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Summary 

Posttranslational modifications are involved in the regulation of virtually all cellular 

processes, including immune response, nevertheless, they are also targets manipulated by 

invading pathogens. The first investigated example is protein citrullination which is an 

important posttranslational modification that acts on a multitude of processes like supervision 

of cell pluripotency and rheumatoid arthritis. Citrullination of targeted arginine residues is 

performed by the Peptidylarginine deiminase. Within the first published manuscript, being part 

of this thesis, it was possible to show the use of this posttranslational modification by the human 

pathogen Porphyromonas gingivalis to facilitate innate immune evasion at three distinct level. 

P. gingivalis was demonstrated to citrullinate proteins by Porphyromonas peptidylarginine 

deiminase resulting in diminished phagocytosis and subsequent killing by neutrophils. 

Furthermore, it was shown that citrullination of histone H3 enables P. gingivalis to survive in 

neutrophil extracellular traps and incapacitate the lysozyme-derived peptide LP9. 

The second investigated posttranslational modification is ubiquitination and its role in 

respiratory tract infections. Ubiquitination is the covalent attachment of a small protein that 

consisting of only 76 amino acids to the ε-amino group of lysine residues to posttranslational 

modify proteins. Acute infections of the lower respiratory tract such as viral and bacterial 

co-infections are among the most prevalent reasons of fatal casualties worldwide. Therefore, 

the interactions between host and pathogens resulting in the impairment of the hosts immune 

response and immune evasion of the pathogens, need to be elucidated. To get new insights in 

the infection driven changes in protein polyubiquitination and alterations in the abundance of 

ubiquitin E3 ligases involved in ubiquitination, cellular proteomes were monitored in detail by 

high resolution mass spectrometry. Therefore, the epithelial cell lines 16HBE14o- (Manuscript 

II) and A549 (Manuscript III) were co-infected with influenza A virus H1N1 and 

Streptococcus pyogenes or Staphylococcus aureus or with influenza A virus H1N1 and 

Streptococcus pneumoniae, respectively. Here, it could be shown in 16HBE14o- cells that 

co-infection of epithelial cells is not characterized by decreased cell survival and that 

observable effects on the proteome and ubiquitinome are mostly additive rather than 

synergistic. S. pyogenes infection affected the mitochondrial function, cell-cell adhesion, 

endocytosis and actin organization. Viral infection affected mRNA processing and Rho 

signaling. Viral and bacterial co-infection was detected to affect processes that were already 

affected by both of the corresponding single infections. No further pathways were strongly 

affected by the co-infection. A similar result has been observed in A549 cells co-infected IAV 
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and S. pneumoniae. Overrepresented gene ontology terms depict the sum of those observed in 

the viral and bacterial single infection. Moreover, no significant change in cell survival upon 

co-infection compared to single bacterial infection was noticed for A549 cells either. This led 

to the suggestion that co-infection of investigated epithelial cells under examined conditions 

possesses additive rather than synergistic effect and thus, may not worsen the outcome of the 

infection within the studied conditions. Infections in other systems, may provide varying results 

and thus should be examined in future studies.  
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Abbreviations 

16HBE  16HBE14o- cell line 

A549  Type II alveolar epithelial cell line A549 

ATP  Adenosine triphosphate 

Da   Dalton 

DAVID  Database for Annotation, Visualization and Integrated Discovery 

DUB  Deubiquitinating enzyme 

E1   Ubiquitin activating enzyme 

E2   Ubiquitin transferring enzyme 

E3   Ubiquitin ligating enzyme 

GO   Gene Ontology 

GTPase  Guanosine triphosphate hydrolyzing enzyme 

H2O2  Hydrogen peroxide 

IAV   Influenza A virus 

IFN   Interferon 

K-GG  Lysine residue modified with a di-glycine remnant at the ε-amine group 

LC-MS/MS  Liquid chromatography with tandem mass spectrometry 

MAPK  Mitogen-activated protein kinase 

mRNA  Messenger ribonucleic acid 

MS   Mass spectrometry 

NET  Neutrophil extracellular trap 

NF-kB  Nuclear factor kappa-light-chain-enhancer of activated B cells 

P gingivalis Porphyromonas gingivalis 

PAD  Peptidylarginine deiminase 

PPAD  Porphyromonas peptidylarginine deiminase 

PRR  Pattern recognition receptor 

RNA  Ribonucleic acid 

rRNA  Ribosomal ribonucleic acid  

S. aureus  Staphylococcus aureus 
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S. pneumoniae Streptococcus pneumoniae 

S. pyogenes  Streptococcus pyogenes 

S-Trap  Suspension trap 

TNF  Tumor necrosis factor 

TUBE  Tandem ubiquitin binding entities 

UPS  Ubiquitin proteasome system  
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1 Introduction 

The human organism serves as an ecological habitat for numerous microbial species 

colonizing the human body which easily exceed the number of human cells (Sender et al., 

2016). The composition of the microbial community differs depending on the investigated site 

(Ding and Schloss, 2014; Dekaboruah et al., 2020). Symbiotic microbial communities are 

related to health and are postulated to be beneficial for the host by preventing disease (Dagli et 

al., 2016; Mishra et al., 2021). Disturbance or dysbiosis of the microbial community is related 

to disease and enables potential pathogenic colonizers to unlock their pathogenic potential 

(Dickson et al., 2016; Mishra et al., 2021; Hou et al., 2022). This thesis is confined to the oral 

cavity, predominantly the periodontal pocket, and the lower respiratory tract. 

A disbalance of the microbiota in the deepened gingival sulcus can be induced by the 

presence of so called keystone pathogens and result in severe periodontitis (Hajishengallis et 

al., 2012). Pathogens such as Porphyromonas gingivalis are able to modulate the immune 

response which can result in severe inflammation that destructs the surrounding tissue 

(Hajishengallis et al., 2012; How et al., 2016). Furthermore, oral pathogens can be aspired, and 

thus, lead to infections of the respiratory tract (Saini et al., 2010; Moghadam et al., 2017). 

Infection with influenza A virus enables the dissemination of potential pathogens present as 

colonizers of the upper respiratory tract to the lower respiratory tract (Ruuskanen and Järvinen, 

2014; Self et al., 2017). Among these colonizers are Staphylococcus aureus, 

Streptococcus pneumoniae and Streptococcus pyogenes, which are in focus of the 

investigations of this thesis (Brouwer et al., 2016; Sillanpää et al., 2017; Weiser et al., 2018). 

Respiratory tract infections represent one of the predominant causes of death occurring 

worldwide (Roth et al., 2018). Epithelial cells represent a physical barrier and are as well as 

neutrophils among the first cells to respond to pathogens (Vareille et al., 2011; Hiemstra et al., 

2015; Leiding, 2017; Jenne et al., 2018; LeMessurier et al., 2020). Recognition of pathogens 

and subsequent immune activation requires tight regulation of protein activity achieved by 

posttranslational modification of contributing proteins. 

