resistant bronchial epithelial cells to alpha-toxin.  

The studies mentioned so far focused on initial host signaling induced by recognition 

of bacterial constituents. However, bacterial infection is a dynamic process that 

involves invasion, persistence, phagosomal escape, replication and dissemination of 

bacteria by exploitation of host cell functions. This exploitation is most likely linked to 

highly complex alterations in host signaling that may be at least partially critical for 

the infection process and thus urgently require a deeper understanding. In contrast, 

only a few studies to date have addressed the host signaling response during 

bacterial infection, e.g., in cultured cells.  

MS-based phosphoproteomics was used by Rogers et al. to analyze host signaling 

events during the initial stages of Salmonella infection of HeLa human epithelial cells 

[119]. A combination of SILAC and TiO2-based phosphopeptide enrichment was 

applied to cells infected with either a wild-type S. Typhimurium strain or a strain 

lacking the type III secretion system (T3SS) 1 effector protein SopB/SigD, an inositol 

phosphate phosphatase. The analysis enabled the temporal modeling of infection-

induced changes in more than 5800 phosphopeptides. The kinases AKT, PKC and 

PIM were predicted to target sites with altered phosphorylation, and up to half of the 

host phosphorylation events required the effector protein SopB, indicating extensive 

manipulation of host signaling by this effector. The data provide mechanistic insight 

into processes associated with Salmonella invasion, such as prevention of apoptosis 

and induction of inflammation, which are crucial host responses that enable 

Salmonella to proliferate in the intestine. In a further phosphoproteomic study 



 
 

conducted in the Foster lab, the impact of Salmonella type III secretion effectors 

encoded by its pathogenicity island 2 (SPI2) on host cell phosphorylation during late 

stages of infection was analyzed in murine RAW264.7 macrophages and HeLa cells 

[120]. SPI2 effectors were observed to differentially modulate the host 

phosphoproteomes in the professional and non- professional phagocytic models of 

infection. Consistent with the described role of SPI2 T3SS as the main modulator in 

phagocytic cells, the macrophages were found to be more broadly impacted than the 

epithelial cells, with altered phosphorylation patterns found in proteins involved in 

vesicular trafficking, the cytoskeleton, and immune signaling. In addition, several 

proteins with critical roles in the maturation of the Salmonella-containing vacuole and 

manipulation of host phagosomal functions appeared to be targeted by the SPI2 

system, as well as previously unrecognized proteins including E3 ligases, histones 

and kinases. In additional assays, the authors demonstrated that the only type III 

secreted kinase, SteC, induces actin rearrangements through direct phosphorylation 

of HSP27 at multiple sites, thereby providing a novel mechanism for pathogen-

induced manipulation of the actin cytoskeleton.  

SILAC and TiO2-based quantitative phosphoproteomics were also used to assess the 

impact of infection with extracellular, diarrheagenic E. coli (enteropathogenic E. coli, 

EPEC) on the host cell phosphoproteome over time [121]. By the use of wild-type 

EPEC and an EPEC mutant deficient in T3S, 72 T3SS-independent and 89 T3SS-

dependent changes in phosphorylation were identified in HeLa cells. The results 

emphasize the central role of the established T3SS-target MAPK in phosphorylation 

during EPEC infection. In addition, T3SS-dependent phosphorylation was found to 

affect various cellular processes that are known EPEC targets, including immune 

signaling, vesicle trafficking and cytoskeletal reorganization; in the latter, especially, 

the role of phosphorylation is not well understood. In this regard, the data provide 



 
 

additional mechanistic insights, such as the phosphorylation of Ser3 in cofilin and of 

Ser82 in HSP27. Septin-9 (SEPT9) was identified as a novel target in EPEC 

pathogenesis, and phosphorylation of Ser30 was shown to impact bacterial 

adherence. 

Schmutz et al. analyzed the dynamics of the phosphoproteome of HeLa epithelial 

cells infected with Shigella flexneri in a label-free LC-MS approach [122]. Enrichment 

of phosphorylation by TiO2 resulted in the identification of 3,234 phosphopeptides 

from 1,183 proteins. During the course of the infection with S. flexneri, 14.3% of the 

detected phosphopeptides changed at least two-fold in abundance, illustrating the 

substantial impact of infection on host signaling. This included activation of the 

ribosomal protein S6 kinase and AKT via mTOR complexes 1 and 2, induction of the 

DNA damage stress response by activation of ATM and extensive changes in 

phosphorylation patterns of proteins implicated in cytoskeleton dynamics.  

Holland et al. studied the infection of a gastric epithelial cell line with the Gram-

negative human pathogen Helicobacter pylori, combining SILAC, IMAC, two-

dimensional gel electrophoresis and MS to identify protein phosphorylations that are 

modulated in response to a proceeding infection [123]. The experimental setup used 

by these investigators allowed the differentiation of ‘protein species’, i.e., proteins 

that show a multitude of post-translational modifications, information that is lost in a 

typical bottom-up phosphoproteomic approach. The authors were able to quantify 

322 protein species originating from 127 proteins; 51 protein species (20 

phosphoproteins) changed in abundance upon infection with H. pylori. The vast 

majority of regulated phosphoproteins identified were involved in the splicing of 

mRNA, suggesting that regulation of splicing occurs upon infection. Kinase motif 

predictions for the proteins implicated in splicing suggested the involvement of p38 

MAPK and PKB in the observed changes in phosphorylation. 



 
 

A key determinant associated with virulence in H. pylori is CagA, a protein that is 

injected into the cytoplasm of gastric epithelial cells via the T4SS secretion 

machinery. The structural components of the T4SS secretion machinery, together 

with CagA, are encoded on a cag pathogenicity island [124, 125]. Based on 

observations that CagA profoundly alters host phosphotyrosine signaling and that 

components of the T4SS secretion system, including CagL, induce activation of the 

focal adhesion kinase FAK [126-129], Glowinski et al. performed system-wide 

phosphotyrosine profiling using immunoaffinity enrichment combined with SILAC and 

LC-MS analysis of a gastric epithelial cell line infected either with a wild-type H. pylori 

strain, an isogenic CagA deletion mutant or a mutant lacking the entire cag 

pathogenicity island (ΔPAI) to resolve component-specific phosphorylation events 

associated with H. pylori infection [130]. CagA deletion resulted in a marked 

decrease in phosphorylation of the SRC substrates pTyr128, pTyr249 and pTyr387 in 

BCAR1 and completely abolished activation of MAPK3/ERK1, indicated by reduced 

phosphorylation at pTyr204. In addition to phosphorylation events modulated by 

CagA, the authors also observed phosphorylation events that were dependent on the 

interaction of the T4SS secretion system with the host cell. The increased 

phosphorylation of several mitogen-activated protein kinases, including MAPK13 

(p38-delta; pTyr182), MAPK9 (JNK2; pTyr185), MAPK1 (Erk2; pTyr187) and 

MAPK10 (JNK3; pTyr185) was largely diminished upon infection with H. pylori ΔPAI, 

indicating specific signaling in response to components of the T4SS system. 

In a comparative phosphoproteomic study, Nakayasu et al. studied the signaling of 

macrophages infected with wild-type Francisella novicida or with a mutant lacking the 

lpcC gene, which encodes a group 1 glycosyl transferase involved in 

lipopolysaccharide (LPS) synthesis. Infection with this bacterium generates a 

phenotype that is associated with increased cytotoxicity and increased rates of 



 
 

phagocytosis by macrophages [131, 132]. By combining iTRAQ, IMAC, and LC-MS, 

the authors were able to identify 3,008 phosphopeptides in total; the highest degree 

of regulation of phosphorylation occurred at a very early stage of the infection, with 

200 phosphopeptides showing profound changes in abundance at this stage. Kinase 

motif analysis indicated the potential activation of AKT, PKA, CaMKII, CDKs and 

MAPKs in response to Francisella infection. In addition, the authors observed much 

higher induction of the phosphorylation of Ser178 in tristetraprolin (TTP), a protein 

implicated in the degradation of mRNA, in cells infected with the lpcC knockout than 

in cells undergoing wild-type infection. Phosphorylation of Ser178 in TTP correlated 

with an increased abundance of TTP substrate mRNAs and increased expression of 

pro-inflammatory cytokines, which was attributed to the observed increase in 

apoptosis.  

4. Array-based phosphoproteomic and kinomic technologies 

Alternative approaches to MS-based methods suitable for the profiling of protein 

phosphorylation or protein kinases in host-microbe interaction experiments include 

array-based technologies, such as antibody arrays, peptide microarrays and reverse-

phase protein microarrays (RPPA). Compared to classical single-observation 

experiments, these techniques allow investigators to conduct highly parallel surveys 

(Figure 2). Array-based technologies do not involve MS and are thus not dependent 

on the ionization, transmission or fragmentation efficiencies of analytes and do not 

suffer from inconsistent peptide selection across sample sets during proteomic 

discovery-mode mass spectrometry, which can have an impact on repeatable 

detection, identification and quantification. Moreover, most of these techniques avoid 

extensive sample processing and require only small amounts of sample. However, in 

these approaches, a priori knowledge of the (phospho)proteins or kinases to be 



 
 

studied is needed, and the techniques therefore stand in sharp contrast to the 

system-wide coverage and hypothesis-free MS-based study of protein 

phosphorylation. In addition, antibody-based techniques are dependent on the 

availability of high-quality antibodies, and the number of commercially available 

phosphorylation site-specific antibodies with satisfactory performance is limited. 

4.1 Antibody arrays 

Antibody arrays utilize multiple antibodies that either target proteins or are directed 

against specific phosphorylation sites (Figure 2A). For kinase profiling, antibodies are 

exclusively directed against protein kinases. Fixed-content panels to identify 

individual signaling pathways or receptor families of interest are available. One 

approach to monitoring the phosphorylation status of proteins includes the capture of 

proteins by antibodies on the array and subsequent detection of phosphorylation 

using either a cocktail of phosphosite-specific antibodies or, specifically for tyrosine 

phosphorylation, an antibody that binds to phosphotyrosine-containing sequences. 

Alternatively, phosphosite-specific antibodies can be directly used to capture 

exclusively the phosphorylated forms of the proteins on the array. The final step of 

detection is achieved with chemiluminescence or fluorescence associated with the 

primary or secondary antibody or with streptavidin if proteins were biotinylated.  

4.2 Reverse-phase protein arrays 

RPPA offer another approach to determining the phosphorylation status of signaling 

proteins (Figure 2B). In this method, parallel dot blots are performed with lysates 

from differentially treated or healthy and diseased cells or tissues arrayed on a solid 

support. Immunodetection is performed with a single antibody that recognizes 

phosphorylated sites or with a phosphosite-specific antibody. Without compromising 

detection accuracy compared to techniques involving the separation of proteins by 



 
 

PAGE, RPPA increase sample throughput enormously compared to classical 

western blotting, and the technique is automation ready. However, phosphosite 

detection requires highly specific antibodies, and this is the major bottleneck for 

application of this technique in multiplex panels. 

4.3 Kinase peptide arrays 

To profile kinase activities in an array-based format, microarrays with immobilized 

kinase substrate peptides can be used (Figure 2C). Upon incubation with cell or 

tissue lysates, active kinases transfer phosphate groups from ATP to serine, 

threonine or tyrosine residues of their target peptides. Incubation can be performed in 

the presence of [γ33P]-ATP or unlabeled ATP; detection of the phosphorylation 

pattern is achieved by autoradiography or by using a phosphate-group-specific stain, 

a phosphotyrosine peptide-specific antibody or a phosphoserine/threonine site-

specific antibody mix. Use of [γ33P]-ATP avoids the need for immunoaffinity reagents 

and thus overcomes one of the shortcomings of antibody-based assays. On the other 

hand, target sequences are often not unique to one specific kinase, and the design of 

peptides with high specificity for individual kinases is a major bottleneck of this 

method. Only a limited subset of the kinome is accounted for in currently available 

peptide arrays.  

Currently available assays utilizing RPPA or antibody arrays cover a maximum of 

approximately 100 site-specific phosphorylation events, whereas peptide arrays 

permit monitoring of the activities of one to two hundred different human kinases. The 

commercially available PepChip Kinomics Array (PepScan), e.g., contains peptide 

sequences that are specifically phosphorylated by one or more of approximately 200 

different human kinases, of which approximately 160 have at least one unique target 



 
 

on the array. An overview of the potential applications of array-based profiling 

approaches in infection research is provided in the next chapter. 

5. Application of array-based screening in infection research 

Recently, the RPPA-based strategy has been used to characterize host signaling 

events during infection of human epithelial cells as well as during infection of murine 

macrophages and lymph nodes. To address the effects of the S. Typhimurium type III 

secretion system effector proteins SopE/E2 and SopB/SigD on epithelial cells, 

Molero et al. infected cultured HeLa cells with S. Typhimurium depleted of SopE/E2 

activity alone or in combination with different mutations in sigD [133]. A total of 32 

differently treated cell lysates were spotted on chips and profiled using 15 

phosphosite-specific antibodies and 10 antibodies specific to the non-phosphorylated 

forms of the proteins. The phosphoinositide phosphatase SigD was thereby 

confirmed to be implicated in the phosphorylation of PKB and its targets FoxO and 

GSK-3b, an involvement that may contribute to its reported anti-apoptotic effect. 

Furthermore, SopE/E2 promotes S. Typhimurium internalization mainly due to 

activation of CDC42 and Rac1 GTPases, as well as by activation of multiple MAPK 

(ERK, JNK, p38) pathways. The Hakami laboratory recently employed the RPPA 

technology to study the host response of 16HBE14o- human bronchial epithelial cells 

to Y. pestis, the cause of plague [134]. Using 111 host-specific antibodies, most of 

which were phosphosite-specific, host phosphorylation patterns were compared at 

different times after infection with live or heat-inactivated virulent bacteria and after 

infection with a non-virulent mutant strain, as well as after treatment with LPS. The 

analysis showed that 25 proteins, 12 of which were novel for Y. pestis infections, 

underwent significant alteration in the amount of site-specific phosphorylation or in 

the amount of total protein. The results indicate that modulation of cell growth and 



 
 

survival pathways and negative regulation of autophagy occurs during infection and 

that the negative regulation of autophagy involves altered phosphorylation-mediated 

activity of key kinases, including activation of AKT and P53 and inactivation of the 

AMP-activated protein kinase AMPK. A similar set of 114 antibodies was utilized with 

RPPA to monitor changes in the expression of host signaling proteins as well as 

alterations in phosphorylation-mediated host signaling caused by infection of murine 

RAW264.7 macrophages with Burkholderia pseudomallei and B. mallei species 

[135]. The comparison revealed that B. spp. trigger signaling through common host 

pathways and identified 20 and 5 candidate proteins whose phosphorylation states or 

level of expression, respectively, were altered during infection. In addition to the 

identification of previously known alterations in the phosphorylation of glycogen 

synthase kinase 3 beta (GSK3β) and components of the NF-κB and MAPK 

pathways, suppression of AMPK-α1 activation via Ser485 phosphorylation and 

Tyr416-mediated activation of the tyrosine kinase SRC were shown to be novel host 

biomarkers of Burkholderia infection. Subsequently, Popova et al. demonstrated the 

application of RPPA using Bacillus anthracis spore-challenged mice [136]. 

Combining RPPA with laser capture microdissection, the authors studied 

phosphoprotein signaling in lymph node tissue after challenging mice with 

toxinogenic B. anthracis. Among the tested 31 phosphorylated protein species and 

34 total proteins, major alterations were associated with reduced MAPK signaling, 

upregulation of STAT transcriptional factors and altered levels of many pro- and anti-

apoptotic proteins. Through an accompanying immunohistochemical analysis, 

downregulation of ERK1/2 was shown to be associated with the response of CD11b+ 

macrophages/dendritic cells, whereas upregulation of the pro-apoptotic protein Puma 

indicated targeting of CD3+ T-cells. 



 
 

Several recent studies have utilized multiple immunoblots or antibody arrays to 

characterize host signaling during interaction with pathogenic bacteria. To study the 

effect of mycobacterial infection on signal transduction in human macrophages, 

Hestvik et al. infected human macrophage-like THP-1 cells with live or heat-killed 

Mycobacterium bovis BCG or incubated cells with the mycobacterial cell wall 

component lipoarabinomannan (LAM) and performed a multiplex screening assay 

[137]. Lysates from cells obtained 24 hours post-infection were separated in a 20-

lane format and probed against an array of 31 phospho-specific antibodies with up to 

three antibodies per lane. Using this strategy, the authors identified changes in host 

proteins involved in the regulation of apoptotic pathways (SAPK, c-Jun, and GSK3β), 

cytoskeletal rearrangement (α-adducin), calcium signaling (NR1), and macrophage 

activation (PKCε), and some of these changes were shown to be triggered by LAM. 

To analyze the receptor tyrosine kinases involved in meningococcal infection, 

Slanina et al. infected human brain microvascular endothelial cells with Neisseria 

meningitidis and profiled tyrosine phosphorylation events using an array comprising 

39 antibodies against the phosphorylated forms of receptor tyrosine kinases and key 

signaling nodes [138]. Infection resulted in the activation of several kinases including 

the ErbB-family receptor tyrosine kinases EGFR, ErbB2, and ErbB4. 

Pharmacological inhibition or genetic ablation of these kinases by RNA interference 

resulted in decreased bacterial uptake, indicating that activation of EGFR signaling 

mediates meningococcal infection. Recently, phosphorylation arrays specific for 46 

protein kinases and substrates were used to examine signaling downstream of 

ceramide/TLR4, a pathway triggered by P-fimbriated E. coli, which use ceramide-

anchored glycosphingolipid receptors [139]. The phosphorylation of twelve proteins 

was shown to be stimulated following ceramide release; these proteins included 

antibacterial effectors (eNOS, Hck) and many proteins involved in the activation of 



 
 

the transcription factors AP-1 (Jun, ERK1/2) and IRF3 (PLCγ1, CREB, Fyn, ERK1/2). 

Based on the results of their study of the ceramide/TLR4-triggered IRF3-dependent 

transcription of innate immune response genes, the authors propose a model of how 

TLR4 distinguishes pathogens from commensals at the mucosal level. 

The first application of commercially available peptide microarrays (consisting of 192 

kinase target sequences) to describe the activities of a large group of kinases in 

whole cell lysates was published in 2004 [140]. The platform was used to 

characterize the kinetics of phosphorylation events in human peripheral blood 

mononuclear cells after induction by lipopolysaccharide (LPS). The analysis indicated 

the activation of p21Ras by LPS; this was confirmed by direct measurement of 

p21Ras GTP levels in LPS-stimulated human peripheral blood mononuclear cells, 

thereby providing the first direct demonstration of p21Ras activation by stimulation of 

a TLR family member. To identify the substrate specificity of the eukaryotic-like 

serine/threonine protein kinase PknB of S. aureus, Miller et al. utilized peptide 

microarrays; they found that efficient incorporation of radioactive phosphate into a 

particular subset of 976 human target sequences occurred only if purified PknB was 

present [141]. The authors identified 68 potential host substrates, approximately half 

of which were involved in signal transduction and cell communication. Together with 

a sequence logo analysis, the results imply that staphylococcal PknB is the first 

prokaryotic representative of the proline-directed kinases. Kinase activity profiling 

with peptide microarrays was also used to explore signal transduction events in a 

mouse model of Klebsiella pneumoniae-mediated pneumonia [142]. Of 1,024 

consensus sequences of protein kinase substrates, 179 were significantly 

differentially phosphorylated 3, 6, 24, or 48 hours after infection. In this study, 

Hoogendijk et al. confirmed the key roles of MAPK and TGFβ signaling in classical 



 
 

inflammation pathways and demonstrated the involvement of the glycogen synthase 

kinase 3β (GSK-3β), AKT and SRC signaling networks in the mouse model. 

A chicken-specific peptide array comprising 300 target peptides designed to address 

cellular metabolic signaling was used by Arsenault et al. for kinomic profiling of 

changes in skeletal muscle metabolism following S. Typhimurium infection [143]. The 

results point to alterations in AMPK phosphorylation and activity as well as to 

significant disruptions in the insulin/mTOR signaling pathway over time. This 

potentially directly affects fatty acid and glucose metabolism and thereby links S. 

Typhimurium infection of the chicken cecum to potential systemic effects on animal 

health. The Napper lab utilized bovine-specific peptide kinome arrays containing 300 

target sequences to analyze the pathological mechanisms of infection with 

Mycobacterium avium subsp. paratuberculosis, the causative agent of Johne’s 

disease in cattle. To define the signaling events responsible for the suppression of 

activation of infected macrophages by gamma interferon (IFN-γ), a key event in 

subversion of host immune responses and establishment of chronic infection, IFN-γ-

stimulated infected and uninfected bovine monocytes were subjected to kinome 

analysis [144]. The peptide array data indicate activation of the IFN-γ-associated 

JAK-STAT pathway in uninfected monocytes but not in M. avium subsp. 

paratuberculosis-infected monocytes. This limited responsiveness to IFN-γ of 

infected cells is accompanied by decreased expression of the IFN-γ receptor chains 

and increased expression of the negative IFN-γ receptor regulators SOCS1 and 

SOCS3, providing specific insight into the pathogenic mechanisms of M. avium 

subsp. paratuberculosis. Modulation of TLR function during infection of monocytes 

with M. avium subsp. paratuberculosis has also been investigated [145]. Using array-

based kinome analysis, blocking of classical TLR9 signaling for activation of NF-κB 

by M. avium subsp. paratuberculosis infection could be verified. During infection, 



 
 

signaling occurs through PYK2, and inhibition of PYK2 significantly reduced the 

number of intracellular bacteria, suggesting that PYK2 might be an appropriate 

therapeutic target. Another bovine-specific peptide- microarray-based study of M. 

avium subsp. paratuberculosis infection analyzed tissue samples from the intestinal 

compartments of calves after surgically isolated infection [146]. Significant 

differences in the overall intestinal kinome profiles of the infected compartments from 

four animals could be correlated with the distinct immune responses of cells from 

these animals to M. avium subsp. paratuberculosis lysates. Metadata analysis by 

pathway and gene ontology enrichment indicated that the differences in the kinomes 

were associated with differences in innate immunity and interleukin signaling and 

with alterations in the Wnt/-catenin pathway. 

6. Conclusion and Outlook 

Eukaryotic protein kinases control virtually all cellular functions, ranging from simple 

protein translocation to highly complex biological reprogramming of cell function. 

During microbial infection, these master regulators contribute to innate and adaptive 

immune control by regulating pathogen recognition, phagocytosis, antigen 

presentation and many other processes that help restrict the dissemination of 

invading pathogens within the host organism. Consequently, accurate reception of 

stimuli and subsequent signal transduction by protein kinases through their 

corresponding phosphorylation networks must be regarded as essential for 

eukaryotic cells in general and for cells with barrier functions, such as epithelial cells, 

in particular. It has recently become clear, however, that pathogenic species employ 

mechanisms to subvert the host immune system. Hence, not only is host signaling 

during infection under the control of host cell kinases to stop pathogen invasion but 



 
 

infective agents also compete for the control of host signaling to create a beneficial 

environment for successful invasion and infection.  

Due to their critical role in cellular signaling, members of the kinase superfamily have 

emerged as the most intensively pursued targets for therapeutic interference in 

human pathologies. To date, 27 small-molecule protein kinase inhibitors have been 

approved by the US FDA, predominantly for the treatment of patients suffering from 

various types of cancer. In contrast, no single kinase inhibitor is currently clinically 

approved and in use for the treatment of infections.  

The dramatically increasing resistance of pathogens to available drugs and 

antibiotics requires immediate action to increase our understanding of the 

interactions between pathogens and their hosts so that innovative tools can be 

developed to block the dissemination of pathogens as well as to control inflammation 

and restore immune homoeostasis, e.g., in patients with severe sepsis. Although 

efforts to achieve a comprehensive understanding of the host-pathogen interaction 

and its molecular consequences have been made, there is an urgent need to better 

understand infection processes and to develop host-directed therapies that 

complement clinical research and the production of new antimicrobial agents and 

vaccines. The introduced techniques for sample preparation and phosphopeptide 

enrichment as well as MS measurement and quantification provide an integral 

workflow for the global study of protein phosphorylation and protein kinases. The use 

of these techniques in research on host-pathogen interactions will beyond doubt 

accelerate and amplify our understanding of infection processes during microbial and 

viral attacks. Moreover, it will rapidly provide potential targets for the development of 

new drugs or the repositioning of clinically approved drugs for host-directed therapy.  
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Figure legends 
 

Figure 1 

General workflow for MS-based phosphoproteomics. The initial step in a standard 

phosphoproteomic experiment is the metabolic labeling of cells using SILAC. Sample 

processing includes cell lysis under denaturing conditions, mixing of corresponding 

differentially labeled samples and subsequent proteolytic digestion. For kinomic 

analysis, cells are lysed under non-denaturing conditions, and kinase affinity 

enrichment using small molecules or Acyl-ATP probes is performed prior to tryptic 

digestion. When SILAC is not applicable, tryptic peptides can be labeled chemically. 

The samples are then fractionated by chromatography, and phosphopeptides are 

enriched using TiO2, IMAC or pTyr-based immunoaffinity methods. Fractionation and 

phosphopeptide enrichment can be performed also in the reverse order. LC-MS/MS 

is then conducted, and the mass spectra of the peptides are recorded, including 

quantification by precursor ion intensities (MS1) or by reporter ions at the MS/MS 

level. The data are analyzed and examined with respect to differential regulation and 

the site specificity of protein phosphorylation. Biological pathways and networks are 

then generated for functional association of the detected signaling activities. 

