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1 Abstract  

1.1  Abstract 

Yersinia effectors introduced through the type three secretion system by pathogenic 

Yersinia spp. into host cells support the suppression of the host immune response. Three 

of those effectors YopM, YopP and YopQ fulfill a variety of immunosuppressive functions 

like impacting the host gene expression, inflammasome formation or histone modifications. 

However, their potential interplay and their individual effects have not been studied in 

primary human macrophages yet. In this study a comprehensive RNA-seq analysis of 

primary human macrophages infected with different Y. enterocolitica strains was performed, 

aiming to determine the individual effects of YopM, YopP and YopQ as well as the effect of 

a potential interplay between YopM and YopP on gene expression. Furthermore, the impact 

of YopM, YopP and YopQ on inflammasome formation as well as a specific histone 

modification, histone H3 serine-10 phosphorylation, was investigated.  

RNA-seq analysis revealed that PAMP-induced global changes in gene expression were 

largely suppressed by YopP. Interestingly YopQ and especially YopM counteracted 

inhibitory as well as stimulatory effects of YopP even if this effect was abrogated in the case 

of YopM when YopP was missing. This led to the conclusion that YopM and YopQ fine tune 

the suppression of the PAMP induced gene expression by YopP, by that optimizing and 

promoting the immunosuppressive effects of Yersinia.  

Regarding the impact on inflammasome formation, a significant suppressing effect of YopP 

and YopQ together was found, whereas whether YopM, YopQ nor YopP alone showed any 

significant suppression of the inflammasome formation. The reason for that is still unknown, 

but it could be that one Yop alone is not able to stop the several pathways which lead to 

inflammasome formation and that in this case at least two are needed to exert a significant 

reduction. Having a look on the effect of different Yops on the histone modification histone 

H3 serine-10 phosphorylation, YopP clearly suppressed the phosphorylation by its well-

known inhibiting effect on members of the MAPK- and NF-κB pathway and neither YopM, 

nor YopQ showed any effect.  

Taken together this study shows that the three Yops YopM, YopP and YopQ have several 

different effects on gene expression, inflammasome formation and histone modification not 

only acting alone but sometimes acting together to promote the survival of pathogenic 

Yersinia spp. during infection.  
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1.2  Zusammenfassung 

Yersinia Effektoren, welche durch das Typ 3 Sekretionssystem von pathogenen Yersinia 

Spezies in die Wirtszelle transloziert werden, tragen zur Unterdrückung der Immunantwort 

des Wirts bei. Drei dieser Effektoren, YopM, YopP und YopQ üben eine Vielzahl an 

immunsuppressiven Funktionen wie der Beeinflussung der Genexpression, der 

Inflammasombildung oder der Histonmodifikation aus. Ihre individuellen Effekte oder ein 

mögliches Zusammenspiel in Bezug auf die oben genannten Funktionen wurde in primären 

humanen Makrophagen bisher jedoch nicht untersucht. In dieser Arbeit wurde eine 

umfassende RNA-seq Analyse von primären humanen Makrophagen, welche mit 

verschiedenen Y. enterocolitica Stämmen infiziert wurden, durchgeführt. Ziel der Arbeit war 

es, die individuellen Effekte von YopM, YopP und YopQ als auch den Effekt eines 

möglichen Zusammenspiels von YopM und YopP auf die Genexpression zu untersuchen. 

Darüber hinaus wurde der Einfluss von YopM, YopP und YopQ auf die 

Inflammasombildung, sowie die Histon H3 Serin-10 Phosphorylierung, untersucht.  

Die RNA-seq Analyse zeigte, dass PAMP induzierte globale Veränderungen in der 

Genexpression größtenteils durch YopP unterdrückt wurden. YopQ und besonders YopM 

wirkten diesen inhibitorischen wie stimulatorischen Effekten von YopP entgegen, auch 

wenn dieser Effekt im Fall von YopM aufgehoben wurde wenn YopP fehlte. YopM und YopQ 

scheinen die Unterdrückung der PAMP induzierten Genexpression durch YopP zu 

regulieren, um die immunsuppressiven Effekte von Yersinia zu optimieren und zu fördern. 

Die Inflammasombildung wurde durch YopP und YopQ zusammen signifikant reduziert, 

wohingegen YopM, YopP und YopQ alleine keinen Einfluss hatten. Möglicherweise reicht 

ein Yop alleine nicht aus, um die vielen Signalwege, welche zur Inflammasombildung 

führen, zu unterdrücken und in diesem Fall mindestens 2 Yops vonnöten sind. Die Histon 

H3 Serin-10 Phosphorylierung wurde deutlich durch die von YopP bekannte Inhibierung 

von Proteinen des MAPK- und NF-κB Signalwegs, unterdrückt, wohingegen YopM und 

YopQ keinen Effekt zeigten.  

Zusammenfassend zeigt diese Arbeit, dass die drei Yops YopM, YopP, und YopQ viele 

verschiedene Effekte auf die Genexpression, die Inflammasombildung und eine 

Histonmodifikation haben und nicht nur alleine wirken, sondern teilweise auch zusammen, 

um das Überleben von pathogenen Yersinia Spezies während der Infektion zu fördern.  
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2 Introduction 

2.1 Pathogenic Yersinia 

The genus Yersinia which belongs to the family of Yersiniaceae contains 28 different gram-

negative, rod-shaped, facultative anaerob, oxidase negative and catalase positive species 

with an optimal growth temperature between 24 and 27 °C, but they are also able to 

replicate at 4 °C. They include non-pathogenic as well as human and animal pathogenic 

species. Among them are the well-known enteropathogenic species Yersinia 

pseudotuberculosis & Yersinia enterocolitica and Yersinia pestis, the causative agent of 

bubonic plague (Adeolu et al., 2016; Fredriksson-Ahomaa, 2007; McNally et al., 2016; Parte 

et al., 2020). Y. pestis and Y. pseudotuberculosis are evolutionary closer related than Y. 

enterocolitica, which separated from their common ancestor around 200 million years ago. 

Y. pestis instead split off around 6000 years ago from Y. pseudotuberculosis (Achtman et 

al., 1999; Andrades Valtuena et al., 2017; Rascovan et al., 2019; Rasmussen et al., 2015; 

Spyrou et al., 2018). The bacteriologists Alexandre Yersin and Shibasaburō Kitasato were 

the first ones who isolated Y. pestis in 1894, by that discovering the agent of plague 

(Kitasato, 1894; Treille & Yersin, 1894).  

Transmission of Y. pestis is commonly known to take place from infected rodents to humans 

through a bite of the rat flea carrying the bacteria, whereas nowadays infections mostly 

occur through contact to infected or dead rodents, while having a skin injury, which is an 

open gate for invasion of bacteria. Once infected, humans transmit Y. pestis also via 

aerosols. Treatment of infection is done by antibiotics leading to a complete recovery, but if 

untreated, the infection is fatal in most cases (Brubaker, 2003; Kayser, 2010).  

Bacterial agents of gastroenteritis in Europe are mainly Campylobacter spp., Salmonella 

spp. and thirdly enteropathogenic Yersinia spp. of which Y. enterocolitica and Y. 

pseudotuberculosis are mostly responsible for (McNally et al., 2016; Rosner et al., 2010; 

van Pelt et al., 2003). Infection with Y. enterocolitica and Y. pseudotuberculosis occurs 

mostly through the intake of raw or undercooked contaminated pork meat as well as carrots 

and lettuce. They both cause an infection called yersiniosis, which is normally self-limiting, 

but can also lead to several gut-associated symptoms like enteritis, ileitis and diarrhea 

(Bottone, 1997; Grahek-Ogden et al., 2007; Jalava et al., 2006).  

All three human pathogenic Yersinia spp. prefer to colonize in the lympathic tissue of the 

host even though they differ in their infection routes. Besides, they are also able to replicate 

extracellularly in micro abscesses (Cornelis & Wolf-Watz, 1997).  

In general, the virulence of the three human pathogenic Yersinia spp. is mediated via 

several chromosomal as well as plasmid encoded factors, encoded on a 70 kb virulence 

plasmid named pYV (plasmid of Yersinia virulence). This pYV plasmid encodes for the Yop 
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(Yersinia outer proteins) effectors and also for the Ysc (Yersinia secretion) proteins of the 

type three secretion system (T3SS) through which the Yops are translocated into the host 

cell cytoplasm where they inhibit phagocytosis on the one side and also affect the immune 

response of the host on the other side (Pha & Navarro, 2016; Viboud & Bliska, 2005).  

2.2 Properties of enteropathogenic Yersinia  

2.2.1 Classification 

The species Y. enterocolitica which was used in this study is very heterogeneous and can 

be biochemically subdivided into six biovars 1A, 1B and 2-5. Further differentiation is 

possible via antigenic variation in their lipopolysaccharides leading to more than 70 different 

serovars (Aleksić & Bockemühl, 1984; Sabina et al., 2011; Wauters et al., 1987).  

The only non-pathogenic biovar is 1A, as those strains do not have a virulence plasmid, 

whereas strains of the biovar 1B are considered to have the highest pathogenicity belonging 

to a mice lethal group (Bottone, 1999; Wren, 2003). However, strains of the biovars 2-5 are 

less pathogenic and non-lethal to mice as they do not carry a cluster of genes named “high 

pathogenicity island” (HPI) in contrast to strains of biovar 1B (Carniel, 2002; Wren, 2003). 

The HPI encodes for the protein Yersiniabactin, a siderophore, which is able to chelate iron 

with high affinity thus leading to the ability to grow and spread under iron-limited conditions 

in the host (Carniel, 2002; McNally et al., 2016). Strains are classified depending on their 

biovar and serovar, which is summarized as bioserovar. In Europe, serovars O:3, O:9 are 

mostly found in clinical isolates and especially bioserovar 4/O:3 and bioserovar 2/O:9 are 

quite common as an agent of yersiniosis (EFSA, 2007). In North America the endemic 

bioserovar 1B/O:8 causes severe diseases and the Y. enterocolitica strain WA314, which 

was used in this study belongs to this bioserovar (Sabina et al., 2011). 

2.2.2 Yersiniosis 

Yersiniosis, a bacterial zoonosis, is mainly caused by Y. enterocolitica taken in by 

contaminated food, often raw or uncooked pork meat, leading to symptoms of enterocolitis, 

enteritis, terminal ileitis or mesenteric lymphadenitis combined with often self-regulating 

symptoms like mild fever, diarrhea, vomiting, nausea and abdominal pain (Bottone, 1997; 

Drummond et al., 2012; Galindo et al., 2011; Gurry, 1974; Lee et al., 1990; Pai & Mors, 

1978; Takao et al., 1984). To cause this, up to 109 Y. enterocolitica cells are needed for 

infection (Schaake et al., 2014). In general, symptoms of infection need a few days to 

develop and normally last for one to three weeks without antibiotic treatment. Depending 

on the age, the general health condition of the patient and the pathogenic properties of the 

infecting strain, several clinical phenotypes of the disease are possible (Rosner et al., 2012).  
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Infected infants normally suffer from a self-limiting gastro-intestinal disease, whereas the 

infection of older children and teenagers can also lead to a mesenteric lymphadenitis or 

terminal ileitis with fever and abdominal pain. Adults however can also suffer from 

pharyngitis with fluish symptoms and in immunosuppressed adults, inflammation of different 

organs like the pericardium or the pleura was found. Infants under the age of four show the 

highest rates of infection compared to adults in general. In Europe, around 8000 cases 

occur per year, most of them in Germany, which could either be due to a higher frequency 

or method of diagnosis or because of the higher consumption rate of raw pork meat in 

general (European Centre for Disease Prevention and Control, 2024; Galindo et al., 2011; 

Rosner et al., 2010).  

2.2.3 Pathogenesis 

Infection with Y. enterocolitica mostly starts with the intake of contaminated food, water or 

rarely via contaminated blood transfusions. Intake of contaminated food leads to an uptake 

of the bacteria into the gastrointestinal tract, where the bacteria express urease, an enzyme 

which protects the cell from the acidic environment in the stomach by hydrolysing urea, thus 

producing carbonic acid and ammonia, resulting in an increase of the pH (Agrain et al., 

2005; Bhagat & Virdi, 2009; de Koning-Ward et al., 1995). Once they reached the intestine, 

the host-pathogen interaction starts with the Yersinia first passing through the 

gastrointestinal mucus and finally reaching the follicle-associated epithelium (FAE) of the 

ileum (Autenrieth & Firsching, 1996; Autenrieth et al., 1996). The expression of the proteins 

“Invasin” (Inv) and “Attachement invasion locus” (Ail) leads to attachment and invasion of 

the M-cells (microfold cells) which overlay the Peyer’s patches (Felek & Krukonis, 2009; 

Fredriksson-Ahomaa et al., 2006; Grützkau et al., 1990; Pepe & Miller, 1993). The uptake 

of Yersinia is enabled through Invasin, which activates integrin receptors of the M-cells 

leading to a restructuring of the actin cytoskeleton of the host (Wong & Isberg, 2005). 

Release from the M-cells leads to contact between Yersinia and immune cells like 

macrophages or neutrophils (Jepson & Clark, 1998). In order to affect the host immune 

response, Yersinia translocates antiphagocytic bacterial effector proteins through the T3SS 

into the host cell. By that, extracellular replication in the lymphatic tissue and the formation 

of microcolonies, which are resistant against phagocytosis of macrophages and neutrophils, 

is possible (Aepfelbacher et al., 2007; Cornelis et al., 1998; Viboud & Bliska, 2005). 

Furthermore, Y. enterocolitica is able to destroy the FAE and Peyer’s patches within 5 to 7 

days after infection as shown in in vivo mouse experiments (Autenrieth & Firsching, 1996). 

Finally, this leads to spreading of Y. enterocolitica to the mesenteric lymph nodes allowing 

a further expansion to inner organs like liver and spleen (Cornelis & Wolf-Watz, 1997; Pepe 

& Miller, 1993; Pepe et al., 1995).  
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2.3 Yersinia virulence factors 

Virulence factors, either chromosomally or plasmid encoded ones, play a crucial role in the 

pathogenicity of Y. enterocolitica enabling the survival and replication inside the host 

(Atkinson & Williams, 2016). Virulence factors encoded in the chromosome are mainly 

expressed at temperatures between 25 – 28 °C, while expression of those encoded on the 

virulence plasmid is only induced at 37 °C, the temperature of the host (Cornelis et al., 1987; 

de Rouvroit et al., 1992). 

2.3.1 Chromosomal and plasmid encoded virulence factors 

While chromosomal encoded virulence factors like inv and ail play a vital role in early stages 

of the infection for host cell attachment (Atkinson & Williams, 2016; Pepe & Miller, 1993) 

and intestinal epithelium invasion (Miller & Falkow, 1988), plasmid encoded virulence 

factors come into action in later stages of infection for maintaining and establishment of the 

infection.  

Invasin is a protein, which covers the bacterial surface (Grosdent et al., 2002) and binds to 

the host cell’s integrin receptors leading to a structural rearrangement of the actin 

cytoskeleton. This finally ends up in the internalization of Yersinia (Atkinson & Williams, 

2016; Van Nhieu & Isberg, 1991). The expression of Invasin is stimulated at temperatures 

between 25 – 28 °C, whereas their expression is lowered at 37 °C (Simonet & Falkow, 

1992). However, Ail, another adhesion factor on the bacterial surface, is highly expressed 

at temperatures between 30 – 37 °C (Miller & Falkow, 1988) and mediates invasion, binding 

to epithelial cells (Chauhan et al., 2016), serum resistance of Yersinia (Miller et al., 1989; 

Pierson & Falkow, 1993) and also protects the bacteria against complement killing 

(Kirjavainen et al., 2008). Furthermore, the heat stable enterotoxin Yst (Yersinia stable 

toxin), an activator of the guanylate cyclase inducing diarrhea, is also encoded on the 

chromosome (Bottone, 1997; Takao et al., 1984). Contact to the host cell is also mediated 

through flagella on the bacterial surface, encoded by the flagellin genes fleABC. The 

expression of flagella is also induced at around 25 °C but inhibited at 37 °C (Kapatral & 

Minnich, 1995; Young et al., 2000).  

Plasmid encoded virulence factors of Y. enterocolitica like the structural Ysc proteins of the 

T3SS, the Yop effector proteins or the adhesion protein YadA (Yersinia adhesion A) are 

encoded on a 70 kb plasmid called pYV and regulated via temperature and availability of 

calcium (Horne & Prüss, 2006). Low calcium concentrations and 37 °C lead to a high 

expression (Cornelis et al., 1998), while cell contact acts as a trigger for secretion and 

translocation of the effector proteins (Nordfelth & Wolf-Watz, 2001; Rosqvist et al., 1994). 

The adhesion protein YadA is expressed at 37 °C, forms a fibrillary matrix on the bacterial 



Introduction 

 7

surface (Mühlenkamp et al., 2015) and by that mediates the binding to integrins on the host 

cell surface (Deuschle et al., 2016). Ysc proteins are part of the needle complex and the 

basal body of the T3SS to which also the tip complex and the translocation pore, formed by 

LcrV (Low calcium response protein V), YopB and YopD, belongs (Cornelis, 2002b). Yop 

effector proteins are translocated into the host cell through the T3SS to either suppress 

phagocytic activities or to alter the immune response of the host cell (Cornelis, 2002a; Pujol 

& Bliska, 2005; Viboud & Bliska, 2005). Secretion and translocation of the effector proteins 

can be blocked by a protein complex called “calcium plug”, which is formed by the proteins 

YopN, TyeA (Translocation of Yops into eukaryotic cells A), YscB and SycN (Specific Yop 

chaperone N) (Day & Plano, 1998; Ferracci et al., 2005; Joseph & Plano, 2013).  

2.3.2 The type three secretion system  

Secretion systems are widespread throughout multiple bacterial species to transport small 

molecules, DNA (deoxyribonucleic acid) or proteins across membranes. The type three 

secretion system (also termed injectisome) of Yersinia, which was first described in 1994, 

is used to inject Yop effector proteins into the host cell (Rosqvist et al., 1994). Starting from 

the bacterial cytosol, the inner and outer bacterial membrane is spanned by the basal body, 

followed by the needle forming an empty channel across the extracellular environment. On 

top of the needle is the tip complex, which is formed by LcrV. The tip complex connects the 

needle to the translocation pore (also called translocon), formed by YopB and YopD, which 

are inserted into the host cell membrane. The translocon completes the channel from the 

bacterial cytoplasm to the host cytosol, which enables single step transport of effector 

proteins into the host cell (Dewoody et al., 2013a; Nauth et al., 2018). 

As previously mentioned, the expression, secretion and translocation of Yops and 

components of the T3SS is dependent on the environmental conditions, especially the 

temperature and calcium concentration (Cornelis, 2002a). The expression of T3SS genes 

and building of the injectisome is initiated at 37 °C and millimolar calcium concentrations 

(Dewoody et al., 2013a). In vitro, chelation of calcium from the medium leads to a 

termination of bacterial growth, strong expression of T3SS genes and simultaneous 

secretion of Yops (Lee et al., 1998), whereas in vivo host cell contact stimulates 

translocation of Yops in the host cell (Cornelis, 2002a; Dewoody et al., 2013a).   

2.3.3 Effector proteins 

Plasmid encoded Yersinia effector proteins which are translocated into the host cell fulfill a 

variety of different functions to have an impact on phagocytic activities and inflammatory 

response. In general, they act by either directly interacting with host cell proteins or by 

mimicking the function of them in a more efficient way (Atkinson & Williams, 2016; Pha & 
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Navarro, 2016). On the one hand, Yersinia effector proteins YopH, YopO, YopE and YopT, 

manipulate the actin cytoskeleton to inhibit phagocytosis (Aepfelbacher, 2004; Barbieri et 

al., 2002; Grosdent et al., 2002) and on the other hand, the inflammatory response is 

modulated by YopM, YopP and YopH (Cornelis, 2002b). Additionally, there are two more 

Yersinia effector proteins YopQ and YopN, which are also translocated into the host cell 

(Garcia et al., 2006; Lee et al., 1998; Thorslund et al., 2011). Compared to the other six 

effectors, those two rather regulate secretion and translocation (Forsberg et al., 1991; 

Holmström et al., 1997) and in the case of YopQ it was also shown that the host cell 

inflammasome activation was prevented (Bliska et al., 2013; Brodsky et al., 2010). 