  



Introduction 

6 

1.1 Bacterial and viral (co)-infection in the respiratory tract and the oral cavity 

The microbial community in the oral cavity, especially the biofilm in the periodontal pocket, 

is responsible to prevent colonization of pathogenic bacteria and maintains a balance between 

the biofilm and the host immune system (Sedghi et al., 2021). Certain pathogens, like those 

belonging to the red group, are known to have the ability to change the composition of the 

microbial community (Hajishengallis et al., 2011; Hajishengallis and Lamont, 2012). Among 

these pathogens is Porphyromonas gingivalis. According to the keystone hypothesis, 

P. gingivalis changes the microbial community and initiates dysbiosis. P. gingivalis can make 

up to 7% of the biomass of these manipulated microbial communities (Leys et al., 1999; 

Hajishengallis et al., 2012). As a result, the balance between the immune response and the oral 

community is disturbed (How et al., 2016). This initiates increased infiltration by neutrophils 

and inflammatory processes, and eventually leads to chronic inflammation of the surrounding 

tissue, teeth loss and degradation of alveolar bone (How et al., 2016; Patini et al., 2018). 

P. gingivalis possesses a multitude of virulence factors, such as lipopolysaccharide, gingipains, 

a peptidylarginine deiminase effectively enabling immune evasion (Zheng et al., 2021; Nuñez-

Belmar et al., 2022). One of the key features in immune evasion of P. gingivalis is its ability 

to posttranslational modify arginine residues of targeted proteins (Bielecka et al., 2014). Within 

the first published manuscript of this thesis we focused on the connection between the 

posttranslational modification of arginine to citrulline as a tool in pathogenic immune evasion. 

In 1933 Smith, Andrewes and Laidlaw isolated a filterable virus from throat-washings, 

which was identified to be the causative agent of the human influenza disease (Smith et al., 

1933). Already two years ago, Shope identified a filterable virus to cause swine influenza in 

pigs (Lewis and Shope, 1931; Shope, 1931a, 1931b). Influenza A viruses are negative-sense, 

single-stranded, segmented RNA viruses and provoke influenza illness in numerous 

mammalian and avian species. Immunity towards IAV is conferred by antibodies against two 

glycoproteins covering the surface of the virus particle: hemagglutinin and neuraminidase. 

Mutations in these proteins enable the infection of individuals even if they have cured from 

preceding influenza disease. 

There are two forms of influenza outbreaks: local epidemic outbreaks and pandemic 

outbreaks. Usually epidemics are annual events with viruses that originate from mutations of 

former virus variants, the so-called antigenic drift. Epidemics take place in the humid and cold 

winter months of the year. In contrast to epidemics, pandemics are caused by virus variants 
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that have acquired a hemagglutinin or neuraminidase unknown to the hosts immune system 

from other reservoirs like swine, duck or chicken. This change of hemagglutinin or 

neuraminidase is therefore called antigenic shift. As the majority of the population has never 

seen this virus variant there is no immunological protection. It was already shown in 1933 that 

multiple species can be infected with the same viral strain. Smith and colleagues could show 

that ferrets are susceptible to human and swine influenza virus and that ferrets first infected 

with swine influenza virus develop immunity towards human influenza virus (Smith et al., 

1933). 

The first influenza A pandemic has been reported as early as in the 16th century (Potter C. 

W., 2001; Taubenberger and Morens, 2009). Data are more robust from 18th century and later. 

Pandemics occur every 10-50 years (Potter C. W., 2001; Taubenberger and Morens, 2009). 

Death rates of 0.5% and 2% of the infected population are reported (Potter C. W., 2001). In the 

last decades it has been shown that the majority of fatal cases during the Spanish flu and other 

influenza pandemics was not solely caused by the viral infection alone but rather by bacterial 

superinfection of influenza infected individuals (Taubenberger and Morens, 2006; Morris et 

al., 2017). Bacterial superinfection or co-infection in influenza A infected patients is connected 

to numerous bacterial pathogens, but the main causative agents are Streptococcus pneumoniae, 

Staphylococcus aureus and Streptococcus pyogenes (Aliberti and Kaye, 2013; Chertow and 

Memoli, 2013; Klein et al., 2016; Morris et al., 2017; Troeger et al., 2019). Here, viral and 

bacterial co-infection experiments have been performed using these pathogens. Nowadays, it 

is commonly accepted that IAV infections can result in the dissemination of bacteria to the 

lower respiratory tract, and thus enable viral and bacterial co-infection (Ruuskanen and 

Järvinen, 2014; Self et al., 2017). Co-infection of bacteria and filterable viruses was already 

shown and discussed in 1931 by Shope when infecting pigs with swine influenza virus and 

Hemophilus influenzae suis (Shope, 1931b). As a result of the performed experiments Shope 

came up with the hypothesis that both pathogens act together, because infections with only one 

pathogen resulted only in mild illness. Accordingly, co-infection of virus and bacteria is linked 

to greater mortality compared to single infections (Palacios et al., 2009; Chertow and Memoli, 

2013; Morris et al., 2017). Secondary bacterial infection in influenza A virus infected 

individuals is not restricted to pandemic influenza strains and also occurs with seasonal 

epidemic strains (Brundage, 2006; Chertow and Memoli, 2013; Martin-Loeches et al., 2017). 

However, for the studies presented as part of this thesis, the 2009 pandemic H1N1 strain was 

chosen to study co-infection in human lung epithelial cells. 
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In the lung, epithelial cells act as an important line of defense and are involved in pathogen 

sensing and initiation of the host immune response (Vareille et al., 2011; Hiemstra et al., 2015). 

Influenza A virus infection can cause disruption of the epithelial barrier by induction of 

apoptosis, impaired immune response and cleavage of epithelial cell sialic acids causing 

increased bacterial adhesion, dissemination and reduced killing (Chertow and Memoli, 2013; 

Siemens et al., 2017). In addition, bacterial proteases can cleave viral hemagglutinin, and thus 

enable multiple cycles of viral infection (Chertow and Memoli, 2013). 

Co-infection is generally related with increased pathogenesis and worse outcomes due to a 

potential (lethal) synergism of both pathogens (Oliva and Terrier, 2021; Bartley et al., 2022). 

Consequently, bacterial and viral co-infection of the respiratory tract cause severe economic 

burden and is related to higher costs of treatment than viral infections alone (Oliva and Terrier, 

2021). Therefore, better treatment and vaccination strategies are required. Consequently, it is 

indispensable to understand cellular processes that drive infection. One cellular machinery that 

is involved in nearly every cellular process of eukaryotes, and that was shown to be misused 

by various viral and bacterial pathogens is the ubiquitin proteasome system. Many studies 

investigated ubiquitination from infection experiments with focus on specific proteins or 

pathways. Nevertheless, there is a lack of studies examining global variations in protein 

ubiquitination upon viral and bacterial co-infection. For that reason, an emphasis was placed 

on changes in polyubiquitination of proteins at a global scale. 