 

Figure 2 

Array-based approaches for phosphoproteomics. (A) Proteins of interest from a cell 

or tissue lysate are immunoprecipitated using antibody arrays containing immobilized 

‘capture’ antibodies. Alternatively, phosphosite-specific antibodies on the array are 

used to capture exclusively the phosphorylated forms of proteins. Detection of 

phosphorylation is achieved by chemiluminescence or fluorescence associated with 

an antibody that targets the protein or a specific phosphorylated site on the protein. 



 
 

(B) Proteins from cell or tissue lysates are spotted on reverse-phase protein arrays. 

In each array, a single phosphosite-specific antibody is used, making it possible to 

monitor the phosphorylation of the protein in all lysates. (C) To monitor kinase 

activities in cell or tissue lysates, kinase peptide arrays utilizing known kinase target 

sequences are used. Upon incubation with cell or tissue lysates, active kinases 

transfer phosphate groups from ATP to serine, threonine or tyrosine residues of their 

target peptides. The incubation can be performed in the presence of [γ33P]-ATP or 

unlabeled ATP; detection of the phosphorylation pattern is achieved by 

autoradiography, immunodetection or a phosphate-group-specific stain. 
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Abstract
Responsiveness of cells to alpha-toxin (Hla) from Staphylococcus aureus appears to occur
in a cell-type dependent manner. Here, we compare two human bronchial epithelial cell lines,
i.e. Hla-susceptible 16HBE14o- and Hla-resistant S9 cells, by a quantitative multi-omics strat-
egy for a better understanding of Hla-induced cellular programs. Phosphoproteomics re-
vealed a substantial impact on phosphorylation-dependent signaling in both cell models and
highlights alterations in signaling pathways associated with cell-cell and cell-matrix contacts
as well as the actin cytoskeleton as key features of early rHla-induced effects. Along compa-
rable changes in down-stream activity of major protein kinases significant differences be-
tween both models were found upon rHla-treatment including activation of the epidermal
growth factor receptor EGFR and mitogen-activated protein kinases MAPK1/3 signaling in
S9 and repression in 16HBE14o- cells. System-wide transcript and protein expression profil-
ing indicate induction of an immediate early response in either model. In addition, EGFR and
MAPK1/3-mediated changes in gene expression suggest cellular recovery and survival in
S9 cells but cell death in 16HBE14o- cells. Strikingly, inhibition of the EGFR sensitized S9
cells to Hla indicating that the cellular capacity of activation of the EGFR is a major protective
determinant against Hla-mediated cytotoxic effects.

Introduction
Alpha-toxin (or alpha-hemolysin, Hla) is a major pore-forming cytotoxin released by most
Staphylococcus aureus strains and a key factor in the pathogenesis of S. aureus diseases, includ-
ing pneumonia [1–3]. The interaction of Hla with susceptible host cells is characterized by at-
tachment to the membrane, oligomerization to a heptameric structure followed by formation
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of a transmembrane pore with 1–3 nm inner diameter [4–7]. Cellular responses to Hla are con-
centration and cell-type dependent indicating a specific mechanism by which Hla binds to the
surface of host cells. Certain lipid components, particularly phosphocholine headgroups, and
proteins such as caveolin-1 or disintegrin and metalloproteinase domain-containing protein 10
(ADAM10) were suggested to function as membrane receptors for Hla [8–10]. Interaction of
Hla with ADAM10 may activate this metalloprotease and thereby mediate cytotoxic effects in
host cells [3].

Depending on cell-type and toxin concentration, the cellular reactions to Hla-treatment are
diverse, ranging from cell death to survival with defined cell-specific responses [3]. Following
Hla-treatment, membranes of susceptible cells seem to become permeable for monovalent ions
[11–14] and possibly also for calcium [15]. Increases of intracellular calcium levels may activate
protein kinases or stimulate hydrolysis of membrane phospholipids thereby generating precur-
sors that are central to cell signaling pathways [3, 4, 16]. In many cell types, Hla-treatment is
followed by a transient decline in intracellular ATP concentrations [4, 12–15, 17, 18]. Recently,
we provided evidence that a variety of intracellular metabolites, such as nucleotides and amino
acids, leak out of Hla-treated viable airway epithelial cells [18].

It was demonstrated earlier that interaction of Hla with host cells can alter cell proliferation,
inflammatory responses, cytokine secretion, as well as cell-cell and cell-matrix interactions [16,
19–25]. In epithelial and endothelial cells, primary disturbance of the tissue barrier function by
Hla has been highlighted. Two different mechanisms are likely implicated in this process. Hla-
mediated activation of the metalloprotease ADAM10 and subsequent cleavage of cadherin
molecules results in loss of adherence junctions in adjacent cells [22, 23]. The Hla-ADAM10
interaction may also alter the phosphorylation states of proteins critical in the regulation of the
dynamics of cell-basement membrane contacts (focal adhesions) leading to their dissolution
[9]. Furthermore, the Hla-mediated secretion of pro-inflammatory cytokines and chemokines
from airway epithelial cells has previously been shown to be mediated via activation of ERK-
type and p38 MAP kinases [16, 26].

Although protein phosphorylation-mediated signaling in airway epithelial cells seems to
be critical for cellular responses towards Hla, alterations have not been investigated thoroughly
so far. Here, we utilized phosphoproteomics in 16HBE14o- and S9 human bronchial epithelial
cells in order to highlight critical pathways affected by Hla-treatment. We validate activity
profiles of many identified kinases and down-stream substrates by Western blot analyses and
correlate differentially activated kinases in both cell systems to the observed differences in Hla-
mediated cytotoxicity. Additionally, we describe early Hla-associated alterations in protein
expression levels by transcriptomic and proteomic approaches.

Materials and Methods
Recombinant α-toxin
Recombinant Hla (rHla) from S. aureus was expressed and purified as described previously
[26]. The purity was evaluated with a Coomassie-stained SDS-gel and hemolysis activity was
tested on blood agar plates. For controls, a mock purification from Escherichia coli containing
vector DNA only was carried out.

Cell culture and SILAC
The two immortalized human airway epithelial cell lines 16HBE14o- and S9 are frequently
used as model cells for studying cellular functions of human airways [27–30]. S9 cells were
originally derived from a cystic fibrosis patient, subsequently corrected by introduction of the
gene encoding wild-type cystic fibrosis transmembrane conductance regulator (CFTR) through
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adenoviral transfer. 16HBE14o- cells were derived from the bronchial epithelium of a trans-
plant patient and express wild-type CFTR. The 16HBE14o- cells are highly polarized and all
known characteristics indicate that these cells represent one type of serous cells at the surface
of airway epithelia, whereas the less polarized S9 cells may represent an airway cell type that is
derived from the lower layer of the bronchial epithelium [27, 30, 31].

16HBE14o- and S9 cells were cultivated at 37°C with 5% CO2 in a humidified atmosphere
in RPMI-1640 (with L-glutamine and sodium bicarbonate, without arginine, leucine, lysine;
Sigma-Aldrich) supplemented with 382 μM L-leucine (Sigma-Aldrich), 218 μM L-lysine, 144/
72 μM L-arginine (16HBE14o-/S9 cells), 10% dialyzed fetal bovine serum (FBS, Sigma-Aldrich)
and penicillin 100 U/ml, streptomycin 100 μg/ml (Biochrom AG). For 16HBE14o- cells,
growth medium was additionally supplemented with 2 mM L-glutamine (Biochrom AG). For
stable isotope labelling with amino acids in cell culture (SILAC), cells were grown for at least 6
cell divisions in medium supplemented with the heavy isotope labelled forms of L-lysine and
L-arginine (13C6

15N2-L-lysine and
13C6

15N4-L-arginine, Silantes). Medium was changed every
three days. Cells were sub-cultivated routinely twice a week using EDTA (0.05% (w/v) in phos-
phate buffered saline (PBS), Sigma-Aldrich) and trypsin / EDTA (0.05% (m/v) / 0.02% (m/v)
in PBS, Biochrom AG). Cells were detached by gently tapping and suspended in growth medi-
um. An aliquot of the cell suspension obtained was mixed with trypan blue solution (Sigma-Al-
drich) for checking cell viability and counted using a Buerker haemocytometer. All cultures
were tested for absence of mycoplasma contamination by PCR on a regular basis.

For proteomic and transcriptomic experiments cells were seeded in 150 mm cell culture
dishes at a density of 5.5 x 106 cells. Confluent cell layers were treated with 2,000 ng/ml rHla or
an equivalent volume of mock control for 2 hours. SILAC-experiments were carried out in du-
plicate with switched labels. Transcriptomic experiments were performed in biological
duplicates.

Cell viability and survival assays
Cells were seeded in 24-well plates at a density of 0.2 x 106 cells. After reaching confluency,
cells were treated with 2,000 ng/ml rHla or mock control. After 2, 6 or 24 hours cell viability
was determined by cell counting as described above. Experiments were carried out at least in
triplicate with three parallels each. For analysis of Hla cytotoxicity cells were seeded in 96-well
plates at a density of 0.5 x 104 cells (for both, 16HBE14o- and S9 cells) for early time points, or
1 x 105 and 1.5 x105 cells for long term analysis for 16HBE14o- and S9 cells, respectively. Cells
were treated with 2,000 ng/mL of rHla for the indicated time points. The general metabolic
condition of cells was determined by resazurin staining (Sigma-Aldrich) and absorbance was
measured at 570 nm and 600 nm using a multiwell plate reader (Synergy Mx, BioTek). Experi-
ments were carried out in triplicate with 6 parallels each.

Protein kinase inhibitors
Cells were seeded in 24-well plates at a density of 0.2 x 106 cells and treated with 10 μM tyr-
phostin AG1478 (Sigma-Aldrich), PD98059 (Cell Signaling Technology) or vehicle 1 h prior to
addition of rHla. Cell viability was determined 6 h post rHla-treatment by cell counting. Exper-
iments were carried out in triplicates with three parallels.

Preparation of samples for proteome and phosphoproteome profilings
Cells were harvested by directly scraping in lysis buffer (8 M urea, 10 mM sodium fluoride,
2.5 mM sodium pyrophosphate, 1 mM β-glycerol phosphate, 1 mM sodium orthovanadate,
1 mM tris (2-carboxyethyl) phosphine (TCEP), 1 mM EDTA, and 20 mMHEPES, pH 8.0) and

The Epithelial Cell Phosphoproteome after Alpha-Toxin-Treatment

PLOS ONE | DOI:10.1371/journal.pone.0122089 March 27, 2015 3 / 26



immediately frozen. Lysed cells were thawed, sonicated and free protein thiols were alkylated
by addition of iodoacetamide to a final concentration of 5 mM followed by incubation for 20
min at room temperature. Lysates were clarified by centrifugation (8,700 x g, 15 min) and pro-
tein content was quantified by the Bradford method (Bio-Rad). Equal amounts of differentially
labelled proteins were mixed for further sample processing. For protein expression profiling,
20 μg protein mix was fractionated into 10 gel slices by one-dimensional SDS-PAGE. Peptides
were obtained by in-gel digestion using trypsin (Promega). For enrichment of phosphopep-
tides, 5 mg (for TiO2-based enrichment) or 20 mg (for immuno-based enrichment) of protein
mixtures were diluted eightfold with 20 mMHEPES, pH 8.0 and digested with trypsin using a
protein-enzyme ratio of 20:1. Obtained peptides were purified using C18 Sep-Pak cartridges
(Waters) and freeze-dried. Peptides destined for TiO2-based enrichment were dissolved in
buffer A (5 mM KH2PO4, 30% (v/v) acetonitrile, pH 2.7) and separated in 15 fractions by
strong ion exchange chromatography (SCX) with a ResourceS SCX column (1 ml column vol-
ume, GE) connected to an Äkta Avant chromatography system (GE) using a binary linear gra-
dient with buffer B (5 mM KH2PO4, 350 mM KCl, 30% (v/v) acetonitrile, pH 2.7) at a flow
rate of 1 ml/min. Fractions were lyophilized, dissolved in 14 ml TiO2-binding buffer (73% (v/v)
acetonitrile, 10% (v/v) lactic acid, 2% (v/v) TFA) and 100 μl from a TiO2-stock solution
(30 mg / ml Titansphere TiO2 bulk material (GL sciences) in 100% acetonitrile) was added, fol-
lowed by incubation for 20 min at room temperature. Samples were centrifuged, beads were
washed four times with 80% (v/v) acetonitrile, 2% (v/v) TFA and phosphopeptides were se-
quentially eluted with 5% (v/v) NH4OH and 30% (v/v) acetonitrile. Samples for enrichment of
tyrosine-phosphorylated peptides by immunoprecipitation were dissolved in IP buffer (50 mM
MOPS, 10 mM Na2HPO4, 130 mMNaCl, 0.5% (v/v) NP40, pH 7.5) and incubated overnight
at 4°C with P-Tyr-100 beads prepared by coupling of 300 μg of a monoclonal mouse anti-phos-
photyrosine antibody (P-Tyr-100, Cell Signaling Technology) to rec-Protein G-Sepharose 4B
beads (Life Technologies) in a 1:4 ratio. Beads were washed three times with IP buffer and
twice with water. Tyrosine-phosphorylated peptides were eluted twice with 50 μl 0.1% (v/v)
TFA and once with 15% (v/v) acetonitrile, 0.1% (v/v) TFA. Eluates were vacuum-dried and pu-
rified with C18 Stage-Tips (Thermo Scientific). Peptides were again vacuum-dried and stored
at -20°C.

Mass spectrometry and spectra analysis
LC-MS/MS analyses were performed using an EASY-nLCII nanoflow HPLC system coupled
directly to an LTQ Orbitrap Velos hybrid mass spectrometer (Thermo Fisher Scientific). Pep-
tide samples were dissolved in 20 μl 5% (v/v) acetonitrile, 0.1% (v/v) acetic acid and loaded
onto a 20 cm-long self-packed C18 (Aeris Peptide 3.6 μm, pore size 100 Å; Phenomenex) ana-
lytical column. Gradual elution of peptides was achieved by running a binary linear gradient
from 1% (v/v) acetonitrile/0.1% (v/v) acetic acid to 75% (v/v) acetonitrile/0.1% (v/v) acetic acid
over a period of 46 minutes (TiO2 samples) or 80 minutes (pTyr-IP samples) with a flow rate
of 300 nl/min. The MS was operated in data-dependent mode, automatically switching between
full survey scan (m/z 300–1700) with a resolution of 30,000 followed by fragmentation analyses
of the top 10 precursors with a charge state greater than one. MS/MS analyses were either with
collision induced dissociation (CID) or higher-energy collisional dissociation (HCD). Frag-
mentation by CID was performed in the linear ion trap with an AGC target value of 5 x 103

ions and normalized collision energy of 35%. Spectra for HCD fragmentation were acquired in
the Orbitrap mass analyzer with a target value of 5 x 104 ions and 40% normalized collision en-
ergy. Precursors were dynamically excluded for repeated fragmentation for 30 s and 20 s for
the CID and HCDmethod, respectively.
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Obtained raw data files were processed using MaxQuant (vers. 1.2.2.5) with the integrated
Andromeda search engine [32, 33] against the reviewed human proteome deposited in Uni-
ProtKB (Swiss-Prot database vers. 2011_11; released date: 2011-11-16; 20,251 sequences).
Trypsin was specified as enzyme and a total number of 2 missed cleavages were allowed. Arg10
and Lys8 were set as heavy labels. Carbamidomethylation of cysteine residues was set as fixed
modification. Oxidation of methionine, amino-terminal acetylation and phosphorylation of
serine, threonine and tyrosine were selected as variable modifications. The ‘requantify’ and
‘match between runs’ options were enabled. For peptide, protein or site-specific identifications
a false discovery rate cut-off of 0.01 was applied. Provided SILAC ratios are based on average
values. Only SILAC ratios calculated from at least two independent events were taken into ac-
count. For protein expression analysis, only SILAC ratios from protein groups with at least two
independent peptide identifications, including at least one unique peptide, were considered.

Immunoblotting
Primary antibodies used in this study were anti-ADAM10 (abcam #ab1997), PE conjugated
anti-ADAM10 (Biolegend #352704), anti-v-Src (Calbiochem #OP07), anti-Src family pY416
(CST #2101), anti-MAPK14 (CST #9212, anti-MAPK14 pT180/pY182 (CST #9211), anti-FAK
(BD #610088), anti-FAK pY397 (Biosource #44-625G), anti-FAK pY576 (Santa Cruz #sc-
16563), anti-FAK pS910 (Biosource #44-596G), anti-MAPK3/1 (CST #9102), anti-MAPK3/1
pT202/pY204 (CST #9106), anti-PAK2 (CST #2608), anti-PAK1/2 pS144/pS141 (CST #2606),
anti-BCAR1 (Santa Cruz #sc-860), anti-BCAR1 pY249 (CST #4014), anti-Paxillin (Santa Cruz
#sc-5574), anti-Paxillin pY118 (CST #2541), anti-Shc pY239/pY240 (CST # 2434), anti-Gab1
pY627 (CST #3231), PE-conjugated anti-E-cadherin (BioLegend #324106), anti-EGFR (Biole-
gend #352904), anti-Vinculin (Life Technologies #700062).

Protein extracts were separated by one-dimensional SDS gel electrophoresis using 4–15%
TGX gradient gels (Biorad) and subsequently transferred on a PVDF membrane (Merck-Milli-
pore). Membranes were blocked for 1.5 h in 5% (w/v) dried milk in PBS-0.05% (v/v) Tween-20
and probed with various phospho-site specific primary antibodies and their corresponding pan
antibodies overnight at 4°C. Detection was performed using either IRDye680RD or
IRDye800CW secondary antibodies (LI-COR) and the Odyssey infrared imaging system
(LI-COR).

Microscopy
For fluorescence microscopic analysis 1 x 104 cells were seeded onto coverslips. After rHla or
mock treatment for 2 h cells were washed with DPBS and fixed with 4% (w/v) paraformalde-
hyde (Sigma) for 10 minutes at room temperature, permeabilized in 0.2% (v/v) Triton X-100
(Sigma) for 5 min on ice and blocked with 1% (w/v) BSA in DPBS for 10 minutes. Cells were
stained for 30 min with phycoerythrin-conjugated anti-E-cadherin in DPBS containing 1%
(w/v) BSA, washed twice with BSA-DPBS and sealed with fluoromount (Sigma) or stained for
20 min with an anti-Vinculin antibody (Life Technologies) in BSA-DPBS followed by probing
with an AlexaFluor488- conjugated secondary antibody (Life Technologies), rhodamine phal-
loidin (Life Technologies) and Hoechst 33342 (Sigma) staining for 45 min. Coverslips were
sealed with fluoromount and fluorescence microscopy was performed using a Zeiss Axio
Observer.

Gene expression analysis
Total RNA was isolated using the TRIzol reagent (Invitrogen). RNA was purified using the
RNA Clean-Up and Concentration Micro Kit (Norgen) and concentrations were measured
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using a ND-1000 spectrophotometer (Thermo Fisher Scientific Inc). RNA integrity was vali-
dated by means of the lab-on-chip capillary electrophoresis technology (Bioanalyzer 2100, Agi-
lent Technologies). Only RNA samples with an RNA integrity number (RIN)>9.5 [34], 260/
280 nm!1.8, 260/230 nm!1.9 were used for microarray analyses. For each sample, 200 ng of
total RNA was reverse transcribed into cDNA, amplified, and in vitro transcribed to cRNA.
Sense-strand cDNA was generated from 10 μg of purified cRNA using random primers, fol-
lowed by fragmentation and labelling using 5.5 μg of purified sense-strand DNA. Biotinylated
sense-strand DNA was then hybridized onto the Affymetrix GeneChip Human Gene 1.0 ST ar-
rays for 16 h. Arrays were washed and stained using the Fluidics Station 450. Scanning was per-
formed by GeneChip Scanner 3000 7G (Affymetrix); raw CEL files were generated using the
GCOS software. Quality assessment of all hybridizations was carried out by inspecting scan im-
ages and by reviewing external and endogenous controls using the Expression Console soft-
ware (Affymetrix).

Data analysis was carried out using Rosetta Resolver system for gene expression data analy-
sis (Rosetta Bio software). In brief, the raw signals of the gene-specific probes were summarized
using the Robust Multi-array Average algorithm and data transformation for array compara-
bility was achieved by performing quantile normalization. Genes exhibiting significantly differ-
ent expression on the RNA level were identified using the following cut-off criteria: one-way
analysis of variance with subsequent Benjamini and Hochberg false discovery rate multiple-
testing correction on pair-wise comparisons (ANOVA, p"0.05), signal correction statistics
(Ratio Builder, p"0.05) and fold-change!1.5-fold. Probe-set transformation into genes was
performed by using the Rosetta Resolver transformation tool based on the Entrez Genes/Uni-
genes search engine (NCBI).

Functional classification, downstream effects and upstream regulator
analysis
For protein and phosphoprotein data, functional annotation enrichment was based on KEGG
pathways (DAVID Bioinformatics Resources 6.7; [35]. Kinase-substrate relationships and pro-
tein-protein interactions were downloaded from the PhosphoSitePlus (www.phosphosite.org;
[36]) and STRING database [37] and visualized with Cytoscape version 2.8.3 [38] and Adobe
Illustrator CS6.

Functional trends caused by the change of gene expression were assessed using IPA Down
Stream Effects Analysis (Ingenuity Systems). In brief, protein IDs or transcript-specific probe
sets corresponding to differentially expressed genes were tabulated and IPA core analysis was
performed. Top hits from the Molecular and Cellular Functions category were then extracted
based on Fisher’s exact test (p-value"0.01, Benjamini-Hochberg multiple testing corrected) as
an estimation of the probability of the association between groups of genes and cellular func-
tions due to random chance. IPA regulation z-score greater than 2 (increased activation) or
lower -2 (decreased activation) was used to predict whether observed cellular functions are ac-
tivated or deactivated after rHla-treatment. Identification of upstream regulators was achieved
through the correlation with differentially expressed genes by the use of IPA Upstream regula-
tor analysis (Ingenuity Systems). Upstream regulators of the molecule type growth factor, ki-
nase, and transmembrane receptor were assumed as valid effectors of gene expression after
rHla-treatment if the corresponding p-value obtained by Fisher’s exact test was equal to or less
than 0.01. Activation z-score algorithm was used to allow for prediction whether an upstream
regulator is activated (z!2) or inactivated (z"-2) based on the direction of expressional change
of the associated genes.
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Flow cytometry
Flow cytometry was used to determine the surface expression of ADAM10, EGFR and E-cad-
herin on 16HBE14o- and S9- cells. For flow cytometric analysis, cells were trypsinized and 1 x
106 cells were stained with PE-conjugated anti-ADAM10 (BioLegend), anti-E-cadherin (BioLe-
gend), anti-EGFR (BioLegend) or appropriate isotype control (IgG1k, eBioscience) antibodies
in 100 μl medium for 30 min at 4°C in the dark. Cells were washed twice with FACS buffer
(DPBS, 1% (v/v) FBS, 3.8 mM sodium azide) and resuspended therein. Stained cells were ana-
lyzed on an Attune Acoustic Focusing Cytometer (Life Technologies). Ten thousand events
were gated and analyzed with Attune software V2.1.0 or FlowJo V10.07 (Tree Star).

ADAM10 knockdown
For ADAM10 knockdown in 16HBE14o- and S9 cells, siRNAs HS_ADAM10_4 (target se-
quence ATG GTG TTG CTG AGA CTG TTA), HS_ADAM10_5 (target sequence TTG GTG
GGC AGT ATT ACT TAT) or negative control (Qiagen) were used according to the manufac-
turer`s protocol. Cells were seeded in 96-well plates at a density of 0.5 x 104 cells or in 60 mm
plates at a density of 0.5 x 106 cells. 24 h after seeding, cells were transfected with siRNAs using
Lipofectamine for 24 h. Medium was exchanged and cells were left undisturbed for additional
48 h.

Results
Staphylococcal alpha-toxin decreases viability in 16HBE14o- but not in
S9 cells
In previous studies, different rHla concentrations were tested on 16HBE14o- and S9 epithelial
cells. The dose-response relationship for rHla-mediated cyto-/chemokine release thereby
showed highest values for 2,000 ng/ml rHla [16]. Furthermore, retardation of cell growth for
16HBE14o- cells was unaffected by up to 200 ng/ml rHla as determined by impedance mea-
surements and most pronounced when cells were treated with 2,000 ng/ml [25]. In addition,
microscopic inspection revealed that this concentration resulted in the liberation of cells from
the layer and irreversible formation of paracellular gaps for 16HBE14o-, A549 and primary
human epithelial cells isolated from nasal polyps in the long term but this effect was only mod-
erate and transient in S9 cells [25]. For the characterization of rHla-mediated effects on the
metabolome [18], transcriptome and (phospo-)proteome, we adopted the concentration of
2,000 ng/ml for our omic studies by carefully testing cell survival of confluent cell layers of S9
and 16HBE14o- human bronchial epithelial cells under our experimental conditions.

As shown in Fig. 1A, proportions of viable 16HBE14o- cells were 80%, 30% and 5% of the
respective controls after incubation for 2, 6 and 24 h, respectively. In contrast, only decreases of
less than 30% in viable cells were observed for S9 cells within the same periods. We also deter-
mined rHla-mediated effects on the general metabolic condition of the cells using a Resazurin-
based assay. Corresponding to the cell type-specific changes in cell numbers, a rHla-induced
drop in fitness was observed from 90% at 10 min to 50% at 24 h for 16HBE14o- cells, whereas
S9 cells were much less affected by rHla (less than 9%) over the same period of time.