Summarized, all Yops work together in different ways to establish a successful bacterial 

survival and proliferation by manipulating phagocytic activity and host immune response.  

2.3.3.1 YopH, YopO, YopE & YopT inhibit phagocytosis 

YopH, a 50 kDa (kilodalton) protein tyrosine phosphatase (Guan & Dixon, 1990), inhibits 

phagocytosis by targeting components of the focal adhesion or focal adhesion like 

complexes (Fällman et al., 1995; Grabowski et al., 2017; Ruckdeschel et al., 1996). All 

interaction partners of YopH like the p130 Crk-associated substrate (p130cas), 

promyelocytic leukemia (PML) and the retinoic acid receptor-alpha (RARA) regulated 

adapter molecule 1 (PRAM-1), SH2 domain containing leukocyte protein of 76 kDa (SLP-

76), Src kinase-associated phosphoprotein of 55 kDa homologue (SKAP-HOM), Paxilin, 

Proto-oncogene tyrosine-protein kinase (Fyn) binding protein (Fyb) and focal adhesion 

kinase (FAK) play a vital role in the contact-dependent signalling, either via integrins or via 

the T-cell receptor and are dephosphorylated by YopH to prevent downstream signalling 

(Klinghoffer et al., 1999; Mitra & Schlaepfer, 2006; Ophir et al., 2013). Furthermore, it was 

shown that YopH is able to prevent T- and B-cell activation (Yao et al., 1999). In vivo 

experiments in mice showed that YopH blocks the neutrophil recruitment to the Peyer’s 

patches (Dave et al., 2016).  

YopO, which is also called Yersinia protein kinase A (YpkA) in Y. pseudotuberculosis and 

Y. pestis is a kinase having anti-phagocytic activities in the host. It comprises three domains, 

one important for membrane localization, one having a Ser/Thr (serine/ threonine) kinase 

domain function and one Guanosine diphosphate (GDP) dissociation inhibitor (GDI) domain 

(Galyov et al., 1993; Håkansson et al., 1996; Juris et al., 2000). Translocation of YopO/YpkA 

takes place in an inactive state and upon binding of the N-terminal domain to the host cell 

membrane an interaction with actin leads to autophosphorylation and activation of the 

kinase (Galyov et al., 1993; Trasak et al., 2007). YopO/YpkA directly targets and 

phosphorylates many regulators of actin polymerization thus leading to the dissolving of 

stress fibers and rounding of cells (Prehna et al., 2006). Furthermore, the GDI domain of 
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YopO binds directly to small Rho (Ras (Rat sarcoma virus) homologue family member)-

GTPases, possessing a GDP in their active center, which inhibits the exchange of GDP to 

GTP (Guanosine triphosphate) and thus to a freeze in an inactive conformation 

(Dukuzumuremyi et al., 2000).  

YopE is a 23 kDa protein having a GTPase activating protein (GAP) activity and is the first 

translocated effector of Yersinia (Mahdavi et al., 2014). It directly targets Rac1 (Ras-related 

C3 botulinum toxin substrate 1), RhoG and partially RhoA, which are all small Rho-

GTPases, thus disturbing the actin cytoskeleton dynamics and finally leading to rounding of 

the cell and their inability to build phagocytic cups (Andor et al., 2001; Mohammadi & Isberg, 

2009; Rosqvist et al., 1990; Viboud & Bliska, 2001). Inhibition of Rac1, which can also 

activate p38 (p38 mitogen-activated protein kinase) and JNK (c-Jun N-terminal kinase) 

leads to less IL-8 (Interleukin 8) production and furthermore to an impaired IL-1β (Interleukin 

1β) maturation as active Rac1 can also trigger caspase-1 (Coso et al., 1995; Mainiero et 

al., 2000; Schotte et al., 2004; Viboud et al., 2006). Furthermore, YopE was also shown to 

reduce the levels of reactive oxygen species (ROS) (Songsungthong et al., 2010) as some 

of the inhibited Rho-GTPases play a role in the production of ROS (Condliffe et al., 2006; 

Hordijk, 2006). In vivo experiments also showed that polymorphonuclear neutrophils 

(PMNs) are inactivated by YopE (Westermark et al., 2014). Besides, the inhibition of Rho-

GTPases by YopE is sensed from the cell as a danger signal, which leads to the activation 

of the Pyrin inflammasome in bone-marrow-derived macrophages (BMDMs) (Chung et al., 

2016; Ratner, Orning, Proulx, et al., 2016).  

YopT, which is a 36 kDa cysteine protease, was shown to cleave the small Rho-GTPases 

Rac1, RhoA, RhoG and Cdc42 (Cell division control protein 42 homolog) thus leading to 

their detachment from the membrane and irreversible inhibition, as they do not longer stay 

in contact with their membrane bound interaction partners. By that, YopT is able to impair 

the actin cytoskeleton dynamics and inhibits phagocytosis (Iriarte & Cornelis, 1998; Shao 

et al., 2003; Sorg et al., 2001). The inhibition of the small Rho GTPases further leads to the 

activation of the Pyrin inflammasome like YopE does (Chung et al., 2016). In vivo 

experiments revealed that RhoA is the preferred target of YopT, whereas Rac1 is 

preferentially targeted by YopE (Aepfelbacher et al., 2003).  

2.3.3.2 YopM 

YopM is a leucine rich repeat (LRR) protein, which is found in the cytosol and the nucleus 

of the host cell as well as in the extracellular space (Benabdillah et al., 2004; Leung et al., 

1990; Skrzypek et al., 1998). Dependent of its localization it fulfills different kinds of 

functions. It is the only Yop without a catalytic activity and its size varies between 41 kDa 
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(Y. pestis) and 57 kDa (Y. enterocolitica) due to different numbers and compositions of the 

LRRs (Boland et al., 1998; Cornelis et al., 1998; Höfling et al., 2015; Leung et al., 1990). In 

the cytosol, YopM inhibits caspase-1 activation through binding and activation of the two 

serine/threonine kinases “ribosomal S6 protein kinase” (RSK) and the “protein kinase C-

related kinase” (PRK/PKN) thus forming a heterotrimeric protein complex (Hentschke et al., 

2010; Höfling et al., 2014; McDonald et al., 2003). Activation of these kinases leads to the 

phosphorylation of 14-3-3 proteins, which in turn phosphorylate Pyrin leading to the 

inactivation of Pyrin. By that the formation of the Pyrin inflammasome, consisting of Pyrin, 

ASC (Apoptosis-associated speck-like protein containing CARD (caspase activation and 

recruitment domains)) and caspase-1, which is a response to the inhibition of Rho GTPases 

by YopE and YopT, is prevented (Chung et al., 2016; McDonald et al., 2003). Furthermore, 

in vitro experiments showed that YopM from Y. pseudotuberculosis YPIII and Y. pestis 

CO92 were also able to directly bind to caspase-1 through an YLTD motif, thus also 

inhibiting the inflammasome activation (LaRock & Cookson, 2012). Nuclear import of YopM 

is either done via the C-terminal domain of YopM without any host factor interaction or via 

a vesicle associated pathway (Benabdillah et al., 2004; Berneking et al., 2016; Skrzypek et 

al., 1998). In contrast, nuclear export of YopM is transmitted through the binding to DDX3 

(DEAD-box helicase 3) and the exportin CRM1 (Chromosomal maintenance 1) (Berneking 

et al., 2016). In vivo experiments in mice showed that YopM binds to RSK and PRK in the 

nucleus, leading to an increase in the expression of the immunosuppressive cytokine 

Interleukin 10 (IL-10). This is an important mechanism of the Yersinia virulence as IL-10 

downregulates the expression of inflammatory cytokines, which is beneficial for the 

pathogen (McPhee et al., 2010; McPhee et al., 2012). Furthermore, in primary human 

macrophages, YopM is an important mediator of the nuclear translocation of STAT3 (signal 

transducer and activator of transcription 3), which also increases IL-10 gene expression 

(Berneking et al., 2023). In summary, the activity and function of YopM is highly dependent 

on its interaction partners and its cellular localization. The two main functions of YopM are 

the inhibition of the Pyrin inflammasome formation as well as the stimulation of IL-10 gene 

expression.   

2.3.3.3 YopP/J 

YopP/J (YopP in Y. enterocolitica and YopJ in Y. pseudotuberculosis & Y. pestis) is a 33 

kDa acetyltransferase with specificity for lysines, serines and threonines and a highly potent 

suppressor of host pro-inflammatory signalling pathways by inhibiting MAPK and NF-κB 

signalling pathways in the host cell (Meinzer et al., 2012; Mittal et al., 2006; Mittal et al., 

2010; Mukherjee et al., 2006; Paquette et al., 2012). Furthermore, it possesses a cysteine 

protease activity leading to deubiquitination and de-sumoylation of the target proteins 
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TRAF2, TRAF3 and TRAF6 (TNF (tumor necrosis factor) receptor-associated factor 2/3/6), 

which was first thought to be the way how YopP inhibits components of the NF-κB and 

MAPK signalling pathway (Cao et al., 2016; Haase et al., 2005; Orth et al., 2000; Sweet et 

al., 2007; Zhou et al., 2005). Targeting of MAPK and NF-κB signalling pathways is attractive 

for the pathogen, because they play a central role in the signal mediation of PAMPs (pattern 

associated molecular pattern) detected by PRRs (pattern recognition receptors), which 

finally results in the activation of transcription factors leading to the expression of important 

genes for the innate immune response (Schubert et al., 2020). In detail, YopP/J acetylates 

TAK1 (transforming growth factor β-activated kinase 1) (Meinzer et al., 2012; Paquette et 

al., 2012), IκB (inhibitor of nuclear factor kappaB kinase) (Mittal et al., 2006; Mukherjee et 

al., 2006) and MEK2, MEK4, MEK6 and MEK7 (Mitogen-activated protein kinase kinase 

2/4/6/7) (Meinzer et al., 2012; Mittal et al., 2006; Mukherjee et al., 2006; Paquette et al., 

2012) thus blocking immune signalling. The acetyltransferase activity is activated by binding 

of inositol hexakisphosphate (IP6) in the host cell (Mittal et al., 2010; Pruneda et al., 2016; 

Zhang et al., 2016). The inhibition of intracellular signalling by YopP/J also leads to 

downregulation of several pro-inflammatory cytokines like IL-8 (Interleukin 8) in HEK 

(human embryonic kidney) cells (Thiefes et al., 2006), IL-6 (Interleukin 6) and IL-8 in human 

umbilical vein endothelial cells (HUVECs) (Denecker et al., 2002) and TNF-α in murine 

macrophages (Boland & Cornelis, 1998). Additionally, YopP/J induces cell death in 

macrophages on the one hand through caspase-8 dependent extrinsic apoptosis pathway, 

which is activated by the receptor-interacting protein 1 and 3 kinases (RIPK1/K3) leading to 

the cleavage of caspases-3/7 and 9 (Brentnall et al., 2013; Lamkanfi & Kanneganti, 2010; 

Nicholson, 1999; Stennicke et al., 1998). On the other hand, activation of caspase-8 further 

leads to the activation of caspase-1, which is part of the inflammasome thus leading to the 

cleavage of the pro-inflammatory cytokines pro-IL-1β (pro-Interleukin 1β) and pro-IL-18 

(pro-Interleukin 18) as well as the cleavage of Gasdermin D. Cleaved Gasdermin D forms 

pores in the cell membrane, which leads to cell membrane rupture and efflux of IL-1β and 

IL-18 as part of a programmed cell death called pyroptosis (Philip et al., 2014). Interestingly, 

YopP/J inhibits transcription of IL-1β and IL-18 (Ratner, Orning, Proulx, et al., 2016).  

2.3.3.4 YopQ/K 

YopQ/K (YopQ in Y. enterocolitica and YopK in Y. pseudotuberculosis & Y. pestis) is an 

important virulence factor and regulatory protein. It is important for the regulation of the Yop 

effector translocation into the host cell as well as the virulence of Yersinia (Aili et al., 2008; 

Dewoody et al., 2011; Dewoody et al., 2013b; Holmström et al., 1997; Holmström et al., 

1995a, 1995b; Thorslund et al., 2013). Loss of YopQ/K leads to hypertranslocation of 

several Yop proteins, especially the pore proteins YopB and YopD (Dewoody et al., 2013a; 
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Zwack et al., 2015). Translocation of YopB and YopD is associated with the activation of 

the NLRP3 (NLR family Pyrin domain containing 3) inflammasome formation mediated by 

GBPs (Galectin and guanylate binding protein) and Galectin-3 (Zwack et al., 2017). By 

inhibiting the hypertranslocation of the pore proteins, YopQ/K also inhibits the NLRP3 

inflammasome formation (Brodsky et al., 2010; Chung et al., 2016; Ratner, Orning, Proulx, 

et al., 2016; Zwack et al., 2017; Zwack et al., 2015). In vivo experiments in mice showed 

that infection with Yersinia lacking YopQ/K leads to colonization of the Peyer’s patches, 

whereas no systemic infection could be established (Holmström et al., 1995a). Besides, the 

inflammatory response started much earlier, by that inhibiting dissemination to spleen and 

liver (Peters & Anderson, 2012; Straley & Bowmer, 1986; Straley & Cibull, 1989). 

Furthermore, YopQ/K is able to downregulate the activation of caspase-1 and thus also 

activation of Il-1ß (Brodsky et al., 2010).  

2.3.4 Modulation of gene expression 

Like already mentioned previously, many Yop effector proteins are able to modulate the 

gene expression of the host, either through direct interaction with transcription factors or by 

intervening with signalling pathways of which the inhibition of NF-κB and MAPK signalling 

pathway by YopP/J is the most important one (Grabowski et al., 2017). For example, YopE 

and YopH cooperate with YopP/J in suppressing IL-8 expression (Viboud et al., 2003), 

YopM induces expression of IL-10 (Berneking et al., 2016) and YopT is responsible for the 

upregulation of the expression of the proteins krüppel-like factor 2 (KLF2) and the 

glucocorticoid-induced leucine zipper (GILZ) (Dach et al., 2009; Köberle et al., 2012). As 

Yersinia spp. possess many PAMPs like LPS (lipopolysaccharide), YadA, Invasin and the 

T3SS pore, their Yops effectively try to impair PAMP generated gene expression of pro-

inflammatory genes (Auerbuch et al., 2009; Grassl et al., 2003; Palmer et al., 1998; 

Ruckdeschel et al., 1998; Schmid et al., 2004; Schulte et al., 2000).  

The effect of Yops on host gene expression has already been investigated in two studies 

using microarray analysis of mouse macrophage cell lines infected with Y. enterocolitica 

(Hoffmann et al., 2004; Sauvonnet et al., 2002). While in one study, in J774 cells, 50 

differentially expressed genes (DEGs) were found after 2 h of infection (Hoffmann et al., 

2004), in another study with PU5-1.8 cells, they found 857 DEGs after 2.5 h of infection 

(Sauvonnet et al., 2002). Even if there is huge difference in the number of DEGs, both 

studies have in common that YopP was the main player of the suppression of PAMP 

induced gene expression. However, in wild type infected cells, also other Yops accounted 

for changes in gene expression. YopM played a role in PU5-1.8 cells in gene expression 

changes of genes having a role in cell cycle regulation, cell growth and phagocytosis 
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(Sauvonnet et al., 2002), but in J774 cells neither YopM nor YopH played a role in gene 

expression changes (Hoffmann et al., 2004).  

Beyond that, wild type Y. enterocolitica, avirulent Y. enterocolitica and Y. enterocolitica 

lacking YopP were used to infect HeLa cells (Bohn et al., 2004) and primary human 

macrophages were infected with wild type Y. enterocolitica, the avirulent strain, a strain 

lacking YopM and one lacking YopP (Berneking et al., 2016).  

2.4 Pathogen recognition and polarization of primary 

human macrophages 

Macrophages belong to the group of white blood cells of the innate immune system and are 

found in all tissues. They are important for the detection and digestion of pathogens but are 

also important for the recruitment of other immune cells and the presentation of antigens to 

T cells. Macrophages benefit tissue homeostasis under non stimulating conditions, whereas 

infection or other stimuli lead to an activation resulting in chemo- and cytokine production 

as well as microbial killing (Ivashkiv, 2013). The polarization and activation of macrophages 

depends on the external environmental stimuli and leads to either classical activated (M1) 

macrophages or alternative activated (M2) macrophages. Stimulation with LPS, interferons 

(IFNs), granulocyte macrophage colony-stimulating factor (GM-CSF) or other microbial 

stimuli leads to the polarization to M1 macrophages. M1 macrophages kill microbes, 

produce pro-inflammatory cytokines like TNF, IL-1 & IL-12 and other antimicrobial 

molecules. Furthermore, they produce reactive oxygen and nitrogen species as well as the 

chemokines CXCL9 (Chemokine (C-X-C motif) ligand 9) and CXCL10 (Chemokine (C-X-C 

motif) ligand 10), which are important for Th1 (T helper cell 1) recruitment. A disadvantage 

of M1 macrophages is their ability to cause cytotoxicity and tissue damage (Ivashkiv, 2013; 

Mosser & Edwards, 2008).  

In contrast, M2 macrophages are induced by IL-4 (Interleukin 4) & IL-13 (Interleukin 13), IL-

10, TGF-β (Transforming growth factor β), glucocorticoids and immune complexes. They 

promote and preserve tissue function, promote repair and wound healing as well as restrain 

and resolve inflammation after infection or injury. Inflammatory processes are 

downregulated by M2 macrophages through the release of anti-inflammatory cytokines like 

IL-10 and IDO (indoleamine 2,3-dioxygenase) as well as the release of the Th2 (T helper 

cell 2) chemokines CCL18 (Chemokine (C-C motif) ligand 18) and CCL22 (Chemokine (C-

C motif) ligand 22) (Gordon & Martinez, 2010). While in theory M1 and M2 phenotypes are 

clearly separated from each other, in vivo there might be a mixture of phenotypes (M1, M2 

and M1/M2) due to counteracting polarizing factors (Ivashkiv, 2013; Sica & Mantovani, 

2012).  
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Pathogen recognition in macrophages takes place through PRRs, which detect conserved 

structures called PAMPs, throughout all microbial species. Furthermore, PRRs also 

recognize endogenous danger signals from damaged cells, which are called damage-

associated molecular patterns (DAMPs). PRRs can be divided into four different classes. 

Toll-like receptors (TLRs) and C-type lectin receptors (CLRs) are transmembrane proteins, 

whereas retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs) are cytoplasmic (Akira et al., 2006; 

Tang et al., 2012). Detection of PAMPs or DAMPs by PRRs leads to the activation of 

signalling cascades resulting in the transcriptional upregulation of genes encoding for 

proteins involved in inflammatory responses like the pro-inflammatory cytokines TNF, IL-1 

and IL-6 as well as IFNs, chemokines and other antimicrobial proteins (Pandey et al., 2014).  

One of the main and best-studied PAMPs is the bacterial LPS, the major component of 

gram-negative bacterial outer cell membrane. LPS is detected by TLR4, which associates 

with the myeloid differentiation factor 2 (MD2) upon recognition thus leading to the activation 

of MAP kinases and the IKK (IκB kinase) complex (Kawai & Akira, 2010; Park et al., 2009). 

IKK complex activation results in the phosphorylation of IκBα, a NF-κB inhibitory protein, 

which is proteasomal degraded upon phosphorylation by that releasing NF-κB. Free NF-κB 

shuttles to the nucleus where it induces pro-inflammatory gene expression (Kawai & Akira, 

2010). Activated MAP kinases further phosphorylate several other kinases like p38, 

extracellular signal-related kinase (ERK) 1 & 2 kinases and JNK resulting in the activation 

of the transcription factor activator protein 1 (AP-1) and inflammatory gene expression. 

Furthermore, the TLR4 receptor can be endocytosed where it facilitates activation of 

interferon regulatory factor (IRF) 3 and NF-κB leading to the induction of inflammatory 

cytokines and type I interferons (Akira et al., 2006; Zanoni et al., 2011). 