1.2 The ubiquitin proteasome system 

The ever growing field of research on the ubiquitin proteasome system started already more 

than 40 years ago when Aaron Ciechanover, Avram Hershko and Irwin Rose detected and 

described an ATP dependent cytosolic protein degradation mechanism related to a polypeptide 

which later was named ubiquitin (Hershko et al., 1979; Ciechanover et al., 1980; Hershko et 

al., 1980). In 2004 their fundamental work was acknowledged with the Nobel Prize in 

Chemistry. During the last decades the involvement of ubiquitin in major cellular processes of 

eukaryotic cells has become commonly accepted. Ubiquitination is a reversible 

posttranslational protein modification involved in cell cycle control, protein degradation, 

antigen processing, transcription control, immunity, and many more cellular processes 

(Komander and Rape, 2012; Akutsu et al., 2016). The process of ubiquitin protein ligation is 

driven by a cascade of three different proteins E1, E2 and E3, first purified and identified by 

Hershko and coworkers in 1983 (Hershko et al., 1983). In Figure 1 the proposed model of 
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protein ubiquitin ligation is displayed. In a first step a ubiquitin-activating enzyme (E1) 

activates ubiquitin in an ATP-dependent manner. Then the ubiquitin is transferred to a cysteine 

residue localized in the active site of a ubiquitin conjugating enzyme (E2). Hereafter, ubiquitin 

is conjugated to specific substrates recognized by ubiquitin ligases (E3). E3 ligases convey 

substrate specific protein ubiquitin ligation. Comparative genome analysis enabled the 

detection of up to 1.000 putative E3 ligases (Li et al., 2008). In addition, nine E1 coding genes 

and 37 E2 coding genes were identified in the human genome (Michelle et al., 2009; Schulman 

and Harper, 2009). During the process of protein ubiquitin ligation, the C-terminal glycine 

residue of ubiquitin, a protein composed of 76 amino acids, is covalently linked (isopeptide 

bond) to the ε-amine group of a lysine residue within the substrate protein.  

 

 

Figure 1 The ubiquitin proteasome system.  
Ubiquitination is a multistep process that involves different proteins to work in a cascade like mechanism. In a 
first step an E1 enzyme (E1) activates ubiquitin which will be transferred to an E2 enzyme (E2). Hereafter, 
ubiquitin is conjugated to specific substrates, recognized by ubiquitin ligases (E3). Deubiquitinating enzymes 
(DUB) trim ubiquitin chains from the target protein before it is unfolded and degraded by the proteasome. 
Moreover, DUB can remove ubiquitin from target proteins and deliver free ubiquitin to the system. 
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Ubiquitin itself harbors eight potential sites (M1, K6, K11, K27, K29, K33, K48, K63) that 

can be used for additional ubiquitin ligation cycles resulting in the formation of polyubiquitin 

chains. These chains can either consist of a single or multiple linkage types, and are therefore 

further grouped into different categories (Figure 2). 

 

Figure 2 Different types of ubiquitination on substrate proteins 
Depending on the number of ubiquitin molecules and how different ubiquitin molecules are covalently linked, 
ubiquitination can be divided into several groups. Proteins can be modified with a single ubiquitin on a single site 
for mono-ubiquitination (A) or at multiple sites for multi mono-ubiquitination (B). Polyubiquitin chains can be 
categorized by the topology. Chains composed of only one linkage type are homogenous chains (C) and chains 
composed of multiple linkage types are heterogeneous chains (D). Ubiquitin chains can also occur as branched 
chains (E) or as hybrid chains (F) with ubiquitin like modifiers in the same chain. Moreover, ubiquitin chains can 
be a substrate for further posttranslational modification (G) like phosphorylation or acetylation. 

 

Deubiquitinating enzymes (DUB) represent another important class of proteins for the 

function of ubiquitin signaling (Figure 1). These proteins have important roles in ubiquitin 

signaling, like counteracting E2 or E3 enzymes, removing ubiquitin chains from the target 

protein before it is unfolded and degraded by the proteasome, generation of free ubiquitin or 

trimming ubiquitin chains (He et al., 2016). 

The outcome of the ubiquitination or polyubiquitination of the substrate proteins depends 

on the type of ubiquitin chain attached. It is commonly accepted that K48 linked polyubiquitin 

chains most frequently result in degradation of the target protein by the 26S proteasome, 

whereas K63 polyubiquitin chains are involved in lysosomal degradation processes (Komander 

and Rape, 2012; Erpapazoglou et al., 2014; Kwon and Ciechanover, 2017). The functions of 

the different types of ubiquitination have been extensively discussed in the literature, and thus, 

will not be discussed further within this thesis (Komander and Rape, 2012; Akutsu et al., 2016; 

Tracz and Bialek, 2021) 
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1.3 Involvement of ubiquitin in immunity 

Besides various cellular mechanisms modified and regulated by the UPS, ubiquitination and 

deubiquitination is also important for a sufficient immune response (Zinngrebe et al., 2014). 

The in vitro infection set up using epithelial cells is limited to the innate immune response of 

the cultured epithelial mono layer. Therefore, the ubiquitination dependent regulation of innate 

immunity other than those present in lung epithelial cells and adaptive immunity will not be 

discussed within this thesis. Here, the focus is on pathways which are part of the innate immune 

response related to pathogen recognition in epithelial cells. However, only selected recognition 

pathways and the involvement of UPS proteins will be reviewed. 

Recognition of IAV infection is mediated by several pattern recognition receptors (PRR), 

like RIG-1, TLR3 and 7 and NLRP3 (Tripathi et al., 2015). In epithelial cells recognition is 

predominantly mediated through RIG-1 and TLR3 (Pichlmair et al., 2006; Le Goffic et al., 

2007). Upon detection of viral structures, the cytosolic PRR RIG-1, involved in sensing viral 

RNA, is K63 ubiquitinated by the ubiquitin E3-ligases TRIM25 and RNF135 inducing 

oligomerization of RIG-1, and thus the binding of MAVS (Takeuchi and Akira, 2010; Jiang et 

al., 2012). Besides, the recruitment of additional proteins, binding of the E3-Ligase TRAF3 

allows for IRF3 dependent interferon (IFN) synthesis (Michallet et al., 2008), whereas binding 

of TRAF6 together with TRAF2 and TRAF5 enables activation of IRF3 and NF-κB (Liu et al., 

2013). Another E3-ligase, RNF125, is involved in silencing of RIG-1 signaling by mediating 

proteasomal degradation of RIG-1 and MAVS by K48 polyubiquitination (Arimoto et al., 

2007). Moreover, the E3-ligase LUBAC was shown to lead to reduced RIG-1 signaling 

(Belgnaoui et al., 2012). Also DUBs can facilitate alterations in RIG-1 signaling. For example, 

the DUB USP21 removes K63 ubiquitin chains from RIG-1 reducing its activity (Fan et al., 

2014), whereas OTUB1 was demonstrated to protect RIG-1 from K48 mediated degradation 

(Jahan et al., 2020). Besides OTUB1 and USP21, the DUB A20 is able to inhibit the RIG-1 

mediated IFN response (Catrysse et al., 2014). Ubiquitination mediated regulation of 

endosomal TLR3 also depends on the E3-ligase recruited to the TLR3-TRIF complex. K63 

ubiquitination of attached RIP1 by TRAF6 and PELI-1 results in NF-κB activation (Chang et 

al., 2009), while TRAF3 recruitment and its subsequent K63 ubiquitination results in IRF3 

mediated IFN production (Häcker et al., 2006; Oganesyan et al., 2006). 