To test if surviving S9 cells recover from rHla-treatment, sub-confluent cell cultures were
assayed with the Resazurin assay over a period of 72 h (Fig. 1B). As expected, values for
16HBE14o- cells declined. However, S9 cells showed an increase in Resazurin conversion rates
for subsequent sampling points indicating that they are capable of overcoming Hla-mediated
cytotoxicity.

The Epithelial Cell Phosphoproteome after Alpha-Toxin-Treatment

PLOS ONE | DOI:10.1371/journal.pone.0122089 March 27, 2015 7 / 26



The Epithelial Cell Phosphoproteome after Alpha-Toxin-Treatment

PLOS ONE | DOI:10.1371/journal.pone.0122089 March 27, 2015 8 / 26



In summary, in agreement with previous studies 2,000 ng/ml rHla is cytotoxic to 16HBE14o-
but not to S9 cells under the experimental conditions used. As the aim of our work was to study
early Hla-mediated cellular responses associated with cellular signaling and gene expression, we
decided on a time point of two hours after rHla addition for further system-wide quantitative
analyses. At this time point, rHla-mediated cellular signaling processes were expected to be fully
activated, but cytotoxic effects of rHla were not yet eminent.

Alpha-toxin induces substantial changes in the phosphoproteomes of
16HBE14o- and S9 cells
To elucidate alterations in phosphorylation-dependent intracellular signaling pathways associ-
ated with the action of alpha-toxin, we utilized metabolic protein labelling (SILAC, [39, 40]),
phosphopeptide enrichment techniques and high-accuracy mass spectrometric (MS) charac-
terization combining high-low and high-high strategies [41–44]. Using this workflow, we were
able to quantify 5,432 modification-specific peptide sequences (based on at least two indepen-
dent SILAC ratio counts) corresponding to 1,827 proteins (Fig. 2A, S1 Table). For a total of
4,523 phosphorylations (4,036 phosphoserine, 321 phosphothreonine and 167 phosphotyro-
sines), the modification site within the amino acid sequence of the protein was thereby mapped
with high confidence (Class-I hits: Localization Probability> 75%, Score Difference> 5; S1
Table).

Considering the third quartile (Q0.75) of all unsigned log2-transformed SILAC phosphopep-
tide ratios from both cell lines as cut-off (1.58-fold on linear scale), 43% and 35% of the derived
phosphoproteomes are affected in 16HBE14o- and S9 cells following rHla-treatment, respec-
tively (Fig. 2B). From the 1106 proteins that are derived from overlapping phosphopeptide
quantitation of both models, the half showed alterations in either system and most of them (ap-
proximately 80%) were commonly up- or down-regulated (Fig. 2C). Interestingly, most of the
cell type-specific altered proteins were less phosphorylated in 16HBE14o- cells and more phos-
phorylated in S9 cells.

Alpha-toxin affects major signaling pathways of cell-cell and cell-matrix
contacts as well as the actin cytoskeleton
To identify general and cell type-specific effects on the phosphoproteome of S9 and
16HBE14o- cells by Hla, we assessed the data sets for overrepresented biological pathways and
processes. Strikingly, proteomic enrichment analysis with the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway resulted in identical hits for major pathways for both cell lines
(Fig. 3A). Top pathways that were significantly enriched in regulated phosphoproteins in both
cell types include the spliceosome, actin cytoskeleton signaling, focal adhesion, as well as ErbB/
EGFR signaling and cell-cell contact signaling.

The comparison of the individual regulated proteins across all affected pathways revealed a
unique set of altered phosphoproteins associated with the spliceosome and a high degree of
overlap of the remaining phosphoproteins across the other enriched pathways (Fig. 3B). In
order to highlight key players, we ranked the proteins that were affected by rHla-treatment at

Fig 1. Cell survival and general metabolic fitness of the human bronchial epithelial cells 16HBE14o-
and S9 after treatment with 2,000 ng/ml rHla. A. Cell counts of 16HBE14o- and S9 cells 2 h, 6 h and 24 h
post rHla-treatment (black bars) compared to mock treated cells (white bars). Data represent mean ± SEM
(n = 3). B. General metabolic condition of rHla-treated 16HBE14o- (diamonds) and S9 (triangles) cells as
indicated by a resazurin-based assay. Measurements after rHla-treatment are normalized to the initial
reading before rHla addition. Data represent mean ± SEM (n = 3).

doi:10.1371/journal.pone.0122089.g001
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their level of phosphorylation according to their frequency of occurrence in different pathways.
In total, 15 proteins were found to be present in at least three different KEGG pathways
(Fig. 3C). Remarkably, among them are 10 protein kinases—MAPK1 (ERK2), MAPK3
(ERK1), MAP2K2 (MEK2), SRC, FAK, EGFR, MAPK14 (p38 alpha), MAPK12 (p38 gamma),
PAK2 and PAK4.

For selected kinases and down-stream targets, we performedWestern blot analyses with cell
extracts harvested 0.5, 2 and 6 hours after addition of rHla or mock treatment. Phosphosite-
specific and corresponding pan antibodies for SRC, FAK1, MAPK1/3, BCAR1 and PAK2 were
thereby utilized to validate the identified up- or down-regulation based on MS-SILAC ratios
(S1 Fig.). As expected, the Western blot results of these key signal transduction proteins corre-
lated well with those detected after 2 h of rHla challenge based on the MS-based phospho-pro-
filing. The corresponding total protein levels remained largely unchanged over the monitored
6 h time period indicating direct modulation of the phosphorylation events by up-
stream regulators.

Within the significantly enriched KEGG pathways, 65 proteins were phospho-regulated by
rHla-mediated action in both cell lines. These proteins were subjected to interaction analyses
based on known protein-protein and kinase-substrate relations. In Fig. 3D, the result is visual-
ized in a two-circuit network separating spliceosome-associated proteins (left circle; 10 pro-
teins) from the remaining (38 proteins). Both sub-networks show a high degree of intrinsic

Fig 2. Comparative overview about the phosphoproteomic data of 16HBE14o- and S9 cells treated
with rHla for two hours. A. Histogram depicting the distribution of SILAC phosphopeptide ratios of Hla- vs.
mock-treated cells. B. Euler diagram illustrating the set of proteins assigned with significant alterations in their
phosphorylation status (filled circle) in relation to all phosphoproteins. C. Venn diagram showing the relation
of altered phosphorylations common to both and unique to either cell types.

doi:10.1371/journal.pone.0122089.g002
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Fig 3. Functional annotation analysis of proteins with altered phosphorylation in rHla-treated 16HBE14o- and S9 cells. A. KEGG pathways with
statistically noticeable number of proteins with altered phosphorylation following rHla-treatment for 2 h. The dotted vertical line indicates the cut-off for
significant enrichment (Benjamini-Hochberg corrected p-value"0.01). Numbers next to the horizontal bars provide the number of assigned proteins. B.
Matrix for cross-comparison of recurrent proteins with altered phosphorylation in both cell types between KEGG pathways from panel A. Numbers greater
than the half of the maximum possible are highlighted. C. Ranking of phosphoproteins with altered phosphorylation that appear in at least three enriched
KEGG pathways. D. Network visualization of proteins from the enriched KEGG pathways that have been identified with altered phosphorylation in both cell
lines. Grey lines indicate experimentally validated protein-protein-interactions and red arrows kinase-substrate relationship taken from STRING and
PhosphoSitePlus, respectively. rHla-induced changes are indicated in ruby (increased p-sites); cyan (decreased) or purple (both) for kinases (diamond
shape) and substrates (circles) for 16HBE14o- cells (left half of shape) and S9 cells (right).

doi:10.1371/journal.pone.0122089.g003

The Epithelial Cell Phosphoproteome after Alpha-Toxin-Treatment

PLOS ONE | DOI:10.1371/journal.pone.0122089 March 27, 2015 11 / 26



interconnectedness based on protein-protein interactions. Strikingly, the non-spliceosome
sub-network contains 12 protein kinases, most of them with multiple and partly overlapping
target proteins in the same network. The results of the pathway and network analyses suggested
that Hla had a major impact on proteins that have key signaling functions in cell contact and
cell anchorage processes. We therefore also used fluorescence microscopy to monitor actin,
vinculin and E-cadherin as surrogate markers for morphological changes of these cell features.
After 2 h of rHla-treatment, we observed a loss of actin stress fibers which was more pro-
nounced in 16HBE14o- cells compared with S9 cells (S2B Fig.), redistribution of actin to the
cellular periphery and a loss of dot-like distribution of vinculin in the cell periphery (S2B Fig.)
as well as a partial loss in E-cadherin from the cell membranes (S2C Fig.) indicating down-reg-
ulation of cell-cell- or cell-matrix contacts, respectively.

Alpha-toxin induces divergent phosphorylation patterns in key signaling
proteins in S9 and 16HBE14o- cells
From the signaling pathway analyses and the phenotypical observations, we hypothesized that
variations in the rHla-induced activity of individual signaling nodes between both cell models
might exist that are associated with the different sensitivity towards Hla. We therefore especial-
ly screened for proteins with differential phosphorylation patterns in both models.

We ranked the proteins according to the largest difference between oppositely altered phos-
phopeptides. Thereby, 14 phosphoproteins could be highlighted and the mapped phosphoryla-
tion sites were assigned. Most of them, i.e. 11 proteins, showed decreased phosphorylation in
16HBE14o- cells and increased phosphorylation in S9 cells (GAB1, EGFR, EPHA2, NU153,
MAPK3, MAPK1, CTNB1, TOM1, CHD1, VIGLN, LASP1) and only 3 proteins (IF4G3,
PSIP1, ODPA) were found with a reciprocal phosphorylation behavior. Notably, several of the
proteins with differing phosphorylation including the receptor tyrosine kinase EGFR and the
cytoplasmic serine/threonine kinases MAPK3 and MAPK1 are associated with signaling path-
ways regulating cell contacts and the actin cytoskeleton (Fig. 3D).

The kinases EGFR, MAPK3 and MAPK1 were found to be differentially regulated at sites di-
rectly involved in the induction of down-stream kinase activity. For pT202/pY204 in MAPK3/
MAPK1, increased phosphorylation in S9 and decreased phosphorylation in 16HBE14o- cells
were confirmed by Western blotting (S1 Fig.). Since we failed to detect signals with phospho-
site-specific antibodies in EGFR, we used the known down-stream target sites Y239 in SHC
and Y627 in GAB1 as surrogate markers for validation of potentially altered EGFR activity. Fol-
lowing rHla-treatment, SHC-Y239 and GAB1-Y627 were found to be markedly increased in
phosphorylation in S9 cells, whereas at least phosphorylation of SHC-Y239 was strongly de-
creased in 16HBE14o- cells (S1 Fig.) indicating increased EGFR activity in S9 and decreased ac-
tivity in 16HBE14o- cells as predicted by the MS results (S1 Table).

Finally, we extended the evaluation to all 71 protein kinases detected with altered phosphor-
ylation levels following exposure of cells to rHla. Focusing on mapped sites that are known to
directly modulate kinase activity, we detected up-regulation of the mitogen-activated protein
kinase 14 (p38 alpha), the focal adhesion kinase FAK and Src-family kinases common to S9
and 16HBE14o- cells (S1 Table and S1 Fig.). In contrast, the receptor tyrosine kinases MET
and EphA2 were found to be strongly de-phosphorylated at activation sites indicative for re-
duced kinase activity following rHla exposure (S1 Table).
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Alpha-toxin causes distinctive expression changes in signaling modules
relevant for cell viability and apoptotic cell death
Phosphorylation-mediated signaling more often than not involves modulation of gene expres-
sion. Therefore, we analyzed 16HBE14o- and S9 cells at the level of protein and mRNA expres-
sion under control conditions and 2 h after rHla-treatment. Examining our proteome data, we
identified 3,579 different proteins based on at least two individual peptide identifications with
at least one peptide unique per protein (false discovery rate"0.01). Within this set of proteins,
3,168 fulfill our criteria for quantification. Of note, protein kinases (e.g. EGFR, MAPK3,
MAPK1, YES, FAK) and phosphatases (e.g. PTN23, ILKAP, DUS23, PGAM5, PP4C) as well as
transcriptional and translational regulators (e.g. ATRX, CTCF, SMAD2, PURA/B) were in-
cluded in this set indicating a sufficient depth of the analysis to cover even the expression of
regulatory proteins, which are in general at the bottom of protein abundance. The application
of the phosphoproteome derived cut-off values of more than 1.58-fold and less than -1.58-fold
revealed moderate up- and down-regulation in protein expression following 2 h of rHla chal-
lenge. In summary, we detected 29 or 26 proteins, respectively, that appeared to be significantly
increased or decreased in 16HBE14o- cells (S2 Table). For S9 cells, 33 proteins were observed
at higher expression levels upon rHla-treatment of cells while 37 proteins were found in lower
amounts. Glycosyltransferase glycogenin GYG-1, transmembrane 4 superfamily member
TSN11, syndecan SYND4 and centromere protein F showed overlapping regulation at their
protein levels in both cell lines. Interestingly, for both S9 and 16HBE14o- cells, functional cate-
gory analysis of the proteins with altered abundances revealed an association with cellular
growth and proliferation as well as cellular movement by trend.

Hence, we asked if the observed moderate changes in the proteome following rHla-treat-
ment are preceded or accompanied by alterations at the transcriptional level. For this purpose,
global transcriptome analyses of rHla-treated S9 and 16HBE14o- cells were performed. Two
hours after the addition of rHla, we monitored 205 (S9) and 915 (16HBE14o-) gene-specific
probe sets pointing to their corresponding genes with differential expression (Fig. 4A, S3
Table). Probe-set transformation into genes based on Entrez Genes/Unigenes allowed the iden-
tification of 44 and 44 genes in S9 cells, and 266 and 318 genes in 16HBE14o- cells that ap-
peared up-regulated and down-regulated under influence of rHla, respectively. From these, 19
genes are transcribed at higher levels in both S9 and 16HBE14o- cells at comparable rates. For
example, mRNAs of NR4A members 1 and 2, FOS, IL6, DUSP1, EGR1 and JUN were observed
in this group. 25 genes show decreased transcription levels in both cell lines, including GPR21,
CCL2, PMEPA1 and SERPINE1. The comparison of the transcriptome and proteome data re-
vealed a number of direct correlations between mRNA and protein expression changes, e.g.
down-regulation of plasminogen activator inhibitor PAI1/SERPINE1 (proteome: -1.9, tran-
scriptome: -2.1) and SDC4 (-2.4; -1.3), and up-regulation of Golgi phosphoprotein 3-like pro-
tein GLP3L (1.6; 2.5), observed for 16HBE14o- cells and histone H1.2 (HIST1H1C, -1.9; -1.5)
in S9 cells.

We further examined genes with altered mRNA levels with regard to cellular function and
activities. The observed up-regulation of NR4A1, FOS, EGR1 and JUN specific mRNAs indi-
cates the induction of an immediate early response mediated by rHla in S9 and 16HBE14o-
cells (Fig. 4B). We performed a downstream effects analysis using the semi-automated pathway
analysis software IPA in order to highlight biological trends in 16HBE14o- and S9 cells exposed
to rHla. Considering the top five categories in the groupmolecular and cellular functions we
identified cellular growth and proliferation, cellular development, and cell death as enriched in
differentially expressed genes in 16HBE14o- and S9 cells similarly (Fig. 4C and S4 Table). Gene
expression and cell cycle functional categories ranked in the top five for 16HBE14o- cells,
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whereas cellular movement and lipid metabolism ranked in the top five for S9 cells. Although
affected categories in 16HBE14o- cells show overlap with S9 cells, and vice versa, we detected a
marked difference between both types of cells when looking at the associated predicted increase
or decrease of activity (Fig. 4D and S5 Table). The functional terms associated with cell prolif-
eration (proliferation, tumorigenesis) appear as decreased in 16HBE14o- cells, whereas prolif-
eration is predicted to be enhanced in S9 cells after rHla-treatment. Likewise, for 16HBE14o-

Fig 4. DNA-microarray-based transcription profiles of 16HBE14o- and S9 cells under influence of rHla. A. Volcano plots of mRNA expression
differences under control conditions and after treatment with rHla in 16HBE14o- and S9 as a function of statistical significance (ANOVA post hoc p"0.05) and
intensity ratio at the level of probe-sets. Probe sets indicating significant higher expression after rHla-treatment are indicated in ruby, probe sets indicating
higher expression under control conditions are in cyan, and probe sets with no significant expression differences are in gray. Numbers indicate the number of
gene-specific mRNAs increased (ruby) and decreased (cyan) after assigning probe-sets to genes. B. Expression level changes for selected immediate early
response genes after rHla treatment of 16HBE14o- (open circles) and S9 (filled circles) cells (***p<0.001; **p<0.01; *p<0.05). C. Top five cellular
functions affected after rHla-treatment in the category molecular functions for 16HBE14o- (black bars) and S9 (gray bars) as predicted by IPA Downstream
Effects Analysis based on differentially expressed genes. D. Functional trends after rHla-treatment in all categories as predicted by IPA Downstream Effects
Analysis based on direction of change of differentially expressed genes (16HBE14o- upper panel, S9 lower panel). The word cloud depicts the frequency of
terms by font size and predicted increase in functional activity is shown in ruby and decrease in activity is shown in cyan.

doi:10.1371/journal.pone.0122089.g004
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cells cell death is predicted to be increased and cell viability is decreased, but in S9 cells cell via-
bility is increased and apoptosis is decreased as predicted by the change of gene expression.

Differential effects of EGFR and MAPK on transcriptional activation in
rHla-treated 16HBE14o- cells or S9 cells
We hypothesized that rHla-mediated changes observed at the RNA level are preceded by activa-
tion changes in regulators upstream of gene expression that may match with observations of our
phosphoproteome analysis. The correlation analysis of regulated genes to upstream regulator ac-
tivity was limited to the molecule types ‘growth factor’, ‘kinase’ and ‘transmembrane receptor’
with the aim to specifically extract key factors of phosphorylation-dependent signaling. Since
numerous upstream regulators with significant p-values (p"0.05) were identified, we focused on
the top 20 upstream regulators with highest p-values (S6 Table). Strikingly, EGFR and its agonist
EGF were predicted as upstream regulators in rHla-treated S9 cells. As per activation z-score,
EGF is significantly activated (p = 1.13E-18, z = 3.323) and EGFR shows activation by trend
(p = 2.88e-16, z = 1.858). For 16HBE14o- cells in contrast, EGF (p = 1.86E-19, z = -1.033) and
EGFR (p = 7.54E-18, z = -1.492) appeared inactivated after rHla-treatment by trend. We ob-
served a similar association between differentially expressed genes and the upstream regulators
MAPK3/1. While no change of activity was indicated in S9 cells (p = 5.19E-14, z = 0.836), a clear
inhibition was inferred from data for 16HBE14o- cells (p = 3.52E-14, z = -2.98).

Alpha-toxin-mediated EGFR activation in S9 cells is associated with its
resistant phenotype
To clarify if the elevated EGFR and MAPK activity in S9 cells is associated with its resistant
phenotype, we inhibited EGFR and MAPK activity by co-treatment of cells with the EGFR-se-
lective inhibitor tyrphostin AG1478 and the MAPK-activating kinase MAP2K1/2 (MEK1/2)
with PD98059, respectively.

Whereas S9 cell counts decreased by approximately 10% 6 h after addition of rHla in the
control experiment, we monitored a significant decrease in survival of about 50% when cells
were co-treated with rHla and tyrphostin AG1478 (Fig. 5A). This level of reduction in cell sur-
vival is comparable to 16HBE14o- cells treated with rHla for the same period of time.

Fig 5. rHla-induced EGFR activation mediates resistance of S9 cells towards Hla. A. Cell counts of rHla-
treated S9 cells co-treated with or without the EGFR-selective inhibitor tyrphostin AG1478. Graphs represent
means ± SEM (n = 3). B. Quantification of EGFR surface expression in 16HBE14o- (red), A549 (blue) and S9
(orange) epithelial cells as analyzed by flow cytometry. The corresponding isotype control is indicated by a
dashed line. MFI: mean fluorescence intensity.

doi:10.1371/journal.pone.0122089.g005
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Interestingly, no significant effect on cell counts was observed when S9 cells were treated with
the MAP2K1/2-selective inhibitor PD98059.

To further exclude an involvement of cell-type specific protein amounts of EGFR in EGFR
and MAPK activity we quantified the cell surface-exposed EGFR fraction of 16HBE14o- and
S9 cells as well as in a human alveolar cell line A549 by flow cytometry [45, 46]. The fraction of
positively stained cells was in any case almost 100%, suggesting that all three cell lines are con-
sistently equipped with surface exposed EGFR (Fig. 5B). EGFR-amounts were highest on
16HBE14o- cells followed by significantly reduced amounts on S9 and A549 cells at levels of
43% and 30%, respectively. The results therefore do not indicate a relation between EGFR con-
tent and EGFR activity.

ADAM10 expression levels are different in three lines of airway epithelial
cells and correlate with their rHla-sensitivities
Primarily based on experiments with human A549 alveolar cells, ADAM10 has recently been
identified as a proteinaceous membrane-receptor for Hla which is involved in pore formation and
mediation of toxic effects [9]. We therefore compared the level of ADAM10 in 16HBE14o- , S9
cells and A549 cells. Western blot analysis revealed a higher expression of ADAM10 in whole cell
lysates of 16HBE14o- cells compared to S9 cells (Fig. 6A). Similar results were obtained for sur-
face-exposed ADAM10 as analyzed by flow cytometry. S9 cells possess only 25% and A549 cells
80% of the surface-accessible ADAM10 content compared to 16HBE14o- cells (Fig. 6B, right
panel). To characterize the role of ADAM10 in rHla-mediated responses in S9 and 16HBE14o-
cells in more detail, we manipulated the level of ADAM10 by siRNA-mediated knockdown and
studied the influence on cell viability and activation of specific kinases during rHla-treatment (S3
and S4 Figs.). Treatment with siRNAs resulted in efficient ADAM10 reduction in either cell line
(S3A Fig.). Upon reduction of ADAM10 protein levels we observed a marked reversal of the dele-
terious effect of 6 h rHla-treatment on general metabolic condition of S9 cells (S3B Fig.).

Recently, activation of ADAM10 with subsequent cleavage of its substrate E-cadherin and
concomitant dissolution of adherence junctions has been highlighted as a major mechanism of
Hla-induced cytotoxicity [22, 47]. In line with this, we detected drastically higher levels of sur-
face exposed E-cadherin in the highly Hla-sensitive 16HBE14o- cells compared to S9 cells ex-
hibiting 7-fold decreased membrane located E-cadherin content (Fig. 6B, left panel). In
addition, the numbers of positive cells suggest that a sub-population of roughly 20% did not
carry E-cadherin at the cell surface whereas 16HBE14o- cells were homogenously decorated
with E-cadherin. When challenged with rHla for 2 h, the amount of cell surface located E-cad-
herin dropped by approximately 50% in 16HBE14o- but not in S9 cells whereas the E-cadherin
content was unaffected (Fig. 6C, left panel). Interestingly, a similar decline was observed for
ADAM10 rHla-treated 16HBE14o-, but not in S9 cells (Fig. 6C, right panel).

If ADAM10 would be responsible for meditating rHla-triggered intracellular signaling, we
would expect that suppression of ADAM10 expression results in inertness of intracellular sig-
naling pathways to rHla-treatment of cells. To exemplify this, we suppressed ADAM10 expres-
sion using siRNAs and measured rHla-mediated changes in the phosphorylation levels of Y141
in PAK2 or Y576 in FAK, respectively. As indicated by the data reported in S4 Fig., we did not
observe negative effects of suppression of ADAM10 expression on rHla-mediated changes in
phosphorylation levels in PAK2 or FAK (S1 Fig.).

Discussion
Healthy epithelia in the respiratory tract function as major barriers against airborne microor-
ganisms including pathogenic S. aureus strains. One basis of defense is the mucociliary
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Fig 6. Involvement of surface proteins in Hla mediated cytotoxicity. A.Western blot analysis of ADAM10
expression in 16HBE14o- and S9 cells. Signals corresponding to mature and processed ADAM10 are
indicated. B. Quantification of surface E-cadherin (left panel) and ADAM10 (right panel) in 16HBE14o- (red),
A549 (blue) and S9 (orange) cells as analyzed by flow cytometry. Corresponding isotype controls are
indicated as dashed shapes. C. Flow cytometry analysis of surface expression of E-cadherin (left panels) and
ADAM10 (right panels) in 16HBE14o- (upper panels) and S9 (lower panels) cells after 2 h under control
conditions (blue) or following 2 h treatment with rHla (red). The corresponding isotype control is indicated by a
dashed line. MFI: mean fluorescence intensity.

doi:10.1371/journal.pone.0122089.g006
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clearance that prevents the contact of bacteria to the cell surface. However, soluble toxins se-
creted by pathogenic bacteria may compromise epithelial cell function and may enable bacteri-
al colonization and initiation of infection. Staphylococcal pore-forming Hla has been detected
in patients suffering S. aureus diseases [48, 49] and was identified as major virulence-associated
factor, since vaccination against Hla protected animals from developing S. aureus-mediated
pneumonia [1]. However, contrasting with numerous studies that aimed to enlighten selected
Hla-mediated implications in different models, global characterizations of the host response
during host cell interaction with S. aureus or its virulence factors are still scarce.