2.5 Epigenetics  

Even though all cells in a eukaryotic organism possess the same DNA sequence, there is 

a plethora of phenotypic variability, originating from different DNA readouts. The explanation 

of this phenomenon is called epigenetics, which means that inheritable changes of the 

properties of the DNA, proteins or molecules bound to it regulate processes involved in DNA 

transcription, repair, replication or recombination (Greally, 2018; Henikoff & Greally, 2016; 

Kouzarides, 2007).  

In the nucleus the smallest subunit of a chromosome is called nucleosome consisting of 

147 bp of DNA wrapped around a histone (H) octamer, which is built of two copies of each 

H2A, H2B, H3 and H4 (Gardner et al., 2011). The linker histone H1 acts as a stabilizer of 

the chromatin structure between the nucleosomes and leads to a further organization into 

chromosomes. Several epigenetic processes like post-translational modifications (PTMs) 
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of the histones, non-coding RNAs, DNA methylation and ATP (Adenosine triphosphate) 

dependent nucleosome remodelling have an influence on the accessibility of the DNA 

(Bierne et al., 2012). Furthermore, they modulate the recruitment of regulatory proteins 

which in turn, together with different accessibility of the DNA, leads to either an open 

chromatin state (Euchromatin) or a more closed chromatin state (Heterochromatin) 

(Kouzarides, 2007). Combinations of several histone modifications at promoters, which are 

located closely to the transcription start site (TSS) and enhancers, which are located far 

away from the TSS are associated with either transcriptional activation or repression of 

genes (Schoenfelder & Fraser, 2019; Wang et al., 2008; Wittkopp & Kalay, 2011). Post-

translational modification of histones like methylation, phosphorylation, acetylation or 

ubiquitylation normally occurs at various amino acid residues at their flexible N-terminal tail 

thus influencing the chromatin state (Bierne et al., 2012; Kouzarides, 2007). PTMs are either 

mediated by enzymes like methyltransferases, acetyltransferases or kinases, which are 

called “writers”. They are detected by so called “readers” and removed by so called 

“erasers” like demethylases, deacetylases or phosphatases (Bierne et al., 2012). Histone 

acetylation at lysine residues neutralizes the basic charge of lysine residues, by that 

disrupting contacts with the negatively charged DNA leading to transcription promotion 

(Bierne et al., 2012). Histone methylation occurs at lysine residues and is associated with 

activation as well as repression of transcription. For example, trimethylation of lysine-9 or -

27 on H3 (H3K9me3/H3K27me3) are repressive marks whereas H3K4me3 is activating 

(Barski et al., 2007). Phosphorylation of histone H3 on serine-10 (H3S10ph) is associated 

with transcriptional activation and the occurrence of acetylation of histone H3 on lysine-9 

(H3K9ac) as well as H3K14ac (Bierne et al., 2012). Besides it was shown that H3S10ph is 

necessary for the acetylation of lysine-14 on H3 by the histone acetyltransferase (HAT) 

Gcn5 (Margueron & Reinberg, 2011). Furthermore, infection with several different bacteria 

leads to either phosphorylation or dephosphorylation of serine-10 on H3. Listeria 

monocytogenes infection of endothelial HUVEC cells leads to phosphorylation of H3 on 

serine-10 (Opitz et al., 2006; Schmeck et al., 2005). Interestingly, infection of gastric 

epithelial cells with H. pylori leads to dephosphorylation of H3S10, thus impacting the cell 

cycle (Fehri et al., 2009) as well as the transcription of the oncogene c-jun (positively 

regulated) and the heat shock gene hsp70 (negatively regulated) (Ding et al., 2010). 

Additionally, dephosphorylation of H3S10 is a result of infection of TNF-α activated lung 

epithelial cells with Bacillus anthracis lethal toxin (LT), which reduces the immune response 

by limiting the accessibility of the IL-8 promoter to NF-κB (Raymond et al., 2009). Shigella 

flexneri effector protein OspF (Outer shigella protein F) effectively dephosphorylates MAP 

kinases, by that preventing H3S10ph and the activation of NF-κB regulated immune 

response genes (Arbibe et al., 2007). Infection of HeLa cells with Listeria monocytogenes 
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leads to dephosphorylation of H3S10 through the toxin listeriolysin O (LLO), which in fact 

supresses expression of the immune genes CXCL2, MKP2 (mitogen-activated protein 

kinase phosphatase 2) or IFIT3 (interferon-induced protein with tetratricopeptide repeats 3) 

(Hamon et al., 2007). Other pore-forming toxins like pneumolysin (PLY) from Streptococcus 

pneumonia, perfringolysin (PFO) from Clostridium perfringens and aerolysin from 

Aeromonas hydrophila show the same effect of serine-10 dephosphorylation, which is 

triggered by K+ (Potassium cation) efflux through pore formation (Hamon & Cossart, 2011). 

The “epigenetic landscape” as an interplay of histone modifications, proteins, chromatin 

bound RNA and DNA methylation state not only impacts the accessibility of genomic 

regions and their transcription but also influences the immune response upon pathogen 

detection in several cell types (Connor et al., 2019; Ivashkiv, 2013). 

2.6 The Inflammasome 

Multimeric protein complexes consisting of a sensor protein, an adaptor protein and the 

cysteine protease pro-caspase-1, which assemble as a reaction towards the detection of 

PAMPs or DAMPs, are called inflammasomes. Assembly of the inflammasome leads to 

self-cleavage of the pro-caspase-1 leading to the active caspase-1, which proteolitically 

cleaves pro-IL-1ß and pro-IL-18 leading to mature IL-1ß and IL-18. Furthermore, active 

caspase-1 cleaves Gasdermin D, which forms a pore in the cell membrane resulting in a 

type of programmed cell death called pyroptosis (Malik & Kanneganti, 2017). 

2.6.1 Pathogen-associated and danger-associated molecular 

pattern detecting sensors 

PAMP and DAMP detecting sensors are located in the cytoplasm and encompass proteins 

containing a tripartite motif (TRIM) like Pyrin, the absent in melanoma-2 (AIM2)-like 

receptors (ALRs) as well as NLRs. AIM2, Pyrin and NLRs can assemble with the adaptor 

molecule ASC and the zymogen caspase-1, forming the inflammasome (Malik & 

Kanneganti, 2017).  

Sensors belonging to the family of the NLR proteins consists of a C-terminal LRR domain, 

a central nucleotide-binding domain (NBD) and a variable N-terminal tail, which either 

encompass a CARD or a Pyrin domain (PYD) dividing NLR proteins into NLRP or NLRC 

(NLR family CARD domain-containing) receptors. 22 and 34 genes encoding for NLRs are 

present in the human or mouse genome, respectively (Harton et al., 2002). Of those only 

NLRP1, NLRP3 and NLRC4 can form an inflammasome recruiting pro-caspase-1 (Lamkanfi 

et al., 2007). The molecular basis for inflammasome assembly is the homotypic interaction 

between CARD-CARD and PYD-PYD leading to oligomerization (Cai et al., 2014; Lu et al., 

2014; Sborgi et al., 2015). Oligomerization of the sensor with ASC is mediated via 
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interactions of their PYD domains and ASC binding with the pro-caspase-1 relies on CARD-

CARD interaction (Lu et al., 2014). The adaptor protein ASC is necessary for inflammasome 

formation with the sensors NLRP3, AIM2 and Pyrin as they all do not possess a CARD 

domain. In contrast, NLRP1 and NLRC4 can directly bind pro-caspase-1 through their 

CARD domains leading to an ASC independent inflammasome formation (Jin et al., 2013; 

Nour et al., 2009; Ponomareva et al., 2013). 

The NLRP3 sensor reacts to several endogenous and infectious DAMPs like microbial cell 

wall components, pore forming toxins, nucleic acids and environmental crystalline agents 

like silica as well as ATP and uric acid crystals (Cassel et al., 2008; Cruz et al., 2007; Dostert 

et al., 2008; Hornung et al., 2008; Kanneganti, Body-Malapel, et al., 2006; Kanneganti, 

Ozören, et al., 2006). However, NLRP3 probably senses a cellular signal of distress induced 

by those molecules like K+ efflux, Ca2+ (Calcium cation) signalling, lysosome rupture, cell 

volume changes or ROS production (Compan et al., 2012; Halle et al., 2008; Kanneganti et 

al., 2007; Muñoz-Planillo et al., 2013; Schorn et al., 2011; Zhou et al., 2011). 

NLRC4 proteins directly bind and activate pro-caspase-1 with their CARD domain (Poyet et 

al., 2001) as a response towards bacterial flagellin (Franchi et al., 2006; Miao et al., 2006; 

Molofsky et al., 2006; Ren et al., 2006) and components originating from the flagellin-

associated secretion system (Miao et al., 2010; Yang et al., 2013; Zhao et al., 2011). 

However, the direct sensor of the mentioned PAMPs are NLR family apoptosis inhibitory 

proteins (NAIPs) of which the human genome encodes one, while the mouse genome 

encodes for 7 NAIPs (Endrizzi et al., 2000). Human NAIP has the ability to detect flagellin 

as well as components of bacterial T3SS (Kortmann et al., 2015; Yang et al., 2013).  

Modification of cytoskeletal proteins is detected by Pyrin, a PYD containing sensor, leading 

to the assembly of an inflammasome (Gavrilin et al., 2012; Xu et al., 2014). Many bacteria 

like Clostridium difficile (TcdB), Vibrio parahemolyticus (VopS), Clostridium botulinum (C3), 

Burkholderia cenocepacia and Bordetella pertussis (PT), produce toxins which modify 

proteins of the Rho protein family (Xu et al., 2014). Even though there is no direct interaction 

between Rho and Pyrin, Pyrin is essential for inflammasome activation responding to 

modification of Rho proteins (Dumas et al., 2014; Xu et al., 2014).  
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3 Aims of the study 

T3SS-expressing bacteria like Yersinia spp. possess an arsenal of virulence mechanisms 

mediated by T3SS effector proteins to manipulate the host cell defense aiming for survival 

and growth (Coburn et al., 2007). Up to this point it is known that seven effector proteins 

called Yops are translocated into the host cell, where four of them impair the phagocytic 

activity of the host to enable extracellular survival (Viboud & Bliska, 2005). The other three 

Yops, YopM, YopP/J and YopQ/K inhibit several inflammatory pathways thus counteracting 

the immune recognition of the T3SS (Schubert et al., 2020). PAMP induced modulation of 

gene expression is globally impaired by YopP, whereas for YopM and YopQ no global effect 

has been shown yet (Bekere et al., 2021; Hoffmann et al., 2004; Sauvonnet et al., 2002). 

However, YopM has been shown to prevent Pyrin inflammasome formation (Chung et al., 

2016; McDonald et al., 2003), YopQ/K inhibits NLRP3 inflammasome formation (Brodsky 

et al., 2010; Chung et al., 2016; Ratner, Orning, Proulx, et al., 2016; Zwack et al., 2017; 

Zwack et al., 2015) and YopP/J induces activation of caspase-1 through an unknown 

mechanism (Brodsky et al., 2010; Zheng et al., 2011). For histone modifications it has been 

shown that especially YopP contributes a lot to re-modulation after infection, but for YopM 

and YopQ no effect was shown yet (Bekere et al., 2021). However, none of them has been 

connected to re-modulation of histone H3 serine-10 phosphorylation, which is altered by 

many bacterial effectors (Bierne & Pourpre, 2020; Connor et al., 2019). Due to the partly 

lack of information regarding the influence of YopM, YopP and YopQ on gene expression, 

inflammasome formation or specific histone modifications this study is aims to:  

 Figure out the role of YopP, YopM and YopQ on the influence of gene expression  

 Elucidate a potential interplay of YopP and YopM in modulation of gene expression  

 Clarify the role of YopM, YopP and YopQ in the impairment of inflammasome 

formation and figure out if there is an interplay between them 

 Determine the occurrence of H3S10ph in primary human macrophages and check 

for any impact of the translocated T3SS effectors on it 
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4 Material and Methods 

4.1 Materials 

4.1.1 Devices 

Table 1: Devices 

Device Product, Manufacturer 

Accu-jet Accu-jet® pro, Brand, Wertheim, Germany 

Agarose gel electrophoresis 
Agarose gel chamber: Roth, Karlsruhe, 

Germany 

Bioanalyzer 
Agilent 2100, Agilent Technologies, Santa 

Clara, USA 

Blotting chamber 
OWL HEP-1, Thermo Fisher Scientific, 

Waltham, USA 

Cell counting chamber 
Neubauer-Zellzählkammer, Hartenstein, 

Würzburg, Germany 

Cell incubator CB Series, Binder, Tuttlingen, Germany 

Centrifuges 

Sorvall RC-5B, Thermo Fisher Scientific, 
Waltham, USA 

5417R and 5810R, Eppendorf, Hamburg, 
Germany 

Biofuge pico, Heraeus Instruments, Hanau, 
Germany 

Sigma 3-18K, Sigma-Aldrich, St. Louis, 
Missouri, USA 

Sarstedt MC 6 Centrifuge, Nümbrecht, 
Germany 

Strip rotor MC 6 – 0.2 ml, 2x 8f, Sarstedt, 
Nümbrecht, Germany 

Clean bench 
Hera Safe, Thermo Fisher Scientific, 

Waltham, USA 

Electroporator 
Gene Pulser II electroporator with Puls 

controller Plus, Bio-Rad 

Freezer 

-20 °C: comfort, Liebherr-International AG, 
Bulle, Switzerland 

-80 °C: HERA freezer, Heraeus, Kendro 
Laboratory, Hanau, Germany 

Freezing containers 
Cryo freezing containers, Nalgene Scientific, 

Rockford, USA 

Magnetic stirrer 
RCT-Basic, IKA-Labortechnik, Staufen, 

Germany 
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Microscope 
Laser scanning microscope Olympus FV 

3000, 20x Air- & 60x Oil-objective, Olympus, 
Tokyo, Japan 

Microwave Dimension 4, Panasonic, Osaka, Japan 

NanoDrop® ND-1000 
PeqLab Biotechnologie GmbH, Erlangen, 

Germany 

pH meter 
Seven easy, Mettler-Toledo, Giessen, 

Germany 

Photometer 
Ultrospec 3000 pro, Amersham/GE 

Healthcare Europe, Munich, Germany 

Pipettes 
2, 10, 100, 200, 1000 μl, Research Plus, 

Eppendorf, Hamburg, Germany 

Power supply unit Power Pac 2000, Bio-Rad, Munich, Germany 

Qubit 
Qubit Fluorometer, Thermo Fisher Scientific, 

Waltham, USA 

Refrigerator 
4-8 °C, Liebherr Premium, Liebherr-
International AG, Bulle, Switzerland 

RT-qPCR cycler LightCycler® 480, Roche, Switzerland 

Scanner 
CanoScan 4400F, Canon, Amsterdam, 

Netherlands 

SDS-PAGE electrophoresis cell 
SDS-PAGE: Mini-Protean II Bio-Rad, 

Munich, Germany 

Sequencer Nextseq 500, Illumina, San Diego, USA 

Shaking incubator 
Certomat BS-1, Sartorius, Göttingen, 

Germany 

Thermoblock 
Accu Block™ Digital Dry Bath Dual Block, 

Labnet, Cary, USA 

Thermocycler 
Thermocycler peqStar, PeqLab 

Biotechnologie GmbH, Erlangen, Germany 

Thermomixer 
Thermomixer Comfort, Eppendorf, Hamburg, 

Germany 

Transfection System 
Neon® Transfection system, Invitrogen/Life 

Technologies, Carlsbad, USA 

UV-Transilluminator 
Vilber Lourmat TFX-20M, Eberhardzell, 

Germany 

Vortexer 
REAX Topo, Heidolph Instruments, 

Schwabach, Germany 

Water bath GFL Type 1013, GFL, Burgwedel, Germany 

Weighing scales 
440-47N, Kern, Balingen, Germany 

 

Western Blot imaging system 
Amersham ImageQuant™ 800, Cytiva, 

Marlborough, USA 
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4.1.2 Disposables 

Table 2: Disposables 

Item Product, Company 

μMacs Columns 
MACS, Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany 

μMacs Columns separation 

column 25LE 
MACS, Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany 

Bioanalyzer chips 
DNA High Sensitivity Chip, RNA 6000 Nano 

Chip, Agilent Technologies, 

Santa Clara, USA 

Bottle-top sterile filter units 
Steritop Filter Units 0.22 μm, Merck Millipore, 

Darmstadt, Germany 

CD14 Microbeads, human 

 
MACS, Miltenyi Biotec GmbH, Bergisch 

Gladbach, Germany 

Cell culture dishes 100 mm, Sarstedt, Nümbrecht, Germany 

Glass Coverslips 

12mm, No. 1.5H for high resolution, 
Marienfeld GmbH, Lauda-Königshafen, 

Germany 

18 mm, No. 1.5H, Marienfeld GmbH, Lauda-
Königshafen, Germany 

Cryo tubes 1.6 ml, Sarstedt, Nümbrecht, Germany 

Disposable cuvettes 
1.5 ml, 12.5 x 12.5 x 45 mm, BRAND GmbH 

+ CO KG, Wertheim, 

Germany 

Disposable needles 
0.40 x 20 mm ,0.55 x 25mm, 0.6 x 25 mm 

STERICAN disposable 

needles, B.Braun, Melsungen, Germany 

Disposable inoculation loop 10 μl, Sarstedt, Nümbrecht, Germany 

Electroporation cuvettes with 1 mm 
electrode gap 

PeqLab Biotechnologie GmbH, Erlangen, 
Germany 

Glass pasteur pipettes 
230 mm, Heinz Herenz Medizinalbedarf, 

Hamburg, Germany 

Multi-well-plates 6-/24-well, Sarstedt, Nümbrecht, Germany 

Object slides 76x26 mm, Karl Hecht, Sondheim, Germany 

Parafilm 
M Bemis, Pechiney Plastic Packaging, 

Neenah, USA 

PhaseLock tubes 2 ml, heavy, Quantabio, Beverly, USA 

Pipette tips 
Sterile filter tips, Biosphere 10, 200, 1.000 μl, 

Sarstedt, Nümbrecht, Germany 

Plastic syringe 
Sterile, 2 ml, 5 ml, 10 ml, 20 ml, B. Braun, 

Melsungen, Germany 
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PVDF-membrane 
Immobilon-P, 0.45 μm pore size, Mollipore, 

Billerica, USA 

Reaction tubes 

0.2 ml, Biozym Scientific, Hessisch 
Odendorf, Germany; 0.5 ml, 

1.5 ml, 2 ml, Sarstedt, Nümbrecht, Germany; 
15 ml, 50 ml Centrifuge 

Tubes, CELLSTAR, Greiner Bio-One, 
Kremsmuenster, Austria; 

qPCR Strip Tubes and Caps, 0.1 ml, Qiagen, 
Germany; Qubit 

assay tubes 0.5 ml, Thermo Fisher Scientific, 
Waltham, USA 

Scalpel Sterile, B. Braun, Melsungen, Germany 

Serological Pipettes 
Sterile 2, 5, 10, 25 ml, Sarstedt, Nümbrecht, 

Germany 

Syringe filters 
SFCA 0.2 μm, Thermo Scientific/Nalgene, 

Rockford, Illionois, USA 

Whatman paper 190 g/m², Bio-Rad, Munich, Germany 

 

4.1.3 Buffers, kits, enzymes, inhibitors and reagents 

Chemicals were received from Amersham/GE Healthcare, Munich (Germany), BD 

Biosciences, Heidelberg (Germany), Biozyme, Oldendorf (Germany), Dianova, Hamburg 

(Germany), Fermentas, St. Leon-Rot (Germany), Invitrogen/Life Technologies, Carlsbad 

(USA), Merck, Darmstadt (Germany), PAA, Pasching (Austria), PromoCell, Heidelberg 

(Germany), Roth, Karlsruhe (Germany) and Sigma-Aldrich, St. Louis (USA): Buffers were 

sterile filtered or autoclaved for 20 min at 121 °C and 1.4 bar. 