Recognition of bacteria by epithelial cells is accomplished via several mechanisms. Within 

this thesis epithelial cells were challenged with the Gram-positive pathogens S. aureus, 
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S. pneumoniae, and S. pyogenes. Therefore, recognition of Gram-positive pathogens is 

emphasized within this chapter of the thesis. Bacterial peptidoglycan is recognized by the 

NOD-like receptor (NLR) nucleotide-binding oligomerization domain 2 (NOD2) (Girardin et 

al., 2003). Moreover, many Gram-positive pathogens are recognized by TLR2. S. aureus 

interacts with the TNF-α receptor which activates TNF signaling (Krivan et al., 1988; Gómez 

et al., 2004). Sufficient NOD2 signaling and subsequent NF-κB activation relies on the 

recruitment of the E3-ligases cIAP1/2 facilitating K63 ubiquitination of RIP2 (Hasegawa et al., 

2008; Damgaard et al., 2012). The DUB A20 has a dual role in downregulation of NF-κB 

activity by removing K63 polyubiquitination from RIP2 (Wertz et al., 2004). Moreover, A20 

was shown to target RIP2 for proteasomal degradation by polyubiquitination with K48 linked 

chains (Wertz et al., 2004; Hasegawa et al., 2008). Downregulation of TLR2 signaling is 

achieved in a similar fashion. TLR2 is K48 ubiquitinated at lysine K754 by the E3-ligase 

PPP1R11, and thus degraded by the proteasome (Mckelvey et al., 2016). 

1.4 UPS is hijacked by pathogens 

Immune signaling pathways are highly dependent on ubiquitination and deubiquitination 

events to mediate proper signaling and pathogen clearance. Consequently, pathogens have 

developed mechanisms to hijack and manipulate the host UPS to achieve immune evasion and 

proper infection. 

The life cycle of IAV is associated with ubiquitin at many stages like viral entry into the 

host cell and unpacking from the late endosome (Rudnicka and Yamauchi, 2016). Furthermore, 

activity of viral polymerase is increased by ubiquitination (Kirui et al., 2016). A strong 

relationship between IAV propagation and the UPS can be assumed from studies demonstrating 

that inhibition of the proteasome impairs viral replication (Widjaja et al., 2010; Xia et al., 

2015). Viral HA was shown to inhibit the cellular interferon response by mediating the 

degradation of the interferon receptor IFNR1 (Xia et al., 2015). The main mediator of immune 

evasion by alteration of the UPS is the viral protein NS1 (Lamotte and Tafforeau, 2021). NS1 

inhibits RIG-1 signaling by binding TRIM25, and thus disables the attachment of K63 ubiquitin 

chains to RIG-1 (Gack et al., 2009). In addition, NS1 is able to target the DUBs A20 and 

OTUB1 by increasing expression and probably mediating degradation, respectively (Feng et 

al., 2017; Jahan et al., 2020). Another viral protein, PB1, counteracts the ZAPL mediated 

proteasomal degradation of viral PB2 and PA (Liu et al., 2015). 
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Less literature focusing on host UPS in S. aureus, S. pyogenes and S. pneumoniae infection 

exists. A virulence factor of streptococci is the secreted, membrane associated cysteine protease 

Streptococcal pyrogenic exotoxin B (SpeB) (Shelburne et al., 2005). Barnett and colleagues 

demonstrated the ability of SpeB to degrade ubiquitin-LC3 adaptor proteins NDP52, p62 and 

NBR1 enabling streptococci to evade selective autophagy and efficient cytosolic replication 

(Barnett et al., 2013; Nakagawa, 2013). Cytosolic pneumococci are able to evade clearance by 

selective autophagy, as well. In contrast to streptococci, pneumococci use a different 

mechanism. Secreted pneumococcal CbpC binds Atg-14, and thus, enables autophagic 

degradation of Atg-14 and suppresses xenophagy at the same time (Shizukuishi et al., 2020). 

S. aureus utilizes a different strategy to evade degradation by selective autophagy than 

S. pyogenes or S. pneumoniae. Staphylococci activate MAPK14 which allows the 

phosphorylation of ATG5, inhibiting the fusion of lysosomes and autophagosomes (Neumann 

et al., 2016). 

1.5 Tools to investigate ubiquitination 

Proteins of the UPS are involved in immune regulation, cancer progression, and are 

particularly important in neurodegenerative diseases (Celebi et al., 2020). Also, the UPS is 

considered as a therapeutic target in cancer therapy (Fujita et al., 2019) and for targeted 

degradation of proteins, otherwise not druggable (Faust et al., 2021; Békés et al., 2022). 

Therefore, understanding the functions and mechanisms of ubiquitination is of great 

importance. Mass spectrometry (MS) based proteomics has become the method of choice for 

the identification and quantification of changes in ubiquitination in single proteins or at a global 

scale. The MS based identification of ubiquitination sites depends on a diglycine remnant at 

the ε-amine group of the modified lysine residue left after tryptic digest of the ubiquitinated 

protein. The Lys-ε-GG (K-GG) remnant is identified due to a characteristic mass shift of 

114.0429 Da detected by MS. The generation of these peptides and the subsequent 

identification is depicted in Figure 3. 
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Figure 3 MS based identification of ubiquitination sites 
Tryptic digestion of ubiquitinated proteins results in peptides that carry a characteristic Lys-ε-GG remnant motif 
at the ubiquitination site. This remnant induces a characteristic mass shift of 114.0429 Da detectable by MS.  

 

Even though, ubiquitination is involved in many cellular processes, the fraction of proteins 

modified is rather low and therefore, quantification on a large scale remains challenging. To 

overcome the limitations of low abundance and to achieve reasonable coverage, enrichment of 

modified proteins or peptides prior MS analysis is inevitable (Steger et al., 2022a). 

Enrichment of peptides is based on the enrichment of peptides harboring the K-GG remnant 

after tryptic digest of ubiquitinated proteins by monoclonal antibodies and enables 

identification and accurate quantification of ubiquitination sites (Xu et al., 2010; Kim et al., 

2011; Rose et al., 2016). Nonetheless, the peptide-based enrichment has some drawbacks. 

Tryptic peptides of proteins posttranslational modified with ISG15 or NEDD8 harbor the same 

K-GG remnant and are therefore enriched, as well. Moreover, for application of K-GG remnant 

enrichment large amounts, up to 20 mg, of starting material are required. The latter limitation 

has been overcome recently by Rose and colleagues by combination of K-GG remnant 

enrichment and sample multiplexing with TMT10plex allowing to utilize only 1 mg of peptide 

per sample (Rose et al., 2016). Recently, Steger and co-workers used the K-GG enrichment 

strategy in combination with data independent acquisition for identification and quantification 

of up to 70,000 ubiquitinated peptides in a single MS run (Steger et al., 2021). 

Selective enrichment of ubiquitinated proteins can be achieved by application of linkage 

specific antibodies, tandem ubiquitin binding entities (TUBEs) (Hjerpe et al., 2009) or by 

expression of epitope tagged ubiquitin within cells (Peng et al., 2003). TUBEs enable the 

pan-selective or chain-selective enrichment of polyubiquitinated proteins under non-denaturing 
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conditions. Therefore, TUBE based enrichment suffers from co-isolation of ubiquitin binding 

proteins and proteins interacting with the ubiquitinated substrate. Apart from TUBEs, 

enrichment of ubiquitinated proteins by expression of affinity tagged ubiquitin, allows cell lysis 

in denaturing conditions, and therefore avoids co-purification of non-covalently linked 

proteins. However, expression of exogenous ubiquitin can interfere with physiological UPS 

activity. In contrast to K-GG remnant enrichment, protein based methods do not inherently 

allow for ubiquitin site identification due to the high number of non-modified peptides 

generated by the tryptic digest (Steger et al., 2022b). Nevertheless, when compared to K-GG 

antibodies, TUBEs are less expensive, require fewer amounts of input material, and overall 

sample processing is less complex. 
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1.6 Protein citrullination by the Porphyromonas peptidylarginine deiminase 

Citrullination of proteins is another important posttranslational modification that acts on a 

multitude of processes within the human organism like supervision of cell pluripotency, sepsis 

and rheumatoid arthritis (Vossenaar et al., 2003; Christophorou et al., 2014; Darrah and 

Andrade, 2018; Reizine et al., 2022). Peptidylarginine deiminases (PAD) are able to 

posttranslational modify arginine residues to citrulline (Figure 4) (Vossenaar et al., 2003). The 

modification of arginine to citrulline is accompanied by a loss in positive charge, and thus, can 

affect the proteins binding capabilities or folding. 