In this study, we have for the first time used a multi-omics approach involving phosphopro-
teomics, proteomics and transcriptomics in combination with functional analyses to character-
ize phosphorylation-based signaling in human airway epithelial cells exposed to staphylococcal
pore-forming cytotoxin Hla. This approach has identified that Hla drastically impacts the
phospho-signaling of the bronchial epithelial cell lines 16HBE14o- and S9 after two hours of
rHla-treatment. Notably, none of the highlighted proteins with altered phosphorylation
showed significant changes at the protein level, confirming that Hla primarily impacts cellular
signal transduction during the early phase. However, rHla exhibits a strong effect on cell layer
integrity and survival in 16HBE14o- cells while for S9 cells no or only a transient impact was
observed ([18, 25], this study). Led by the contrasting resistance phenotypes of both airway epi-
thelia models, we hypothesized that characteristic differences at the level of signaling and gene
expression may exist that discriminate the sensitivity towards Hla in a cell-type specific man-
ner. Hla-induced activation of the EGF-receptor was thereby identified as the primary event
leading to rHla-resistance in S9 cells. In contrast, rHla-treatment of 16HBE14o- cells was ob-
served to significantly decrease phosphorylation at EGFR-sites which is accompanied by de-
creased down-stream activity. Furthermore, the different signaling properties of EGFR in S9
and 16HBE14o- cells were found to be implicated in the regulation of distinct gene expression
patterns at the level of RNA.

In both model systems, signaling pathways associated with cell anchorages and actin cyto-
skeleton were identified to be affected following rHla-treatment. In particular, several protein
kinases were observed with similar alterations in activity following rHla-treatment. For exam-
ple, the p21-activated protein kinases (PAKs) 2 and 4 were found to be less phosphorylated at
kinase activation sites in 16HBE14o- and S9 cells. PAKs are effectors of the Rho family
GTPases Rac and Cdc42 that regulate actin cytoskeletal remodeling [50]. Decreased PAK activ-
ity mediates reduced phosphorylation of cofilin at S3, which eventually leads to a destabiliza-
tion of actin filaments [51]. Consistently with the observed regulation of PAK activity, S3 of
cofilin appeared to be less phosphorylated after rHla-treatment according to our phosphopro-
teomic analysis. Further regulators down-stream of Rac/Cdc42 that had been detected with re-
duced phosphorylation include IRSp53 (both cell models) as well as N-WASP (16HBE14o-
cells). Both are reported to stimulate the Arp2/3 complex to induce rapid actin polymerization
[52]. The tyrosine kinases FAK and Src are major components of the signaling complex in
focal adhesions, which link the actin cytoskeleton via integrins to the extracellular matrix. The
cooperative action of FAK and Src is thereby critical in the dynamic assembly and disassembly
of focal adhesions [53, 54]. The monitored increased phosphorylation levels of FAK and Src
upon treatment of cells with rHla, primarily at Y397/576 and Y419, respectively, is indicative
for the activation of their down-stream kinase activities [55, 56]. Accordingly, also paxillin—a
major FAK/Src substrate within the focal adhesions [53, 57] was found to display increased
phosphorylation at Y118. Our results are in line with Hermann et al. [25] who demonstrated
activation of FAK and increased phosphorylation of paxillin in 16HBE14o- and primary
human nasal cells upon treatment with rHla.
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We also identified multiple components assigned to tight junctions and adherence junctions
having altered phosphorylation levels following rHla-treatment. Both cell-types showed de-
creased phosphorylation at Y280 of the junctional adhesion molecule JAM1, a recruitment
point for the SH2-domain of the tyrosine kinase CSK [58]—a negative regulator of Src-family
kinases [59, 60]. Treatment of cells with rHla also results in decreased phosphorylation within
the tight junction protein ZO1 at S166/168, 617 and 912. Phosphoserine-166 is known to be
implicated in lamellae formation in migrating cells via formation of a ZO1/alpha(5) integrin
complex [61]. In addition, several actin binding adaptors were found with decreased phosphor-
ylation, such as Afadin—a target of Rap1/Ras GTPases [62, 63]—and Protein 4.1 [64].

The observed rHla-mediated alterations in the signaling networks suggest a disturbance of
the dynamics and/or stability of cellular structrres associated with cell-cell-contacts, cell-ma-
trix-contacts and the cytoskeleton that may ultimately result in irreversible cell damage. In
agreement with the cytotoxicity assays, immunofluorescence microscopy indicates a distinct
disturbance of cell adhesion sites and the actin cytoskeleton which is accompanied by loosening
of cell-cell contacts and appearance of paracellular gaps almost exclusively in 16HBE14o- cells
but only transiently in S9 cells ([25], this study). Differing activities of individual key regulators
of cellular signal transduction might determine the diverging behavior of 16HBE14o- and S9
cells in response to rHla. To study this more closely, we focused on kinases with differential
regulation under rHla. The mitogen-activated protein kinases MAPK1 and MAPK3 and the
epidermal growth factor receptor EGFR showed opposite phosphorylation changes at kinase
activation sites, i.e. increased activity in S9 and decreased down-stream activity in 16HBE14o-
cells following rHla-treatment. Activation of EGFR in 16HBE14o- cells promotes epithelial re-
pair in a wound model [65]. This effect is attenuated by the EGFR-specific inhibitor tyrphostin
AG1478 that impairs wound closure [66], indicating a vital role for EGFR activation in epithe-
lial integrity. In our study, inhibition of the EGFR in S9 cells using tyrphostin AG1478 resulted
in sensitization of S9 cells towards rHla rendering the S9 cells almost as sensitive to rHla as
16HBE14o- cells. Our findings strongly imply a critical link between Hla-induced activation of
EGFR and resistance towards Hla-mediated toxicity in general. Recently, Haugwitz and co-
workers reported a Hla-mediated mitogenic effect in HaCaT cells that could be attributed to
Hla-induced EGFR activation [19]. Although an EGFR-dependent regulation of MAPK3/1 via
the classical EGFR-Ras-Raf-MAP2K1/2-MAPK3/1 pathway seems likely, prevention of
MAPK3/1 phosphorylation using the MAP2K1/2-specific inhibitor PD98059 did not result in
sensitization of S9 cells towards rHla. Noteworthy, EGFR-independent signaling events also
appear to be involved in the rHla-mediated activation of MAPK in S9 cells, because rHla-in-
duced phosphorylation of MAPK3/1 still occurred in EGFR- as well as MAP2K1/2-inhibited
cells, although to a lesser extent (S5 Fig.). We therefore suggest that the cell protective effect of
rHla-mediated EGFR activation is either completely independent of MAPK3/1 down-stream
activity or alternative activation pathways may act in cooperation. For the latter scenario,
MAP2K1/2-independent MAPK activation was demonstrated via the protein kinase C and/or
phosphatidylinositol-3-kinase pathway in different cell types [67–69]. However, the exact
mechanisms of cell type-specific activation or deactivation of EGFR and MAPK by rHla re-
mains elusive at this stage and needs to be addressed in future studies. Novel hypotheses in this
regard could also be derived from our proteomic results, because several proteins with func-
tions in cellular signal transduction were found to be altered in a cell type-specific manner. For
example, the receptor-type tyrosine-protein phosphatase eta (PTPRJ) was depleted in rHla-
treated S9 cells. PTPRJ negatively regulates EGFR and MAPK3/1 by dephosphorylation [70,
71] and its depletion may be involved in hyperactivation of EGFR and MAPK during rHla-
treatment.
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The observations that S9 cells are much better able to cope with rHla-treatment compared
with 16HBE14o- cells was also evident by the results of our transcript profiling experiments.
Treatment of 16HBE14o- cells with rHla activated several genes whose products are associated
with induction of apoptosis and cell death while genes whose products are associated with cell
proliferation, cell differentiation and cellular adhesion were found to be down-regulated.
Genes whose products mediate cell proliferation, cell differentiation and survival, on the other
hand, were activated by rHla-treatment in S9 cells. Consistent with the change of the phos-
phorylation state of the EGFR, our upstream regulator analysis based on different gene expres-
sion changes at transcriptional level indicated a potential activation of EGF and EGFR in S9
but inactivation in 16HBE14o- cells under rHla. These findings suggest that the divergence in
gene expression in 16HBE14o- and S9 cells contributes to the differing tolerance of both cell
types to rHla and is, at least in part, dependent on the modulation of EGFR-activity.

Another potential cellular feature that determines the sensitivity to Hla are different
amounts of cell surface-exposed ADAM10 which functions as a receptor for Hla. Our results
coincide with the notion that higher expression levels of ADAM10 may correlate with a higher
degree of sensitivity to Hla [9], as 16HBE14o- cells show substantially higher levels of
ADAM10 compared with S9 cells. Furthermore, interaction of Hla with ADAM10 results in ac-
tivation of the latter and the subsequent destruction of cellular adhesion molecules, e.g. E-cad-
herin [23]. In line with this, the abundance of surface-exposed E-cadherin decreased
dramatically in rHla-treated 16HBE14o- cells, but virtually not in S9 cells under the same con-
ditions. Knockdown of ADAM10 significantly improved the 16HBE14o- phenotype, strongly
indicating that expression of ADAM10/E-cadherin is a major determinant for the Hla-induced
breakup of the cellular layer via ADAM10-dependent cleavage of E-cadherin. However,
ADAM10 is likely not involved in mediation of the rHla-induced changes in the phosphopro-
teome in general, because phosphorylation and de-phosphorylation of FAK and PAK, respec-
tively, is not changed in rHla-treated ADAM10 knockdown cells in both cell models.

Our data provide mechanistic insights into Hla-induced signaling in host cells and into the
subsequent disruption of the epithelial cell layer. From our multi-omics approach, we propose
that EGFR and downstream EGFR-targets represent the key hubs that determine the suscepti-
bility to Hla in a cell-type specific manner. Central to the ability of S. aureus to cause disease in
multiple body tissues with diverse clinical manifestations is the multitude of virulence factors
that are produced in a regulated manner. The recent identification of cellular receptors for
many virulence factors provides new insights into their cell type-specific action. The widely ex-
pressed Hla-receptor ADAM10 is thereby implicated in injury of host epithelium, endothelium
and immune cells [3]. The effect on innate immune cells likely contributes to tissue-specific
patterning of host outcome of infection [72, 73]. Regarding the cell type-specific effects of Hla,
observations from this and our recent metabolomic study highlight additional aspects. We pro-
vided evidence that Hla has a significant impact on the metabolome of bronchial epithelial cells
[18]. Hla-treated S9 cells thereby showed increased glycolytic rates that are likely advantageous
by counteracting the Hla-mediated drop in the energy state. The observation that Hla-mediat-
ed alteration of activity of the surface receptor EGFR can be implicated in the level of resistance
adds an additional layer of complexity and indicates that besides ADAM10 other molecules
alone or in synergy shape the cellular responses to Hla. In the case of the EGFR, its rather
prominent expression on epithelial cells renders the importance of the consideration of cell
type-specific molecular features in further investigations on Hla-associated cellular responses
especially in the context of the collective manifestation of all affects within the tissue
microenvironment.
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Supporting Information
S1 Fig. Verification of results obtained by phosphoproteomics using Western blot analyses.
Western blot analyses of protein extracts derived from mock treated (-) or rHla-treated (+)
16HBE14o- and S9 cells after indicated incubation periods using phosphorylation-site specific
and corresponding pan antibodies.
(PDF)

S2 Fig. Microscopic characterization of 16HBE14o- and S9 cells under control conditions
or upon treatment with rHla for 2 h. A) Representative light micrographs. B) Fluorescence
micrographs of cells stained for actin (orange, TRITC-conjugated phalloidin), nuclear DNA
(blue, Hoechst 33342) and vinculin (green, FITC-conjugated anti-Vinculin antibody). C) Fluo-
rescence microscopy analysis of cells stained for E-cadherin (orange, PE-conjugated anti-E-
cadherin antibody) and nuclear DNA (blue, Hoechst 33342).
(PDF)

S3 Fig. Evaluation of ADAM10 depletion by Western blot analyses and involvement of
ADAM10 in general cell fitness. A) Representative Western blot analyses for evaluation of
siRNA-mediated ADAM10 knockdown efficiency in 16HBE14o- and S9 cells. Beta-actin was
used as loading control. B) General metabolic activity determined by a resazurin-based assay of
16HBE14o- cells without and with siRNA-mediated ADAM10 knockdown in the absence or
presence of rHla for 24 h.
(PDF)

S4 Fig. Impact of ADAM10 depletion on Hla triggered (de)phosphorylation of FAK and
PAK.Western blot analyses of activation sites of FAK (pY576) and PAK2 (pY141) of
16HBE14o- and S9 cells transfected with scrambled siRNA (control) or siRNAs targeting
ADAM10 in the presence of rHla or mock control for 2 h.
(PDF)

S5 Fig. Western blot analyses of Hla mediated MAPK1/3 activation in the presence of
EGFR- and MAP2K1/2-specific inhibitors.Western blot analyses of MAPK1/3 activation site
pT202/pY204 in S9 cells following 6 h rHla-treatment in the presence or absence of 10 μM
EGFR-selective inhibitor tyrphostin AG1478 and 10 μMMAP2K1/2 inhibitor PD98059.
(PDF)

S1 Table. SILAC-ratios of quantified phosphopeptides and phosphosites of rHla-treated
16HBE14o- and S9 cells vs. mock-treated cells.
(XLSX)

S2 Table. SILAC-ratios of quantified proteins of rHla-treated 16HBE14o- and S9 cells vs.
mock-treated cells.
(XLSX)

S3 Table. Transcriptomic data of rHla-treated 16HBE14o- and S9 cells and mock-treated
cells.
(XLSX)

S4 Table. Down-stream effect analysis of transcriptomic data obtained from rHla-treated
16HBE14o- and S9 cells.
(XLS)

S5 Table. Activation state prediction from transcriptome down-stream analysis.
(XLSX)
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S6 Table. Up-stream regulator analysis of transcriptomic data obtained from rHla-treated
16HBE14o- and S9 cells.
(XLS)
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ABSTRACT 

Internalization of Staphylococcus aureus by non-professional phagocytic cells is a major 

suspected cause of persistent and difficult-to-treat infections, including pneumonia. In this 

study, we established an infection model with 16HBE14o- human bronchial epithelial cells 

and demonstrated internalization, escape from phagosomal clearance and intracellular 

replication of S. aureus HG001 within the first four hours post-infection. We use quantitative 

phosphoproteomics to identify characteristic signaling networks in the host at different 

infection stages. Although we found only minor changes in protein abundance, the infection 

was accompanied by highly dynamic alterations in phosphorylation events primarily in 

proteins that are associated with pathways of cytoskeleton dynamics, cell-cell and cell-matrix 

contacts, vesicle trafficking, autophagy and GTPase signaling. Analyses of host protein 

kinases by kinase-substrate mapping, active regulatory site immunoblotting and prediction 

algorithms highlighted known and novel host kinases with putative critical roles in S. aureus 

infection-accompanied signaling, including FAK, PKA, PKC and CDK. Targeted 

pharmacological inhibition of these kinases resulted in a significant reduction of intracellular 

S. aureus cells. The current study constitutes a valuable resource for better understanding the 

infection-relevant molecular pathomechanisms of airway cells and for developing novel host-

centric anti-infective strategies for treating S. aureus infections. 

   



 

INTRODUCTION 

The Gram-positive microorganism Staphylococcus aureus is a frequent cause of several 

types of chronic and recrudescent infections, e.g., endovascular diseases, osteomyelitis and 

lung infections 1. S. aureus is one of the bacterial pathogens most frequently isolated from 

patients with hospital-acquired pneumonia, and the numbers of methicillin-resistant and 

multi-resistant strains have dramatically increased. In addition, community-acquired 

methicillin-resistant S. aureus pneumonia has become more prevalent 2-4. Ultimately, S. 

aureus resistance against current treatment regimes is an important cause of life-threatening 

pneumonia and presents a therapeutic challenge with an urgent need for novel prevention and 

intervention strategies. 

Accumulating evidence indicates that S. aureus is a facultative intracellular pathogen that 

can invade and survive in different types of non-professional phagocytic cells, such as airway 

epithelial cells 5-7. The bacterial invasion process is an active process involving host cells and 

requiring an intact cytoskeleton. S. aureus expresses a multitude of adhesins, and binding to 

host tissue is dependent on multiple factors. However, of the fibronectin-binding proteins on 

the bacterial surface, fibronectin and host cell integrins seem to be the most important, and 

invasion proceeds by cytoskeletal rearrangements in the host cell following an F-actin-

dependent zipper-type mechanism 5, 7. 

Autophagy is a fundamental homeostatic mechanism in eukaryotic cells that removes 

unwanted material and is critical in the elimination of intracellular pathogens 8-10. However, 

S. aureus subverts the autophagic pathway: although the generation of an autophagic 

compartment in S. aureus-infected cells is initiated, its maturation, including fusion with 

lysosomes, is inhibited 10-14. Replication has been described in phagosomes of epithelial cells 

and following escape to the cytoplasm 7, 15-17, which is usually associated with induction of 

host cell death 11, 12. S. aureus is also capable of persisting intracellularly. This long-term 



 

survival involves phenotypic switching to so-called small colony variants 18, 19, which are 

characterized by increased antibiotic resistance 20, 21. 

The facultative intracellular lifestyle may provide a survival niche for S. aureus that 

contributes to evasion of host immune mechanisms and antibiotic action and that is likely 

implicated in persistent and difficult-to-treat infections. A greater understanding of the 

molecular pathomechanisms of infection of airway epithelial cells with S. aureus is thus 

desirable and may reveal new therapeutic avenues. Unbiased and hypothesis-free approaches, 

such as transcriptomics and proteomics, are promising strategies.  

In this study, we globally analyzed the host cell phosphoproteome of 16HBE14o- human 

bronchial epithelial cells during the first four hours after interaction with S. aureus. Our time-

resolved phosphoproteomic analysis highlights affected host cell functions and signaling 

pathways as well as characteristic kinase-substrate relations. This study is the first to identify 

targets for the development of novel host-centric anti-infectives, which can 

pharmacologically inhibit relevant host protein kinases.  



 

EXPERIMENTAL SECTION 

Cell culture and stable isotope labeling by amino acids in cell culture (SILAC) 

Human bronchial 16HBE14o- cells, which are highly polarized and express wild-type 

CFTR 22, 23, were cultivated in growth medium at 37°C with 5% CO2 in a humidified 

atmosphere. Growth medium (SILAC-RPMI 1640, Sigma-Aldrich) was supplemented with 

382 µM L-leucine (Sigma-Aldrich), 2 mM L-glutamine (Biochrom AG), 10% heat-

inactivated dialyzed fetal bovine serum (FBS, Sigma-Aldrich) and antibiotics (100 units/ml 

penicillin, 100 µg/ml streptomycin, Biochrom AG). For SILAC, light or heavy labeled lysine 

(218 µM, 13C6
15N2-L-lysine) and arginine (144 µM, 13C6

15N4-L-arginine, Silantes GmbH) 

were added, and cells were grown for at least six cell divisions to allow efficient labeling. 

The medium was changed every three days. Cells were subcultivated routinely twice a week 

using EDTA (0.05% in Dulbecco’s phosphate-buffered saline (DPBS), Sigma-Aldrich) and 

trypsin/EDTA (0.05% (m/v)/0.02% (m/v) in DPBS, Biochrom AG). Cells were detached by 

gently tapping and suspended in growth medium. An aliquot of using an automated cell 

counter (Countess, Life Technologies the obtained cell suspension was mixed with trypan 

blue solution (Life Technologies) for cell viability determination and cell counting). All 

cultures were checked for the absence of mycoplasma contamination by PCR on a regular 

basis. 

For proteomic experiments, cells were seeded in 150 mm cell culture dishes at a density of 

6 x 106 cells in SILAC-RPMI medium. Large-scale profiling experiments were carried out in 

duplicate with switched SILAC labels. 

  



 

Infection 

S. aureus HG001 pCgfp 24 was grown in Lennox LB medium (Invitrogen) supplemented 

with 10 µg/ml chloramphenicol to an optical density (540 nm) of 0.5. Bacterial cells were 

harvested by centrifugation, washed twice with SILAC-RPMI and resuspended therein. 

SILAC-RPMI for 16HBE14o- cells was renewed 24 hours prior to infection, and confluent 

cell layers were infected with S. aureus in the pre-used (conditioned) medium at a 

multiplicity of infection (MOI) of 25. Control cells were treated with conditioned SILAC-

RPMI medium only. Infection was allowed to proceed for 15 min, 120 min or 240 min, and 

cells werewashed twice with cold DPBS and harvested by scraping in lysis buffer (20 mM 

HEPES (pH 8), 8 M urea supplemented with 2.5 mM sodium pyrophosphate, 1 mM beta-

glycerol phosphate, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 1 mM EDTA and 

1 mM TCEP). For infection samples obtained after a total duration of 240 min, the medium 

was exchanged with SILAC-RPMI 120 min before harvest, and extracellular bacteria were 

eradicated by supplementation with 100 µg/ml gentamicin (Sigma-Aldrich) and 20 µg/ml 

lysostaphin (Sigma-Aldrich). 

 

Preparation of samples for (phospho)proteomic analyses 

Lysates were sonicated 3 times for 30 s, and free protein thiols were alkylated by 

incubation with 5 mM iodoacetamide for 20 min at room temperature in the dark. Lysates 

were subsequently clarified by centrifugation (8,700 x g for 15 min), and protein content was 

quantified by Bradford assays (Bio-Rad). Equal protein amounts of differentially SILAC-

labeled samples were mixed, 7 volumes of 20 mM HEPES (pH 8) was added, and tryptic 

digestion was performed overnight at room temperature with a protein to trypsin 

(Worthington) ratio of 20:1. Peptides were purified using C18 Sep-Pak cartridges (Waters) 

and freeze-dried. 



 

Enrichment of phosphopeptides was carried out essentially as described previously 25. 

Briefly, peptides were fractionated by strong ion exchange (SCX) chromatography using a 

ResourceS SCX column connected to an Äkta Avant chromatography system (GE). Obtained 

fractions were freeze-dried, and phosphopeptide enrichment was performed using TiO2-based 

affinity chromatography. Additionally, immunoprecipitation of tyrosine-phosphorylated 

peptides was carried out using a mouse anti-phosphotyrosine antibody (P-Tyr-100, Cell 

Signaling Technology). 

For protein expression profiling, 20 µg of SILAC mixes were separated by one-

dimensional SDS-PAGE, and 10 gel slices were prepared. Peptides were obtained by in-gel 

digestion using trypsin (Promega). 

 

Mass spectrometry and data analysis 

LC-MS/MS analyses of peptide samples were performed using an EASY-nLC II nanoflow 

HPLC system coupled directly to an LTQ Orbitrap Velos Pro hybrid mass spectrometer 

(Thermo Fisher Scientific). Prior to measurement, the samples were dissolved in 20 μl 5% 

(v/v) acetonitrile, 0.1% (v/v) acetic acid and loaded onto a 20-cm-long self-packed C18 

(Aeris Peptide 3.6 μm; pore size, 100 Å; Phenomenex) analytical column. Gradual elution of 

peptides was achieved by running a binary linear gradient from 1% (v/v) acetonitrile/0.1% 

(v/v) acetic acid to 75% (v/v) acetonitrile/0.1% (v/v) acetic acid over a period of 80 min with 

a flow rate of 300 nl/min. The mass spectrometry-based analyses were performed in a data-

dependent mode, automatically switching between full survey scan (m/z 300–1600) with a 

resolution of 30,000 followed by MS² analyses of the top 10 precursor ions for collision-

induced dissociation (CID) or of the top 5 precursor ions for higher-energy collisional 

dissociation (HCD) fragmentation. Fragmentation by CID was performed in the linear ion 

trap with an AGC target value of 5 x 103 ions and normalized collision energy of 35%. To 



 

consider neutral loss events of phosphoric acid on phosphoserine and phosphothreonine 

peptides, multistage activation on doubly and triply charged ions was enabled for TiO2-

derived samples. Spectra from the HCD fragmentation were acquired in the Orbitrap mass 

analyzer with a target value of 5 x 104 ions and 40% normalized collision energy utilizing an 

inclusion list of precursor masses identified as phosphopeptides in the CID analyses. 

Precursors were dynamically excluded for repeated fragmentation for 60 s and 30 s for the 

CID and HCD method, respectively. MS raw data and annotated spectra have been deposited 

to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the 

PRIDE partner repository 26 with the data set identifier PXD002776. 

Obtained raw data files were processed using MaxQuant (vers. 1.5.1.0) with the integrated 

Andromeda search engine 27, 28 against a merged database composed of the reviewed human 

proteome (UniProt, derived on 2014-05-22; 20,264 sequences), the proteome of S. aureus 

NCTC 8325 (derived on 2014-11-06; 2,892 sequences), the green fluorescent protein (GFP) 

from N. gonorrhoeae (UniProt accession: B6UPG7) and the sigma factor RsbU from S. 

aureus Newman (UniProt accession: A6QIR3). Trypsin was specified as the enzyme, and a 

total number of two missed cleavages were allowed. Arg10 and Lys8 were set as heavy 

labels. Carbamidomethylation of cysteine residues was set as a fixed modification. Oxidation 

of methionine, N-terminal acetylation and phosphorylation of serine, threonine and tyrosine 

were selected as variable modifications. The ‘requantify’ and ‘match between runs’ options 

were enabled. The match tolerances for HCD and CID fragment ions were set to 20 ppm and 

0.5 Da, respectively. For peptide-, protein- or site-specific identifications, a false discovery 

rate cut-off of 0.01 was applied. The provided SILAC ratios are based on average values of 

replicate experiments. Only SILAC ratios calculated from at least two independent 

quantification events were considered as significantly altered if they reached a cut-off of 1.5-



 

fold in relation to the control in both biological replicates. For protein expression analysis, 

only SILAC ratios from protein groups with at least one unique peptide were considered. 