Table 3: Buffers 

Buffer Concentration Components 

SDS-PAGE 

Resolving buffer 
1.5 M 

0.1 % (w/v) 

Tris-HCl, pH 8.8 

SDS 

Stacking buffer 
0.5 M 

0.1 % (w/v) 

Tris-HCl, pH 6.8 

SDS 

SDS-PAGE sample buffer 

62.5 mM 

2 % (w/v) 

10 % (w/v) 

1.5 % (v/v) 

0.01 % (w/v) 

Tris-HCl, pH 6.8 

SDS 

Glycerol 

ß-mercaptoethanol 

Bromophenol blue 
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SDS-PAGE running buffer 

25 mM 

190 mM 

0.1 (w/v) 

Tris 

Glycine 

SDS 

Coomassie staining solution 

0.1 % (w/v) 

25 % (v/v) 

10 % (v/v) 

Coomassie Brilliant Blue R-250 

Methanol 

Glacial acetic acid 

Coomassie destain solution 
25 % (v/v) 

10 % (v/v) 

Methanol 

Glacial acetic acid 

Western-Blot 

Transfer buffer 

25 mM 

96 mM 

20 % (v/v) 

Tris 

Glycine 

Methanol 

Tris buffered saline (TBS) 
20 mM 

150 mM 

Tris-HCl, pH 7.6 

NaCl 

TBS with Tween® 20 (TBS-T) 
1 x 

0.05 % (v/v) 

TBS 

Tween® 20 

Blocking buffer 
1 x 

3 % (w/v) 

TBS-T 

BSA 

Histone extraction 

Hypotonic lysis buffer 

10 mM 

1mM 

1mM 

1.5 mM 

1 x 

1 x 

Tris-HCl, pH 8.0 

KCl 

DTT 

MgCl2 

Complete Protease Inhibitor 

PhosSTOP Phosphatase Inhibitor 

Agarose gel electrophoresis 

Tris acetate EDTA (TAE) 
buffer 

40 mM 

20 mM 

1 mM 

Tris, pH 8.3 

Acetic acid 

EDTA 

Immunofluorescence staining 

Triton X-100 permeabilization 
buffer 

1x 

0.1 % (v/v) 

PBS 

Triton™ X-100 

Blocking solution 

1x 

3 % (w/v) 

0.05 % (v/v) 

PBS 

BSA 

Triton™ X-100 
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Table 4: Kits, enzymes, inhibitors and reagents 

Kits, enzymes, reagents Manufacturer 

16% paraformaldehyde 
Electron Microscopy Science, Hatfield, 

USA 

Accutase™ StemPro™ Cell 
dissociation reagent 

Thermo Fisher Scientific, Waltham, USA 

Bio-Rad Protein Assay Dye Reagent 
Concentrate 

Bio-Rad, Hercules, USA 

Complete Protease inhibitor Roche Diagnostics, Risch, Switzerland 

DNase, RNase-Free DNase Set Qiagen, Hilden, Germany 

GeneRuler 1 kb plus DNA Ladder Thermo Fisher Scientific, Waltham, USA 

GoTaq® DNA Polymerase  Promega, Walldorf, Germany 

iScript cDNA Synthesis Kit Bio-Rad, Hercules, USA 

Lji308 (RSK inhibitor) Sigma-Aldrich, St. Louis, USA 

NEBNext Poly(A) mRNA Magnetic 
isolation module 

New England Biolabs, Ipswich, USA 

NEBNext Ultra RNA Library Prep Kit for 
Illumina 

New England Biolabs, Ipswich, USA 

Neon™ Transfection system 100 µl-kit 
Invitrogen/Life Technologies, Carlsbad, 

USA 

NucleoBond® Xtra Maxi EF Macherey-Nagel, Düren, Germany 

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel, Düren, Germany 

PageRuler Prestained Protein Ladder Thermo Fisher Scientific, Waltham, USA 

PD98059 (MEK1 inhibitor) Cell Signaling Technology, Danvers, USA 

Phosphate buffered saline Sigma-Aldrich, St. Louis, Missouri, USA 

PhosSTOP Phosphatase inhibitor Roche Diagnostics, Risch, Switzerland 

Phusion™ High-Fidelity DNA-
Polymerase 

Thermo Fisher Scientific, Waltham, USA 

Plasmid miniprep kit I (C-Line) 
PeqLab Biotechnologie GmbH, Erlangen, 

Germany 

ProLong™ Glass Antifade Mountant Thermo Fisher Scientific, Waltham, USA 

Qubit dsDNA HS Assaykit Thermo Fisher Scientific, Waltham ,USA 

RedSafe™ Nucleic Acid Staining 
Solution 

iNtRON Biotechnology, Korea 

RNeasy Mini Kit Qiagen, Hilden, Germany 

ROTIPHORESE®Gel 30 (37,5:1) Roth, Karlsruhe, Germany 

SB203580 (p38 inhibitor) Cayman Chemical, Ann Arbor, USA 

SP600125 (JNK inhibitor) Cell Signaling Technology, Danvers, USA 

SuperSignal™ West Femto/Pico 
chemiluminescent substrate 

Thermo Fisher Scientific, Waltham, USA 
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Takinib (TAK1 inhibitor) Cell Signaling Technology, Danvers, USA 

TaqMan™ Fast Advanced Master Mix Applied Biosystems, Waltham, USA 

TPCA-1 (IKK inhibitor) Cell Signaling Technology, Danvers, USA 

 

4.1.4 Antibodies 

Immunofluorescence stainings were done with antibodies diluted according to Table 5 in 1 

x PBS containing 3 % BSA and 0.05 % Triton™ X-100. Antibodies used in Western blots 

were diluted in 1x TBS-T containing 3 % BSA according to Table 5. 

For western blots secondary antibodies were diluted 1:20000 – 1:30000 in 1x TBS-T. 

Secondary antibodies used for immunofluorescence staining were 1:200 diluted in the same 

diluent like the primary antibody according to Table 5. 

Table 5: Primary antibodies 

Antigen Provider, catalogue number Species 
Dilution for 

WB IF 

H3 Cell Signaling, 4499 Rabbit 1:3000 --- 

H3S10ph Invitrogen, 701258 Rabbit 1:1000 1:500 

H3K9me3 Abcam, ab8898 Rabbit --- --- 

ASC Santa Cruz, sc51414 Mouse --- 1:20 

Caspase-1 Invitrogen, PA5-17570 Rabbit --- 1:100 

 

Table 6: Secondary antibodies and labelling substrates 

Name/Conjugate Provider, catalogue number Dilution 

Amersham ECL Rabbit IgG, HRP-
linked whole Ab (from donkey) 

Cytiva, NA934 
1:20000 – 
1:30000 

Chicken anti-Rabbit IgG (H+L), Alexa 
Fluor™ 488 

Invitrogen, A-21441 1:200 

Goat anti-Mouse IgG (H+L), Alexa 
Fluor™ 647 

Invitrogen, A-21235 1:200 

Phalloidin CF®568 Biotium, 00044 1:200 

DAPI Invitrogen, 62248 1:5000 
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4.1.5 Growth media, antibiotics and additives 

Sterilization of media was done by autoclaving for 20 min at 121 °C and 1.4 bar. 

Supplements were sterile filtered with 0.22 µm filter, when autoclaving was not 

recommended.  

Table 7: Media for cultivation of bacteria 

Medium Concentration Component 

Lysogeny broth medium (LB-medium), pH 7.5 

10 g/l 

5 g/l 

10 g/l 

Trpytone 

Yeast extract 

NaCl 

Lysogeny broth agar (LB-agar), pH 7.0 

10 g/l 

5 g/l 

10 g/l 

15 g/l 

Trpytone 

Yeast extract 

NaCl 

Agar 

Super Optimal broth with Catabolite repression 
medium (SOC-medium), pH 7.0 

20 g/l 

5 g/l 

0.5 g/l 

0.186 g/l 

20 mM 

20 mM 

Trpytone 

Yeast extract 

NaCl 

KCl 

MgCl2 

Glucose 

 

Table 8: Antibiotics 

Additive Concentration Solvent Provider 

Nalidixic acid 100 µg/ml 1 M NaOH Sigma-Aldrich, St. Louis, USA 

Kanamycin 50 µg/ml ddH2O Sigma-Aldrich, St. Louis, USA 

Chloramphenicol 20 µg/ml 100 % EtOH Roth, Karlsruhe, Germany 

Spectinomycin 50 µg/ml ddH2O Sigma-Aldrich, St. Louis, USA 

Ampicillin 100 µg/ml ddH2O Sigma-Aldrich, St. Louis, USA 

 

 

Table 9: Media for cultivation of primary human macrophages 

Medium Additive Concentration Provider 

RPMI1640 Roswell Park 
Memorial Institute 

(RPMI) 1640 Medium 
--- --- 

Gibco, 
Carlsbad, 

USA 
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RPMI1640 Roswell Park 
Memorial Institute 

(RPMI) 1640 Medium for 
cultivation of primary 
human macrophages 

--- --- 
Gibco, 

Carlsbad, 
USA 

 Autologous human serum 20 % (v/v) 
Linder lab, 

UKE 

 Penicillin/Streptomycin 1 % (v/v) 
Gibco, 

Carlsbad, 
USA 

 
 

4.1.6 Plasmids 

Table 10: Plasmids 

Plasmid Vector Origin 

NLRP3-eGFP pEGFP-C2 

pEGFP-C2-NLRP3 was a gift 
from Christian Stehlik 

(Addgene plasmid # 73955 ; 
http://n2t.net/addgene:73955 ; 
RRID:Addgene_73955) (Khare 

et al., 2012) 

pKD46-Cas12a-Spec 

Contains a temperature-
sensitive replicon leading to 
curation at 42 °C incubation 

temperature; encodes for 
gam, bet, and exo 

(recombination genes) and 
Cas12a and also for 

spectinomycin resistance 
gene 

(Rudolph, 2020) 

pAC-crRNA-Chlor 

Encodes for the pre-crRNA 
cassettes, the sucrose 

sensitivity gene (SacB) as 
well as BpmI and BsaI 

restriction enzyme sites 
flanking a gfp gene used as 

a selection marker,  

Yi-Cheng Sun, Beijing, China 
(Zhao & Sun, 2018) 

pAC-crRNA-Chlor-
YopQ_3 

Encodes for the pre-crRNA 
cassettes, the sucrose 

sensitivity gene (SacB) as 
well as BpmI and BsaI 

restriction enzyme sites 
flanking a gfp gene used as 
a selection marker, crRNA 
sequences for the deletion 

of YopQ gene were inserted 

This study 
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4.1.7 Primer 

Table 11: Primer sequences.  

Name Sequence 5’-3’ 

deltaQ HomA fwd TAAAACAGGGCATGGCAC 

deltaQ HomA rev GTAGTAACTAGCTATATTAAAGAGTTT 

deltaQ HomB fwd AATATAGCTAGTTACTACTCCAAAATT 

deltaQ HomB rev CAACTTATGGGGACAGTG 

YopQ-crRNA fwd TAGATTGGGATGAAGCTATATTAAAGAGTT 

YopQ-crRNA rev AGACAACTCTTTAATATAGCTTCATCCCAA 

 

4.1.8 Yersinia strains and eukaryotic cells 

Table 12: Yersinia enterocolitica strains 

Strain Features Resistance Reference 

WA314 

Y. enterocolitica 
serotype O:8; clinical 

isolate; virulence 
plasmid pYVO8+ 

Nal 
(Heesemann 

& Laufs, 
1983) 

WAC 
Plasmidless derivative 

of WA314 
Nal 

(Heesemann 
& Laufs, 

1983) 

WAC(pTTSS) 

WAC harbouring the 
pTTSS plasmid, which 
encodes for the TTSS 
apparatus bur no Yop 

effector proteins 

Spec 
(Heesemann 

& Laufs, 
1983) 

WA314ΔYopM 

WA314 derivative in 
which the YopM gene 

was replaced by a 
kanamycin resistance 

gene from pUC4k 

Kana 
(Trülzsch et 
al., 2004) 

WA314ΔYopP 

WA314 derivative in 
which the YopP gene 

was replaced by a 
chloramphenicol 
resistance gene 

Chlor 
(Schnapp, 

2016) 

WA314ΔYopQ 

WA314 derivative in 
which the YopQ gene 

was replaced by a 
kanamycin resistance 

gene 

Kana 
(Trülzsch et 
al., 2004) 
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WA314ΔYopMΔYopP 

WA314 derivative in 
which the YopM gene 

was replaced by a 
kanamycin resistance 
from pUC4k and the 

YopP gene by a 
chloramphenicol 
resistance gene 

Kana, Chlor 
(Schnapp, 

2016) 

WA314ΔYopMΔYopQ 

WA314ΔYopM 
derivative with a 
deletion of YopQ 
generated using 

CRISPR-Cas 

Kana This study 

WA314ΔYopPΔYopQ 

WA314 derivative in 
which the YopQ gene 

was replaced by a 
kanamycin resistance 
gene and the YopP 

gene by a 
chloramphenicol 
resistance gene 

Kana, Chlor 

Generated by 
Konrad 

Trülzsch, 
courtesy of K. 
Ruckdeschel, 

UKE, 
Hamburg 

WA314ΔYopH 

WA314ΔYopO 

WA314ΔYopT 

WA314ΔYopE 

WA314 derivative in 
which the 

corresponding Yop 
gene was replaced by 

a kanamycin 
resistance from 

pACYC177 

Kana 
(Trülzsch et 
al., 2004) 

 

Table 13: Eukaryotic cells 

Cells Features Reference 

Human peripheral blood 
monocytes 

Monocytes were incubated 
with autologous human 
serum for one week and 

differentiated into 
macrophages 

Isolation in own lab from 
buffy coats provided by 
Frank Bentzien, UKE, 
Hamburg, according to 

(Kopp et al., 2006) 

 
 

4.1.9 Software, data processing and tools 

Table 14: Software, tools and data processing programs 

Software, Tool Manufacturer / Provider / Reference 

CLC Genomics Workbench CLC bio, Aarhus, Denmark 

DAVID 6.8 (Huang et al., 2009a, 2009b) 

DESeq2 package (R-package) (Love et al., 2014) 
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FastQC 0.11.5 
http://www.bioinformatics.babraham.ac.uk/projects/fa

stqc/ 

FeatureCounts (Liao et al., 2014) 

Fiji Version 1.53h/ImageJ (Schindelin et al., 2012) https://fiji.sc/ 

GEO database (Barrett et al., 2013) 

ggplot2 package (R-package) (Wickham, 2016) 

GraphPad Prism 10 GraphPad Software, San Diego, USA 

HOMER 4.11 (Heinz et al., 2010) 

limma package (R-package) (Ritchie et al., 2015) 

Multi-symbol checker (Braschi et al., 2019) 

pheatmap (R-package) https://github.com/raivokolde/pheatmap 

SRA toolkit http://ncbi.github.io/sra-tools/ 

STAR (Dobin et al., 2013) 

TrimGalore 0.5.0 
http://www.bioinformatics.babraham.ac.uk/projects/tri

m_galore/ 

 

4.1.10 RNA sequencing data sets 

RNA sequencing data sets for comparison with self-generated data sets were downloaded 

from the NCBI GEO database (Barrett et al., 2013).  

Table 15: Publicly available data sets used for comparisons 

Name of dataset GEO ID Series 

Naïve macrophages GSM2262901 GSE85243 

Naïve macrophages GSM2262902 GSE85243 

LPS stimulated 
macrophages 

GSM2262906 GSE85243 

LPS stimulated 
macrophages 

GSM2262907 GSE85243 

Naïve macrophages GSM2679941 GSE100382 

Naïve macrophages GSM2679942 GSE100382 

LPS stimulated 
macrophages 

GSM2679944 GSE100382 

LPS stimulated 
macrophages 

GSM2679945 GSE100382 
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4.2 Methods 

4.2.1 Microbiological methods 

4.2.1.1 Cultivation and conservation of Yersinia enterocolitica 

Gylcerol stocks were prepared using liquid bacterial culture in exponential growth phase, 

which were mixed 1:1 with LB medium containing 40 % glycerol, shock frozen in liquid 

nitrogen and long-term stored at -80 °C. Cultivation of Yersinia enterocolitica strains was 

carried out from frozen glycerol stocks at 27 °C for 24 h on LB agar plates containing the 

desired antibiotics. LB agar plates could be stored for 4 weeks at 4 °C.  

4.2.1.2 Yersinia infection 

Yersinia precultures were prepared by inoculating 3 ml of LB medium containing the desired 

antibiotics in a test tube with one single colony from LB agar plates. Bacterial growth was 

carried out overnight at 27 °C and 180 rpm. The next day the preculture was diluted 1:20 in 

20 ml LB medium without antibiotics and incubated for 90 min at 37 °C and 180 rpm. 

Bacteria were pelleted at 6000 x g for 10 min at 4 °C, the supernatant was discarded and 

the pellet resuspended in 1 ml ice cold PBS containing 1 mM MgCl2 and CaCl2. To account 

for differences in bacterial growth the optical density at 600 nm (OD600) was measured and 

adjusted to 3.6. 1 h prior infection the medium of the macrophages was changed to 

RPMI1640 medium and macrophages were infected using a multiplicity of infection (MOI) 

from 30 to 500 depending on the experimental aim. Cultivation was done at 37 °C with 5 % 

CO2 for the chosen infection time. For subsequent analysis the cells were washed once with 

PBS and either used for histone extraction (4.2.6.4), RNA isolation (4.2.3.1) or 

immunofluorescence staining (4.2.7.1).  

4.2.2 Cell culture methods 

4.2.2.1 Isolation and cultivation of primary human macrophages 

Isolation of human peripheral blood monocytes was done from buffy coats according to 

(Kopp et al., 2006). Cells were kept at 37 °C and 5 % CO2 atmosphere in RPMI1640 

containing 20 % autologous human serum and 1 % Pen/Strep (Monocyte medium) and the 

medium was changed the first two days after isolation. One week after isolation primary 

human macrophages were fully differentiated and used for infection experiments. 

4.2.2.2 Treatment with NF-κB and MAPK inhibitors 

Experiments using inhibitors were done with the help of Marie Schnapp. NF-κB pathway 

inhibition was done using TPCA, targeting IKK. For the inhibition of MAPK pathway a 
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combination of equimolar amounts of SB203580, which targets p38 and PD98059, targeting 

MEK1, was used. Furthermore, Lji308 targeting RSK, SP600125 targeting JNK and Takinib 

which targets the protein TAK1 were used for inhibition of parts of the MAPK pathway. 

Inhibitors were used at a final concentration of 10 µM and added 30 – 60 min before 

infection.  

4.2.2.3 Transfection of primary human macrophages 

Cells were washed once with PBS following treatment with 500 µl Accutase for 20 – 30 min 

for cell detachment. Detached cells were scraped, mixed with equal volume of RPMI1640 

medium and counted using a neubauer counting chamber. For transfection 1*106 cells were 

pelleted, washed twice with PBS and finally resuspended in 100 µl R-buffer. 5 µg of DNA 

were added to the cell mixture, loaded into Neon pipette tip, and electroporated at 1000V 

for 40 ms with 2 pulses in E2 buffer using the Neon transfection system (Invitrogen, 

Carlsbad, USA) and immediately transferred into 900 µl of RPMI1640 medium. 100 µl of 

transfected cells were seeded onto glass coverslips, incubated at 37 °C for 20 – 30 min until 

cells were attached and the medium was changed to Monocyte medium. 1 h before infection 

medium was changed to RPMI1640 and infection was started 4 h after transfection 

according to 4.2.1.2.  

4.2.3 Molecular biology techniques 

4.2.3.1 Isolation of total RNA  

For the isolation of total RNA of primary human macrophages, the RNeasy Mini extraction 

kit (Qiagen, Hilden, Germany), with additional DNAse treatment, was used according to 

manufacturer’s instructions.  

4.2.3.2 Isolation of plasmid DNA 

Plasmid DNA isolation was done from from 5 ml bacterial cultures using the “Plasmid 

Miniprep Kit I” (C-Line, PeqLab, Germany) following the protocol supplied with the kit. If 

higher amounts of plasmid DNA were needed the NucleoBond® Xtra EF kit (Macherey-

Nagel, Düren, Germany) was used, following the protocols supplied by the provider. 