 

Figure 4 Structure of arginine and citrulline 
Differences in the structure of arginine and the non-standard amino acid citrulline. Created with 
ACD/ChemSketch (Freeware) 2022.1.0. 

 

The human oral pathogen Porphyromonas gingivalis possesses the ability to 

posttranslational modify host and self-proteins by expression of Porphyromonas 

peptidylarginine deiminase (PPAD) (McGraw et al., 1999; Wegner et al., 2010). PPAD was 

observed to be conserved among Porphyromonas strains (Gabarrini et al., 2015). In addition, 

PPAD contributes to the virulence of P. gingivalis, as PPAD was shown to citrullinate arginine 

residues on the human antimicrobial peptide LP9 diminishing LP9 derived bacterial killing 

(Stobernack et al., 2018). Moreover, the citrullination of histone H3 by PPAD enables 

P. gingivalis to escape from neutrophil extracellular traps (NETs) (Stobernack et al., 2018). 

Likewise, PPAD disturbs complement signaling by citrullination of C5a (Bielecka et al., 2014). 

Consequently, citrullination of host proteins by PPAD aids P. gingivalis to evade the host 

immune defense. 

1.7 Identification of citrullinated peptides by mass spectrometry 

Analysis of protein ubiquitination may be performed upon enrichment of ubiquitinated 

proteins or K-GG remnant peptides. The use of iodoacetamide as a alkylating agent should be 

avoided as it mimics 114.0429 Da mass shift of the K-GG remnant by modifying free lysin 

ε-amine groups (Nielsen et al., 2008). In contrast, the analysis of protein citrullination by mass 
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spectrometry is not affected by the alkylating agent and relays on the identification of the 

0.984016 Da mass shift resulting from the amino acids side chain modification (Figure 4). The 

low mass shift leads to misidentification and false positive hits by search engines used to 

identify citrullinated spectra (Lee et al., 2018). Moreover, the loss of positive charge of the 

arginine side chain results in a missed tryptic cleavage side. Recently, different strategies 

ranging from protein modification by citrulline reactive groups to improvements in MS data 

acquisition and data analysis have been developed to improve the reliable identification of 

citrullinated peptides by mass spectrometry (Clancy et al., 2016; Maurais et al., 2021; Shi et 

al., 2022).  
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1.8 Aim of the thesis 

Posttranslational modification of proteins are involved in a wide variety of cellular 

processes. This thesis emphasizes especially posttranslational citrullination and ubiquitination 

of proteins in the context of bacterial and viral (co)-infections. Citrullination is linked to a 

variety of diseases like the autoimmune disease rheumatoid arthritis, Alzheimer and diabetes. 

P. gingivalis is the only known bacterial pathogen that is able to citrullinate host proteins. Mass 

spectrometry was applied to investigate the connection between citrullination of proteins and 

the ensuing immune evasion of this oral pathogen.  

Another posttranslational modification playing a crucial role in conducting the cellular 

response towards pathogens is ubiquitination. Thus, it is not particularly surprising that viral 

as well as bacterial pathogens have developed strategies to misuse and manipulate the hosts 

ubiquitin proteasome system. Therefore, the aim of this thesis was to scrutinize potential effects 

of common respiratory pathogens on the abundance of components of the ubiquitin proteasome 

system, and furthermore, to observe the effect of the selected pathogens on protein 

polyubiquitination. Moreover, mass spectrometry-based proteomics was applied to discover 

potential synergistic or additive effects between viral and bacterial pathogens in a co-infection 

model using different human lung epithelial cell lines. Data obtained within this study could 

serve as the basis for further investigations. 
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2 Methodology 

In the following chapter the main methods used in the study and the experimental 

approaches are briefly described. Detailed information on the used methods can be found in 

the corresponding manuscripts. The methodology section primarily focuses on the applied 

methods used to investigate infection driven changes in the proteome and ubiquitinome of lung 

epithelial cells. 

2.1 Bacterial and viral strains 

All viral and bacterial strains that were used to study (co)-infection in neutrophil and lung 

epithelial cells are listed below (Table 1). Culture conditions are described in detail in the 

corresponding manuscripts. 

Table 1 List of viral and bacterial strains used in the study 

Manuscript Strain Reference 

Manuscript I P. gingivalis W83   

 P. gingivalis W83∆PPAD  (Wegner et al., 2010) 

Manuscript II S. aureus LUG2012 (Shambat et al., 2015) 

 S. pyogenes 5448 (Siemens et al., 2016) 

 IAV A/Bavaria/74/2009 (H1N1)  

Manuscript III S. pneumoniae D39∆cps (Saleh et al., 2013) 

 IAV A/Bavaria/74/2009 (H1N1)  

 

2.2 Experimental approach and sample processing (Manuscript II & III) 

During infections lung epithelial cells display a physical barrier and play a role in the first 

defense against the infecting pathogens (Vareille et al., 2011; LeMessurier et al., 2020). To 

elaborate on the lung epithelial cell response towards pathogens, we performed viral as well as 

bacterial single infections and co-infections in the bronchial epithelial cell line 

16HBE14o- (16HBE) (Cozens et al., 1994) [Manuscript II], and in the type II alveolar epithelial 

cell line A549 (Giard et al., 1973) [Manuscript III]. The cells were infected and sampled 

according to the scheme displayed in Figure 5. The manuscripts II and III intended to explore 
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the alterations in the proteome of the epithelial cells as a response towards the infections. In 

addition, as pathogens are known to act on the hosts UPS, the examination of protein 

polyubiquitination was emphasized in both manuscripts, but with different enrichment 

strategies for polyubiquitinated proteins. 

 

 

Figure 5 Infection duration and sample time scheme 
For the infection experiments performed in Manuscript I and II the scheme above was applied for viral and 
bacterial single infections as well as viral and bacterial co-infection in A549 (Manuscript III) and 16HBE cells 
(Manuscript II). Viral infection was conducted for 24 h in both cell lines. 16HBE cells were infected with either 
S. pyogenes 5448 or S. aureus LUG2012 for 2 h, whereas A549 cells were infected with S. pneumoniae D39∆cps 
for 6 h. In co-infection experiments, epithelial cells were infected with IAV for 24 h followed by the bacterial 
infection. 
 

Mass spectrometry (MS) has become a powerful tool for the analysis of large proteomes. 

Thus, MS enables the identification and relative quantification of thousands of proteins within 

a single measurement. Although certain posttranslational modifications like protein 

ubiquitination are involved in the regulation of many cellular processes, they are low abundant 

ant therefore, the application of enrichment strategies is required for a comprehensive analysis. 