 

Fuzzy c-means clustering and down-stream analysis 

Phosphorylation site profiles with regulation for at least one sampling point were 

considered for clustering. Log2-transformed SILAC ratios of class I phosphorylation sites 

were z-transformed to have a mean of zero and a standard deviation of one to allow clustering 

of similar phosphorylation profiles regardless of absolute SILAC ratio values. Partitional 

clustering was performed using the fuzzy c-means algorithm implemented in the R package 

mfuzz 29. Fuzzy c-means clustering in mfuzz uses a weighted error square function to 

minimize the Euclidian distance between phosphorylation profiles and cluster centers. The 

algorithm requires the fuzzification parameter m and the number of clusters c as input. We 

manually inspected the results obtained for different combinations of both parameters (m: 1.8 

– 2.5; c: 3 – 6) and finally used m = 2 and c = 5. Soft clustering by the fuzzy c-means 

algorithm is regarded to be less sensitive for noise by assigning membership values of 

phosphorylation profiles to each cluster, indicating how well a phosphorylation profile is 

represented by a certain cluster. For further analyses, only phosphorylation sites with a 

membership value of greater than 0.5 for a specific cluster were considered. For sequence 

motif analysis, amino acid sequences with 6 amino acids down- and up-stream of 

phosphorylation sites were cluster-wise imputed in pLogo 30. A human background was 

chosen for significance estimations. 

  



 

Functional annotation analyses 

Gene Ontology (GO) enrichment analysis was performed using the Cytoscape package 

ClueGO 31. For this purpose, proteins that showed regulation in at least one phosphorylation 

site were separately imputed as clusters, and enrichment analysis for ontologies ‘biological 

process’, ‘cellular component’ and ‘molecular functions’ was performed without enabling the 

‘GO term fusion’ and ‘GO term grouping’ options and using a human background. Only 

results with a p-value less than 0.05 after correction for multiple comparisons by the 

Bejamini-Hochberg procedure were considered. The online tool REVIGO 32 was used to 

reduce the redundancy of the results obtained from ClueGO. Here the semantic similarity 

measure ‘SimRel’ was chosen with a cut-off value C = 0.5. 

For KEGG pathway mapping, the web-based KEGG mapper tool was used 

(http://www.genome.jp/kegg/mapper.html). KEGG pathway and SP_PIR_Keyword 

enrichment analyses were performed with DAVID Bioinformatics Resources 6.7 33. 

 

Kinase-substrate analysis 

Extraction of potential activated protein kinases was performed by analysis of reported 

kinase-substrate relationships (PhosphoSitePlus (PSP); data derived 2015-01-08;14453 

entries) 34. For that purpose, sequence windows of regulated phosphorylation sites were 

searched against PSP using an in-house PHP/MySql-based script. The obtained results were 

used as input for Cytoscape (v. 3.2.1) to build a network of important kinase-substrate 

relationships. 



 

Immunoblotting 

Proteins were separated by one-dimensional gel electrophoresis using precasted 4–15% 

TRX gradient gels (Bio-Rad) followed by transfer onto PVDF membranes (Merck-

Millipore). Membranes were blocked for 1.5 h using 5% (m/v) milk in PBS with 0.05% (v/v) 

Tween-20 (PBS-T). Membranes were probed with primary antibodies overnight at 4°C under 

gentle agitation. The following primary antibodies were used in this study: anti-Paxillin 

(Santa Cruz, #sc-5574), anti-beta-actin (Sigma, #A5441), anti-FAK (BD, #610088), anti-

FAK pY397 (Biosource, #44-625G), anti-FAK pY576 (Santa Cruz, #sc-16563), anti-

fibronectin (Santa Cruz, #sc-8422), anti-MAPK1/3 (CST, #9102), anti-MAPK1/3 

pT202/pY204 (CST, #9106), anti-mTor pS2448 (CST, #2971), anti-mTor (CST, #2972), anti-

PKC (zeta) pT410 (CST, #2060), and anti-PKCa (Abcam, #ab11723). Bound primary 

antibodies were detected using fluorophore-conjugated secondary antibodies (either IRDye 

680RD or IRDye 800CW (LI-COR)), and fluorescence readout was carried out using an 

Odyssey infrared imaging system (LI-COR). 

 

Flow cytometry and fluorescence microscopy 

The infection process was followed by flow cytometry and fluorescence microscopy. 

16HBE14o- cells were seeded in 60 mm cell culture dishes at a density of 0.9 x 106 cells in 

SILAC-RPMI medium. Two days after seeding, the cells were infected as described above; 

the infection was allowed to proceed for 15 min, 120 min and 240 min. After these periods, 

extracellular staphylococci were either removed by lysostaphin/gentamicin treatment or kept 

adhered to infected cells. Phase contrast and fluorescence micrographs were obtained using 

an Olympus CKX41 fluorescence microscope. Afterwards, the cells were harvested using 

trypsin and resuspended in medium with or without gentamicin and lysostaphin. The cells 



 

were centrifuged, washed twice with DPBS and resuspended in DPBS buffer containing 1% 

(v/v) FBS and 3.8 mM sodium azide. The cells were analyzed for green fluorescence on an 

Attune Acoustic Focusing Cytometer (Life Technologies). Ten thousand events were gated, 

and the infection rate (i.e., the number of positive events from total event count) and total 

intracellular bacterial load (i.e., mean fluorescence intensities) were determined with Attune 

software V2.1.0 or FlowJo V10.07 (Tree Star). 

As a microscopic marker for phagosomal escape, we used YFP fused to the N-terminus of 

the cell wall-targeting domain of the S. simulans protease lysostaphin, which recognizes S. 

aureus peptidoglycan 35. The marker protein was generated as previously described 17. 

Briefly, the CWT domain was amplified from S. simulans chromosomal DNA by PCR with 

the primers SsimCWT-r (5'- TCACTTTATAGTTCCCCAAAGAACACC-3') and SsimCWT-

f (5'-ACGCCCAATACAGGTTGGAAAACAAAC-3'), and the product was cloned into 

pcDNA6.2-N-YFP (Invitrogen). For stable expression, the open reading frame encoding the 

fusion protein YFP-CWT was amplified using the primers N-YFP-Pm-fwd (5'-

GATCGTTTAAACCGGTGATATCCTCGAGACC-3') and N-YFP-Sp-rev (5'-

GATCACTAGTCAACCACTTTGTACAAGAAAGC-3') and was ligated into the lentiviral 

vector pLVTHM 36 by the introduced PmeI and SpeI sites, thereby replacing the open reading 

frame for GFP. The resulting plasmid, pLVTHM-YFP-CWT, was transfected into 293T cells 

along with psPAX and pVSVG 36, and lentiviral particles were produced following the 

authors’ recommendations. 16HBE14o- cells were transduced in the presence of polybrene, 

passaged three times and sorted on a FACSAria III cell sorter (BD). Infection was carried out 

as described above, and extracellular S. aureus were removed by lysostaphin/gentamicin 

treatment. Phagosomal escape of S. aureus is indicated by YFP-CWT recruitment toward the 

bacterial cell wall. 

 



 

Gentamicin protection assay 

Enumeration of internalized staphylococci following infection was performed using a 

gentamicin protection assay. 16HBE14o- cells were seeded in 24-well plates at a density of 

7.5 x 104 cells and infected as described above. The cells were lysed 15 min, 120 min or 240 

min post-infection by the addition of sterilized water for 10 min following the removal of 

culture medium. Dilution series of lysates were prepared using DPBS and spread on LB agar 

plates. Colony forming units (CFU) were counted after the cells were incubated for 24 h or 

48 h at 37°C. Experiments were carried out at least in triplicate with 3 parallel assays. 

 

Kinase inhibitor experiments 

For kinase inhibitor experiments, the following inhibitor concentrations were used: 100 nM 

PF-00562271 (Selleckchem), 10 µM PP2 (Sigma-Aldrich), 10 µM bisindolylmaleimide I 

(Merck Millipore), 10 µM H-89 (Sigma-Aldrich), and 10 µM roscovitine (Sigma-Aldrich). 

16HBE14o- cells were seeded in 24-well plates at a density of 7.5 x 104 cells. The addition of 

inhibitor or vehicle control occurred either for one hour prior to the start of infection, for two 

hours at the start of infection or for two hours after the removal of extracellular bacteria (two 

hours after the start of infection) for an additional two-hour incubation period. Cells were 

lysed, and enumeration of bacteria was carried out as described above. Experiments were 

carried out at least in triplicate with three technical replicates each.  



 

RESULTS 

S. aureus escapes phagosomal clearance and replicates in 16HBE14o- human bronchial 

epithelial cells. 

16HBE14o- cells are derived from normal bronchial epithelium and retain differentiated 

epithelial morphology and functions in cell culture 22, 23. To analyze the infection of 

16HBE14o- with S. aureus, confluent cell layers were either left untreated, or GFP-

expressing S. aureus HG001 was added at a multiplicity of infection of 25. After two hours, 

extracellular bacteria were removed, and cells were incubated for an additional two hours. To 

monitor the progression of the infection, samples were collected at 15 min, 120 min, and 240 

min post-infection (p.i.), and cells were analyzed by flow cytometry, fluorescence 

microscopy and gentamicin protection assays (Figure 1A).  

Flow cytometry indicated that approximately 7% of host cells accommodate staphylococci 

after 15 min p.i. (Figure 1B). The number of infected host cells increased to 30% after 120 

min of infection. As expected, elimination of extracellular staphylococci and further 

incubation for up to 120 min did not further increase the proportion of infected cells (28%), 

indicating that gentamicin/lysostaphin treatment efficiently removed extracellular bacteria. 

The bacteria replicated intracellularly, which was evident by the consistent increase in mean 

fluorescence over time as detected by flow cytometry (Figure 1C), increased bacterial cluster 

sizes as detected by fluorescence microscopy (Figure 1D), increased numbers of CFU 

recovered from lysed host cells (Figure 1E), increased number of S. aureus peptides 

identified by mass spectrometric analyses (Figure 1F) and the increase in staphylococcal 

protein A in the protein fraction (Figure 1G). Collectively, these results suggest that 

16HBE14o- bronchial epithelial cells phagocytize S. aureus, which then persists inside this 

host cell type and even starts proliferation within the first 240 min p.i. 



 

We next utilized 16HBE14o- cells stably expressing a YFP-CWT construct as a 

phagosomal escape marker 17. Accumulation of fluorescence was observed in S. aureus-

infected 16HBE14o-YFP-CWT cells at 120 min and 240 min p.i. but not in mock-infected 

controls, thereby indicating phagosomal escape of S. aureus (Figure S-1). 

 

The proteome of S. aureus-infected bronchial epithelial cells is altered in proteins 

associated with autophagy as well as GTPase and cell surface signaling 

To characterize alterations in the signaling response of bronchial epithelial cells during the 

early phase of infection with S. aureus, we performed a quantitative phosphoproteomic 

analysis that combined SILAC 37, phosphopeptide enrichment 25, 38-40 and LC-MS/MS with 

high-low and high-high strategies 41, 42 (Figure 1A). Sampling time points of 15 min, 120 min 

and 240 min p.i. were chosen because they cover early phases of infection, which include i) 

S. aureus adhesion and early internalization processes, ii) a transient phase of ongoing 

internalization of S. aureus and phagosomal escape, and iii) S. aureus intracellular 

proliferation, respectively. The analysis was performed on two independent infection 

experiments where SILAC labels had been swapped and only proteins or phosphorylation 

sites with reproducible SILAC ratio changes of at least 1.5-fold in both replicates were 

considered significantly altered. 

Our quantitative proteome analysis resulted in the identification of 6662 human protein 

groups; for approximately 90% of these protein groups, quantitative information regarding 

relative changes were deduced from corresponding peptide SILAC ratios (Table S-1). During 

the course of the infection, the numbers of proteins with altered abundance increased over 

time, and 31 proteins showed a reproducible 1.5-fold change in their abundance in at least 

one time point (Table 1). 



 

Interestingly, four proteins were detected in significantly higher amounts compared to non-

infected controls at 15 min p.i.: Fibronectin (FINC), Apolipoprotein B-100 (APOB), Shadow 

of prion protein (SPRN) and TLC domain-containing protein 2 (TLCD2) (Table 1). The 

extracellular matrix protein FINC also showed increased protein levels at 240 min p.i. and 

was just below our cut-off at 120 min. The trend of constant upregulation during the entire 

time course of infection could be verified by western blots (Figure S-2).  

At 120 min and 240 min p.i., 9 and 20 proteins, respectively, were detected with altered 

abundance (Table 1), and most of these proteins showed decreased amounts when compared 

to the infection control. Strikingly, the functions of many altered proteins are related to the 

infection-relevant processes of vesicle trafficking, especially autophagy. LAPTM4A, 

NDFIP1, FINC, SDC1, SDC4, and PTPRF were recently identified by quantitative 

proteomics to be associated with autophagosomes and their turnover 43, and GBP1 delivers 

antimicrobial peptides to autophagolysosomes 44. Another noticeable group of altered host 

proteins was composed of Syndecans-1,-3 and -4 (Table 1), which belong to a major family 

of cell surface heparan sulfate proteoglycans (HSPGs) that facilitate cell surface binding and 

invasion for many pathogens 45. Additionally, altered amounts of syndecans, fibronectin, 

Receptor-type tyrosine-protein phosphatase F (PTPRF) and Ephrin type-B receptor 2 

(EPHB2) point to changes in cellular signaling because these proteins are known to be 

important for the transduction of environmental signals. 

We also examined the proteomic data for the identified S. aureus proteins. An average of 

64, 100, and 271 proteins were identified at 15, 120 and 240 min p.i., respectively (Table S-

1). Together with the globally increasing protein intensities over time, this finding correlates 

well with the previously described continuous internalization and observed intracellular 

bacterial replication. However, our approach does not allow a relative quantitative 

comparison of the bacterial proteins. 



 

In summary, proteomic profiling revealed that 16HBE14o- cells show moderate but time-

point specific changes to infection with S. aureus during the first 240 min. Many of the 

altered proteins could be associated with autophagy and cell surface protein signaling. 

 

Infection with S. aureus has a strong impact on the phosphoproteome of bronchial 

epithelial cells 

We then assessed the dynamics of the host cell phosphoproteome across different time 

points of the S. aureus infection (Figure 1A). Our phosphoproteomic profiling resulted in the 

identification of 5178 phosphorylation sites (p-sites) with averaged SILAC ratios 

corresponding to 1769 proteins, which were considered for further bioinformatics analyses at 

the phosphoprotein level (Table S-1). For p-site specific analyses, only SILAC ratios from 

class I sites (localization probability > 75% and score difference > 5) were considered and 

included 4588 sites (3932 pS, 501 pT and 155 pY). Of these sites, 504 p-sites from 319 

proteins were reproducibly changed with a fold-change cut-off of 1.5 (Table S-1); these p-

sites represented 11% of the covered phosphoproteome. 

The normalization of altered p-sites to their corresponding changes in protein abundance 

(SILAC protein ratios) revealed that the vast majority (98%) are still changed at least 1.5-

fold, indicating that the alteration of p-sites is primarily due to up-stream signaling events and 

not due to changes in the amount of proteins. Evaluation of the individual time points showed 

that the number of regulated class-I -p-sites increased over time. Already by 15 min p.i., 21 

regulated p-sites in 20 different proteins were detected, and the numbers drastically increased 

to 305 p-sites (214 proteins) and 329 p-sites (250 proteins) at 120 min and 240 min p.i., 

respectively (Figure 2A). The comparison of the regulated p-sites and corresponding 

phosphoproteins between the different time points revealed partly overlapping subsets 

(Figure 2B). For example, of the 490 p-sites with quantifiable SILAC ratios at 120 min or 



 

240 min p.i., 144 (29%) were regulated at both time points. Remarkably, all of these p-sites 

were constantly up- or down-regulated over both time points (Figure 2C). 

Taken together, the results suggest that infection of bronchial epithelial cells with S. aureus 

has a drastic impact on the host phosphoproteome, which responds to the cellular state of the 

infection in a highly dynamic fashion. 

 

S. aureus causes general and time point-specific modulation of major host signaling 

pathways associated with the cytoskeleton, cell contacts and vesicle transport 

We subjected the phosphoproteomic data to functional annotation analyses to assess the 

biological functions and cellular pathways that were primarily affected during the infection. 

GO-based enrichment analyses of proteins with altered p-sites (regulated phosphoproteins) at 

120 min and 240 min p.i. revealed several significant biological processes, molecular 

functions and cellular components (Table S-2, Figure 3A). At both time points, 

phosphoproteins associated with the terms ‘regulation of DNA-templated transcription, 

elongation’ (p = 7.92 x 10-3) and ‘extrinsic component of membrane‘ (p = 8.15 x 10-3) were 

significantly enriched. Proteins assigned to ‘adherens junction’ (p = 2.90 x 10-12), ’Ras 

protein signal transduction’ (p = 1.60 x 10-8), ‘small GTPase regulator activity’ (p = 4.49 x 

10-5) and ‘endomembrane system organization’ (p = 5.94 x 10-8) were among the most highly 

enriched terms for the set of regulated p-proteins at 120 min p.i. At 240 min p.i., e.g., 

‘cytoskeleton organization’ (p = 8.05 x 10-18), ‘microtubule-based process‘ (p = 1.91 x 10-8), 

‘establishment or maintenance of cell polarity ’ (p = 4.26 x 10-6) and ‘recycling endosome 

membrane’ (p = 2.00 x 10-3) were highlighted. 

Subsequently, we mapped the regulated p-proteins to the pathways of the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database. The top ten pathways with the 

highest number of hits are shown in Figure 3B. Hierarchical clustering based on the 



 

corresponding mapped pathway-specific proteins separated the pathways ‘RNA transport’ 

(group I), ‘Metabolic pathway’ (group II), ‘Insulin signaling pathway’ (group IIIa) and the 

remaining seven pathways (group IIIb) into four groups with group-specific regulated p-

proteins (Figure 3B). The latter group was composed of, e.g., ‘Focal adhesion’, ‘Regulation 

of actin cytoskeleton’, and ‘Rap1 signaling pathway’ which are highly interconnected 

pathways mainly involved in cell shape, cell contacts and cell migration. In this regard, 

enrichment analyses highlighted KEGG pathways with regulated p-proteins associated with 

‘ErbB signaling pathway’, ‘Focal adhesion’ and ‘Tight junction’ as significantly 

overrepresented (Benjamini-Hochberg corrected p-values < 0.05, Table S-2). In general, 

group IIIb was characterized by a strong overlap of commonly affected proteins between the 

corresponding pathways, including several protein kinases, such as MAPK1/3 (ERK2/1) and 

FAK. Increased activation of FAK and ERK1/2 was confirmed by western blots using p-site-

specific antibodies (Figure S-2). 

Finally, we analyzed the proteins with regulated p-sites to identify keywords of the Swiss-

Prot Protein Information Resource (SP_PIR_Keywords) 46. Several terms were found to be 

overrepresented (p-value < 0.05), but time point-dependent differences became obvious 

(Figure 3C, Table S-2). At 120 min and 240 min p.i., terms associated with cell contacts and 

the cytoskeleton were significantly enriched. In contrast, SH3 domains and coiled-coil 

structures were highly associated with the regulated p-proteins at 120 min p.i., whereas, e.g., 

guanine-nucleotide releasing factors were significantly enriched at 240 min p.i. 

Taken together, the results of the functional annotation analyses indicate that infection of 

bronchial epithelial cells with S. aureus massively affects the phosphorylation status of 

proteins that are primarily involved in biological processes and pathways associated with 

cytoskeletal rearrangements, vesicle trafficking and cell-cell and cell-matrix contacts.  

 



 

Kinase-substrate investigations reveal characteristic temporal profiles and highlight key 

kinases associated with staphylococcal infection 

The temporal profiles of 308 class I p-sites that showed regulation in at least one time-point 

in response to staphylococcal infection were subjected to fuzzy c-means clustering in order to 

resolve distinct phosphorylation clusters (Table S-3). The analysis revealed five main 

phosphorylation profiles (Figure 4A, Figure S-3). Clusters 1 and 4 were characterized by an 

increase in phosphorylation at 120 min p.i. compared to 15 min p.i. and showed moderately 

(cluster 4) or strongly (cluster 1) decreased phosphorylation at 240 min p.i. compared to 120 

min p.i.. Clusters 2 and 3 showed opposite phosphorylation kinetics, with a continuous 

increase (cluster 2) or decrease (cluster 3) throughout the infection period. One hallmark of 

cluster 5 was the strongly decreased phosphorylation at 120 min p.i. that largely remained for 

the next 120 min.  

Flanking regions of regulated p-sites subjected to cluster-wise analysis to identify enriched 

sequence features that might resemble known protein kinase consensus sequences using 

pLogo 30 (Figure 4A). With the exception of cluster 1, all clusters showed enrichment of 

proline at position +1, with cluster 5 exhibiting the most prominent enrichment. In addition, 

clusters 1 to 4 possessed a basic amino acid (especially arginine) down-stream of the 

phosphorylation site, whereas cluster 5 showed enrichment of arginine at position +1. To 

predict major protein kinases associated with the distinct phosphorylation profiles, sequence-

windows of p-sites were analyzed against a curated compendium of phosphorylation motifs 

(PhosphoMotif Finder, 47) (Table S-4). Clusters 1 and 4, apparently characterized by similar 

phosphorylation kinetics, overlapped with several motifs containing basic amino acids up-

stream of p-sites that are known targets of calmodulin-dependent protein kinase II (CaMK2), 

cAMP-dependent protein kinase A (PKA) and protein kinase C (PKC). The most frequently 

found kinase consensus motif present in clusters 2, 3 and 5 was ‘X[pS/pT]P’, which is target 



 

for phosphorylation by glycogen synthetase kinase 3 (GSK3), cyclin-dependent kinases 

(CDKs) and mitogen-activated protein kinases (MAPK3/ERK1 and MAPK1/ERK2) 48. 

Despite the prominent occurrence of proline-directed target sequence shared by clusters 2, 3 

and 5, cluster-specific enrichment of kinase motifs became apparent. Co-enriched kinase 

motifs in cluster 2 include ‘RXXpS’ and ‘[pS/pT]XX[E/D]’, which are target sequences for 

CaMK2 and Casein kinase II, respectively 49, 50. In addition, numerous phosphorylated 

peptide sequences matched the motif ‘[pS/pT]X[R/K]’, a target sequence for PKA 51.  

We aimed to build a kinase-substrate network that reflects characteristic signaling events 

associated with the infection time-course. For this purpose, we matched the sequence 

windows of the determined regulated p-sites against experimentally verified up-stream 

kinases of the PhosphoSitePlus database (Table S-5, 34). This analysis indicated the potential 

implication of 77 protein kinases by detection of 203 reported kinase-substrate relationships. 

At least three p-site targets were observed for 24 protein kinase that have been used for 

modelling a kinase-substrate network depicted in Figure 5. Interestingly, kinases CAMK2, 

CDK1, CDK2, ERK1, ERK2 and PKA were already suggested by the previously conducted 

phosphomotif analysis. In addition to ERK1/2, further kinases of the MAPK-family include 

not only MAPK2K1 (up-stream activator of ERK1/2), MAPK8, MAPK9, MAPK14/p38-

alpha but also kinases from other families, such as MTOR, CHECK1, and PAK1. Inspection 

of the temporal phosphorylation profiles of the target sites showed that the majority of 

kinases had increased activity at 120 min p.i. In contrast, numerous assigned substrates of 

CDK2 and MTOR were down-regulated at 120 min p.i., suggesting decreased activity 

compared to uninfected controls. 

Taken together, our results support the contribution of AGC group kinases (especially PKC 

and PKA) to increased protein phosphorylation at 120 min p.i. and indicate that the proline-

directed kinases MTOR and CDK2, but not ERK1/2, are involved in phosphorylation profiles 



 

characterized by decreased phosphorylation at 120 min p.i. In addition to the activation of 

ERK1/2, we validated the activation of PKC and the down-regulation of MTOR by western 

blotting (Figure S-2). 

 

Pharmacological inhibition of infection-relevant protein kinases as a host-centric anti-

infective strategy 

Inhibition of the tyrosine kinase Src results in reduced S. aureus internalization in murine 

fibroblasts and human embryonic kidney cells 52. We utilized a gentamicin protection assay 

to test whether blocking the down-stream activity of Src-family kinases and of additional 

protein kinases highlighted in our study has a beneficial effect on bronchial epithelial cells in 

suppressing the bacterial infection. Specific inhibitors were added to the media at different 

phases of the infection, either for 60 min before the start of the infection, during the first 120 

min of the infection or simultaneously with the removal of extracellular bacteria during the 

120 min of the monitored time course. In all cases, intracellular bacteria were recovered at 

240 min p.i., and the number of CFU was determined. 

All tested small molecule protein kinase inhibitors - bisindolylmaleimide-I (PKC), H-89 

(PKA), roscovitine (CDKs), PF-562271 (FAK) and PP2 (Src-family kinases) - resulted in 

varying levels of reduction in the number of recovered colony-forming S. aureus in 

comparison to untreated control infections (Figure 6). Furthermore, treatment time-dependent 

differences became obvious. For most kinase inhibitors, the strongest impact was observed 

with the two-hour treatment period at the start of the infection, whereas roscovitine (32% less 

internalized bacteria), PF-562271 (52%) and PP2 (88%) treatments resulted in the highest 

reduction in bacterial load. Remarkably, treatment with H-89 and bisindolylmaleimide for 

one hour before the infection resulted in significant reductions of internalized bacteria of 27% 

and 11%, respectively, which could not be further improved with later treatment time points. 