Isolated plasmid DNA was stored at -20 °C.     

4.2.3.3 Measurement of DNA concentration  

Determination of the concentration of dsDNA in solution was done using the NanoDrop® 

ND-1000 spectrophotometer with the ND-1000 V 3.1.0 software (PeqLab, Germany) by 

measuring the absorbance at 260 nm (A260). DNA concentration was measured against a 

blank (solvent of the DNA was used as blank medium). The purity of the DNA was checked 
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by using the absorbance ratio of A260/A280 which should be between 1.8 and 2.0 for pure 

DNA with no protein or phenol contaminations.  

4.2.3.4 Polymerase chain reaction (PCR) 

The PCR was used to amplify plasmids, DNA fragments or any other type of dsDNA, either 

for generation of fragments or for checking the correct size of a region of interest. In general, 

a PCR consists of three steps: Denaturation of the dsDNA strand, primer annealing and 

elongation of the primer via a thermostable DNA-Polymerase. Annealing temperatures of 

the primers were calculated using the online melting temperature (Tm) calculator from New 

England Biolabs. Dependent of the aim of the PCR, either GoTaq® DNA Polymerase 

(Promega, Walldorf, Germany) or Phusion™ High-Fidelity DNA-Polymerase (Thermo 

Fisher Scientific, Waltham, USA) were used according to Table 16 - Table 19.  

PCR products were analyzed by Agarose gel electrophoresis (4.2.3.6), visualized using a 

UV-Transilluminator and purified from the Agarose gel using the NucleoSpin Gel and PCR 

Clean-up Kit (Macherey-Nagel, Düren, Germany) for subsequent use.  

The following tables show the composition of the reaction mixes for Colony PCR with the 

GoTaq® DNA Polymerase and the Phusion PCR using the Phusion™ High-Fidelity DNA 

Polymerase. 

Table 16: Composition of the reaction mix for Colony PCR 

Composition Volume Final concentration 

5x Green GoTaq® Reaction buffer 2 µl 1x 

dNTP Mix (10 mM) 0.2 µl 0.2 mM 

DMSO (100 %) 0.3 µl 3 % 

Primer 1 (10 mM) 0.5 µl 0.5 mM 

Primer 2 (10 mM) 0.5 µl 0.5 mM 

Template DNA (isolated from bacterial 
colony by heating to 95 °C) 

0.5 µl --- 

GoTaq® DNA Polymerase (5 U/µl) 0.05 µl 0.25 U 

Water 5.95 µl --- 

Final volume 10 µl --- 
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Table 17: Composition of the reaction mix for Phusion PCR 

Composition Volume Final concentration 

5x Phusion™ HF Buffer 10 µl 1x 

dNTP Mix (10 mM) 1 µl 0.2 mM 

DMSO (100 %) 1.5 µl 3 % 

Primer 1 (10 mM) 2.5 µl 0.5 mM 

Primer 2 (10 mM) 2.5 µl 0.5 mM 

Template DNA 0.5 µl --- 

Phusion™ High–Fidelity DNA 
Polymerase (2 U/µl) 

0.5 µl 1 U 

Water 31.5 µl --- 

Final volume 50 µl --- 

 

Table 18: PCR cycle protocol for Colony PCR 

Cycle step Temperature Time Number of cycles 

Initial denaturation 95 °C 2 min 1 cycle 

Denaturation 95 °C 30 sec 

30 – 35 cycles Annealing 
Dependent on primer Tm  

(Tm minus 3-5 °C) 
30 sec 

Extension 72 °C 1 min/kb 

Final extension 72 °C 5 min 1 cycle 

Storage 8 °C ∞ 1 cycle 

 

Table 19: PCR cycle protocol for Phusion PCR 

Cycle step Temperature Time Number of cycles 

Initial denaturation 95 °C 30 sec 1 cycle 

Denaturation 95 °C 10 sec 

30 – 35 cycles Annealing 
Dependent on primer Tm  

(Tm minus 3-5 °C) 
30 sec 

Extension 72 °C 30 sec/kb 

Final extension 72 °C 5 min 1 cycle 

Storage 8 °C ∞ 1 cycle 
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4.2.3.5 Quantitative real-time polymerase chain reaction (RT-qPCR) 

500 ng to 2 µg of extracted RNA was reverse transcribed with the iScript cDNA Synthesis 

Kit (Bio-Rad, USA). For the RT-qPCR reaction the TaqMan™ Fast Advanced Master Mix 

(Applied Biosystems, USA) and gene specific TaqMan probes for the genes of interest IL6 

(Hs00985639_m1), TNF (Hs01113624_g1) and IL1B (Hs00174097_m1) as well as for the 

reference genes Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) 

(Hs02758991_g1), TATA-box binding protein (TBP) (Hs00427620_m1) and beta-2-

microglobulin (B2M) (Hs00187842_m1) were used (Thermo Fisher Scientific, USA). RT-

qPCR run was done using a the LightCycler® 480 Instrument (Roche, Switzerland) and the 

analysis was done according to the instruction of the manufacturer (Roche LightCycler® 

480 Software; Software release 1.5.1.62). Quantification of the genes of interest was done 

relatively to the reference genes. 

4.2.3.6 Agarose gel electrophoresis 

The agarose gel electrophoresis was used to separate DNA fragments of different length 

from each other to be able to purify, analyze and use them afterwards. 1 % agarose gels 

were prepared by dissolving the desired amount of agarose in 1 x TAE buffer by boiling in 

the microwave. iNtron RedSafe™ Nucleic Acid Staining Solution (20.000 x) was added 

according to manufacturer’s instructions as soon as the agarose solution reached a lower 

temperature. PCR products were mixed in a ratio of 5:1 with TriTrack DNA loading dye (6x) 

before loading onto the gel. GeneRuler 1 kb plus DNA Ladder was used as a size 

comparison marker. Agarose gels were run at 120 V constant for at least 30 min or until the 

relevant loading dye reached the end of the gel. For the visualization of DNA fragments a 

UV-Transilluminator was used. For purification of DNA fragments the NucleoSpin Gel and 

PCR Clean-up Kit (Macherey-Nagel, Düren, Germany) was used.  

4.2.3.7 CRISPR-Cas12a-assisted recombineering  

Generation of YopQ deletion strains in this study was done using a CRISPR-Cas12a-

assisted recombineering attempt. Therefor two double stranded “Homology Directed 

Repair” (HDR) fragments were generated with overlap extension PCR. The first fragment, 

homology arm A (HomA), which covers an approximately 500 bp fragment directly starting 

behind the stop codon of YopQ, was amplified from the pYV virulence plasmid in WA314 

using the primer deltaQ HomA fwd and deltaQ HomA rev. The second fragment, homology 

arm B (HomB), covering an around 300 bp fragment ending directly in front of the YopQ 

sequence, was equally amplified using the primers deltaQ homB fwd and deltaQ homB rev. 

The final HDR fragment was generated using HomA and HomB as templates in an overlap 

extension PCR with the outer primers deltaQ HomA fwd and deltaQ HomB rev.  
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The design of the target sequence, called crRNA, which leads Cas12a to the correct site of 

cutting, was based on the 20 bp protospacer sequence after the 3’-end of a PAM (5’-TTN-

3’). For that the oligonucleotides YopQ-crRNA fwd and YopQ-crRNA rev were designed 

having Eco31L restriction enzyme overhangs at both ends. Primers were annealed and 

ligated into the pAC-crRNA vector, digested with Eco31L. The pAC-crRNA vector harbors 

a sacB sucrose sensitivity gene for later curing.  

For the transformation of the desired Y. enterocolitica strain (WA314ΔYopM), carrying the 

plasmid pKD46-Cas12a, which contains the lambda Red recombinase genes controlled by 

an arabinose inducible promoter, the Enzyme Cas12a from Francisella novicida and a 

temperature sensitive replicon for later curing of the plasmid), bacteria were first made 

electrocompetent. 100 ml of LB-medium containing the desired antibiotics were inoculated 

with 10 ml of a preculture of the suitable strain grown over night and incubated at 27 °C at 

180 rpm until OD600 of 0.2 was reached. Arabinose was added to a final concentration of 1 

% for induction of the lambda Red recombinase genes and bacteria were grown until a final 

OD600 of 0.8 at 27 °C at 180 rpm. Bacteria were pelleted at 5000 x g for 5 min at 4 °C and 

washed thrice with 40 ml ice cold sterile filtered ddH2O. Finally, bacteria were washed once 

with 10 ml of sterile 10 % glycerol in ddH2O and resuspended in 400 µl of the last wash 

medium. 60 µl of electrocompetent bacteria were transformed by electroporation at 1800V, 

50µF and 100 Ω with 350 ng of pAC-crRNA and 700 ng of the HDR fragment and directly 

transferred in 900 µl of SOC medium, incubated at 27 °C and 400 rpm for 2 h and plated 

onto Agar plates containing the suitable antibiotics for selection. The success of the YopQ 

deletion was controlled by Colony PCR and sequencing. 

4.2.3.8 DNA Sequencing 

The success of cloning or generation of PCR products was checked by sequencing of the 

region of interest. For that suitable primers were mixed with the according dsDNA fragment 

and send to Seqlab (Göttingen, Germany) for sequencing. Results were confirmed by 

sequence comparison using CLC Genomics Workbench (CLC bio, Denmark). 

4.2.4 RNA-sequencing (RNA-seq) 

Isolated RNA was first analyzed for integrity by using the RNA 6000 Nano Chip (Agilent 

Technologies, USA) on an Agilent 2100 Bioanalyzer (Agilent Technologies, USA). 

Extraction of mRNA was done using the NEBNext Poly(A) mRNA Magnetic Isolation module 

(New England Biolabs, USA). For the generation of the RNA-seq libraries, the NEBNext 

Ultra RNA Library Prep Kit for Illumina (New England Biolabs, USA) was used according to 

the manufacturer’s recommendation. Measurement of the concentration of all samples was 

done with a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, USA) and for the analysis of 

the distribution of the fragment lengths for the final libraries, the DNA High Sensitivity Chip 
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(Agilent Technologies, USA) was used on an Agilent 2100 Bioanalyzer (Agilent 

Technologies, USA). Normalization of all samples was done to 2 nM with equimolar pooling 

afterwards. For sequencing of the library pool, the NextSeq500 (Illumina, USA) with 1 x 50 

bp for samples of batch 1 and 1 x 75 bp for samples of batch 2 was used.  

4.2.5 Bioinformatic data analysis 

Bioinformatic data analysis was done with the help of Indra Bekere.  

4.2.5.1 Trimming and Quality control 

For the quality control of FASTQ files containing the clustered sequence data, the FastQC 

program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used. Trimming 

of sequencing reads, which contained low quality score bases (Phred score cutoff 20) was 

done with the TrimGalore program 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/).  

4.2.5.2 Read alignment 

Alignment of the reads to the human reference assembly hg 19 was done using STAR 

(Dobin et al., 2013). The number of reads which mapped to each gene was gained using 

FeatureCounts (Liao et al., 2014). Replacement of old gene symbols lacking a match in the 

RefSeq annotation was done with the Multi-symbol checker tool (Braschi et al., 2019). 

4.2.5.3 Differentially expressed genes (DEG) analysis and clustering 

Differential expression of genes was statistically analyzed using DESeq2 (Love et al., 2014) 

with raw counts as input and experimental design as ˜batch + condition. Genes with a log2 

fold change ≥ 1 and an adjusted p-value ≤ 0.05 were called significantly enriched genes. 

Batch effect removal using limma package (Ritchie et al., 2015) generated normalized rlog 

counts, which were used for visualization and downstream cluster analysis. Principal 

component analysis (PCA) and sample distance heatmaps were used to confirm the 

reproducibility of the replicates.  

DEGs of comparisons were clustered using rlog counts in R with the pheatmap package. 

For the generation of the heatmap of 1.5 h DEGs the clustering distance was based on 

maximum distance and the Ward.D2 clustering method. Heatmaps of DEGs obtained after 

6 h were based on Pearson correlation and a complete clustering method. To ensure the 

identification of all meaningful clusters by the analysis the distance of clustering, the method 

of clustering and the number of clusters were selected. Row scaling (row Z-score) was used 

to scale rlog counts from DESeq2 analysis for the generation of heatmaps, in which a blue-

white-red color gradient indicate low to high expression levels. For analysis all replicates 

were used but in the heatmaps only 2 representative replicates are depicted.  
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4.2.5.4 Pathway analysis 

The DAVID (Database for Annotation, Visualization and Integrated Discovery) webtool 

(Huang et al., 2009a, 2009b) was used to determine Gene Ontology (GO) for the RNA-seq 

gene list.  

4.2.5.5 Enrichment analysis of transcription factor motifs 

HOMER (Hypergeometric Optimization of Motif EnRichment) package (Heinz et al., 2010) 

was used to detect transcription factor motif enrichment. As input, a list of gene symbols 

was used and the command findMotifs.pl was also used. A region 400 bp upstream and 

100 bp downstream of the transcription start site was checked for transcription factor motifs 

using the parameters –start -400 – end 100.   

4.2.5.6 Boxplots 

Ggplot2 in R was used to generate boxplots, in which the boxes contain the twenty-fifth to 

seventy-fifth percentile, the whiskers reach to the tenth and ninetieth percentiles and the 

outliers are marked with dots. The median is represented with the central horizontal bar.  

4.2.5.7 Publicly available data comparison  

RNA-seq data sets from GSE85243 and GSE100382 (Novakovic et al., 2016; Park et al., 

2017) were used for comparison with self-generated RNA-seq data sets. The observation 

of a batch effect when comparing rlog counts from public data sets with data sets from this 

work, led to the conversion of rlog counts into Z-scores and the calculation of a spearman 

correlation. Comparison with publicly available data sets was done with DEGs found in 

comparison between Mock, WA314 and WAC after 1.5 h and 6 h of infection.  

4.2.6 Proteinbiochemical methods 

4.2.6.1 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was used to separate proteins according to their molecular weight. For that 

protein solution of interest was mixed with 4x SDS sample buffer (4.1.3) in a ratio of 3:1, 

boiled at 95 °C for 5 - 10 min and loaded in equal amounts, measured via Bradford Protein 

Assay (4.2.6.5), onto the gel. The proteins were electrophoretically separated using 15 % 

SDS gels in a SDS-PAGE electrophoretic chamber containing 1 x SDS running buffer 

(4.1.3) at 80 V for 30 min following 125 V for 60 – 75 min until the loading dye reached the 

end of the SDS gel. SDS gels were casted according to Table 20. First resolving gel was 

poured until it was 1 cm below the top of the shorter glass plate and after hardening the 

remaining volume was filled with stacking gel and an adequate gel comb. For comparison 
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of the molecular weight a prestained page ruler 4.1.3 was used as a molecular weight 

marker.  

Table 20: Composition of one 15 % acrylamide SDS mini gel 

Component 4 % stacking gel 15 % resolving gel 

ddH2O 1.55 ml 2.5 ml 

Stacking buffer, pH 6.8 625 µl --- 

Resolving buffer, pH 8.8 --- 2.5 ml 

ROTIPHORESE® Gel 30 (37,5:1) 325 µl 5 ml 

10 % APS (100 mg/ml) 25 µl 100 µl 

TEMED 5 µl 10 µl 

 

4.2.6.2 Coomassie staining of SDS gels 

Visualization of proteins electrophoretically separated in a SDS gel was done by 

incubation in Coomassie staining solution (4.1.3) for 1 h. The gel was destained in an 

acetic acid based Coomassie destain solution (4.1.3) until the protein bands were 

distinctly distinguishable from the gel background. Images of the gel were acquired using 

the Amersham ImageQuant™ 800 Western blot imaging system (4.1.1). 

4.2.6.3 Western Blot 

Proteins separated in a SDS-PAGE according to their molecular weight were 

electrophoretically transferred in a semi-dry blotting chamber OWL-HEP1 (4.1.1) onto a 

polyvinylidene difluoride (PVDF) membrane for subsequent analysis using antibodies 

against the protein of interest. SDS gels were equilibrated into 1 x Transfer buffer (4.1.3) 

for 5 – 10 min prior blotting. Starting from the bottom of the chamber (Anode) the stack was 

composed of 3 Whatman paper, one layer of PVDF membrane activated for 20 – 30 sec in 

methanol, the SDS gel and finally 3 Whatman paper. All components were equilibrated in 1 

x Transfer buffer before building the stack. The transfer was done for 1 h at 1,2 mA/cm2. 

Next the membrane was blocked in blocking buffer (4.1.3) for 60 min shaking at RT, followed 

by incubation overnight at 4 °C with a primary antibody against the protein of interest diluted 

according to (4.1.4) in blocking buffer. The next day the membrane was washed 3 x in TBS-

T (4.1.3) for 5 – 10 min each washing step and finally incubated with a suitable secondary 

antibody coupled with horseradish peroxidase (HRP) 1:20000 or 1:30000 diluted in TBS-T 

for 1 h shaking at RT. After washing the membrane 3 x with TBS-T, signal detection was 

started by incubation with SuperSignal West Femto Maximum sensitivity substrate solution 

for 5 – 10 min at RT. Images were acquired using the Amersham ImageQuant™ 800 

Western blot imaging system (4.1.1).  
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4.2.6.4 Histone extraction 

Histones were isolated from primary human macrophages following the acid extraction 

protocol from Shechter et al. (Shechter et al., 2007) with little adjustements. 0,5 – 1,5 * 106 

primary human macrophages (one well of a six well plate) were washed with ice-cold PBS 

and harvested by scraping off in 1 ml PBS. Cells were pelleted by centrifugation at 700 x g 

for 5 min at 4 °C and the supernatant was discarded. Lysis of the cells was done by 

incubation of the pellet in 0.5 ml Hypotonic lysis buffer (4.1.3) rotating at 4 °C for 60 – 90 

min and controlled by microscopy. Isolated nuclei were pelleted by centrifugation at 10000 

x g for 10 min at 4 °C, supernatant was discarded and the pellet was resuspended in 0.2 M 

HCl and lysed by incubating at 4 °C rotating overnight. Nuclear debris was removed by 

centrifugation at 16000 x g for 10 min at 4 °C and the supernatant containing acid soluble 

proteins was transferred to a new tube. Incubation with trichloric acid (TCA) (final 

concentration 33 %) for 30 min on ice was used to precipitate histones. Pelleting of 

precipitated histones was carried out by centrifugation at 16000 x g for 10 min at 4 °C and 

the supernatant was discarded. The pellet was washed twice with 500 µl ice cold acetone, 

centrifuged in between at 16000 x g for 5 min at 4 °C, finally air dried and dissolved in 100 

µl millipore water. Concentration of the dissolved histones was determined using Bradford 

protein assay and the quality and purity of the extracted histones was controlled by SDS-

PAGE and subsequent coomassie staining of the gel.  

4.2.6.5 Determination of protein concentration (Bradford protein assay) 

To determine protein concentration, the Bio-Rad Protein Assay Dye reagent concentrate 

(4.1.3) was mixed in a ratio of 1:4 with millipore water, 2 µl of the protein solution with 

unknown concentration was added and incubated for 10 min at RT. The absorbance at 595 

nm was measured using a photometer (Ultrospec 3100 pro, GE Healthcare) and the protein 

concentration was calculated based on a standard curve from varying BSA concentrations 

(0,1 – 2 mg/ml stock solution).  

4.2.7 Microscopy 

4.2.7.1 Immunofluorescence staining 

For immunofluorescent analysis of primary human macrophages, glass coverslips were 

used as seeding ground. Cells were washed once with PBS, detached using 500 µl of 

Accutase for 30 min at 37 °C, mixed with equal volume of RPMI1640 medium and counted 

in a neubauer counting chamber. 6 * 104 cells were seeded onto glass coverslips, incubated 

at 37 °C for 20 – 30 min until cells were attached and the medium was changed to Monocyte 

medium afterwards. The next day Yersinia infection was done according to 4.2.1.2. 