To elaborate alterations in the proteome in Manuscript II and III cell lysate of sampled cells 

were digested with trypsin on suspension traps (S-Trap). The generated tryptic peptides were 

fractionated by basic pH reversed phase chromatography which was performed with in house 

packed C18 spin columns. Manuscript II further aimed to analyze alterations in the global 

polyubiquitination landscape of infected 16HBE cells. Consequently, pan-selective TUBEs 

were utilized to enrich for polyubiquitinated proteins. Further sample processing was 

performed as described for the proteome samples. In manuscript III the selective analysis of 

K48 and K63 polyubiquitin chains was emphasized. After selective TUBE based enrichment 

of desired chain types, proteins were digested on S-Traps. All generated samples were analyzed 
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by LC-MS/MS on a Q Exactive mass spectrometer operated in data dependent acquisition 

mode. Resulting MS .raw files were searched and quantified with the MaxQuant (Cox and 

Mann, 2008; Tyanova et al., 2016a) software and search results were processed with the 

Perseus (Tyanova et al., 2016b) software suit. Functional analysis was performed with the 

DAVID (Da Huang et al., 2009; Sherman et al., 2022) and Reactome (Gillespie et al., 2022) 

web tool.  
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3 Results and Discussion 

3.1 Citrullination of host proteins as part of a pathogens immune evasion strategy 

(Manuscript I) 

The periodontal pocket harbors a unique niche with a steady state between the microbial 

community, present as a biofilm, and the host immune response (Sedghi et al., 2021). The 

emergence of keystone pathogens like Porphyromonas gingivalis initiates an imbalance of this 

homeostasis (Hajishengallis et al., 2012). This causes increased inflammation and infiltration 

of immune cells into surrounding tissue and eventually loss of teeth and reduction of the 

alveolar bone (How et al., 2016; Patini et al., 2018). Apart from the ability to secrete proteases 

(Gingipains), P. gingivalis possess the ability to posttranslational modify proteins by the 

secreted Porphyromonas peptidylarginine deiminase (McGraw et al., 1999; Wegner et al., 

2010). With the first study published as part of this thesis it could be demonstrated that 

P. gingivalis has the ability to evade the host innate immune response by posttranslational 

citrullination of host and self-proteins.  

The citrullination of the arginine specific proteases RgpA and RgpB secreted by 

P. gingivalis potentially increases their stability and provides protection from proteolytic self-

degradation (Curtis et al., 1999; Potempa et al., 2003; Stobernack et al., 2016; Stobernack et 

al., 2018). In addition, the presence of secreted PPAD protects a PPAD deficient mutant from 

opsonization and phagocytic uptake by neutrophils (Stobernack et al., 2018). Mass 

spectrometry revealed that neutrophils contain a lower amount of proteins related to 

phagocytosis when infected with PPAD proficient compared to PPAD deficient P. gingivalis. 

Further experiments and mass spectrometric measurements have shown that PPAD citrullinates 

histone H3 at the arginine residue R73 (Stobernack et al., 2018). Histone H3 is involved in the 

formation and bactericidal effect of neutrophil extracellular traps (NETs). The citrullination of 

histone H3 reduces the net charge of the proteins and therefore may lower its ability to disrupt 

the bacterial cell membrane. Reduction in the bactericidal activity of histone H3 was also 

shown upon citrullination by human PAD4 (Tanner et al., 2021). Nonetheless, histone H3 

citrullination by PAD4 is essential for NET antibacterial activity and the formation of NETs 

(Li et al., 2010). Moreover, it was demonstrated that PPAD deficient bacteria induce stronger 

NET release as more intact neutrophil nuclei were detected upon infection with PPAD 

proficient bacteria. Even though P. gingivalis W83 and its PPAD deficient mutant are not 

susceptible to be killed by the lysozyme-derived peptide LP9 we could show PPAD dependent 
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citrullination by mass spectrometry. Reduction in LP9 bactericidal activity was demonstrated 

by exposing Bacillus subtilis to PPAD treated and untreated LP9. Finally, a 

Galleria mellonella model showed reduced virulence of PPAD deficient bacteria as 

G. mellonella was more sensitive to PPAD proficient bacteria. 

Overall, this study demonstrates that citrullination of proteins by PPAD enables 

P. gingivalis to evade the host innate immune system at three different levels. Consequently, 

providing evidence for an back then unknown bacterial immune evasion factor.  
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3.2 Establishing a protocol for the analysis of UPS components and polyubiquitinated 

proteins 

3.2.1 Increasing proteomic depth by sample processing and measurement procedures 

Ubiquitin E3-ligases are important in immune regulatory processes by influencing the 

inflammation status of the cell. Moreover, E3-ligases are also involved in the clearance process 

of intracellular pathogens. Therefore, analysis of E3-ligases and other UPS proteins with 

emphasis on their abundance is necessary to understand host pathogen interactions. Thus, the 

number of quantified E3-ligases in an experiment should be as large as possible. For that 

reason, we tested different sample preparation approaches to maximize the number of 

quantified E3-ligases. Applying suspension trapping combined with basic reversed phase 

fractionation of tryptic peptides was superior to other methods tested and resulted in the largest 

number of quantified E3-ligases (Figure 6A). Simultaneously, this method required less MS 

runtime than other methods tested (Figure 6A) and enabled the quantification of most 

E3-ligases (Figure 6B). So, analysis of the proteome to identify changes in UPS protein 

abundance was carried out by suspension trapping and basic reversed phase fractionation of 

tryptic peptides. 

 

 

Figure 6 Comparison of MS runtime and number of quantified E3 ligases 
Comparison of GeLC-MS/MS, subcellular fractionation by differential centrifugation and suspension trapping 
(S-Trap) with basic reversed phase fractionation of tryptic peptides. S-Trap and bRP-RP based sample processing 
led to the highest number of quantified E3-ligases, and required least MS runtime (A). Comparative overlap of 
quantified E3-ligases of the applied sample processing methods (B). 
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3.2.2 Enrichment of polyubiquitinated proteins 

Enrichment of ubiquitinated proteins or K-GG remnant peptides is inevitable to access the 

ubiquitinome and determine changes on the level of ubiquitination sites (Steger et al., 2022b). 

Due to the high amount of input material required to enrich for K-GG peptides, the 

ubiquitinome was accessed by enrichment of polyubiquitinated proteins. Pan-selective 

enrichment of polyubiquitinated proteins was conducted with TUBE2 coupled to magnetic 

beads since they were tested to enabled the reproducible quantification of ubiquitinated 

proteins combined with a straightforward workflow. Preliminary experiments revealed inferior 

performance of TUBE2 coupled to agarose beads or GST affinity tags when tested against 

magnetic TUBEs. Therefore, TUBE2 coupled to magnetic beads was applied for pan-selective 

enrichment of polyubiquitinated proteins.  

Besides pan selective enrichment, certain TUBEs enable chain selective enrichment, as 

well. The selectivity of different TUBEs was tested to ensure selective enrichment of 

polyubiquitinated proteins modified with the ubiquitin chain of interest. Surprisingly, the 

attachment of different tags dramatically influences the selectivity of certain TUBEs (Figure 

7). Selective enrichment of K48 polyubiquitinated proteins was achieved by use of K48 TUBEs 

coupled to magnetic beads. In contrast, K63 TUBEs coupled to magnetic beads failed to 

selectively enrich for K63 polyubiquitinated proteins. Increasing the protein to TUBE ratio 

improved the selectivity (Figure 7). Still, the majority of proteins enriched by K63 magnetic 

TUBEs was also enriched by K48 magnetic TUBEs to the same extend. Affinity tagged TUBEs 

for enrichment of K63 polyubiquitinated proteins were more selective than magnetic K63 

TUBEs. Again, an increased protein to TUBE ratio further enhanced the selectivity. 