 

Thus, the phosphorylation signatures identified by our unbiased genome-wide approach 

allowed the identification of host signaling networks that are required for the establishment of 

intracellular S. aureus. Targeted inhibition of protein kinase interferes in host-pathogen 

interaction processes and reduces the number of bacteria - a pharmacological anti-infective 

strategy for which the pathogen itself cannot acquire resistance.   



 

DISCUSSION 

For S. aureus-associated pneumonia, in addition to antibiotic resistance, the internalization 

and persistence of bacteria in non-professional phagocytic cells represent a major suspected 

cause for difficult-to-treat infections, which demand further investigation and novel 

therapeutic strategies 53-55. In this study, we established an infection model with 16HBE14o- 

human bronchial epithelial cells and demonstrated internalization, survival and intracellular 

proliferation (following phagosomal escape) of S. aureus within the first four hours. This 

study is the first to quantitatively characterize the dynamics of the host cell phosphorylation-

based signaling upon S. aureus infection using proteomic and phosphoproteomic workflows. 

Only 0.5% of the covered proteome was altered in protein abundance; however, 11% of the 

phosphoproteome, representing 319 proteins and 504 distinct p-sites, indicated that the 

infection is accompanied by moderate changes in protein amounts but has a strong impact on 

phosphorylation-mediated events. Major changes were found to be associated with processes 

involving cell surface proteins, autophagy and vesicle trafficking, and small GTPase-

signaling, as well as proteins associated with the dynamics of the cytoskeleton and cell 

contacts (Figure 7). 

Remarkably, levels of Fibronectin (FINC) were increased throughout the four-hour time 

course. Binding to FINC by staphylococcal fibronectin-binding proteins (FnBPs) is 

considered a major determinant for adhesion and internalization of S. aureus in a variety of 

different host cell types 52, 56-59. FINC is bound by α5β1 integrins on the host cell surface with 

high affinity and accordingly serves as a bridging molecule during FnBP-FINC-Integrin-

mediated internalization 60, 61. Integrin-mediated uptake of S. aureus depends on signaling 

networks that subsequently reorganize the actin cytoskeleton and cellular membrane; 

processes that require the formation of focal adhesion-like protein complexes 62. Although no 

changes in integrins were detected, the total amounts of three surface proteins that are known 



 

to facilitate cell surfacing binding and invasion for many pathogens 45 were altered during the 

infection: Syndecan-1, -3 and -4. The shedding of Syndecan-1 ectodomains through virulence 

factor-induced metalloproteinase activation has been proposed to modulate bacterial 

infections, e.g., for Pseudomonas aeruginosa 63, Streptococcus pneumoniae 64, Bacillus 

anthracis 65 and S. aureus 63, 66. For S. aureus, pro-pathogenic functions of the Syndecan-1 

ectodomain were linked to inhibition of neutrophil antibacterial factors 67, 68. Although 

binding of S. aureus to syndecans has not been demonstrated, the synergy of syndecans with 

integrins in the control of signaling cascades downstream of the two families 69 might 

indicate an important role in S. aureus uptake by bronchial epithelial cells. 

As previously mentioned, phosphoproteins associated with the dynamics of the 

cytoskeleton and cell contacts are primarily affected by phosphorylation during the infection. 

This finding is in agreement with the notion that the zipper-type integrin-mediated 

internalization of S. aureus is dependent on these processes 70. In cell-extracellular matrix 

contacts (adhesion complex), extracellular matrix proteins, integrins and an associated large 

dynamic complex of proteins that is connected to the actin cytoskeleton form a structure that 

modulates signaling pathways that control a variety of cell functions, including proliferation, 

differentiation and migration. Remarkably, the comparison of our data set with a recent 

(phospho-)proteomic study defining the integrin-(phospho-)adhesome by isolating adhesion 

complexes from cells grown on FINC or transferrin-coated cell culture dishes 71 even 

amplifies the finding that signaling via adhesion complex-associated proteins is critical in S. 

aureus infection. Whereas FINC is the only adhesome-related protein that has been detected 

in altered amounts during the infection, 139 adhesion complex-associated proteins showed 

regulation at p-sites representing nearly half of all identified regulated p-proteins. 

Interestingly, many of the regulated p-sites detected here were not identified in the isolated 

adhesion complexes of the previous study 71. This difference might be partially explained by 



 

different cell models and phosphoproteomic workflows but could also point to infection-

specific phosphorylation events. In this regard, it is noticeable that the number of regulated p-

sites is balanced after two and four hours p.i., indicating that signaling through the 

corresponding networks is not only important during internalization but also in subsequent 

processes, such as phagosome formation and maturation or phagosomal escape. 

Functional annotation of the phosphoproteomic data indicated that S. aureus infection also 

significantly affects phosphorylation in cell-cell contacts of the host cells, and the 

phosphorylation statuses of proteins implicated in tight junctions (TJs) and adherens 

junctions, such as ZO-2, JAM1, Afadin (AFAD), Cingulin (CING), Plakophilin-3 (PKP3), 

delta-Catenin (CTND1) and Symplekin (SYMPK), were altered. TJs are critical in the 

establishment of an impermeable epithelial barrier, and phosphorylation-dependent signaling 

of TJ proteins is involved in the regulation of TJ assembly and function 72. In view of the 

identified changed p-sites, phosphorylation at S284 in JAM1 has been demonstrated to 

regulate cell contact maturation and TJ formation 73, 74. Additionally, phosphorylation of 

cingulin was shown to impact TJ assembly 75. Thus, disturbance of TJ signaling and 

alterations in junctional integrity are likely important in the pathogenesis of S. aureus tissue 

infections and development of sepsis.  

Several of the highlighted infection-relevant kinases in this study are associated with 

cytoskeleton dynamics and cell contact regulation, including MAP kinases, PAK and FAK, 

which are crucial regulators in the Arp2/3 complex-mediated reorganization of the actin 

cytoskeleton 76. In this regard, another interesting group of kinases is the cyclin-dependent 

kinases (CDKs). CDKs are essential in the regulation of the cell cycle 77, but alternative 

functions have begun to emerge, including the regulation of adhesion complex proteins 78-82. 

We could assign CDKs (mainly CDK1/2) as up-stream kinases to a number of regulated p-

sites, most of which are in proteins that are also found in adhesion complexes 71. Together 



 

with the finding that the cell cycle of the infected confluent cell layer does not seem to be 

affected (data not shown), our results support an important role of CDK activity in adhesion 

signaling and additionally emphasize the potential relevance of CDKs in S. aureus infections. 

We provide evidence that S. aureus escapes the phagosomal killing machinery and even 

replicates inside 16HBE14o- bronchial epithelial cells. Persistence in phagocytes and 

phagosomal escape is likely associated with subversion of the autophagic pathway, which has 

been proposed to be a key strategy of S. aureus in non-professional phagocytes 11, 14. During 

autophagosomal maturation, the immature autophagosome fuses with endosomes and 

lysosomes 83, vesicles for which associated proteins were found to be significantly regulated 

by phosphorylation. Remarkably, six proteins that were detected with altered abundance in 

our study are directly associated with autophagy (FINC, LAPTM4A, NDFIP1, SDC1, SDC4 

and PTPRF) 43, and future investigations should address the potential pathogen-mediated 

changes and their implications in successful escape from phagosomal clearance. 

Our study further highlights many GTPase regulators with altered expression or 

phosphorylation during S. aureus infection. In addition to altered levels of FGD3 (Cdc42 

guanine nucleotide exchange factor) 84 (Table 1), at least 23 GEFs or GAPs of Ras-, Rho 

(RhoA, CDC42, Rac)- or Rab-/Arf-family GTPases have been identified with altered p-sites 

(Table S-1). The mammalian Ras superfamily of small GTPases contains more than 150 

members that are implicated in diverse biological functions, many of which are also highly 

relevant in bacterial infections, including cell proliferation (mainly Ras family), cytoskeleton 

dynamics (Rho) and vesicle trafficking (Rab and Arf) 85. Typically, their activity is switched 

on or off by cycling between the GTP- and GDP-bound state, respectively, whereas 

activation is accelerated by Guanosine nucleotide exchange factors (GEFs), and inactivation 

is accelerated by GTPase activating enzymes (GAPs). Recent studies also suggested that the 

regulation of small GTPase activity via phosphorylation of GEFs 86-91 and GAPs 92-98 is a 



 

general mechanism. Thus, our results indicate that modulation of GTPase-associated signal 

transduction is a central feature of the host response of bronchial epithelial cells to infection 

with S. aureus and likely impacts all of the aforementioned cellular functions, namely, the 

dynamics of cell contacts, the cytoskeleton, autophagy and vesicle trafficking. This finding is 

further supported by an increasing number of studies describing the functional implications of 

small GTPases in processes such as invasion and phagosomal maturation in S. aureus 

infections 99-103. However, the exact physiological consequences of the altered 

phosphorylation statuses of the GTPase regulators identified in this study, are unknown in 

most cases and need to be resolved in future studies. Moreover, whereas the concept of 

hijacking host GTPase-associated signaling by effector molecules of many intracellular 

bacterial pathogens is well established, for instance, by mimicking GEFs or GAPs by effector 

molecules produced by Salmonella and Yersinia 104-106, similar subversion mechanisms by 

which S. aureus modulates host GTPase-associated signaling via manipulation of GEF/GAP 

activity have not yet been determined. 

Our study demonstrated that a variety of host protein kinases are active during 

staphylococcal infection. Deduced from our data, we highlighted FAK, PKA, PKC, Src and 

CDK protein kinases and demonstrated that a specific inhibition by small molecule inhibitors 

positively affected infection outcome. Inhibition of the tyrosine kinases FAK and Src resulted 

in the most pronounced reduction in intracellular viable bacteria, which is in agreement with 

the aforementioned central role of these kinases in integrin-mediated internalization and with 

previous reports on human embryonic kidney cells and mouse fibroblasts 107, 108. A critical 

role of PKA for the survival of intracellular pathogens has also been demonstrated in 

macrophages, e.g., for Brucella or Salmonella spp. 109-111, and PKC is known to be required 

for the invasion of Yersinia pseudotuberculosis in epithelial cells 112. In contrast, CDK 

inhibitors have so far only been described as potent substances that block viral replication 113. 



 

Thus, our unbiased system-wide approach identified key signaling nodes that are required for 

the establishment of intracellular S. aureus, which is hypothesized to contribute to persistence 

and dissemination within the host 6, 55, 114, 115. As demonstrated with critical host protein 

kinases, these hubs can be targeted by drugs against which the pathogen itself cannot acquire 

resistance and therefore likely provides a useful anti-infective strategy (e.g., as adjuvant 

therapy with antibiotics) against persistent S. aureus infections. 

In summary, in this study, we established an S. aureus infection model with 16HBE14o- 

human bronchial epithelial cells and characterized alterations in the proteome and 

phosphoproteome of the host during internalization, phagosomal escape and intracellular 

bacterial replication, thereby providing the first blueprint of host-associated alterations in the 

phosphoproteome of non-professional phagocytes during staphylococcal infection. These 

data constitute a valuable resource for improving our understanding of the molecular 

pathomechanisms in S. aureus infections.  
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CFU, colony forming units; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and 

Genomes; p-site, phosphorylation site; p.i., post-infection; SILAC, stable isotope labeling by 

amino acids in cell culture; TJs, tight junctions; YFP, yellow fluorescent protein 
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TABLE LEGENDS 

Table 1 

Proteins of 16HBE14o- cells with altered abundance during S. aureus infection. Proteins 

that showed reproducible changes in SILAC ratios of at least 1.5-fold (±0.58 on log2 scale) in 

at least one sampling time-point are listed. Green and red numbers indicate down- and up-

regulation, respectively.  



 

UniProt 
Accession Name Gene name Mean Log2 SILAC ratio 

15 min 120 min 240 min 

Q96AP0 Adrenocortical dysplasia protein homolog ACD - - -0.8 

Q4KMQ2 Anoctamin-6 ANO6 - -1.4 -0.4 

P04114 Apolipoprotein B-100 APOB 3.8 0.5 0.0 

Q7L2Z9 Centromere protein Q CENPQ - - -0.6 

Q66K64 DDB1- and CUL4-associated factor 15 DCAF15 0.0 0.2 -0.8 

Q9UDY4 DnaJ homolog subfamily B member 4  DNAJB4 - - -1.6 

P29323 Ephrin type-B receptor 2 EPHB2 -0.2 -0.7 -0.6 

P15036 Protein C-ets-2 ETS2 - - 0.8 

Q5JSP0 FYVE, RhoGEF and PH domain-containing protein 3 FGD3 - -0.2 -0.8 

P02751 Fibronectin FN1 0.9 0.8 1.0 

P32455 Guanylate-binding protein 1 GBP1 0.5 -1.8 - 

Q15653 NF-kappa-B inhibitor beta NFKBIB - 0.1 -0.9 

Q15012 Lysosomal-associated transmembrane protein 4A LAPTM4A 0.2 -0.9 - 

Q9H3L0 Methylmalonic aciduria and homocystinuria type D 
protein, mitochondrial MMADHC 0.1 -0.1 -0.8 

Q9BT67 NEDD4 family-interacting protein 1 NDFIP1 0.0 -0.7 - 

P15559 NAD(P)H dehydrogenase [quinone] NQO1 0.9 1.2 -0.1 

Q14980 Nuclear mitotic apparatus protein 1 NUMA1 0.2 -0.6 0.0 

Q16625 Occludin OCLN -0.2 -0.5 -0.7 

Q8IY26 Phospholipid phosphatase 6 PLPP6 -0.1 -0.4 -0.7 

P10586 Receptor-type tyrosine-protein phosphatase F PTPRF 0.0 -0.2 -0.9 

Q9BYC9 39S ribosomal protein L20, mitochondrial MRPL20 -0.2 0.1 -0.9 

Q9HD33 39S ribosomal protein L47, mitochondrial MRPL47 -0.2 0.0 -1.3 

P18827 Syndecan-1 SDC1 -0.2 -0.3 -1.2 

O75056 Syndecan-3 SDC3 - - -1.5 

P31431 Syndecan-4 SDC4 -0.1 -1.0 -1.3 

Q9BSV6 tRNA-splicing endonuclease subunit Sen34 TSEN34 0.0 -0.2 -0.8 

Q5BIV9 Shadow of prion protein SPRN 1.6 - - 

A6NGC4 TLC domain-containing protein 2 TLCD2 0.7 - - 

Q9P0T4 Zinc finger protein 581 ZNF581 - 0.8 0.2 

Q8NDX6 Zinc finger protein 740 ZNF740 
-0.1 

-0.1 -0.8 

Q9C0D3 Protein zyg-11 homolog B ZYG11B - 0.4 -0.8 

 

 



 

FIGURE LEGENDS 

Figure 1 

A Schematic of the infection model and (phospho-)proteomic workflow. 16HBE14o- 

bronchial epithelial cells were metabolically labeled using SILAC. Cells were infected with 

S. aureus HG001 for different periods. Lysates from infected cells (red) and control cells 

(blue) were mixed in equal protein amounts. Proteins were either digested with trypsin in 

solution (phosphorylation profiling) or following fractionation by one-dimensional SDS gel 

electrophoresis (protein abundance profiling). General phosphopeptide enrichment was 

performed by TiO2-based affinity chromatography of strong cation exchange chromatography 

(SCX)-separated fractions. Specific enrichment of tyrosine-phosphorylated peptides was 

performed by immunoprecipitation with an anti-phosphotyrosine-specific antibody. All 

samples were eventually analyzed by LC-MS/MS. 

B Fluorescence intensity distribution of 16HBE14o- cells infected with green 

fluorescent S. aureus. Fluorescence from GFP-expressing S .aureus HG0001 was 

determined as a measure of intracellular bacterial load of 16HBE14o- cells following 15 min, 

120 min and 240 min post-infection (red histograms). Histograms in gray represent 

uninfected control cells. Proportion of GFP-positive cells are expressed as the mean ± S.D. 

with n = 4. 

C Mean GFP fluorescence development during S. aureus infection. Determined 

mean GFP fluorescence of S. aureus HG001-infected 16HBE14o- cells following different 

durations of infection. The data are represented as the mean ± S.D. with n = 4. 

D Fluorescence micrographs of S. aureus-infected 16HBE14o- cells. Following the 

indicated periods, non-phagocytosed bacteria were either removed from the cell culture 



 

supernatant by treatment with gentamicin and lysostaphin or left untreated. Scale bars 

indicate a distance of 20 µm.  

E Estimation of viable S. aureus following recovery from infected 16HBE14o- cells. 

16HBE14o- cells were infected for the indicated periods. Ingested S. aureus HG001 cells 

were recovered from 16HBE14o- cells by gentamicin/lysostaphin treatment with subsequent 

cell lysis and spreading on agar plates for quantification of colony forming units (CFU). 

Determined numbers of CFU were normalized to the numbers of CFU obtained at 240 

minutes p.i.. Error bars indicate the standard error of the mean (n = 4). 

F Number of identified peptides from S. aureus. Number of S. aureus-specific 

peptides identified in lysates of infected 16HBE14o- cells at the indicated time points p.i.. 

G Increased protein A abundance in S. aureus-infected 16HBE14o- cells. Lysates 

from S. aureus HG001-infected 16HBE14o- cells were analyzed by western blot. Red signals 

originate from staining with an anti-paxillin immunoglobulin G antibody from rabbit. Co-

detection of staphylococcal protein A is due to its capacity to interact with the Fc proportion 

of IgG from mouse and rabbit under standard western blot conditions 116. β-actin (green 

signals) was used as a loading control. 

  



 

Figure 2 

A Frequency distributions of SILAC ratios obtained from quantified class I 

phosphorylation sites in S. aureus-infected 16HBE14o-. Dashed lines indicate SILAC 

ratios (on log scale) of 0.58 (red) or -0.58 (blue), which were considered as cut-off values for 

up- or down-regulated phosphorylation sites, respectively. Total numbers of regulated sites 

are indicated. 

B Time point-related overlap of regulated class I phosphorylation sites and 

corresponding proteins. Venn diagrams indicating the number of overlapping and time 

point-specific altered phosphorylation sites and phosphoproteins determined in S. aureus-

infected 16HBE14o- cells. 

C Comparison of regulated class I phosphorylation sites between infection periods 

of 120 min and 240 min. The four different sectors indicate possible combinations of 

direction of regulated phosphorylation sites shared between the sampling time points of 120 

min (orange arrows) and 240 min p.i. (red arrows). 

 

Figure 3 

A Gene Ontology (GO) enrichment analysis of regulated phosphoproteins. GO 

terms with statistically noticeable number of proteins derived from 16HBE14o- cells with 

altered phosphorylation following infection with S. aureus HG001 are shown in scatter plots 

depicting the semantic similarity in the categories ‘biological process’, ’cellular component’ 

and ‘molecular function’. Bubble size is scaled according the corrected p-value (Benjamini-

Hochberg). Border colors of bubbles indicate the time point with the highest number of 

matching regulated phosphoproteins to corresponding GO terms. 



 

B KEGG pathway mapping. The top ten pathways with the highest number of mapped 

proteins with altered phosphorylation are shown in groups based on hierarchical clustering. 

The matrix is for comparison of recurrent proteins between different pathways. Per lane, 

numbers greater than half of the maximum possible number are highlighted. The number of 

unique proteins per group is provided with adjacent examples of regulated phosphorylation 

sites and regulatory trends at 15 min, 120 min and 240 min p.i. 

C UniProt keyword analysis. UniProt keywords with statistically noticeable numbers 

of proteins from 16HBE14o- cells with altered phosphorylation at 15 min, 120 min or 240 

min p.i. with S. aureus HG001. The dotted vertical line indicates the cut-off for significant 

enrichment (Benjamini-Hochberg corrected p-value ≤ 0.05). 

 

Figure 4 

 Fuzzy c-means clustering and sequence logo analysis of temporal 

phosphorylation site profiles. Regulated class I phosphorylation sites that were quantifiable 

throughout the infection were clustered according their temporal profiles using the fuzzy c-

means algorithm. Flanking regions of phosphorylation sites were subsequently cluster-wise 

analyzed in order to elucidate potential conspicuous amino acid sequence features for 

prediction of potential up-stream kinases. 

 

Figure 5 

 Network of regulated phosphoproteins with potential up-stream kinases. Proteins 

that exhibit at least one regulated phosphorylation site upon infection were searched against a 

repository of experimentally verified kinase-substrate relationships. Protein kinases (red 



 

border) that matched at least three substrate phosphorylation sites within the dataset were 

included in the network.  

 

Figure 6 

 Impact of host-kinase inhibition on the bacterial load. 16HBE14o- cells were 

treated with small molecule kinase inhibitors targeting PKC (bisindolylmaleimide-I (Bis]), 

PKA (H-89), CDKs (roscovitine (Ros)), FAK (PF-562271) and Src-family kinases (PP2) 

either one hour before infection (before), two hours with the start of the infection (during) or 

after removal of extracellular bacteria two hours p.i. with S. aureus HG001. The number of 

viable intracellular S. aureus was determined four hours p.i. using a gentamicin protection 

assay. 

 

Figure 7 

Major cellular pathways in 16HBE14o- human bronchial epithelial cells 

identified with significant changes in protein phosphorylation or abundance during 

internalization, escape from phagosomal clearance and intracellular replication of S. 

aureus. Examples of regulated proteins are presented with UniProt entry names and trends of 

regulation of protein abundance or individual phosphorylation sites. Please refer to Table S-1 

for a complete list of affected proteins. 
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Induction of Macrophage Function in
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with Rewiring of MAPK Signaling and
Activation of MAP3K7 (TAK1) Protein
Kinase
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Junior Research Group Pathoproteomics, Competence Center Functional Genomics, University of Greifswald, Greifswald,

Germany

Macrophages represent the primary human host response to pathogen infection and

link the immediate defense to the adaptive immune system. Mature tissue macrophages

convert from circulating monocyte precursor cells by terminal differentiation in a process

that is not fully understood. Here, we analyzed the protein kinases of the human

monocytic cell line THP-1 before and after induction of macrophage differentiation by

using kinomics and phosphoproteomics. When comparing the macrophage-like state

with the monocytic precursor, 50% of the kinome was altered in expression and even

71% of covered kinase phosphorylation sites were affected. Kinome rearrangements

are for example characterized by a shift of overrepresented cyclin-dependent

kinases associated with cell cycle control in monocytes to calmodulin-dependent

kinases and kinases involved in proinflammatory signaling. Eventually, we show

that monocyte-to-macrophage differentiation is associated with major rewiring of

mitogen-activated protein kinase signaling networks and demonstrate that protein kinase

MAP3K7 (TAK1) acts as the key signaling hub in bacterial killing, chemokine production

and differentiation. Our study proves the fundamental role of protein kinases and cellular

signaling as major drivers of macrophage differentiation and function. The finding that

MAP3K7 is central to macrophage function suggests MAP3K7 and its networking

partners as promising targets in host-directed therapy for macrophage-associated

disease.

Keywords: chemical proteomics, kinomics, phosphoproteome, monocyte-to-macrophage differentiation, kinome,

signaling, THP-1 cells

INTRODUCTION

Cellular differentiation is a fundamental process in development that is triggered by internal
or external stimuli resulting in cells with increased degree of specialization with regard to
its respective progenitors. On the molecular level cell transformation is founded on signaling

Abbreviations: 5Z, (5Z)-7-Oxozeaenol; CFU, colony forming units; ELISA, enzyme linked immunosorbent assay; GFP, green
fluorescent protein; IPA, Ingenuity pathway analysis; KEGG, Kyoto Encyclopedia of Genes and Genomes; MAPK, mitogen
activated protein kinase; MPS, mononuclear phagocyte system; PMA, phorbol-12-myristate 13-acetate; SILAC, stable isotope
labeling by amino acids in cell culture; SMAC, small molecule affinity chromatography; TAK1, Transforming growth factor
β-activated kinase; LC-MS/MS, Liquid chromatography–mass spectrometry.
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networks that transduce stimuli from the cell surface to
modulators by protein phosphorylation and dephosphorylation
as the most important posttranslational modification in
transmission and integration of signals in cellular networks.

The mononuclear phagocyte system (MPS) represents an
impressive example of how cell differentiation generates
functional and phenotypic diversity. The common origin of
cells of the MPS are hematopoietic stem cells located in
the bone marrow that transform through different myeloid
progenitor intermediates to monocytes that enter circulation,
migrate into tissue and terminally differentiate to replenish
resident dendritic cells and macrophages (Geissmann et al.,
2010a). Macrophages differ from their monocytic precursors
morphologically and are characterized by elevated lysosomal
and mitochondrial content as well as in their responsiveness to
pathogen-associated molecular patterns—small molecular motifs
conserved within a class of microbes (Cohn, 1968; Ross and
Auger, 2002). Furthermore, monocytes and macrophages are
both critical effectors and regulators of inflammation and the
innate immune response e.g., by producing growth factors and
cytokines (Geissmann et al., 2010b). The differential degree of
functional specialization and adaptive capabilities are attributable
to molecular structures that are significantly co-determined by
cell signaling components.We hypothesize that major differences
exist between the kinomes of monocytes and macrophages and
that this has a determining influence in shaping the functional
cellular characteristics. Comparative profiling of the kinomes of
both cell types could thus increase our understanding in the
signal transduction capabilities and assist identification of kinases
that are associated with cell type-specific functions.