Coverslips were washed once with PBS, fixed with 4 % PFA in PBS for 7 min and washed 
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twice with PBS. Cells were permeabilized with 0.1 % Triton X-100 in PBS for 15 min at RT, 

washed twice afterwards and blocked with blocking solution for 30 – 60 min at RT in a humid 

chamber. Next coverslips were transferred into blocking solution containing the desired 

primary antibodies diluted according to 4.1.4 and incubated overnight at 4 °C. Washing with 

PBS was done thrice and incubation with secondary antibodies, DAPI and Phalloidin 

coupled to Alexa Fluor dyes diluted 1:200 in blocking solution was done for 60 min at RT in 

a humid chamber. Coverslips were washed thrice finally and mounted in Prolong Glass 

Antifade Mountant on object slide.  

4.2.7.2 Confocal microscopy 

Microscopy samples prepared according to 4.2.7.1 were observed using the laser scanning 

microscope Olympus FV 3000 (DFG code: INST 152/933-1) with a 20x air objective (NA 

0.8) or the 60x oil objective (NA 1.4) and the Olympus FV3000 Software (Evident Europe 

GmbH, Germany).  
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5 Results 

5.1 The effect of Y. enterocolitica on the transcriptome of 

primary human macrophages 

Yersinia T3SS effectors fulfill a variety of functions within the host cell like impacting the 

phagocytic activity and impairing the inflammatory response, e.g., by modulating host gene 

expression (Atkinson & Williams, 2016; Pha & Navarro, 2016). Especially for the T3SS 

effectors YopM and YopP it has already been shown that they impact inflammatory gene 

expression, whereas for the other suppressor of inflammation, YopQ, no such activity has 

been reported yet. We therefore decided to perform a global RNA-seq analysis in primary 

human macrophages that were either non infected (mock), infected with the Y. 

enterocolitica avirulent strain WAC lacking the virulence plasmid, infected with the fully 

virulent wild type WA314 or infected with Y. enterocolitica strains lacking either YopM 

(WA314ΔYopM), YopP (WA314ΔYopP), YopQ (WA314ΔYopQ) or YopM & YopP 

(WA314ΔYopMΔYopP) to gain information about the activity of each single Yop as well as 

a possible interplay between YopP and YopM as well as the effect of YopQ. 

5.1.1 Alteration of gene expression induced by the bacterial 

PAMPs is modulated through T3SS effectors 

To get an overview of the effect of all T3SS effectors together on the modulation of gene 

expression, primary human macrophages were either mock-infected or infected with WAC 

or WA314 for 1.5 h and 6 h followed by RNA-seq analysis using next generation sequencing 

of total RNA (Fig. 1A). As the strain WAC lacks all T3SS effectors as well as the T3SS 

injectisome, it can be used as a control to check for effects of Yersinia PAMPs or other 

factors which stimulate the immune response, without any interference of the T3SS 

injectisome and effectors.  

First, publicly available data of human macrophages either non treated (naïve) or treated 

with LPS (Novakovic et al., 2016; Park et al., 2017) were used to evaluate the overlap with 

our data obtained with macrophages mock-infected or infected for 6 h either with WAC or 

WA314. Results were depicted in a spearman correlation heatmap (Fig. 1B) showing the 

emergence of three different groups of infected macrophages: 1) naïve and mock, 2) 

WA314 and 3) LPS and WAC. The highest distance was found between naïve/mock and 

LPS/WAC, indicating that WAC infection leads to a large modulation of gene expression in 

primary human macrophages that is to a large part caused by LPS (Fig. 1B) (Reinés et al., 

2012). WA314 infected macrophages show an intermediate pattern ranging between 
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naïve/mock and WAC/LPS highlighting the strong gene expression modulation by the T3SS 

effectors (Fig. 1B). 

 

Figure 1: Experimental setup and comparison with published data. (A) Experimental 

setup. CD14+ monocytes were isolated from human blood samples and differentiated into 

macrophages by cultivation with 20 % human serum for one week. Macrophages from ≥ 

two independent donors were either mock infected or infected with avirulent Y. 

enterocolitica strain WAC or wild type strain WA314 for 1.5 h or 6 h with a multiplicity of 

infection (MOI) of 100. Lysates of infected macrophages were used for RNA-seq analysis. 

(B) Heatmap representation of sample distance of gene expression between mock, WAC, 

WA314 infected macrophages (6 h) from this study and naive and LPS-stimulated 

macrophages from publicly available data (Novakovic et al., 2016; Park et al., 2017). 

A Principal component analysis (PCA) verified the clustering of replicates showing the high 

reproducibility of our experiments (Fig. 2A). Clusters with the replicates of WAC and WA314 

infected for 1.5 h were closer to each other than after 6 h of infection. This indicates that 

the transcriptional response was stronger and more distinctly after 6 h of infection. Like 

already seen in Fig. 1B, the clusters of WA314 replicates are between mock and WAC 

clusters independent of the infection time showing the extraordinary modulation of the 

PAMP induced gene expression by the T3SS effectors (Fig. 2A).  

Genes counted as differentially expressed genes (DEGs) showed a log2 fold change of ≥ 1 

and a p-adjusted value of ≤ 0.05. After 1.5 h of infection the comparison of WAC vs. mock 

(1125 DEGs) and WA314 vs. mock (1004 DEGs) showed similar numbers of DEGs, 

whereas no significant number of DEGs was found in the comparison of WAC vs. WA314 

(73 DEGs) (Fig. 2B). This implicates that already after 1.5 h a lot of genes were differentially 

regulated by the Yersinia PAMPs and that the activity of the T3SS effectors is not 

significantly detectable at this time point. In comparison, 6 h of infection led to a strong 
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increase in DEGs as we found 7437 DEGs in the comparison WAC vs. mock and 4641 

DEGs in WA314 vs. mock. In WAC vs. WA314 we found 2714 DEGs (Fig. 2B). The larger 

amount of DEGs in the comparison of WAC vs. mock compared with WA314 vs. mock 

indicates that after 6 h T3SS effectors already strongly suppress the gene expression 

changes induced the Yersinia PAMPs.  

As the publicly available data were generated using LPS stimulated human macrophages 

(Novakovic et al., 2016; Park et al., 2017) we can estimate the amount of DEGs that are 

presumably regulated by Yersinia LPS. Around 25 to 30 % of Up- and downregulated genes 

were regulated by LPS detection of the macrophages, showing the large impact of LPS on 

the host immune response (Fig. 2C). 

 

 

Figure 2: Principal component and general analysis of differentially expressed genes 

found in all sample replicates. (A) PCA of rlog gene counts of all DEGs from Figure 3A 

for all sample replicates used in this study. (B) Number of up- and downregulated DEGs in 

single comparisons between WAC vs. mock, WA314 vs. mock and WAC vs. WA314 after 

1.5 h & 6 h. (C) Percentage of LPS- and not LPS-regulated DEGs in a single comparison 

between WAC 6 h vs. mock. 

5.1.2 Gene expression analysis of infection with avirulent and 

virulent strains reveals 4 separate clusters 

Altogether 1512 DEGs were found in mock-, WAC- and WA314-infected macrophages after 

1.5 h. A heatmap representation using the Row Z-score showed four clusters E1 - E4 (Early 

1/2/3/4) (Fig. 3A). In clusters E1 an E4, upregulated genes in WAC were mostly 

downregulated in WA314 infected macrophages and downregulated genes by WAC were 

partly upregulated by WA314, respectively. In cluster E2, WAC as well as WA314 infection 

upregulated genes compared to mock and in cluster E3 WAC and WA314 infection 

downregulated genes compared to mock. Figure 3B shows the global expression profiles 

of clusters E1 - E4 (Fig. 3B). Gene ontology (GO) analysis revealed the pathways enriched 
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in clusters E1 - E4. DEGs belonging to cluster E1 were highly enriched in inflammatory 

response pathways as well as the response to LPS and viruses, the regulation of apoptotic 

processes and in transcriptional regulation. Genes belonging to cluster E3 & E4 were highly 

enriched in pathways associated with the regulation of transcription (Fig. 3C). The pathway 

analysis of the cluster E2, in which no difference was found between WAC and WA314, 

revealed that genes in cluster E2 were enriched in pathways belonging to the positive and 

negative regulation of transcription (Fig. 3C). 

 

 

Figure 3: Differentially expressed gene clustering and gene ontology analysis after 

1.5 h of infection. Primary human macrophages were either non infected (mock) or 

infected with Y. enterocolitica strain WAC or WA314 for 1.5 h using a MOI of 100. RNA was 

extracted and used for RNA-seq analysis. (A) Clustered Heatmap of all DEGs for 

comparisons between mock, WAC and WA314 infected macrophages after 1.5 h of 

infection. Clustering showed 4 major clusters E1 - E4 (in brackets is the number of genes 

belonging to each cluster). Gene rlog counts were row-scaled (row Z-score). Two 

representative replicates are shown for each sample. (B) Boxplots of row Z-scores of rlog 

counts for genes from clusters E1- E4 in (A) showing global expression profile of each 

cluster. (C) Heatmap showing –log10 transformed p-values and enriched GO terms for each 

cluster in (A). 

Specific genes belonging to one prominent enriched pathway in each cluster are shown in 

figure 4A-D. In addition, we checked which transcriptional motifs are enriched in each 

cluster (Fig. 4E). E1 is highly enriched in inflammatory response pathways as we found 

several chemokines (CCL1, CCL8, CXCL11) and chemokine receptors (CCR7, CCRL2) as 
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well as inflammatory cytokines like IL18, IL23 and IL27. Consequently, genes in cluster E1 

were enriched for motifs belonging to the transcription factors IRF1, IRF2 & NF-κB (Fig. 

4E), which play a central role in the regulation of the inflammatory response. These results 

show that T3SS effectors already play a role in suppressing the bacterial PAMP induced 

upregulation of inflammatory response genes already after 1.5 h, even though in our 

experiments this was not a statistically significant downregulation (Compare Fig. 2B).  

Cluster E4 reveals that some genes which are downregulated by WAC are not 

downregulated by WA314 and many of them function in the regulation of transcription (Fig. 

4D). We found many Zinc finger genes in cluster E4 and those genes were associated with 

the motif of the transcription factor GFY-Staf (Fig. 4E). 

 

Figure 4: Pathway enrichment and motif analysis in clusters E1 - E4 after 1.5 h of 

infection. Primary human macrophages were either non infected (mock) or infected with Y. 

enterocolitica strain WAC or WA314 for 1.5 h using a MOI of 100. RNA was extracted and 

used for RNA-seq analysis. (A) Heatmap of row scaled (Row Z-score) RNA-seq rlog gene 
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counts for genes from inflammatory response pathway enriched in cluster E1. (B) Heatmap 

of row scaled (Row Z-score) RNA-seq rlog gene counts for genes from positive regulation 

of transcription from RNA polymerase II promoter pathway in cluster E2. (C) Heatmap of 

row scaled (Row Z-score) RNA-seq rlog gene counts for genes from regulation of 

transcription from RNA polymerase II promoter pathway in cluster E3. (D) Heatmap of row 

scaled (Row Z-score) RNA-seq rlog gene counts for genes from regulation of transcription 

from RNA polymerase II promoter pathway in cluster E4. (E) Representative enriched 

transcription factor motifs in genes from E1 - E4 clusters in Fig. 3A. 

5.1.3 T3SS effectors YopM and YopQ vs. YopP show opposing 

effects on the transcriptome 

As we could not detect a significant impact of T3SS effectors on gene expression after 1.5 

h but found a large impact on gene expression after 6 h (Fig. 2B) we decided to analyze the 

influence of the single Yop effectors YopM, YopP, YopQ on gene expression as well as the 

influence of both YopM and YopP together at the 6 h time point. For that we infected primary 

human macrophages with either WA314ΔYopM, WA314ΔYopP, WA314ΔYopQ or 

WA314ΔYopMP for 6 h at a MOI of 100, extracted total RNA and performed RNA-seq 

analysis using next generation sequencing (Fig. 5A).  

PCA analysis revealed that WA314ΔYopP and WA314ΔYopMP clustered close together 

with large distance to the cluster of WA314 (Fig. 5B). However, the cluster of WA314 is in 

close proximity to the clusters of WA314ΔYopM and WA314ΔYopQ indicating that the 

impact of YopM and YopQ on gene expression is smaller than that of YopP (Fig. 5B). 

Furthermore, it seems that YopM and YopP together do not have any additional effects 

compared to YopP alone.  

In comparison, in WA314ΔYopM vs. WA314 we found a total of 676 DEGs (195 up- and 

481 downregulated genes), whereas we found more than double that amount in the 

comparisons WA314ΔYopP vs. WA314 (1445 DEGs in total) and WA314ΔYopMP vs. 

WA314 (1539 DEGs in total) (Fig. 5C). Almost no DEGs were found in the comparison 

WA314ΔYopQ vs. WA314 (84 DEGs in total) (Fig. 5C). Interestingly the comparison of 

WA314ΔYopP vs. WA314ΔYopMP revealed only 23 DEGs, whereas the comparison 

WA314ΔYopM vs WA314ΔYopMP identified a total of 2046 DEGs, half of them up- (1011 

DEGs) and half of them downregulated (1035 DEGs) (Fig. 5D). Together this shows that 

YopP has the largest impact on gene expression, YopM a significant but minor impact and 

YopQ impacts just a few genes. Interestingly, YopM only affects gene expression in the 

presence of YopP as there is almost no difference between WA314ΔYopP and 

WA314ΔYopMP (Fig. 5D).  
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Figure 5: Experimental setup, principal component analysis and general analysis of 

differentially expressed genes from 6 h infection sample replicates. (A) Experimental 

setup. CD14+ monocytes were isolated from human blood samples and differentiated into 

macrophages by cultivation with 20 % human serum for one week. Macrophages from ≥ 

two independent donors were infected with the Yop-mutant strains WA314ΔYopM, 

WA314ΔYopP, WA314ΔYopMP & WA314ΔYopQ for 6 h with a MOI of 100. Samples were 

used for RNA-seq analysis. (B) Principal component analysis (PCA) of rlog gene counts of 

all DEGs from Fig. 3A & 6A for all sample replicates used in this study. (C) Number of DEGs 

in multiple comparisons between WA314ΔYopM vs. WA314, WA314ΔYopP vs. WA314, 

WA314ΔYopQ vs. WA314, WA314ΔYopMP vs. WA314. (D) Number of DEGs in 

comparison between WA314ΔYopM vs. ΔYopMP, WA314ΔYopP vs. ΔYopMP. 

In total 9957 DEGs were found in all infection conditions and 5 clusters were revealed which 

were termed L1 - L5 (Late 1/2/3/4/5) after 6 h (Fig. 6A & Fig. 6B). Cluster L1 contains 1019 

genes which were slightly upregulated in all infected macrophages, even though no distinct 

pattern was detectable (Fig. 6A & 6B). The 2509 genes in cluster L2 were highly upregulated 

in WAC infected macrophages, presumably by Yersinia PAMPs, and downregulated in all 

other samples showing a general T3SS effector effect with no impact of YopM, YopP or 

YopQ (Fig. 6A & 6B). Interestingly 2542 genes in cluster L3 were also upregulated in WAC 

infected macrophages, but downregulated by T3SS effectors present in WA314 as well as 

WA314ΔYopQ and WA314ΔYopM. Infection with WA314ΔYopP and WA314ΔYopMP 

showed a rescue of the WAC infected phenotype indicating that YopP is mostly responsible 

for the suppression of the PAMP induced upregulation in cluster L3 and that YopQ and 

YopM slightly counteract the YopP effect (Fig. 6A & 6B). Cluster L3 contains genes of 

primary and secondary immune response genes and GO analysis showed association with 

immune response pathways as well as apoptotic processes (Fig. 6C). Furthermore, L3 
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genes showed enrichment of motifs of IRF and NF-κB transcription factors (Fig. 6D). The 

1362 genes in cluster L4 are the opposite of cluster L3, in that WAC induced downregulation 

of genes and this was prevented by WA314, WA314ΔYopQ and WA314ΔYopM (Fig. 6A & 

6B). Like in cluster L3, WA314ΔYopP and WA314ΔYopMP infection rescued the WAC 

phenotype highlighting that YopP is mostly responsible for the WA314 effect. Similar to 

cluster L3, YopQ and YopM seem to show opposing effects compared with YopP in cluster 

L4. GO analysis revealed enrichment of L4 genes in signal transduction pathways including 

those regulated by small GTPases and a motif enrichment for the transcription factor Oct4 

(POU domain containing) (Fig. 6C & 6D). Genes in cluster L5 are similarly regulated by 

Yersinia infection as genes in cluster L4, but infection with WA314ΔYopP and 

WA314ΔYopMP does not differ from infection with WA314 showing no effect of YopP (Fig. 

6A & 6B). Instead YopQ and especially YopM counteracted the effect of the T3SS effectors 

in WA314. GO analysis of L5 genes depicted enrichment in the regulation of transcription, 

rRNA processing, cell division and mitotic cell cycle (Fig. 6C) and enrichment of motifs for 

the ETS family of transcription factors (Fig. 6C & 6D). 

In sum, our data suggest that the Yersinia effectors in WA314 suppress not only the 

activation of PAMP induced genes but also suppress the inhibition of genes related to gene 

transcription in general. YopP is mostly responsible for both effects and YopQ and YopM 

slightly counteract this effect, maybe as a part of balancing the YopP effects.  
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Figure 6: Differentially expressed gene clustering, gene ontology analysis and motif 

analysis in clusters L1 - L5. (A) Clustered Heatmap of all DEGs for comparisons between 

mock, WAC, WA314, WA314ΔYopQ, WA314ΔYopM, WA314ΔYopP & WA314ΔYopMP 

infected macrophages after 6 h of infection. Clustering identified 5 major clusters L1 - L5 (in 

brackets is the number of genes belonging to each cluster). Gene rlog counts were row-

scaled (row Z-score). Two representative replicates are shown for each sample. (B) 

Boxplots of row Z-scores of rlog counts for genes from clusters L1 - L4 in (A) showing global 

gene expression profile of each cluster. (C) Heatmap showing -log10 transformed p-values 

and enriched GO terms for each cluster in (A). (D) Representative enriched transcription 

factor motifs in genes from L1 - L5 clusters in (A). 

As already seen in the clusters L3 - L5, YopM and YopQ induced several genes in opposite 

directions to YopP, and we therefore had a closer look at these genes. In total 410 DEGs 

were oppositely regulated by YopQ and YopM compared to YopP and two clusters C1 & 

C2 emerged with cluster C1 corresponding to cluster L3 and C2 corresponding to cluster 

L4 (Fig. 7A & 7B).  
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Cluster C1 contains genes which are stimulated by Yersinia PAMPs in WAC and 

downregulated by T3SS effectors of which mostly YopP is responsible for (Fig. 7A & 7B). 

Strains lacking the T3SS effectors YopM (WA314ΔYopM) and YopQ (WA314ΔYopQ) even 

stronger downregulated the PAMP induced upregulation than the wildtype WA314 and thus 

it seems to be that YopQ and YopM counterregulate the YopP effect. Genes in cluster C1 

show enrichment for motifs of IRF transcription factors or NF-κB transcription factor (Fig. 

7C).  

Genes that are downregulated by the Yersinia PAMPs in WAC and mostly upregulated in 

WA314 by YopP are clustered in C2 (Fig. 7A & 7B). In this case the strains deficient for 

YopM (WA314ΔYopM) and YopQ (WA314ΔYopQ) upregulate genes even stronger than 

the wildtype WA314, leading again to the conclusion that YopQ and YopM counterregulate 

the effect of upregulation by YopP (Fig. 7A & 7B). Genes in cluster C2 show motif 

enrichment for Forkhead transcription factors (Fig. 7C).  

 

 

Figure 7: Clustering and motif analysis of counterregulated differentially expressed 

genes in cluster C1 & C2. (A) Clustered Heatmap of genes counterregulated by YopM, 

YopP and YopQ for comparisons between mock, WAC, WA314, WA314ΔYopQ, 

WA314ΔYopM, WA314ΔYopP & WA314ΔYopMP infected macrophages after 6 h of 

infection. Clustering identified 2 major clusters C1 & C2 (in brackets is the number of genes 

belonging to each cluster). Gene rlog counts were row-scaled (row Z-score). Two 

representative replicates are shown for each sample. (B) Boxplots of row Z-scores of rlog 

counts for genes from clusters C1 & C2 in (A) showing global expression profile of each 

cluster. (C) Representative enriched transcription factor motifs in genes from C1 & C2 

clusters in (A). 
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To obtain more detailed information on the genes found in each cluster, GO analysis was 

performed, revealing that genes in cluster C1 play a role in cytokine-cytokine receptor 

interaction pathway as well as the defense response to virus pathway (Fig. 8A & 8B). 