 

Figure 7 Chain selectivity of tested TUBEs 
Selectivity of TUBEs was calculated from the MS1 based quantification of K-GG remnant peptides of ubiquitin. 
K48 magnetic TUBEs were used for selective enrichment of K48 ubiquitin chains and K63 Flag TUBEs at a 
concentration of 50 nM were used to selectively enrich for K63 polyubiquitinated proteins from cell lysates 
containing 500 µg of total protein. 
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The results of selective enrichment strategies depend on the cell line or tissue investigated 

as the linkage type distribution of ubiquitin chains within the sample may vary (Heunis et al., 

2020). Moreover, proteins can be modified by several ubiquitin chains or branched chains 

possessing multiple chains, and thus present different linkage types. Therefore, selectivity of 

selected TUBEs should be tested when applied to a different type of sample. 
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3.3 Bacterial and viral co-infection in 16HBE cells (Manuscript II) 

Lung epithelial cells represent a physical barrier within the hosts first line of defense 

counteracting potential pathogens. To investigate the cellular response of epithelial cells 

challenged with different pathogens, emphasizing the ubiquitinome and UPS protein 

abundance, 16HBE cells were infected with IAV, S. aureus LUG2012, S. pyogenes 5448, or 

co-infected with IAV and S. aureus LUG2012 or S. pyogenes 5448. Here, the focus is set on 

infections with either IAV, S. pyogenes 5448 and the corresponding co-infection. Life dead 

staining of 16HBE cells 24 hours post infection (hpi) with IAV revealed continuous growth 

rather than attenuated or decreased cell counts. Still, viral replication was proven to occur in 

the experimental setup (Surabhi et al., 2021). In contrast to IAV infections, S. pyogenes 5448 

infections caused a rapid decrease of viable cells already at 2 hpi. Upon viral and bacterial 

co-infection no additional decrease in viable cell counts was detected. To elaborate on the 

cellular pathways and proteins changing their abundance upon infections, the 16HBE cell 

proteome was investigated by shotgun proteomics. This study provides the first report on the 

global changes in protein polyubiquitination upon IAV and S. pyogenes 5448 co-infection. 

3.3.1 Adaptation of the proteome 

Label free quantification of the epithelial cell proteome enabled the detection of 63, 400, 

and 428 differentially abundant proteins upon infection with IAV, S. pyogenes, and the 

corresponding co-infection, respectively (Figure 8). Moreover, the number of differentially 

abundant proteins correlates with the results obtained from viable cell counts. Still, only a 

minor fraction of differentially abundant proteins was shared between the single infections. 

Also, the co-infection did show a greater similarity with the bacterial single infection than with 

the viral infection. This is reflected by the overlap of altered proteins and represented pathways 

resulting from annotation enrichment. Infection with S. pyogenes 5448 greatly affected the 

abundance of proteins related to mitochondria. This observation is potentially explained by an 

induction of apoptosis and an increase in mitochondrial dysfunction (Suen et al., 2008; Mai et 

al., 2017). Both, Tom22 and Tom40 were found with increased abundance upon S. pyogenes 

infection leading to the suggestion of a potential role in intracellular streptococcal propagation 

as it was demonstrated for Chlamydia (Derré et al., 2007). Changes in the abundance of proteins 

related to mitochondrial processes and besides, proteins connected to cell-cell adhesion and 

Rab-GTPases were detected with decreased abundance upon S. pyogenes 5448 infection. 

S. pyogenes invades host cells by endocytosis and the early endosomes recruit Rab5 (Sakurai 
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et al., 2010) which was found to be decreased in abundance upon bacterial infection. Moreover, 

other proteins involved in endocytosis and endosomal trafficking were reduced in abundance, 

as well. Streptococcal toxins like Streptococcal pyrogenic exotoxin B (SpeB), streptolysin S 

(SLS) and streptolysin O (SLO) participate in the streptococcal escape from the endosome, the 

induction of mitochondrial dysfunction and cell death by elevated mitochondrial ROS level 

(Aikawa et al., 2010; Tsatsaronis et al., 2014; Tsao et al., 2019). Besides Rab5, Rab11, also 

involved in repair of membrane damage induced by pore forming toxins, was also detected 

with reduced abundance upon infection (Los et al., 2011). The mechanism inducing the 

reduction in abundance of these proteins remains unknown but is potentially beneficial for 

intracellular streptococcal propagation. 

 

Figure 8 Differential expression analysis of proteome samples 
Results of the differential expression analysis of proteome samples comparing the uninfected control with the 
respective infection (A--H1N1 infection; B--co-infection; C--S. pyogenes 5448 infection) displayed as volcano 
plots (-log10 p-value vs. log2 expression level). Proteins were considered as differentially abundant with a p-value 
< 0.05 and a fold change > 1.5 (students t-test). Only proteins with quantitative values in all biological replicates 
(n=3) of both compared groups were tested. 
 

Bacterial and viral co-infection mostly mirrors the patterns of the corresponding single 

infections leading to the assumption that the co-infection is characterized by additive, rather 

than synergistic effects of the infecting pathogens. This is supported by the obtained results 

from cell viability analysis.  
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3.3.2 Alterations in polyubiquitination of proteins 

Ubiquitin serves as an important posttranslational modification being involved in protein 

homeostasis, signaling, protein function and localization and many other important cellular 

processes. Thus, the ubiquitinome was analyzed by enrichment of polyubiquitinated proteins 

using TUBEs. Both, viral and bacterial pathogens are described to interfere with the hosts UPS 

(Maculins et al., 2016; Rudnicka and Yamauchi, 2016). Therefore, it was expected that the 

number of proteins, detected with differential abundance in ubiquitinome samples is greater 

than or at least similar to numbers in proteome samples. Indeed, upon IAV infection 498 

proteins (127 decreased and 371 increased) were found to be differentially abundant in their 

polyubiquitination incidence. Bacterial single and co-infection resembled similar numbers of 

differentially abundant proteins in ubiquitinome and proteome. Analogous to single infections, 

the shared fraction of proteins with altered abundance, and of the GO terms enriched from those 

proteins is rather small. But, the GO terms enriched from proteins with altered abundance in 

S. pyogenes 5448 infections is highly similar between the proteome and the ubiquitinome 

which leads to the assumption that the changes in the ubiquitinome are mainly driven by 

changes in overall protein abundance. Proteins with differential ubiquitination incidence in 

IAV infections are mainly related to the GO terms mRNA processing and splicing, cell-cell 

adhesion, and Rho-GTPases. The GO terms overrepresented from proteins of increased (Figure 

9A) and decreased (Figure 9B) abundance in polyubiquitination analysis upon IAV and 

S. pyogenes 5448 co-infection resemble the terms overrepresented by differentially abundant 

proteins in single infections. Moreover, the results of polyubiquitin analysis do not support a 

synergistic effect of the infecting pathogens. This is in contrast to studies performed in mice 

which were able to detect a synergistic effect between pathogens in co-infection (Okamoto et 

al., 2003; Small et al., 2010; Jia et al., 2018). However, those studies have mainly been 

performed applying co-infection of IAV and S. aureus. Still, it could be shown in this study 

that IAV induces numerous changes in the incidence of polyubiquitination in 16HBE cells. 