Analysis of monocyte function and differentiation is
still a challenging task. Monocytes permanently sense their
environment and react with rapid alteration in phenotype and
behavior already during isolation and processing (Auffray et al.,
2009). Moreover, limited quantities and heterogeneity of the
monocyte population in terms of differentiation stages hinder
their analysis. To overcome these drawbacks, a number of
human leukemia model cell lines with monocytic characteristics
have been established that represent a relative homogenous
population and can easily be expanded in vitro. These cell lines
are blocked at different stages of differentiation but can be
released for further progression using specific stimuli (Auwerx,
1991). The human cell line THP-1 is one of the most frequently
used model system with monocytic properties (Tsuchiya et al.,
1980). THP-1 cells can be differentiated into macrophage-
like cells that resemble properties of mature macrophages by
activation of protein kinase C (PKC) with phorbol-12-myristate-
13-acetate (PMA), ultimately resulting in cells with increased
adherence and loss of proliferative activity (Schwende et al.,
1996).

Several recent studies employed proteomic techniques that
revealed changes in the proteome signature that are associated
with differentiation of monocytes to macrophages. Accordingly,
increased expression of proteins involved in the suppression
of NF-κB including superoxide dismutase 2 (SOD2), the
sodium pump subunit alpha-1 (ATP1A1) and a serine peptidase
inhibitor (SERPINB2) was highlighted during differentiation
of primary human monocytes (Kraft-Terry and Gendelman,

2011). In addition, PMA-induced differentiation of U937 cells
is associated with elevated expression of proteins involved in
carbohydrate metabolism, antioxidant defense and actin filament
rearrangement (Sintiprungrat et al., 2010). Although, these
studies shed light on the functional rearrangement on the
proteome level, cellular signaling nodes including kinases and
phosphatases as the driving forces behind cellular differentiation
are underrepresented and hence their impact on monocyte and
macrophage properties is not well understood.

Here, we applied a quantitative chemical proteomics strategy
for the systematic analysis of the kinome following PMA-
triggered differentiation of THP-1 monocytes. We reveal major
kinome rearrangement following monocyte differentiation
and demonstrate that the macrophage-associated kinase
MAP3K7/TAK1 is a central hub in the signal transduction
involved in bacterial killing, chemokine production and the
differentiation process itself.

MATERIALS AND METHODS

Cell Culture, SILAC, and Differentiation
THP-1monocytes were purchased from the German collection of
microorganisms and cell cultures (DSMZ). Stable isotope labeling
with amino acids in cell culture (SILAC, Ong et al., 2002, 2003)
was achieved by propagating cells in RPMI 1640 free of L-lysine,
L-arginine and L-glutamine (PAA Laboratories) supplemented
with 220 µM L-lysine and 144 µM L-arginine in either their
light (Lys-0 and Arg-0) or heavy isotope-labeled forms (13C15

6 N2-
L-lysine/Lys-8 and 13C15

6 N4-L-arginine/Arg-10) (Silantes), 2mM
L-glutamine (Sigma-Aldrich), 10% heat-inactivated dialyzed fetal
calf serum (FCS) (Sigma-Aldrich) and the antibiotics penicillin
and streptomycin (Biochrom) at concentrations of 100 units/ml
and 100 µg/ml respectively. Cell culturing was performed at
37◦C and 5% CO2 in a humidified atmosphere. Cells were
grown for at least six cell doublings to ensure complete
incorporation of labeled amino acids. For differentiation,
phorbol-12-myristate 13-acetate (PMA) (Sigma-Aldrich) was
added to a final concentration of 100 nM. After 3 days, the PMA
supplemented media was removed, cells were washed with PBS
and rested in fresh PMA-free media for further 24 h in order
to obtain phenotypic characteristics of macrophages (Daigneault
et al., 2010).

Immobilization of Kinase Inhibitors
Affinity beads were prepared with modifications as described
elsewhere (Bantscheff et al., 2007; Wissing et al., 2007).
Carbodiimid chemistry was used in order to immobilize the
kinases inhibitors SU6668 (Tocris), Purvalanol B (Tocris), and
VI16832 (Evotec) to either ECH-Sepharose or EAH-Sepharose
(GE) beads. Inhibitors were dissolved in coupling buffer
(50/50 sodium phosphate pH 7.0/dimethylformamide) and beads
were prepared according to manufacturer’s recommendations.
Crosslinking was performed in coupling buffer for 24 h
at 4◦C using N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide
hydrochloride (EDC, Sigma-Aldrich) as crosslinker. Beads were
extensively washed with coupling buffer and blocked with
ethanolamine for 24 h.
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Preparation of Cell Lysates and
Enrichment of Protein Kinases by Small
Molecule Affinity Chromatography (SMAC)
Undifferentiated THP-1 cells were harvested by centrifugation
for 5 min and 130 × g at 4◦C and washed twice with phosphate-
buffered saline (PBS). Differentiated and undifferentiated THP-
1 cells were lysed in buffer containing 50 mM HEPES pH 7.5,
2 M NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% (v/v) TritonX-
100, 1 mM PMSF, 50 ng/ml calyculin A, 10 µg/ml leupeptin,
10 µg/ml aprotinin, 10 mM NaF, and 2.5 mM Na3VO4. Cell
lysates were prepared by freeze thawing, followed by sonication.
Cell debris was removed by centrifugation for 30 min at 8700
× g at 4◦C followed by passing through a 0.45 µm cellulose
acetate filter (VWR). Protein concentrations of clarified lysates
were determined by Bradford Assay (BioRad).

Heavy and light SILAC lysates with a total protein content of
50 mg were mixed and applied to affinity columns casted from
500 µl of a 50% bead suspension carrying Purvalanol B and
SU6668 using gravity flow columns (Pierce) and incubated for
1 h at 4◦C on a rotator. The flow through was collected and
applied on a second affinity column casted from 500 µl bead
suspension with immobilized VI16832 and further incubated for
1 h. Columns were washed with 20 column volumes (CV) cell
lysis buffer followed by a wash with 20 CV cell lysis buffer with
150mMNaCl instead of initial 1 MNaCl and a final wash with 20
CV 50 mM HEPES pH 7.5. Bound proteins were eluted with 20
CV prewarmed 0.5% (m/v) SDS and 5mMDTT in 1ml fractions.
Collected fractions were pooled and lyophilized. Experiments
were carried out in three independent biological replicates.

Protein Digest and Phosphopeptide
Enrichment
Lyophilized material was dissolved in water, immediately
followed by addition of 4 volumes of pre-chilled acetone and
incubation at −20◦C overnight. Precipitated proteins were
pelleted by centrifugation (8700 × g, 30 min), dissolved in
denaturing buffer (8 M urea, 20 mM HEPES, pH 8.0), alkylated
by addition of iodoacetamide to a final concentration of 5 mM
for 20 min at room temperature. Samples were separated into
10 gel slices by one-dimensional SDS-PAGE using pre-casted
tris-glycine 4–15% gradient gels (Biorad). Tryptic peptides were
obtained by in-gel digestion followed by peptide extraction. Of
the resulting peptide solutions, 10% were vacuum dried and
stored at −80◦C until mass spectrometry analysis. The residual
90% were vacuum-dried and peptides were dissolved in 1 ml
TiO2-binding buffer (73% (v/v) acetonitrile, 10% (v/v) lactic acid,
2% (v/v) TFA) for phosphopeptide enrichment. 50 µl from a
TiO2-stock solution (30 mg/ml Titansphere TiO2 bulk material
(GL sciences) in 100% acetonitrile) were added and incubated
for 20 min at room temperature. After centrifugation (1000 x
g, 3 min), TiO2-beads were washed 4 times with 80% (v/v)
acetonitrile, 2% (v/v) TFA. Phosphopeptides were sequentially
eluted with 5% (v/v) NH4OH and 30% (v/v) acetonitrile,
vacuum-dried, dissolved in 0.1% (v/v) TFA and purified with C18
StageTips (Thermo Scientific). The eluated phosphopetides were
again vacuum-dried and stored at−80◦C.

Mass Spectrometry Analysis
LC-MS/MS analyses were carried out by an EASY-nLCII HPLC
system directly coupled to a LTQOrbitrap Velos Pro hybrid mass
spectrometer (Thermo Scientific) via a nano-electrospray ion
source. All lyophilized (phospho)peptide samples were dissolved
in 5% (v/v) acetonitrile / 0.1% (v/v) acetic acid and applied to
a 20 cm-long in-house packed C18 (Aeris Peptide 3.6 µm, pore
size 100 Å; Phenomenex) analytical column. Elution of peptides
was carried out with binary linear gradient from 1% (v/v)
acetonitrile/0.1% (v/v) acetic acid to 75% (v/v) acetonitrile/0.1%
(v/v) over a period of 46 min at a flow rate of 300 nl/min. MS
was operated in data-dependent mode, each full MS scan mode
(300 m/z–1700 m/z; resolution 30,000). Ions with charge states of
one or unassigned charge state were excluded for MS/MS scans.
Fragmentation was performed either in the linear ion trap using
collision induced dissociation (CID) for the most 20 intense ions
with an AGC target value of 5 × 103 ions and a normalized
collision energy of 35% or in the Orbitrap mass analyzer of the
most 10 intense ions using higher-energy collisional dissociation
(HCD) with a target value of 5 × 104 ions and 40% normalized
collision energy. Precursor ions selected forMS/MS analysis were
dynamically excluded for repeated fragmentation for a period
of 20 s.

Processing of Data Obtained by Mass
Spectrometry
Obtained .raw files were analyzed using the MaxQuant software
package (version 1.3.0.5) with the integrated Andromeda
search engine (Cox et al., 2011). Files were collectively
searched against the reviewed human proteome deposited
in UniProtKB/Swiss-Prot containing 20,252 protein entries
(UniProt release 2013_04). For peptide and protein identification
and quantification, the following settings were used: The
variable modifications were set to methionine oxidation,
phosphorylation of serine, threonine and tyrosine, and amino-
terminal acetylation. Carbamidomethylation was set as fixed
modification. A maximum of two missed cleavages were allowed.
For peptide identification, a mass tolerance of 0.5 Da and 20 ppm
was allowed for the linear ion trap and theOrbitrapmass analyzer
respectively. The false discovery rate (FDR) was set to 0.01.
Protein quantification was based on razor and unique peptides.
Protein kinases with two independent peptide identifications
including at least one unique peptide were considered. Combined
log2-transformed SILAC ratios were taken from the MaxQuant
output files and considered as reliable when they were based on
values from at least two independent replicates. In rare cases
were a combined SILAC ratio was only calculated based on one
replicate because of the absence of a signal in the unstimulated
or stimulated cell state in the other replicates, this ratio was
only considered if the heavy/light intensities of at least one
additional replicate indicated the same direction of regulation.
The assignment of kinases to groups was according to Manning
et al. (2002).

IPA, KEGG Pathway, and GO Analysis
For the upstream regulator analysis, protein kinases with
corresponding fold changes were imported in the Ingenuity
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Pathway Analysis (IPA) tool (Qiagen) and the core pathway
analysis was performed. Predicted upstream regulators with p <

0.05 and z-scores≤−2 (inactive) and≥2 (active) were considered
and used for network generation.

Kinases with at least two-fold abundance difference between
monocytic and macrophage-like THP-1 cells were subjected to
statistical enrichment analysis of KEGG pathways and GO terms
in Molecular Function (MF) or Biological Processes (BP) with
DAVID Bioinformatics Resources 6.7 (Huang da et al., 2009).

Immunoblotting
Proteins were separated by one-dimensional gel electrophoresis
using precasted 4–15% TRX gradient gels (Bio-Rad) followed
by transfer on PVDF membranes (Merck-Millipore). Blocking
of membranes was carried out for 1.5 h with 5% (m/v) milk in
PBS supplemented with 0.05% (v/v) Tween-20. Membranes were
probed with primary antibodies overnight at 4◦C under gentle
agitation. The following primary antibodies were used: anti-c-
Abl (abcam #ab16903), anti-LIMK1 (CST #3842), anti-ERK1/2
(CST #9102), anti-MEK1/2 (CST #9122), anti-MEK3 (Santa
Cruz #sc-961), anti-MEK4 (Santa Cruz #sc-837), anti-CaMK1
(abcam #ab68234), anti-MerTK (Santa Cruz #sc-365499), anti-
CDK1 (abcam # ab18). Bound primary antibodies were detected
using fluorophore-conjugated secondary antibodies (either
IRDye680RD or IRDye800CW (LI-COR)) and fluorescence
readout was performed using an Odyssey infrared imaging
system (LI-COR).

Phase Contrast Microscopy
Phase contrast micrographs were obtained by using an Olympus
CKX41 fluorescence microscope.

Cell Adhesion Assay
9 × 105 undifferentiated THP-1 cells per well were seeded in
6-well plates (TPP) in RPMI 1640 (Sigma-Aldrich) medium
supplemented with 10% FCS (Sigma). Cells were treated with
0.25, 1 or 5 µM (5Z)-7-Oxozeaenol (5Z, Tocris) or DMSO for
1 h. PMA to a final concentration of 100 nM was added and
cells present in the cell culture supernatant or adhered to the
cell culture plastic were separately counted. Cells present in the
supernatant were collected by centrifugation and resuspended
in RPMI 1640 medium. An aliquot was mixed with trypan
blue solution (LifeTechnologies) and cell viability and cell
count were determined by using and automated cell counter
(Countess, LifeTechnologies). Adhered cells were detached by
incubation with a 5-fold concentrated ready-made trypsin
solution (Biochrom) for 5 min. Trypsinization was quenched by
addition of RPMI 1640 medium following by cell harvest and
counting as described for cells in the supernatant.

Cultivation and Processing of
Staphylococcus aureus for
Infection-Related Experiments
Staphylococcus aureusHG001 (Herbert et al., 2010) was grown in
LB to an optical density (OD540) of 0.5 at 37◦C under agitation.
30ml of the culture were centrifuged for 5 min at 8700 × g and
the resulting cell pellet was washed twice and finally resuspended

in RPMI 1640 medium yielding in a concentration of 5 × 107

cells/ml.

Gentamycin Protection Assay
1.8 × 105 THP-1 monocytes were seeded in a 24-well plate
(TPP) and differentiated as described above. Staphylococcus
aureus HG001 was applied to THP-1 macrophage-like cells at
a multiplicity of infection (MOI) of 25 in conditioned RPMI
1640 medium supplemented with phenol red and 10% FCS. After
various infection durations, medium was removed, cells were
washed with PBS and extracellular staphylococci were killed by
addition of conditioned RPMI 1640medium (supplemented with
phenol red and 10% FCS) containing 100 µg/ml gentamicin
(Sigma-Aldrich) and 20 µg/ml lysosthaphin (Sigma-Aldrich) for
10 min. Cells were washed twice with PBS and subsequently lysed
by addition of 1% (v/v) Triton-X 100 (Roth) in PBS. Intracellular
staphylococci were spread on LB agar plates and colony forming
units (CFU) were determined following incubation for 24 h at
37◦C.

Flow Cytometry
9 × 105 differentiated THP-1 cells were either one-time treated
with 1 µM 5Z or vehicle for 1 h followed by infection with a
GFP-expressing isogenic mutant of S. aureusHG001 pCgfp at an
MOI of 25 for 2 h. Cells were subsequently washed twice with
PBS and non-ingested bacteria were eradicated by lysostaphin
and gentamicin treatment for 10 min with final concentrations
of 20 µg/ml and 100 µg/ml, respectively. Cells were washed
with PBS and detached with trypsin. Digestion was quenched
by addition of RPMI 1640 supplemented with 1% (v/v) FBS.
Cells were pelleted by centrifugation, washed twice with PBS,
resuspended in PBS buffer containing 1% (v/v) FBS and 3.8 mM
sodium azide and finally analyzed for green fluorescence on an
Attune Acoustic Focusing Cytometer (LifeTechnologies).

Quantification of Secreted Chemokines
Triggered by Heat-Inactivated S. aureus
9× 105 differentiated THP-1 cells were seeded in 6-well plates as
described above. Prior of experiments, medium was exchanged
with RPMI 1640 without phenol red and supplemented with
1% FCS. Cells were pretreated with 1 µM 5Z for 1 h prior
addition of heat-inactivated S.aureusHG001. S. aureus cells were
grown and harvested as described above. S.aureus cells were
heat-inactivated for 1 h at 60◦C and resuspended in RPMI
1640 without phenol red and supplemented with 1% FCS and
either 1 µM 5Z or an appropriate amount of DMSO for control
cells. S. aureus was applied to THP-1 cells at a MOI of 25.
Following various incubation times, cell culture supernatants
were harvested, passed through a 0.2 µm nitrocellulose filter
(VWR) and stored at −80◦C. Quantification of a selected set of
chemokines from cell culture supernatants after 6 h and 48 h
following addition of heat-inactivated S. aureus was performed
using a custom ELISA Array kit (Qiagen) according to the
manufacturer’s recommendations. The kinetics of secretion for
IL-8, GROa, MIP-1a and MIP-1b were analyzed using ELISA kits
(Qiagen) according to the instruction by the manufacturer.
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RESULTS AND DISCUSSION

Monocyte-to-Macrophage Differentiation
is Accompanied by Major Restructuring of
the Kinome, Increase of the General
Kinome Phosphorylation Status and
Changes in the Basal Activation of
Individual Kinases
Cellular signaling mediated by protein kinases regulates virtually
any cellular function, showing the vital role of this enzyme
class for cell physiology. Despite their striking impact, protein
kinases are commonly low abundant proteins and kinome

characterization requires reduction of sample complexity
i.e., kinase enrichment when using mass-spectrometry based
proteomic strategies. Our approach to perform a comparative
and system-wide kinome profiling of the human model cell
line THP-1 before and after PMA-mediated induction of
differentiation into the macrophage-like state is depicted in
Figure 1A. We used the ATP-competitive small molecule
protein kinase inhibitors Purvalanol B, SU6668 and VI16832
immobilized to sepharose beads for protein kinase family-
specific pre-enrichment in combination with stable isotope
labeling of amino acids in cell culture (SILAC). The inhibitors
were previously demonstrated to be efficient kinase purification
tools with binding of distinct but overlapping sets of protein

FIGURE 1 | (A) Experimental outline for comparative kinome profiling of undifferentiated (monocytic) and differentiated (macrophage-like) THP-1 cells. Cells were

metabolically labeled (SILAC) and differentiation was induced by addition of phorbol-12-myristate 13-acetate (PMA) for 3 days followed by a period of resting for 1 day

in PMA-free medium. Cells were lysed and lysates from both THP-1 differentiation stages were combined equally. Small molecule affinity chromatography (SMAC)

utilizing broadband kinase inhibitors SU6668, Purvalanol B and VI16832 was used for protein kinase purification. Eluted kinases were lyophilized, re-hydrated and

precipitated by acetone. Gel fractionated proteins were digested by trypsin and resulting peptides were extracted. Peptides were separated whereas 90% were used

for TiO2-based phosphopeptide enrichment prior to mass spectrometric analysis. The remainder was directly analyzed by mass spectrometry for quantification of

protein kinases. (B) Phylogenetic kinase relationship (Manning et al., 2002). Protein kinases identified and quantified in our study are indicated as gray and black

circles, respectively. (C) Assignment of log2-SILAC abundance ratios of quantified protein kinases to their corresponding kinase groups.
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kinases allowing a broad coverage of the kinome by their
combined usage (Wissing et al., 2007; Daub et al., 2008;
Oppermann et al., 2009; Zhang et al., 2013). In addition, kinase
binding to mixed-inhibitor beads has recently been shown
to be largely independent of kinase activity (Ruprecht et al.,
2015). The enriched protein kinases were analyzed by liquid
chromatography–mass spectrometry (LC-MS/MS) at the level
of protein expression and site-specific protein phosphorylation,
after applying an additional phosphopeptide enrichment.

Our workflow resulted in the identification of 199 protein
kinases from at least two independent peptide sequences
(Supplemental Table 1). Of these, 163 kinases fulfilled the
criteria for a quantitative comparison between the monocytic
and macrophage-like state (Figure 1B). Twenty-six protein
kinases were increased at the protein level in macrophage-
like cells, whereas 60 were observed with significantly higher
protein amounts in the monocytic state (fold-change cut-
off of 2.0). The observed changes at the level of protein
affected kinases of nearly all groups of the human protein
kinase-family including mitogen-activated protein kinases such
as MAPK13, MAP2K1, MAP2K3, MAP2K4, MAP3K7, and
MAP3K2, calcium/calmodulin-activated protein kinases e.g.,
CAMK1, CAMKK1, CAMK2A and CAMK2B, and Src-family
kinases (FGR, HCK, SRC, YES; Figure 1C, Supplemental Table
1). The SILAC ratios of selected protein kinases with unchanged
or differential expression were validated by western blots using
independent protein extracts (Supplemental Figure 1).

Within the identified kinome, we mapped and quantified 311
phosphorylation sites (222 phosphoserine, 55 phosphothreonine,
and 34 phosphotyrosine sites) in 118 protein kinases
(Supplemental Table 1). Importantly, most sites have so far
only a comparatively low number of records in which the
modification was determined using site-specific methods or by
proteomic discovery-mode mass spectrometry indicating that
the enrichment strategy increased the sensitivity of detection
of modified kinase-derived peptides with mass spectrometry
(Hornbeck et al., 2012). For example, at Ser212 of the non-
receptor tyrosine kinase Src, we mapped a novel phosphorylation
site, located within its SH2-domain suggesting a potential
regulatory role in the interaction with tyrosine phosphorylated
Src interactors (Figures 2A,B). Two hundred twenty-three
phosphorylation sites were considered as significantly changed
following PMA-mediated differentiation when we applied
the same two-fold cut-off as for the differential protein
expression. Changes in phosphorylations indicated an overall
increased phosphorylation status in macrophage-like cells with
142 phosphosites found increased following differentiation
compared to 81 phosphosites found decreased following
differentiation (Supplemental Table 1).

To assess whether the observed changes in kinase
phosphorylation directly correlated with changes at the
kinase expression level, we normalized the SILAC-based
peptide-phosphorylation ratios of 245 phosphosites to their
corresponding changes in protein expression (Figure 2C).
More than half of the phosphosites still showed changes of
at least two-fold after normalization proving higher or lower
phosphorylation that exceeds the changes at the level of

FIGURE 2 | (A) Annotated MS/MS spectrum of the peptide from the tyrosine

kinase Src spanning amino acids 209–220 with phosphorylation at Ser212.

(B) Protein domain organization of Src indicating the pSer212 position in the

SH2 domain. The difference in the level of phosphorylation of Ser212

between macrophage-like vs. monocytic THP-1 cells is indicated (relative

change) and normalized to changes in the Src protein amount (absolute

change). (C) Correlation of quantified phosphorylation sites with

corresponding protein kinase abundance. The solid diagonal line indicates

perfect correlation between changes in the amount of phosphorylations and

changes in the corresponding protein kinase amounts, i.e., differences in

phosphorylations are only attributed to changes in the protein amounts. The

dashed lines indicate two-fold changes of phosphorylations (in both

directions), i.e., changes in phosphorylations are not exclusively attributed to

changes in protein abundance. Dots highlighted in orange indicate increased

phosphorylation in macrophages whereas blue dots indicate increased

phosphorylation in monocytes. Red-rimmed dots highlight kinase

phosphorylation sites implicated in the induction of kinase activity.

protein expression. In detail, 100 phosphosites in 52 kinases
appeared as truly upregulated in the macrophage-like state
and 38 phosphosites in 28 kinases were found as upregulated
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in monocytic THP-1 cells, further supporting a general trend
toward a higher phosphorylation status following differentiation
(Supplemental Table 1, Figure 2C). A comparison with the
PhosphoSitePlus database (Hornbeck et al., 2012) revealed
a potential functional implication for 21 of the regulated
phosphosites (Supplemental Table 1). For example, in the
macrophage-like cells phosphorylated Tyr687 in the receptor
tyrosine kinase RET (17.3-fold up) recruits the protein-tyrosine
phosphatase SHP2 and thereby contributes to activation of the
PI3K/AKT pathway (Perrinjaquet et al., 2010), the monitored
sites in FYN (Ser21; 9.8-fold), Src (Ser17; 2.5-fold), MAPK3
(ERK1, pT202; 4.6-fold), and MAPK1 (ERK2, pY187; 2.4-fold)
are direct inducers of kinase activity (Payne et al., 1991; Schmitt
and Stork, 2002; Yeo et al., 2011) suggesting an increased basal
activity of these kinases, their upstream modulators as well
as associated downstream pathways after cell differentiation
(Figure 2C). This effect is likely independent of PMA stimulation
and indeed relevant for the differentiation status, because PMA
was removed and cells were rested in PMA-free media for 1 day
before analysis.

In summary, our results show that monocyte to macrophage
differentiation is accompanied by major rearrangements of the
kinome, at the level of protein kinase expression as well as at the
level of kinase phosphorylation.

Identification of Upstream Regulators
Associated to Kinome Changes in
Monocyte Differentiation
To predict potential upstream regulators implicated in
switching the monocyte/macrophage kinome at the level of
gene expression, we performed an upstream regulator analysis
of the quantified protein kinases with the Ingenuity Pathway
Analysis (IPA) software. Twelve transcriptional upstream
regulators with partly mutual regulation and overlapping
downstream targets could be highlighted that are likely critical
in the differentiation process (p ≤ 0.05, Figures 3A,B). Out of
these, eight are predicted to be active (z-score ≥ 2) and four
as inhibited (z-score ≤ −2). Naturally, PMA used as trigger
for THP-1 cell differentiation was found among the top active
regulators with a direct correlation to increased amounts of
many protein kinases including MAP2K1, IRAK1, SRC, and
CDK1. Among the group of transcription factors, MYC and
TBX2 were predicted as inhibited with an overlap in the assigned
depletion of kinases such as AURKA, AURKB, PLK1, and
CDK1. Moreover, the transcriptional regulator TP53 (p53) was
assigned to be active and was predicted to be involved in the
transcriptional regulation of kinases including repression of
DYRK1A (Zhang et al., 2011b), WEE1 (Lezina et al., 2013),
PKC-alpha (Zhan et al., 2005), and induction of SGK1 (You
et al., 2004). However, since expression of functional p53
has not been demonstrated for THP-1 cells so far (Sugimoto
et al., 1992; Durland-Busbice and Reisman, 2002), this finding
might be indicative for activation of a transcriptional regulator
with a target gene pattern similar to p53. Finally, a potential
significant implication for three regulatory micro-RNAs in
the process of THP-1 differentiation was found, namely

FIGURE 3 | (A) Predicted upstream-regulators implicated in kinase expression

changes. Bar chart includes activation z-score and p-value derived from IPA.