Unsurprisingly a lot of inflammatory cytokines were present in those pathways. Genes in 

cluster C2 belong to the pathways “RNA polymerase II transcription factor activity” and 

“sequence-specific DNA binding” (Fig. 8C). 

To confirm the RNA-seq results we chose the three cytokines TNF, IL6 and IL1B enriched 

in cluster C1, performed a quantitative RT-qPCR analysis and normalized the expression 

values to WA314 (Fig. 8D). Consistent with the heatmap, we found that loss of YopM leads 

to a decrease of gene expression of all three cytokines compared to WA314, meaning that 

YopM upregulates the expression of these genes. Inversely the deletion of YopP and YopP 

& YopM together led to the same phenotype like WAC, which shows that YopP is partly 

responsible for the suppression of WAC induced genes in cluster C1 (Fig. 8D).  

 

 

Figure 8: Pathway enrichment in clusters C1 & C2 and cytokine expression levels. 

(A) Heatmap of row scaled (Row Z-score) RNA-seq rlog gene counts for genes belonging 

to cytokine-cytokine receptor interaction pathway enriched in cluster C1. (B) Heatmap of 

row scaled (Row Z-score) RNA-seq rlog gene counts for genes belonging to defense 

response to virus enriched in cluster C1. (C) Heatmap of row scaled (Row Z-score) RNA-

seq rlog gene counts for genes belonging to RNA polymerase II transcription factor activity, 

sequence-specific DNA binding pathway enriched in cluster C2. (D) RT-qPCR expression 

analysis of TNF, IL6, IL1B genes from primary human macrophages infected with Y. 

enterocolitica strains WA314, WAC, WA314ΔYopM, WA314ΔYopP & WA314ΔYopMP for 

6 h. Bars represent mean from at least 2 biological replicates. Error bars indicate standard 

error of the mean. 
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Overall our global RNA-seq analysis illustrates that Yersinia PAMPs like LPS leads to a 

massive modulation of gene expression in primary human macrophages. Up- or 

downregulation of genes takes place in pathways belonging to the inflammatory response, 

apoptotic processes or the regulation of gene transcription. Inhibition of gene expression 

changes is due the activities of T3SS effectors in WA314 of which YopP is the main actor. 

Notably the effectors YopM and YopQ counteract the effects of YopP, potentially leading to 

a more balanced and regulated suppression of gene expression by YopP.  

 

5.2 Y. enterocolitica T3SS effectors suppress 

inflammasome activation in primary human 

macrophages 

Yersinia T3SS effectors not only impair host gene expression to suppress the immune 

response and promote the survival of the pathogen, but they also impair cell death pathways 

which are activated by PRRs like TLRs or NLRs as a response to the detection of a bacterial 

PAMPs or cellular DAMPs. TLRs detect PAMPs in the extracellular or endosomal 

surrounding, leading to the activation of pro-inflammatory gene expression through different 

signalling pathways (Akira et al., 2001). NLRs like NLRP1, NLRP3 or NLRC4 in contrast 

sense intracellular microbial factors and assemble with ASC and caspase-1 in a multiprotein 

complex called inflammasome (Chen et al., 2009; Martinon et al., 2002). Three of the T3SS 

effectors, which are translocated by Yersinia into the host cell, YopM, YopP/J and YopQ/K 

have been reported to alter several steps in different cell death pathways (Chen & Brodsky, 

2023). It was shown that YopQ/K prevents formation of the NLRP3 inflammasome, by 

preventing hypertranslocation of the Yersinia pore proteins YopB and YopD. YopB and 

YopD hypertranslocation induces formation of the non-canonical caspase-11 

inflammasome as well as the canonical NLRP3 inflammasome both resulting in the 

activation of caspase-1 (Brodsky et al., 2010; Zwack et al., 2017; Zwack et al., 2015). 

However, YopM prevents the activation of the Pyrin inflammasome, which is activated by 

the inhibition of Rho GTPases by YopE and YopT (Chung et al., 2016; Ratner, Orning, 

Proulx, et al., 2016). For YopP/J it is known that the inhibition of NF-κB signalling pathway 

leads to caspase-1 activation likely through caspase-8 activation, but independent of 

canonical inflammasome components like ASC or different sensors (Brodsky et al., 2010; 

Orning et al., 2018; Philip et al., 2014; Weng et al., 2014). All of the above mentioned results 

were obtained using either Y. pestis or Y. pseudotuberculosis and only the interaction 

between YopM and the Pyrin inflammasome was shown in the human monocytic THP-1 

cell line. As there is a lack of information regarding the effects of the above mentioned Yops 
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from Y. enterocolitica on the inflammasome formation in primary human macrophages we 

aimed to uncode their effects. 

5.2.1 Y. enterocolitica T3SS induces NLRP3 inflammasome 

formation 

To detect the effect of Yops on global inflammasome formation, imaging of ASC speck 

formation was chosen as a suitable method, as canonical inflammasomes like the NLRP1-

, NLRP3- or the Pyrin-inflammasome all possess ASC as a connector between the sensor 

and (pro-)caspase-1. This makes it possible to gain a general information about the effect 

of different Yops on inflammasomes while only imaging one component of them. 

Furthermore, only one speck is formed inside one cell, which makes it easy to detect. First 

we proved that ASC specks not only contain ASC, but also (pro-)caspase-1 and in our case 

NLRP3 to show that ASC specks possess all components of a canonical inflammasome 

and thus can be used as a marker for the impact of Yops on canonical inflammasome 

formation. For that primary human macrophages were transfected with NLRP3-eGFP and 

either non infected (mock) or infected with different MOIs (100, 300, 500) with the Y. 

enterocolitica strain pTTSS for different time points (1 h, 2 h, 3 h). Y. enterocolitica strain 

pTTSS only harbours the T3SS, but no T3SS effectors (Heesemann & Laufs, 1983). 

Confocal imaging revealed that mock infection does not induce any NLRP3 containing 

specks (Fig. 9A). In contrast, infection with pTTSS with a MOI of 500 for 2 h leads to a 

strong induction of one speck per cell in almost all transfected and infected cells. These 

specks consist of the inflammasome sensor NLRP3, the adaptor molecular ASC as well as 

the (pro)-caspase-1 (Fig. 9A).  

A time course analysis indicated that ASC speck formation was dependent on infection time 

and MOI (Fig. 9B). After 1 h of infection, from less than 0.5 % to around 1.5 % of infected 

cells showed ASC specks depending on the MOI. After 2 h, from 5 % to 25 % of cells 

showed ASC specks and after 3 h of infection from 15 % to 45 % showed ASC specks (Fig. 

9B). 
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Figure 9: Analysis of ASC inflammasome formation in response to Y. enterocolitica 

infection. (A) NLRP3-eGFP transfected primary human macrophages were either mock- 

or pTTSS infected with a MOI of 500 for 2 h and immunostained for ASC & caspase-1 using 

antibodies. Blowup representation of pTTSS infected macrophages is shown in the bottom 

line. Arrows indicate colocalizing specks. Scale bar: 50 µm for the two upper lines and 10 

µm for the bottom line. (B) Analysis of ASC speck formation in primary human macrophages 

mock-infected or pTTSS-infected with a MOI of 100, 300 and 500 for 1 h, 2 h and 3 h. Bars 

represent means from at least two biological replicates with two technical replicates 

respectively. Around 600 cells were counted for each biological replicate. Error bars 

represent standard deviation. 
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5.2.2 Y. enterocolitica effectors suppress inflammasome formation 

To investigate whether the T3SS effectors can block inflammasome formation caused by 

the T3SS structural components, we infected primary human macrophages for 3 h with 

different MOIs (30, 100, 300) of the above mentioned strains. Interestingly, mock infection 

as well as infection with WAC and WA314 induced essentially no ASC speck formation, 

when compared to the strong dose dependent induction of ASC inflammasome formation 

by pTTSS (Fig. 10A & 10B). This indicates that none of the bacterial PAMPs from WAC 

induces ASC dependent inflammasome formation and that the effectors of WA314 

completely suppress the ASC speck formation induced by the components of the T3SS 

(Fig. 10A & 10B). 

 

Figure 10: Quantitative analysis & microscopic representation of the effect of T3SS 

effectors on ASC speck formation. (A) Analysis of ASC speck formation in primary human 

macrophages infected with mock, pTTSS, WA314 and WAC with MOIs of 30, 100 and 300 

for 3 h. Bars represent means from at least two biological replicates with two technical 

replicates for each. Error bars represent standard deviation. In total around 600 cells were 

counted for each biological replicate. (B) Representative images of primary human 
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macrophages infected with mock, WA314, WAC & pTTSS with a MOI of 300 for 3h. Cells 

were immunostained for ASC & Actin using antibodies. Scale bar: 50 µm. Arrow indicates 

one representative ASC speck. 

5.2.3 T3SS effectors YopP & YopQ cooperate to suppress 

inflammasome formation 

As shown in Fig. 10, T3SS effectors of WA314 almost completely suppressed the formation 

of ASC inflammasomes. To clarify which of the T3SS effectors is responsible for this effect 

and if there is a possible cooperation between the effectors, we infected primary human 

macrophages with single deletion mutants of YopM (WA314ΔYopM), YopP (WA314ΔYopP) 

and YopQ (WA314ΔYopQ) as well as double deletion mutants of YopM & YopP 

(WA314ΔYopMΔYopP), YopM & YopQ (WA314ΔYopMΔYopQ) and YopP & YopQ 

(WA314ΔYopPΔYopQ) with a MOI of 500 for 2 h. Values were normalized to WA314 to 

facilitate comparison between the different strains. Except for the double mutant lacking 

YopP and YopQ (WA314ΔYopPQ), none of the employed single or double Yop-mutant 

strains behaved statistically different from WA314. This indicates that the T3SS effectors 

act synergistically and cooperatively to block inflammasome formation. It also demonstrates 

that the combined removal of YopP and YopQ induces a defect in the inflammasome 

inhibitory activity that cannot anymore be compensated by the remaining Yops (Fig. 11). 

 

Figure 11: Analysis of the effect of YopM, YopP and YopQ on ASC speck formation. 

Quantification of ASC speck formation in primary human macrophages infected with mock, 

WA314, WA314ΔYopM, WA314ΔYopP, WA314ΔYopQ, WA314ΔYopMΔYopP, 

WA314ΔYopMΔYopQ, WA314ΔYopPΔYopQ with a MOI of 500 for 2 h. Each bar represents 

mean ± standard deviation of at least two replicates normalized to WA314. Significance was 

calculated using an ordinary one-way ANOVA. n.s: not significant. ***: p- value ≤ 0.001.  
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5.3 Y. enterocolitica affects histone H3 serine-10 

phosphorylation in primary human macrophages 

Several bacterial effectors have been shown to influence the epigenetic landscape, often 

targeting histone H3 serine-10 phosphorylation (H3S10ph), by that interfering with the host 

immune response (Bierne & Pourpre, 2020; Connor et al., 2019). A previous study in our 

group with Y. enterocolitica has already shown that T3SS effectors largely modulate histone 

modifications as well as connected gene expression to promote survival inside the host 

(Bekere et al., 2021). In this study we aimed to find a modulation of H3S10ph by effectors 

of Y. enterocolitica.  

 

5.3.1 Y. enterocolitica T3SS effectors suppress histone H3 serine-

10 phosphorylation 

Primary human macrophages were either non-infected (mock) or infected with WA314 or 

WAC followed by histone extraction, electrophoretic separation and western blotting to 

detect differences in H3S10ph pattern. Infection for 10 min just gives a minor but equal 

H3S10ph signal in WA314 and WAC infected cells, which increases similarly in intensity 

after 30 min of infection with both strains. The maximum signal intensity in H3S10ph is found 

after 60 min of infection in WAC infected cells, whereas H3S10ph signal in WA314 infected 

cells is weaker. After 180 min of infection the H3S10ph signal in WA314 infected cells is not 

detectable, whereas the WAC infected cells still show a strong H3S10ph signal (Fig. 12A). 

This effect was not only detectable in Western blotting, but also in immunofluorescently 

stained macrophages (Fig. 12B). Taken together there is evidence that the T3SS effectors 

either prevent phosphorylation or exert dephosphorylating functions.   
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Figure 12: Analysis of the effect of Yops on histone H3 serine-10 phosphorylation. 

(A) Western blot analysis of H3S10ph in primary human macrophages infected with mock, 

WA314 and WAC with a MOI of 100 for 10 min, 30 min, 60 min and 180 min. Histone H3 

(H3) was used as a loading control. (B) Representative images of primary human 

macrophages infected for 3 h using the same infection conditions like in (A). Cells were 

immunostained with antibody for H3S10ph and DAPI for DNA. Scale bar: 50 µm. 

 

5.3.2 T3SS effector YopP partially inhibits H3S10 phosphorylation. 

Role of MAPK pathway 

As seen in Fig. 12 T3SS effector activity led to the disappearance of H3S10ph in infected 

macrophages. To determine which of the T3SS effectors is or are responsible for this effect 

we infected primary human macrophages for 3 h with single Yop deletion strains. Mock 

infection as well as infection with WAC and WA314 showed the same results like already 

shown in Fig. 12 (Fig. 13A & 13B). Interestingly deletion of YopP rescues approximately 
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half of the effect as seen with WAC infection, whereas none of the other single deletion 

mutants showed a large difference to WA314 infection (Fig. 13A & 13B). Because it is 

already known that YopP is an acetyltransferase, which inhibits MAPK and NF-κB pathways 

in the host cell (Meinzer et al., 2012; Mittal et al., 2006; Mukherjee et al., 2006; Paquette et 

al., 2012) we wanted to know which of these pathways needs to be inhibited to prevent 

H3S10ph. For that we treated macrophages with several inhibitors and infected 

macrophages with the single YopP deletion strain (WA314ΔYopP) for 3 h. Treatment with 

the inhibitors for MEKs/ERKs & p38 as well as IKKα/ß leads to a disappearance of the 

H3S10ph signal showing that those proteins are needed for the phosphorylation of H3S10 

and that YopP successfully inhibits those (Fig. 13C). 

 

Figure 13: Analysis of the effect of different Yops on histone H3 serine-10 

phosphorylation. (A) Representative Western blot analysis of H3S10ph in primary human 

macrophages infected with mock, WA314, WAC, WA314ΔYopT, WA314ΔYopE, 

WA314ΔYopH, WA314ΔYopO, WA314ΔYopQ, WA314ΔYopM and WA314ΔYopP with a 

MOI of 100 for 3h. Histone H3 (H3) was used as a loading control. (B) Statistical analysis 

of H3S10ph signal from at least three independent blots like shown in (A). Bars represent 

mean of H3S10ph signal normalized to H3 signal of at least three independent replicates. 

Error bears represent standard deviation. Significance was calculated using an ordinary 

one-way ANOVA. **: p-value ≤ 0.01. ****: p-value ≤ 0.0001 (C) Western blot analysis of 

histone H3S10ph from primary human macrophages infected with WA314ΔYopP with a 

MOI of 100 for 3 h, which were additionally treated with several inhibitors of MAPK and NF-

κB signal pathway. Histone H3 (H3) was used as a loading control. 
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6 Discussion 

6.1 The effect of Y. enterocolitica on the transcriptome of 

primary human macrophages 

Pathogenic bacteria like Y. enterocolitica modulate gene expression of their host cells as 

one of their main virulence programs. In this study a global gene expression analysis of 

primary human macrophages infected with different strains of Y. enterocolitica was 

conducted, aiming to enlighten the role of the T3SS effectors YopM, YopP and YopQ on 

modulation of gene expression. Furthermore, a deeper focus was on a potential interplay 

of YopM and YopP in modulating host gene expression.   

First of all, comparison with publicly available data and data generated in this study showed 

an overlap between naïve and mock infected macrophages as well as LPS-stimulated and 

WAC infected macrophages (Fig. 1B), highlighting the quality of our data and showing that 

they could be used for further analysis. Further analysis of samples from macrophages 

infected for 1.5 h with either the wildtype (WA314) or the avirulent strain (WAC) revealed 

that around 1000 genes, most of them belonging to inflammatory pathways, are differentially 

regulated vs. mock under these conditions. There were minor differences between WA314 

and WAC, indicating that at this time point the T3SS and its effectors are not very active yet 

and the observed effects on gene transcription are mostly due to the bacterial PAMPs (Fig. 

2B). However, after 6 h of infection a strong modulation of gene expression was detected, 

differing between WAC and WA314 infected macrophages. Whereas 4641 DEGs were 

found in WA314 infected macrophages and 7437 DEGs were found in WAC infected 

macrophages compared to mock-infected ones, we found 2714 DEGs in a comparison 

between WAC and WA314 showing the extensive gene expression modulation caused by 

T3SS effectors in WA314 (Fig. 2B). It has already been reported that it takes several hours 

until the effect of many T3SS effectors has a detectable impact (Aepfelbacher et al., 2003; 

Ruckdeschel et al., 1998; Ruckdeschel et al., 1997; Zumbihl et al., 1999). Furthermore, 

previous studies already showed that both the avirulent Y. enterocolitica strain WAC and 

the virulent strain WA314 directly induce the modulation of gene expression through the 

activation of MAPK and NF-κB signaling pathways (Ruckdeschel et al., 1998; Ruckdeschel 

et al., 1997). This initial activation is followed by a suppression, mainly through YopP, in the 

virulent strain WA314 (Ruckdeschel et al., 1998; Ruckdeschel et al., 1997). This fits with 

the results obtained in this study as WA314 already moderately suppresses PAMP-induced 

genes after 1.5 h and those genes show enrichment of NF-κB motifs and in inflammatory 

pathways (Fig. 4A). Genes belonging to this group are for example the NF-κB induced 

genes for TNF, IL23A and IL27 (Carmody et al., 2007; Liu et al., 2007). This states previous 
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findings showing that the T3SS effector YopP targets inflammatory response genes which 

are regulated through NF-κB (Ruckdeschel et al., 1998; Ruckdeschel et al., 2001). 

Interestingly there are not only PAMP-induced genes, but also PAMP-suppressed genes, 

which are highly enriched for Zinc-finger genes playing a role in transcription regulation (Fig. 

4D) and WA314 prevents the suppression of several of them. Unfortunately, it is not really 

known which influence Zinc finger genes have during the immune response in macrophages 

(Cassandri et al., 2017). A previous study showed that many Zinc finger proteins promote 

the repression of genes (Lupo et al., 2013), which led to the conclusion that suppression of 

Zinc finger genes in turn leads to the activation of many genes. Vice versa it may be 

beneficial for Yersinia to prevent suppression of Zinc finger genes as this could be beneficial 

for the bacteria by suppressing PAMP induced genes.  

Looking more closely to the strong increase in gene expression modulation after 6 h 

compared to 1.5 h of infection (Fig. 2B), this effect might be due to the stimulation of cyto- 

and chemokines, which were induced early after infection. Cyto- and chemokines in turn 

stimulate through paracrine and autocrine effects the expression of secondary response 

genes (SRG) (Schneider et al., 2014; Shouval et al., 2014). 

As we observed a more distinct and clear effect of the T3SS effectors after 6 h compared 

with 1.5 h of infection, the main goal of this study, enlightening the effects of the single Yops 

YopM, YopP and YopQ, but also enlightening a potential interplay between YopM and 

YopP, could be better investigated after the 6 h time point. PCA analysis showed clear 

separation of WAC from all other samples as well as a tight clustering of WA314ΔYopP and 

WA314ΔYopMP, which both in turn separated from all other samples (Fig. 5B). Samples 

from WA314ΔYopM and WA314ΔYopQ infected macrophages however were close to 

samples from WA314 infected macrophages, which hints to a more attenuated effect of 

YopM and an even more attenuated one of YopQ compared with YopP (Fig. 5B). A deeper 

look at DEG comparisons, showed that the deletion of YopQ does not have a large influence 

on gene expression, whereas the deletion of YopP had the highest impact on gene 

expression and deletion of YopM was in between the effect of YopP and YopQ (Fig. 5C). 