Co-infection resulted in loss of some overrepresented terms identified from differentially 

abundant proteins in single infections. This is potentially due to counteracting regulations when 

the cells are infected with both pathogens. 
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Figure 9 GO annotation enrichment results 
Treemap representing the overrepresented gene ontology-biological process terms enriched from proteins of 
increased (A) and decreased (B) abundance in polyubiquitination analysis upon IAV and S. pyogenes 5448 
co-infection. The size of the cell correlates with the enrichment p-value of the presented term and the color of the 
cells is based on a clustering algorithm that relies on semantic similarity measures. The treemaps were created 
with Revigo (Supek et al., 2011). 
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3.4 Proteome and ubiquitinome upon bacterial and viral co-infection in A549 cells 

(Manuscript III) 

In addition to professional immune cells, alveolar type II epithelial cells are postulated to 

be defenders of the alveolar space (Fehrenbach, 2001). A549 cells, a tumor derived alveolar 

type II epithelial cell line enable the investigation of the cellular response of alveolar epithelial 

cells towards viral and bacterial co-infection. Thus, A549 cells were either infected with IAV, 

S. pneumoniae D39∆cps, or the corresponding co-infection. The most frequent polyubiquitin 

chains in the lung are K48 chains followed by K63 chains (Heunis et al., 2020). Therefore, 

enrichment of polyubiquitinated proteins was not conducted by application of pan selective 

TUBEs but with K48 and K63 chain selective TUBEs. 

In A549 cells, like in 16HBE cells, IAV infection does not impede cell proliferation. 

Moreover, bacterial infection and co-infection had a similar effect on A549 cell survival. Thus, 

the co-infection showed no deteriorating effect on the outcome of the infection. However, the 

highest number of proteins detected with differential abundance was upon viral and bacterial 

co-infection. 

Viral infection featured an antiviral state of the A549 cell. This was characterized by RIG-I 

and MAVS mediated type I interferon induction. Upon infection DDX60, required for RIG-I 

signaling, was increased 25 times. Furthermore, induction of the JAK-STAT cascade, assumed 

from increased abundance of the interacting transcription factor IRF9, and interferon γ 

signaling were activated. Thus, protein abundance of interferon stimulated genes increased 

upon viral infection. Interferon stimulation can act on the abundance of UPS proteins (Seifert 

et al., 2010). Altered abundance was observed for nine E3-ligases and one E2 enzyme. Also, 

increased abundance was detected for the ISG15 and its E3 ligases HERC5 and TRIM25 as 

well as for its E2 transferring enzyme UBE2L6 (Mathieu et al., 2021). Additionally, an increase 

in abundance was detected for OAS1-3 which are involved in RNase L mediated degradation 

of viral RNA (Shim et al., 2017). RNase L itself was only quantified with low abundance in a 

single replicate of the viral and two replicates of the co-infection but not in the bacterial 

infection or the uninfected control. Surprisingly, less proteins were detected with altered 

abundance in K48 and K63 polyubiquitin enriched samples which is in contrast to previous 

data obtained from viral infections in 16HBE cells, where the highest number of altered 

proteins was detected from polyubiquitin enriched samples (Sura et al., 2021). The difference 

in the obtained data might be due to altered sample processing and experimental parameters. 
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Still, K48 polyubiquitinated proteins with increased abundance reflect the anti-viral state of the 

cells by overrepresentation of the GO terms defense response to virus, type I interferon 

signaling, and others. Moreover, proteins with alterations in K63 polyubiquitination enrich for 

GO terms representing mRNA processing. 

S. pneumoniae D39∆cps infection had the greatest impact on K48 polyubiquitination and 

only minor effects on K63 polyubiquitination and the proteome. Thus, alterations in the 

proteome were related to redox processes, potentially caused by H2O2 generated by 

pneumococci, and alteration in K63 polyubiquitination to the permeabilization of the 

mitochondrial outer membrane. The most prominent increase in protein abundance was 

detected for COX-2, induced in a p38 MAPK and NFκB dependent fashion (N'Guessan et al., 

2006; Szymanski et al., 2012). Alterations detected in K48 polyubiquitination enable the 

elucidation of host responses to pneumococcal infection not detectable in the proteome. GO 

enrichment analysis revealed involvement of K48 polyubiquitination in Arp2/3 mediated actin 

organization and multiple other terms related to actin and cytoskeletal organization. Moreover, 

Rho-GTPase signaling was affected by differential K48 and K63 polyubiquitination. This 

might indicate a potential role of K48 polyubiquitination in the process of pneumococcal 

endocytosis and phagocytosis as the Rho-GTPases and Arp2/3 complex participate in the 

clathrin mediated pneumococcal uptake (Sirotkin, 2011; Sumida and Yamada, 2015; Jin et al., 

2021). The involvement of pneumolysin, a cholesterol-dependent pneumococcal cytolysin 

shown to act on actin and GTPases (Hupp et al., 2013), in the alteration of K48 

polyubiquitination remains a subject of future studies. Furthermore, a reduction in K48 

polyubiquitination was detected for proteins involved in mRNA and rRNA processing.  

Although the highest number of differentially abundant proteins was detected after viral and 

bacterial co-infection in all data sets, and enhanced alteration of abundance compared to the 

single infections of few proteins was detected, no synergistic effect of the infecting pathogens 

was observed. The additional increase in protein abundance of immunoproteasome subunits 

and therefore, a potential shift in the resulting antigenic peptides generated for MHC I 

presentation is of great interest for future studies. Here, like described before in 16HBE cells, 

only additive effects of the contributing pathogens were identified (Sura et al., 2021). This is 

especially apparent as overrepresented GO terms from proteins with differential protein 

abundance or differential polyubiquitination upon co-infection (Figure 10) resembled the 

overrepresented GO term from both of the single infections.  
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Figure 10 
Treemap representing the overrepresented gene ontology-biological process terms enriched from differentially 
abundant proteins in the proteome (A), K48 polyubiquitin enrichment (B) and K63 polyubiquitin enrichment (C) 
upon IAV and S. pneumoniae D39∆cps co-infection. The size of the cell correlates with the enrichment p-value 
of the presented term and the color of the cells is based on a clustering algorithm that relies on semantic similarity 
measures. The treemaps were created with Revigo (Supek et al., 2011). 

 
Moreover, the GO terms found to be overrepresented by differentially abundant proteins 

detected after co-infection in proteome, K48 enriched and K63 enriched samples (Figure 

10ABC) can be assumed as a result of the hypothesized additive effects. Together, this led to 

the conclusion that viral and bacterial co-infection is not a synergistic but an additive process, 

at least in the applied setup. 
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4 Concluding remarks and outlook 

Within this thesis it was demonstrated that bacterial and viral co-infections under the tested 

conditions had no synergistic effects and did not exacerbate the outcome of the infection. Major 

effects on the ubiquitinome were observed in viral infections. Future analyses of different 

ubiquitin linkages and their alterations upon infection in different cell types, especially when 

coupled with ubiquitination site quantification, could provide additional knowledge on 

host-pathogen interaction, and possibly uncover novel therapeutic strategies. Moreover, the 

presented work has demonstrated that bacterial pathogens are able to utilize posttranslational 

protein modification to evade the human innate immune response. Here, we analyzed 

ubiquitination and citrullination, but the variety of posttranslational modification provides 

enormous potential for further investigations of pathogen induced modifications of host 

proteins, thus, may providing future treatment strategies. 
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