Z-scores ≤ −2 indicate inactivity (green area), whereas z-score ≥ 2 indicate

active regulators (red area). (B) Upstream-regulator network as predicted by

IPA. The outer circle is composed of quantified protein kinases, which are

color-coded according to their corresponding SILAC ratios. The inner circle is

composed of predicted upstream-regulators that might be involved in the

regulation of kinase expression. The upstream regulators are colored according

to (A). Solid lines indicate direct molecular interaction, whereas dashed lines

indicate indirect molecular interaction. Coloration of lines in orange, blue, gray,

and purple indicates the predicted relationship of upstream-regulators with

downstream protein kinases as activation, inactivation, no prediction and

inconsistency with the state of downstream molecule, respectively.

mir-124-3p, mir-15, and let-7, with the latter two involved in
inhibition of transcripts of several cell-cycle-associated kinases
including CHECK1, CDK1, CDK6, as well as AURKA, and
AURKB.

Most of the suggested transcriptional regulators were not
highlighted in a global transcriptome study of THP-1 cell
differentiation (Consortium et al., 2009) suggesting a potential
more significant relevance for kinase-coding genes that should
be followed-up in future studies. However, MYC and p53,
e.g., are frequently deregulated in cancer and THP-1 cells
are derived from a patient with acute monocytic leukemia
(Tsuchiya et al., 1980). Thus, translation of the results to primary
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human monocytes has to be done with care. Moreover, besides
transcription, protein synthesis rates were recently determined as
additional primary drivers for global protein expression changes
in differentiating THP-1 cells (Kristensen et al., 2013).

THP-1 Macrophages are Characterized by
Kinases that are Related to
Calcium/Calmodulin Signaling and Actin
Dynamics
Protein kinases increased in the macrophage state point to a
prominent role of these kinases in the regulation of macrophage-
specific differentiation and function and are predictors of
relevant intracellular signaling pathways and downstream effects.
We identified LIMK1, TNIK, MERTK, FGR, ACVR1, and STK10
within the top 15 protein kinases with highest protein ratios in
macrophages vs. monocytes (12.5-fold to 3.1-fold, Supplemental
Figure 1). Remarkably, the majority of these kinases collectively
share functional implications in signaling pathways of actin
dynamics. LIMK1 is the regulatory kinase of the actin-binding
factors cofilin and destrin. The actin-depolymerizing factor
(ADF)/cofilin family of proteins is essential for the dynamic
changes in the actin cytoskeleton that occur during cell
locomotion or other processes including phagocytosis (Arber
et al., 1998; Amano et al., 2001; Bierne et al., 2001; Matsui
et al., 2002). TRAF2 and NCK-interacting protein kinase TNIK
regulates the c-Jun N-terminal kinase pathways, which is an
essential and specific activator of Wnt target genes and regulates
actin rearrangements and cell spreading (Fu et al., 1999; Taira
et al., 2004; Mahmoudi et al., 2009). The tyrosine kinase Mer
belongs to the unique family of TAM - Tyro3, Axl, and Mer—
receptors which together with their ligands Gas6 and Protein
S are essential for the efficient phagocytosis of apoptotic cells
and debris and act as pleiotropic inhibitors of the innate
inflammatory response to pathogens—an important prevention
mechanism of chronic inflammation and autoimmunity (Scott
et al., 2001; Rothlin et al., 2007). STK10/LOK has recently been
demonstrated to co-localize and phosphorylate ERM (ezrin-
radixin-moesin) proteins in lymphocytes, which crosslink actin
filaments with plasma membranes, and is thereby important in
the regulation of cell shape and migration (Belkina et al., 2009).
In addition to the observed increase in protein expression, several
phosphorylation sites in the aforementioned kinases showed
regulation independent of the changes in protein expression
(Supplemental Table 1). Whereas a single upregulated site was
identified in TNIK and Fgr, STK10 was found with four up- and
three downregulated sites. The upstream kinases or implication
of these sites in kinase function, however, is so far unknown.

Collectively, the identified kinases indicate an increased
capacity in the regulation of the actin cytoskeleton in
macrophages, which is important in the control of immune
responses including motility and chemotaxis, phagocytosis,
and antigen presentation (May and Machesky, 2001; Van
Haastert and Devreotes, 2004; Stradal et al., 2006). Severe
immunodeficiency has been linked to mutations that affect
cytoskeletal dynamics in macrophages and many macrophage-
infecting pathogens manipulate actin remodeling to support

their intracellular lifestyle (Linder et al., 2000; Krachler et al.,
2011; Roy et al., 2014).

To extend our study, we evaluated the macrophage-
specific kinome by performing bioinformatic enrichment
analysis including gene ontology (GO) classification and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis
(Dennis et al., 2003; Supplemental Table 2). This approach
naturally revealed the overrepresentation of kinases in individual
GO-molecular functions, -biological processes and KEGG
pathways. Consequently, we became aware of the significant
enrichment of protein kinases (Benjamini-Hochberg corrected p
≤ 0.001) in terms that are associated with calmodulin-dependent
protein kinase activity (GO:0004683) as well as Toll-like receptor
and associated MAPK signaling (GO:0000165, hsa04620). The
association of our data set to calcium/calmodulin-dependent
protein kinase activity is due to the increased expression of
CAMK1 (3.3-fold), CAMKK1 (2.8-fold), and CAMK2A/2B
(4.9-fold/7.3-fold) when the macrophage-like state is compared
to the monocytic precursor. In addition, several phosphosites
were detected with changes in calmodulin-dependent protein
kinases (Supplemental Table 2). Interestingly, CAMKK2, which
was found with decreased expression, showed upregulated
phosphorylation at Ser495 and Ser511 (4.8 and 4.0-fold)
indicating increased upstream phosphorylation activity, for the
latter site likely by the death-associated protein kinase (DAPK)
(Schumacher et al., 2004). Components of calcium/calmodulin-
dependent protein kinase cascades CAMKs operate in a variety of
cellular functions including regulation of transcription activators,
cell cycle, hormone production, cell differentiation, actin
filament organization, and neurite outgrowth. In macrophages,
CAMK1 has recently been demonstrated to be integral to the
inflammatory response to sepsis (Zhang et al., 2011a) and
CAMK2 has a role in antimicrobial activities via regulation of
phagosome maturation (Malik et al., 2001) and is involved in
the activation of the NLRP3 inflammasome, leading to cytokine
production and the activation of the immune system (Okada
et al., 2014). The observed overrepresentation of kinases in
Toll-like receptor signaling was mainly based on MAPK cascade
kinases [e.g., MAPK13 (12.5-fold), MAP3K7 (3.3-fold), MAP2K4
(2.6-fold), and MAP3K2 (2.3-fold)] reflecting their important
role for the transduction of pathogen-associated signals to
adequate immune responses in macrophages. The MAPK
signaling-associated kinases, however, are shared by many other
pathways. Interestingly, whereas the essential upstream kinases
for TLR-signaling interleukin 1 receptor associated kinases IRAK
1 and 4 were below our two-fold significance cut-off, the negative
regulator IRAK3 is 4.7-fold decreased in macrophage-like cells.

THP-1 Monocytes Show Increased
Expression of Kinases Associated with Cell
Cycle and DNA Repair
We then addressed which kinases are at higher protein levels
in the monocyte state, i.e., before PMA treatment of THP-
1 cells. Functional annotation analyses of the monocyte-
associated kinome revealed an overrepresentation of kinases
within biological processes and molecular functions related to
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cyclin-dependent protein kinase activity, cell cycle, MAP kinases
and magnesium ion binding (Supplemental Table 2, Figure 4A).
This implicates a pronounced requirement for protein kinases
in the control of the corresponding signaling pathways in the
monocytic cell state. In fact, the loss of proliferative activity
of terminally differentiated macrophages is a hallmark of THP-
1 differentiation (Auwerx, 1991). In our hands, monocyte-to-
macrophage differentiation is accompanied by a pronounced
decrease in the abundance of key regulatory kinases implicated
in entry and progression through different cell cycle phases
including the cyclin-dependent kinases CDK1, CDK2, CDK6,
AURKA, AURKB, and PLK1 as well as the checkpoint kinases
CHEK1 and CHEK2 (Supplemental Table 1, Figures 4A,B).
In addition to the cell cycle-related kinases, several kinases
involved in regulation of DNA repair mechanisms were found in
significant higher amounts in the monocytic state, among them
the cyclin-dependent kinase CDK9 as well as DNA-dependent
protein kinase catalytic subunit PRKDC (Yu et al., 2010;
Jiang et al., 2015). Several phosphosites with known functional
implications, mainly in enzymatic activity, were found to be
regulated in the cell cycle- and DNA repair-associated kinases
[CDK2 Tyr15 and Thr160 (5.5-fold and 3.1-fold, respectively,
down), CDK9 Ser464 (2.5-fold), CHEK1 Ser286 (2.2-fold) and
CDK1 Tyr15 (2.1-fold)]. Phosphorylation of Thr160 in CDK2,
e.g., is critical in inducing kinase activity that promotes G1/S
transition and progression through S phase following binding to
Cyclin E and Cyclin A respectively (Girard et al., 1991; Gu et al.,
1992; Ohtsubo et al., 1995).

Our data suggest that the consequent stop of proliferation
following PMA-triggered THP-1 monocyte differentiation
involves depletion of cell cycle-controlling kinases in the
macrophage-like cell in comparison to the monocyte precursor.
The decreased relative phosphorylation level in macrophages
additionally indicates downregulated upstream signaling that
likely advances the proliferation arrest. Since THP-1 cells are
derived from a patient with acute monocytic leukemia (Tsuchiya
et al., 1980), the increased expression of cell cycle and DNA
repair-associated protein kinases can be most likely linked to
their oncogenic profile.

Similar to the macrophage-like characteristic kinome, we
again observed an overrepresentation of kinases from MAP
signaling cascades in the monocytic state, which is based on the
higher protein level of a different set of members of this group
including TAOK3 and MAP3K1.

THP-1 Differentiation Results in Rewiring
of MAPK Signaling Networks
The noticeable overrepresentation of different sets of MAP
kinases and upstream MAPK kinases prompted us to a
more detailed inspection. Notably, at least 30 kinases directly
associated with MAP kinase signaling cascades were identified
by our approach and many showed differing amounts in
THP-1 monocytes vs. macrophages (Figure 5). The diverging
protein level of such a high number of MAP kinases
and associates signifies the key position of this network in
monocyte/macrophage differentiation and function. Differences

in protein amounts of at least two-fold were observed for
two MAP kinases, two MAP kinase activated protein kinases
(MAPKAPKs) as well as 11 upstream MAP kinases spanning
MAP4Ks, MAP3Ks, and MAP2Ks. The latter are involved in
activation of MAPKs including ERK, p38alpha and JNK or
NF-kappaB signaling via phosphorylation of IkappaB kinases
(Matsuda et al., 1992; Yang et al., 1997; Wang et al., 2002). The
MAPKs MAPK3/ERK1 and MAPK1/ERK2, MAPK8/JNK1, and
MAPK9/JNK2 as well as MAPK14/p38alpha were observed at
equal protein amounts and in fact only MAPK13/p38delta was
found in approximately 12-fold higher amounts in macrophage-
like cells, whereas ERK5 was 6.1-fold increased in monocytic
THP-1 cells (Figure 5, Supplemental Table 1). However,
corresponding phosphorylation profiles suggest increased basal
activity for ERK1/2 (see above) but also increased activity for
ERK-activated ribosomal s6 kinases (RSKs) in macrophages
(Figure 5). Aside from several upstream MAPK kinases with
increased expression levels (GCK, MEKK1, TAOK1/2/3, PAK4,
ERK5), the mitogen- and stress-activated protein kinases MSK 1
and 2 were found in pronounced higher levels in unstimulated
monocytes suggesting a more prominent function in the
monocytic cell state.

Our results indicate that the differentiation of macrophage
from their monocytic progenitors is accompanied by extensive
rewiring of the MAPK-signaling cascades. Obviously, MAP
signaling is not organized as one-way connections from one
cell surface receptor via strictly separated kinase cascades to
specific responsive elements but forms highly interconnected
networks with overlapping hubs. For instance, p38-alpha-related
signaling with downstream MSK1/2 seems more prevalent in
THP-1 monocytes, whereas ERK/RSK-mediated signaling is
likely more associated with the macrophage-like cell state. RSKs
are multifunctional ERK effectors that regulate diverse cellular
processes via cooperative regulation of many substrates including
activation of the transcription factor FOS (Hauge and Frodin,
2006). MSK, on the other hand, is mainly known for its
role in gene expression by phosphorylation of transcription
factors such as CREB (Hauge and Frodin, 2006). In agreement
with our kinase data, FOS and CREB activity is increased
and decreased, respectively, following THP-1 differentiation
(Consortium et al., 2009). Our data thus shed new light on how an
adapted phenotype and altered signal responsiveness following
differentiation can be achieved besides changing the expression of
cell surface receptors or transcription factors but by fine-tuning
the expression and/or activation of intermediate signaling nodes.

MAP3K7 (TAK1) is a Central Signaling Hub
in Bacterial Killing, Chemokine Production,
and Differentiation Activity
As a result of PMA-induced transition from the monocyte to
the macrophage state, several kinases associated with the MAPK
signaling network includingMAP3K2 and 7 as well asMAP2K1,3
and 4, and MAPK13 were more than two-fold increased. We
selected the protein kinase MAP3K7 (Transforming growth
factor β-activated kinase, TAK1) for functional analysis based on
its up-stream activator position of MAP2K3/4 and MAPK13 as
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FIGURE 4 | (A) Selected significantly enriched GO terms or KEGG pathways of protein kinases enriched either in THP-1 macrophages or monocytes. Bars indicate

Benjamini-Hochberg corrected p-values of ≤0.001 (dotted line). Denoted numbers indicate the number of protein kinases assigned to the respective term or pathway.

Protein kinase names are provided on the right and colored according to their affiliation to the macrophage-like (orange) or monocytic (blue) cell state. (B) Schematic

representation of the cell cycle with important protein kinases required for cell cycle progression and mitosis. Numbers indicate determined log2-SILAC ratios of

protein kinases and phosphorylation sites with regulatory function.

well as the possibility to inhibit TAK1 activity by pharmacological
intervention. Activation of TAK1 is triggered by various stimuli,
including cytokines as well as ligands of Toll-like-, B cell- and
T cell receptors, and a key signaling component of NF-κB and
MAPK signaling pathways that exerts cell type-specific functions
(Ninomiya-Tsuji et al., 1999; Wang et al., 2001; Wan et al., 2006;
Schuman et al., 2009).

From our kinomic data, we conclude TAK1 to be more
active in macrophage-like cells as indicated by the increased
phosphorylation of the down-stream targets MAPK1/3.

Moreover, phosphorylation of MAPK1/3 (pT202/pY204)
and the additional downstream targets MAPK14 (p38alpha;
pT180pY182) and HDAC4 at S264 (Dequiedt et al., 2006) in
short-term PMA-stimulated cells was abolished when TAK1
activity was abrogated by pre-treatment with the TAK1-selective
inhibitor (5Z)-7-Oxozeaenol (5Z) (Ninomiya-Tsuji et al., 2003;
Figure 6A).

To address the role of TAK1 in regulation of macrophage-
associated functions, we inhibited TAK1 in differentiated THP-1
cells with a one-time treatment of 5Z and screened for effects
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FIGURE 5 | MAP kinase network with identified protein kinases (ellipses) or phosphorylation sites (attached dots). Log2-SILAC ratios of macrophage-like

and monocytic THP-1 cells are provided as color scheme. Phosphorylation sites with known functional implications are highlighted with a red border. Lines indicate

kinase-substrate relationships obtained from the literature and online resources.

on the efficacy in bacterial killing as well as the production
of chemokines. First, we performed a gentamicin protection
assay to compare the number of recovered staphylococci from
infected THP-1 macrophages with and without inhibition of
the TAK1 activity. Already 15 min. post infection, a prominent
decrease in extracted vital S. aureus colony forming units derived
from TAK1-inhibited THP-1 macrophages became apparent
(Figure 6B). This finding of decreased surviving bacteria became
significant during the course of the infection reaching a
maximum of 40% 105 min post infection. Considering that
recovery of S. aureus cells was performed only from attached
THP-1 cells, we counted THP-1 cells present in the supernatant
of the infection experiment to exclude that the observed strong
drop in intracellular S. aureus is due to TAK1 inhibition-
mediated increase in macrophage detachment from the cell
culture surface (Figure 6C). TAK1 inhibition did not lead to
significant differences in the number of cells in the suspension
compared to non-TAK1-inhibited macrophages. Moreover, flow
cytometric analyses with GFP-expressing S. aureus revealed
a comparable bacterial load independent of TAK1 inhibition
(Figure 6D) indicating that the efficiency of THP-1 macrophages
to internalize bacteria was not altered by TAK1 activity.
Collectively, the results of the infection assays thus point
to a critical link of TAK1 signaling to phagocytic killing of
intracellular microbes.

Next, to characterize the importance of TAK1 activity in
chemokine production of macrophages, we pre-screened the
secretion of an array of 12 chemokines following interaction with
heat-inactivated S. aureus using ELISAs (Supplemental Figure
2). For seven chemokines we were able to detect a meaningful
signal. While TGF-beta and MDC were secreted approximately
in equal amounts in control cells and S. aureus-treated cells with
and without 5Z, RANTES showed pronounced higher secretion

in response to heat-inactivated S. aureus but no reduction with
accompanying TAK1 inhibition. In contrast, we observed TAK1-
dependent secretion of IL-8, MIP-1A, MIP-1B, and GROa which
lead us to investigate kinetics of their secretion (Figure 6E).
Strikingly, inhibition of TAK1 activity abolished the secretion
of all four chemokines in response to S. aureus. The results
thus indicate a pivotal role of TAK1 in the pathogen-induced
production and/or release of specific chemokines following
macrophage interaction with S. aureus.

TAK1 has recently been demonstrated to be essential for
osteoclast differentiation (Lamothe et al., 2013). Eventually, we
therefore asked if TAK1 has an implication in the differentiation
of macrophages in the THP-1 background. For this purpose,
monocytic THP-1 cells were one-time treated with 5Z prior
to stimulation with PMA and monitored for indicators of
differentiation including the ability to adhere to surfaces and
to form characteristic morphological features. Inhibition of
TAK1 activity in THP-1 monocytes by 5Z prevented typical
cell elongation and formation of pseudopodia (Figure 6F),
significantly reduced cellular adherence efficacy to the surface
of cell culture material after PMA stimulation (Figure 6G) and
caused abrogation of PMA-induced arrest in cell proliferation
(Supplemental Figure 3). Cell viability, on the other hand, was
not altered by TAK1 inhibition (Supplemental Figure 3).

Taken together, the obtained results highlight TAK1 as
a central signaling hub involved in macrophage-associated
bacterial killing and pathogen-induced chemokine production
and development of a macrophage-like phenotype. Its character
as central signaling component is most likely mediated through
its well-known role in downstream activation of ERK, JNK, p38,
and NF-kappaB signaling pathways (Tang et al., 2008; Lamothe
et al., 2012; Mihaly et al., 2014). The observed prevention
of PMA-induced phosphorylation of direct and indirect TAK1

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 March 2016 | Volume 4 | Article 21



Richter et al. Kinome Reprogramming in Macrophage Differentiation

FIGURE 6 | (A) Western blot analysis of known downstream targets of TAK1. THP-1 monocytes were treated with 1 µM 5Z or vehicle for 1 h followed by stimulation

with PMA for the indicated time periods. (B) Percentage of recovered colony forming units (CFU) of S. aureus infected THP-1 cells pretreated with 1 µM 5Z normalized

to untreated THP-1 cells. Data is represented as mean ± S.D. (n = 3). (C) Count of THP-1 cells present in the cell culture supernatant in uninfected controls, following

infection with S. aureus either pretreated with 1 µM 5Z or not, and uninfected controls pretreated with 1 µM 5Z. Data is represented as mean ± S.D. (n = 3). (D)

Fluorescence distribution of PMA-differentiated adherent THP-1 cells infected with GFP-expressing S. aureus either pretreated with 1 µM 5Z or not and uninfected

control cells as analyzed by flow cytometry. (E) ELISA-based quantification of secreted chemokines IL-8, MIP-1a, MIP-1b, and GROa following interaction with heat-

inactivated S. aureus either pretreated with 1 µM 5Z or not compared to control THP-1 cells. (F) Light micrographs of THP-1 cells 3 days post PMA stimulation either

with or without pretreatment with 1 µM 5Z. (G) Cell counts of THP-1 cells present either in the cell culture supernatant fraction (upper chart) or adhered fraction (lower

chart) monitored over 72 h post PMA treatment in the absence and presence of different concentrations of 5Z. Data is represented as mean ± S.D. (n = 3). Statistical

analysis of variance was performed by two-way ANOVA with Bonferroni post tests. *p < 0.05, **p < 0.01, ****p < 0.0001.

downstream targets and the accompanying differentiation defect
in the presence of 5Z implicates a functional cooperation of TAK1
and PKC, because PMA is an inducer of PKC activity which
is essential for PMA-triggered THP-1 differentiation (Bazzi and
Nelsestuen, 1989; Schwende et al., 1996). A PKC-dependent
activation pathway of TAK1 has been described in lymphocytes.
B cell or T cell receptor stimulation induces activation of
protein kinase C-isoforms, which leads to phosphorylation of
CARD11/CARMA1. A complex of CARD11/CARMA1, BCL10,
andMALT1 then interacts with TRAF6 ubiquitin ligase, which in
turn activates TAK1 via polyubiquitination of the TAK1 protein

kinase complex composed of its binding partners, TAB1, TAB2,
or TAB3 (Sato et al., 2005; Sommer et al., 2005; Schuman et al.,
2009).

We also demonstrated stimulation of chemokines by the
human pathogen S. aureus with a dependency on TAK1
activity. Our results indicate the activation of TAK1 via toll-
like receptors that recognize S. aureus-associated molecular
patterns. Different from PMA, TLRs activate TAK1 via MyD88
and recruitment of IRAK1 and IRAK4, which in turn activate
the TRAF6 ubiquitin ligase leading to TAK1 activation (Shim
et al., 2005).TLR2 has been shown to be the key sensor for
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recognition of S. aureus (Iwaki et al., 2002) suggesting a direct
function in TAK1 activation. This, however, has not yet been
experimentally demonstrated. Eventually, TAK1 inhibition let
to an improved intracellular killing of S. aureus. This suggests
subcellular alterations that increase bactericidal activity and a
potential implication of reactive oxygen species (ROS) such as
hydrogen peroxide. Accumulation of ROS in a non-functional
TAK1 background has recently been demonstrated in different
models including murine keratinocytes and intestinal epithelium
as well as cells of the myeloid lineage (Omori et al., 2008, 2012;
Wang et al., 2015). Increased ROS levels within phagosomes of
TAK1-inhibited THP-1 macrophages could not be demonstrated
thus far. From our experimental setup it cannot be excluded that
TAK1 plays a similar role in stimulated monocytes. Moreover,
since TAK1 is at the crossroad of multiple signaling pathways
additional processes in phagosomal maturation or clearance
might be affected and need to be considered in future studies
addressing the specific role of TAK1-signaling in phagocytic
destruction of microbes. Finally, although 5Z is a highly potent
TAK1 inhibitor and selective over a set of other kinases within
the MAP3K pathway, off-targets cannot be fully excluded (Kilty
et al., 2013).

CONCLUSION

Human monocytic THP-1 cells differentiate into macrophage-
like cells with increased adherence and loss of proliferative
activity by PMA treatment. We found that half of the kinome
was altered at the level of protein expression and even 71%
of all covered kinase phosphorylation sites were significantly
changed at the level of protein phosphorylation showing a
massive rearrangement of the macrophage-specific kinome in
comparison to its monocytic precursor counterpart. Our analysis
of the kinomic data furthermore highlights cell state-specific
kinase subsets such as cyclin-dependent kinases associated
with cell cycle control at higher levels in THP-1-monocytes
and calmodulin-dependent kinases and kinases involved in
proinflammatory signaling more expressed in macrophages.

Our kinomic approach eventually revealed protein kinase
MAP3K7/TAK1 as a master regulator for macrophage-associated
functions. Application of functional assays allowed us to identify
that TAK1 kinase activity is essentially associated with the PMA-
induced arrest in cell proliferation and cellular differentiation.
Moreover, we could demonstrate that TAK1 activity is associated
with bacterial killing and is essential for the secretion of several
chemokines including IL-8 as the primary inducer of chemotaxis
in neutrophils and other granulocytes. In conclusion, we suggest
the kinome rearrangement and theMAPK rewiring as a hallmark
of monocyte-to-macrophage differentiation and we consider
protein kinase TAK1 as a key signaling hub and master regulator
for macrophage function. For future research applications, we
anticipate that focus to TAK1 and its signaling network may
result in the understanding of macrophage-associated diseases
and may also serve as starting point for novel therapeutic targets.
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