Interestingly double deletion of YopM and YopP did not have any additional effect compared 

to a single deletion of YopP showing that in the absence of YopP, YopM does not have a 

significant effect on gene expression (Fig. 5D).  

We found three clusters of DEGs after 6 h of infection, which showed effects of single Yops 

(Fig. 6A & 6B), with YopP being mostly responsible for counteracting the PAMP effect on 

gene expression. Genes suppressed by YopP are enriched in pathways belonging to the 

innate immune response, response to LPS and virus as well as ubiquitination and 

transcription regulation and those genes show enrichment of motifs for the IRF and RHD 

(Rel homology domain) transcription factor family (Fig. 6C & 6D). 
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Around 400 DEGs in two cluster were found differentially regulated between YopM, YopQ 

and YopP (Fig. 7A). Surprisingly YopP was the main actor of the suppression of PAMP-

induced changes in gene expression, and both YopM and YopQ counteract this effect by 

promoting the PAMP-induced changes in gene expression (Fig. 7A & 7B). Like already 

shown in Fig. 6D, PAMP-induced genes which were suppressed by YopP are enriched in 

motifs belonging to transcription factors from the IRF and RHD family (Fig. 7C) and show 

enrichment of genes belonging to pathways of cytokine-cytokine receptor interaction and 

defense response to virus (Fig. 8A & 8B). For example, the gene encoding for INFβ is 

downregulated by YopP, which inhibits the activation of the STAT1/STAT2/IRF9 complex 

as well as other interferon stimulated genes (ISGs) (Schneider et al., 2014). However, 

PAMP suppressed and YopP stimulated genes are enriched for motifs of the transcription 

factor Foxo1 (Forkhead box protein O1) from the Forkhead family and enriched for genes 

in the pathway of transcription factor activity (Fig. 7C & 8C). To further support the RNA-

seq analysis RT-qPCR was done showing that YopM and YopP have opposing effects on 

the expression of the cytokines TNF, IL-6 and IL1ß and that a deletion of both YopM and 

YopP does not lead to an approach to the wildtype effect but more to the WAC induced 

effect (Fig. 8D), showing that the effect of YopP predominates the effect of YopM.  

Previous studies already showed an opposing effect of YopM and YopP/J with regard to 

inflammasome signaling and cell death (Ratner, Orning, Proulx, et al., 2016; Ratner, Orning, 

Starheim, et al., 2016; Schoberle et al., 2016). In detail cell death and caspase-1 activation 

was promoted by YopP/J in naïve (Schoberle et al., 2016) as well as LPS-primed 

macrophages (Ratner, Orning, Proulx, et al., 2016; Ratner, Orning, Starheim, et al., 2016), 

whereas YopM prevented inhibition of caspase-1 activation and cell death (Ratner, Orning, 

Proulx, et al., 2016; Ratner, Orning, Starheim, et al., 2016; Schoberle et al., 2016). In 

contrast to this opposing effect, a cooperative effect was also shown as inhibition of IL-1β 

secretion was done in a cooperative manner of YopP/J and YopM together by that 

promoting Yersinia virulence (Ratner, Orning, Proulx, et al., 2016; Ratner, Orning, Starheim, 

et al., 2016; Schoberle et al., 2016). However, for the regulation of gene expression neither 

a cooperative nor opposing effect has been shown till now.  

YopM stimulates RSK, which is a known regulator of gene expression (Anjum & Blenis, 

2008), directly in the nucleus, thus potentially supporting PAMP signaling (Berneking et al., 

2016). Through this YopM dependent interaction for example, the expression of IL-10, an 

anti-inflammatory cytokine, was upregulated in wild type infected primary human 

macrophages, even though YopP suppresses gene expression of IL-10 (Berneking et al., 

2023; Berneking et al., 2016). Our RNA-seq analysis shows that WAC strongly promotes 

gene expression of IL-10, YopP strongly suppresses it and YopM is slightly counteracting 

the YopP effect by also promoting the expression of IL-10 (Fig. 8A). This effect was also 
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shown by RT-qPCR experiments (Berneking et al., 2023), highlighting the complex interplay 

which is necessary to favor the bacterial infection. 

The Yop effector protein YopQ/K is important for the regulation of the Yop effector 

translocation into the host cell (Aili et al., 2008; Dewoody et al., 2011; Dewoody et al., 

2013b; Holmström et al., 1997; Holmström et al., 1995a, 1995b). RNA-seq analysis showed 

a similar amount of DEGs in macrophages infected with a YopQ deficient strain compared 

with wildtype infected macrophages even though a small effect was observed (Fig. 5C). 

This similarity was confirmed by heatmap analysis, but an attenuation of the wild type effect 

was detectable (Fig. 6A & 7A). Overall YopQ attenuates the wild type effect on gene 

expression likely due to the prevention of hypertranslocation of several Yop effectors. The 

deletion of YopK in Y. pestis strain KIM5 leads to a hypertranslocation of several Yops, 

including YopJ and YopM (Dewoody et al., 2013b). As there is a high similarity between 

YopK from Y. pestis strain KIM5 and its homolog YopQ from Y. enterocolitica strain WA314 

can assume that the effect of YopQ on translocation will be very similar. Having this in mind 

it might explain, why the deletion of YopQ leads to an even stronger suppression of the 

PAMP-induced gene expression changes. Hypertranslocation of YopP strongly suppresses 

PAMP-induced gene expression changes and as the counteracting effect of YopM is 

weaker than the YopP effect, the PAMP-induced gene expression changes are even 

stronger suppressed in macrophages infected with a YopQ deficient strain than in wildtype 

infected macrophages.  

Taken together the RNA-seq analysis shows that Y. enterocolitica T3SS effectors 

translocated into the host cell largely suppress the PAMP-induced gene expression 

changes and that YopP is the main actor of the suppression by inhibiting NF-κB and MAPK 

pathways like already shown (Ruckdeschel et al., 1998; Ruckdeschel et al., 1997). In 

contrast YopM, as well as YopQ, both counteract the effect of YopP by slightly promoting 

the PAMP-induced gene expression changes. Even though its speculating, but the effect of 

YopM might be due to the stimulation of kinases or transcription factors in the nucleus as 

previously shown (Berneking et al., 2023; Berneking et al., 2016) and YopQ might promote 

PAMP-induced gene expression changes by preventing the hypertranslocation of several 

Yop effector proteins (Dewoody et al., 2013b). 
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6.2 Y. enterocolitica T3SS effectors suppress 

inflammasome activation in primary human 

macrophages 

The impairment of cell death pathways, which are activated as a response to the detection 

of bacterial PAMPs, is another mechanism of T3SS effectors of pathogenic Yersinia to 

suppress the host immune response. Previous studies, using mouse cells infected with 

different Y. pseudotuberculosis and Y. pestis strains already showed that three Yop 

effectors, YopM, YopP and YopQ, impair several steps in different cell death pathways 

(Chen & Brodsky, 2023). Due to the lack of information of the effect of the above mentioned 

T3SS effectors of Y. enterocolitica on cell death pathways in human cells, we performed 

experiments using primary human macrophages infected with several different strains of Y. 

enterocolitica.  

As we wanted to have an easy, fast and reliable method to assess the effects of Yops on 

global inflammasome formation, we chose to image ASC speck formation, as the adaptor 

protein ASC is the common component in many canonical inflammasomes (Rathinam et 

al., 2012). Confocal imaging revealed that ASC specks formed in response to pTTSS 

infection (a strain only harboring the T3SS, but no Yop effector proteins) also contain the 

sensor NLRP3, as well as (pro-)caspase-1 showing that all components including the 

sensor, the caspase and the connector ASC, are present in one ASC speck (Fig. 9A). 

Furthermore, we also showed that ASC speck formation is highly time and MOI dependent, 

as longer infection time as well as a higher MOI led to larger amounts of cells containing 

ASC specks (Fig. 9B).  

Next we assessed on the one hand the role of translocated Yop effectors using the wild 

type strain WA314 and on the other hand the role of the T3SS alone, as present in pTTSS, 

by using the avirulent strain WAC lacking the complete virulence plasmid.   

WA314-infected macrophages show almost no ASC speck formation similar to mock- and 

WAC-infected ones, in contrast to pTTSS infected macrophages, that showed a MOI- and 

time-dependent ASC speck formation (Fig. 10A). We conclude that the T3SS and not 

PAMPs is the main trigger for ASC speck formation, and the translocated Yop effectors in 

WA314 completely inhibit this T3SS induced ASC speck formation in the infected 

macrophages (Fig. 10A). 

Further, infection of primary human macrophages with either single deletion mutants of 

YopM, YopP or YopQ, as well as double deletion mutants of YopM & YopP, YopM & YopQ 

and YopP & YopQ showed that only the deletion of both YopP and YopQ together led to a 

significant increase in ASC speck formation compared to the wildtype (Fig. 11). Neither a 

single deletion of YopM, YopP or YopQ nor a double deletion of YopM & YopP or YopM & 
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YopQ showed a significant difference to the wildtype effect. This really contradicts previous 

findings showing that YopM alone is responsible for ASC dependent Pyrin inflammasome 

inhibition (Chung et al., 2016; Ratner, Orning, Proulx, et al., 2016) and YopK alone inhibits 

NLRP3 inflammasome formation (Brodsky et al., 2010; Zwack et al., 2017; Zwack et al., 

2015). As both of those inflammasomes contain ASC, we expected to detect a significant 

increase in the ASC speck formation upon deletion of YopM and YopQ alone.  

The lacking effect of YopM on ASC speck formation could be explained by the short 

infection time of 2 h. Mangan et al. showed that LPS stimulates the TRIF (TIR-domain-

containing adapter-inducing interferon-β) mediated expression of Pyrin after 5 h and 18 h 

and that low levels of Pyrin are not sufficient to trigger Pyrin inflammasome formation 

(Mangan et al., 2022). Having this in mind longer infection times of up to 18 h could lead to 

ASC dependent Pyrin inflammasome formation and the effect of YopM in primary human 

macrophages may be elucidated with longer infection times. Furthermore, using longer 

infection times, the role of YopM in Pyrin inflammasome formation or general impairment of 

cell death pathways could be uncovered by performing several experiments. First of all, 

Pyrin inflammasome formation upon treatment with a strain lacking all seven translocated 

Yop effectors except for YopE and YopT (WA314ΔYopHOMPQ) in primary human 

macrophages should be investigated microscopically. Using this strain should give the 

largest stimulus for Pyrin inflammasome formation as YopE and YopT induces Pyrin 

inflammasome formation by inhibiting Rho-GTPases (Chung et al., 2016; Ratner, Orning, 

Proulx, et al., 2016). In a next step it would be suitable to assess the influence of YopM on 

Pyrin inflammasome formation by using a strain lacking all Yop effectors except for YopE, 

YopT and YopM (WA314ΔYopHOPQ) as this strain is supposed to induce Pyrin 

inflammasome formation by YopE and YopT and similarly suppresses Pyrin inflammasome 

formation through YopM. As it was shown that YopM from Y. pestis strain KIM5 is able to 

suppress IL-1β secretion in primary human macrophages (Ratner, Orning, Proulx, et al., 

2016), it would be of high interest to investigate if YopM from Y. enterocolitica strain WA314 

also suppresses IL-1β secretion and if so, if this is Pyrin inflammasome dependent. 

Furthermore, there might also be a promoting effect of YopM on NLRP3 gene expression. 

As YopM is an important mediator of the nuclear translocation of STAT3 (Berneking et al., 

2023) and STAT3 was shown to be important for the gene expression of NLRP3 (Zhu et al., 

2021) it might also be that YopM promotes the gene expression of NLRP3.   

As there is no effect of YopQ alone on ASC speck formation we conclude that YopQ from 

Y. enterocolitica is not able to inhibit ASC dependent inflammasome formation, thus 

contradicting previous findings showing that YopK alone inhibits NLRP3 inflammasome 

formation (Brodsky et al., 2010; Zwack et al., 2017; Zwack et al., 2015). It is important to 

note that differences can occur due to the difference between human and mouse 
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macrophages. About other reasons for the difference, we can only speculate. First of all, it 

shows that any of the other translocated Yops YopH, YopO, YopE or YopT may play a role 

in suppressing ASC dependent inflammasome formation or that several of the translocated 

Yops act cooperatively like YopP and YopQ do in our data (Fig. 11). In a next step we aim 

to investigate ASC speck formation using the triple mutant WA314ΔYopMPQ to detect a 

potential interplay of YopM, YopP and YopQ. Furthermore, a recent study showed a 

cooperation of YopE, YopH and YopK from Y. pseudotuberculosis strain IP2666 in inhibiting 

non-canonical caspase-4 inflammasome formation in human intestinal epithelial cells 

(IECs) and macrophages (Zhang et al., 2023). As the ASC dependent NLRP-3 

inflammasome formation is linked with K+ efflux mediated through caspase-4 activation 

(Baker et al., 2015; Rühl & Broz, 2015; Schmid-Burgk et al., 2015), it might be that YopE, 

YopH and YopQ together also inhibit ASC dependent NLRP3 inflammasome formation in 

primary human macrophages. To further depict the roles of YopE, YopH and YopQ, single 

as well as double and triple deletion mutants should be used for assessing ASC speck 

formation upon infection. Infection times for this experiments can be kept at 2 h as we 

showed that this is sufficient to induce NLRP3 inflammasome formation (Fig. 9C).  

Last but not least we found a significant effect of YopP and YopQ together on ASC speck 

formation and as there is not much known about the effect of both on inflammasome 

formation we can just speculate about the reason for this effect. The effect of YopP might 

be the suppression of NLRP3 gene expression by inhibiting MAPK and NF-κB pathway. It 

was shown that caffeine inhibits NLRP3 gene expression through the inhibition of the MAPK 

and NF-κB pathway (Zhao et al., 2019) and as YopP inhibits the same pathway 

(Ruckdeschel et al., 1998; Ruckdeschel et al., 1997) it likely has the same effect. However, 

deletion of YopP alone is not enough to induce ASC speck formation as other Yops like 

YopE, YopH, YopQ might inhibit and YopM might promote ASC dependent NLRP3 

inflammasome formation by mediating the nuclear translocation of STAT3, which is 

important for the gene expression of NLRP3. A further deletion of YopQ might attenuate the 

inhibiting effect of YopE, YopH and YopQ together leading to a slight increase in ASC speck 

formation as detected in our experiments (Fig. 11).  

Finally, it seems to be that many translocated Yop effectors play a role in inflammasome 

formation. In this study we just got a little insight into the various effects of translocated Yop 

effectors. They all together nearly completely inhibit ASC speck formation and here we 

showed that YopP and YopQ together play a vital role in this effect. However, we could not 

proof previous findings for the effect of YopM or YopQ alone on inflammasome formation, 

on the one hand likely due to inconvenient time points in the case of YopM and on the other 

hand likely due to the difference between mouse and human cells in the case of YopQ. 

Further experiments are needed to enlighten the role of other Yops like YopE and YopH as 
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they might also influence inflammasome formation. In general, it is important to not only 

focus on the effect of single Yops but also the effect of several Yops together as they all 

seem to influence each other in order to gain the best outcome for Yersinia.  

 

6.3 Y. enterocolitica affects histone H3 serine-10 

phosphorylation in primary human macrophages 

Bacterial effectors not only impair host gene expression and cell death pathways, but also 

affect the epigenetic landscape of the host by often targeting H3S10ph to interfere with the 

host immune response (Bierne & Pourpre, 2020; Connor et al., 2019). Phosphorylation of 

H3S10 takes place upon LPS sensing, that leads to the activation of MAPK and NF-κB 

pathways, by that regulating inflammatory gene expression  (Connor et al., 2019). 

Furthermore, H3S10ph recruits other factors like chromatin remodelers or writers, which in 

turn induces chromatin opening and deposition of other activating histone marks like 

acetylation, leading to overall transcription promotion (Khan et al., 2017; Sawicka & Seiser, 

2014).  

In this study we were interested in the effect of the translocated T3SS effectors on H3S10ph. 

First of all, we detected a time dependent phosphorylation of H3S10 in primary human 

macrophages infected with the virulent wildtype strain WA314 and the avirulent strain WAC 

within 1 h and this phosphorylation was abolished after 3 h in wildtype infected 

macrophages (Fig. 12). This shows that the translocated T3SS effectors are responsible for 

the removal of H3S10ph after 3 h. Infection with single deletion mutants for 3 h revealed 

that YopP is responsible for around 50 % of the removal of H3S10ph and other T3SS 

effectors do not play a role if they act alone (Fig. 13A & 13B). It might be that YopP act not 

only alone but also in cooperation with other T3SS effectors. In HeLa cells it was shown 

that Pseudomonas aeruginosa T3SS pore proteins suppressed H3S10ph (Dortet et al., 

2018), which might also be the case with the T3SS pore proteins YopB and YopD from Y. 

enterocolitica. Further infection experiments with deletion mutants of the pore proteins YopB 

and YopD, as well as infection experiments with double deletion mutants are needed to 

uncover the role of the pore proteins and a potential cooperation of T3SS effector proteins. 

Interestingly both WA314 and WAC induced H3S10ph at early time points of up to 1 h, 

showing that PAMP-induced signaling is faster than the activity of the translocated T3SS 

effectors. This fits with our RNA-seq results where we also observed a fast PAMP-induced 

effect, whereas T3SS effectors did not have a large effect at 1.5 h post infection.  

YopP inhibits components of the MAPK and NF-κB signaling pathway (Ruckdeschel et al., 

1998; Ruckdeschel et al., 1997) and because of that we aimed to detect if the suppression 

of H3S10ph is mediated by those pathways. Using several MAPK and NF-κB pathway 

inhibitors confirmed our assumption (Fig. 13C), showing that YopP suppresses H3S10ph 
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by inhibiting components of the MAPK and NF-κB signaling pathway. Till now we cannot 

say if the deposition of H3S10ph has any effect on gene expression or if it just happens by 

accident and does not have any functional outcome. To further elucidate the role of 

H3S10ph and find the chromosomal regions which are connected with H3S10ph, ChIP-seq 

experiments will be highly interesting. ChIP-seq studies using H3S10ph have only been 

done in BMDMs but not in primary human macrophages (Josefowicz et al., 2016). They 

showed that LPS stimulation of BMDMs induced phosphorylation of H3S10 and H3S28, but 

they only found H3S28ph at TSS and enhancers of inflammatory genes, whereas H3S10ph 

was not found there (Josefowicz et al., 2016). Unfortunately, they did not further investigate 

the role of H3S10ph. It might be that H3S10ph also controls inflammatory gene expression 

in human macrophages, even though it could also be that it just acts as an anchor for other 

histone modifications. Furthermore, it would be highly interesting to find out if H3S28ph is 

also induced in primary human macrophages and altered by T3SS effectors of 

Y. enterocolitica.  

Overall our data show that YopP is the main actor of the suppression of H3S10ph through 

its well-known inhibition of MAPK and NF-κB pathway. If this suppression of H3S10ph is 

biological relevant is unclear so far, but ChIP-seq experiments could uncover the role of 

H3S10ph.  
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Fig. figure 
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g gram 
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GAP GTPase activating protein 
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GEO gene expression omnibus 
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GO gene ontology 
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H histone 
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HUVEC human umbilical vein endothelial cells 

ID identity 

IDO indoleamine 2,3-dioxygenase 

IEC intestinal epithelial cells 

IF immunofluorescence 
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IFN interferon 

IgG immunoglobuline G 
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IL interleukin 
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IRF interferon regulatory factor 

ISG interferon stimulated genes 
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JNK c-Jun N-terminal kinases 

K lysine 
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L late 
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LcrV low calcium response protein V 
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Log2 binary logarithm 
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M molar 
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NF-κB nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells 

ng nanogram 
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nm nanometer 

nM nanomolar 

NOD nucleotide-binding oligomerization domain 

OD optical density 

Osp outer shigella protein 
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p38 p38 mitogen-activated protein kinase 
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PAMP pathogen-associated molecular pattern 

PBS phosphate buffered saline 

PCA principal component anylsis 
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