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Abstract of the Dissertation 

Mechanism of type III secretion system-triggered killing of Yersinia in macrophages 

by 

Xiaoying Wang 

Doctor of Philosophy 

in 

Molecular and Cellular Biology 

Stony Brook University 

2015 

The mammalian immune system has the ability to discriminate between pathogens and 

innocuous microbes by detecting conserved molecular patterns. In addition to conserved 

microbial patterns, the mammalian immune system may recognize distinct pathogen-induced 

processes, the mechanism of which is poorly understood. Pathogenic Yersinia species utilize a 

type III secretion system (T3SS) to translocate various bacterial effectors into target cells, which 

aim to modify multiple host signaling pathways. Interestingly, previous studies have shown that 

the T3SS in Yersinia pseudotuberculosis leads to decreased survival of this bacterium in primary 

murine macrophages, the mechanism of which is unknown. Here, we use colony forming unit 

assays and fluorescence microscopy to investigate how the T3SS triggers killing of Yersinia in 

naïve murine macrophages.  

To identify specific effectors that limit Yersinia intracellular survival, the intra-

macrophage survival of wild-type strain and several Yersinia outer protein (yop) deletion mutants 

was compared. Additionally, intra-macrophage survival of Yersinia producing YopE or YopE 
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variants was tested to further investigate the role of YopE GAP activity in this process. 

Furthermore, experiments were performed to better characterize the mechanism of YopE-

induced killing of Yersinia inside macrophages.  

Our results show that YopE and YopH limit survival of Yersinia inside macrophages, 

while YopT counteracts the YopE-triggered killing effect. YopE-induced killing of Yersinia is an 

independent pathway from Synaptotagmin VII (SytVII) -mediated phagolysosome fusion. 

Importantly, data presented here suggest that the GAP activity of YopE towards Rho GTPases is 

essential for restricting Yersinia survival inside macrophages. Clostridium difficile Toxin B is 

able to mimic the effect of YopE and decrease Yersinia survival inside macrophages. 

Interestingly, macrophages limit Yersinia survival in response to Rac1 inhibition, but not Rho 

inhibition. In addition, our work indicates that LPS-TLR signaling is dispensable for YopE-

stimulated intracellular killing. Remarkably, translocated YopE stimulates higher levels of nitric 

oxide (NO) from infected macrophages. However, NO production does not seem to mediate 

YopE-triggered killing. Moreover, signaling pathways that require capase-1/11, NOD1 or 

autophagy are not involved in the YopE-elicited killing response. 

In summary, I have shown that primary macrophages sense manipulation of Rho 

GTPases by Yersinia YopE and actively counteract pathogenic infection by restricting 

intracellular bacterial survival. Our results uncover a new mode of innate immune recognition in 

response to pathogenic infection. 
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Chapter 1: Introduction  

1.1  Recognition of pathogens by the mammalian immune system 

Innate immunity and professional phagocytes. Innate immunity provides an early and critical 

protection against pathogenic infections. Professional phagocytes, such as neutrophils, 

monocytes, macrophages and dendritic cells, are key cellular components of the innate immune 

system. These specialized hematopoietic cells are able to seek, engulf and destroy invading 

microorganisms rapidly as the first line of defense against pathogenic attack. Once the pathogen 

is internalized, the phagosome undergoes acidification and fusion with lysosomes to obtain 

degradative proteases and anti-microbial peptides [1,2]. Highly toxic reactive oxygen and 

nitrogen species are also generated during activation of a “respiratory burst” [1,2]. These 

bactericidal weapons all contribute to the destruction of the invading microorganism. In addition, 

macrophages and dendritic cells can secrete pro-inflammatory cytokines, process microbial 

material and serve as antigen-presenting cells to direct the development of an adaptive immune 

response [1,2]. 

MAMPs and PRRs. How do immune cells initially sense the invading microorganisms? In the 

dominant paradigm of innate immunity, host cells detect pathogens by recognizing 

“microorganism-associated molecular patterns” (MAMPs) via germline-encoded pattern 

recognition receptors (PRRs) [3]. The wide range of PRRs in mammalian cells recognizes 

various microbial molecules, ranging from proteins, lipids, and carbohydrates to nucleic acids.  

Over the past decade, two major classes of PRRs have been described: trans-membrane 

receptors, such as Toll-like receptors (TLRs), scavenger receptors and C-type lectin receptors, 
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and cytosolic soluble receptors, such as nucleotide-binding oligomerization domain leucine rich 

repeat receptors (NLRs) and retinoic acid-inducible gene 1 (RIG) like receptors (RLRs).  

As the first set of sensors identified, TLRs are the best-characterized PRRs that function 

on the cell surface or within endosomal compartments [4,5]. TLR4 senses lipopolysaccharide 

(LPS), an essential component in the outer membrane of Gram-negative bacteria; TLR5 

recognizes flagellin, a globular protein that forms the filament in bacterial flagellum; TLR2, 

sometimes in cooperation with other TLRs, detects a variety of microbial components including 

lipoproteins, peptidoglycans, lipoarabinomannan, and lipoteichoic acid; TLR9 recognizes 

bacterial DNAs containing unique CpG motifs. Ligand engagement to TLRs facilitates 

dimerization of TLRs and activation of downstream signaling pathways through different 

adaptor proteins, such as myeloid differentiation primary-response protein 88 (MyD88) and TIR-

domain-containing adaptor inducing IFN- (TRIF).  The MyD88 dependent pathway mediates 

activation of mitogen-activated protein kinases (MAPKs) and transcription factor nuclear factor-

B (NF-B), while the TRIF-dependent pathway mainly controls type I interferons (IFNs) 

production [4,5].  

Unlike TLRs, members of the NLR family are intracellular soluble receptors. Nucleotide-

binding oligomerization domain-containing protein 1 (NOD1) and NOD2, as the first members 

of the NLR family identified, respond to intracellular diaminopimelic acid (DAP) and muramyl 

dipeptide (MDP) respectively, which are fragments of peptidoglycans found in the bacterial cell 

wall [6]. Following ligation to the ligands, NOD1 and NOD2 stimulate both NF-B activation 

and production of IFNs [6]. Other members of the NLR family, such as NLRP1 (NOD, Leucine 

rich Repeat and Pyrin domain containing Protein 1), NLRP3, NLRP6 and NLRC4 (NLR family 

CARD domain containing-protein 4), mediate the assembly of inflammasomes and the activation 
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of inflammatory caspases in response to numerous infectious and distinct stimuli [7,8]. For 

example, NLRP3 has been proposed to respond to the potassium efflux induced by bacterial 

toxins, reactive oxygen species (ROS) generated from damaged mitochondria and 

phagolysosome membrane destabilization [9]. NLRC4 induces inflammasome activation in 

response to cytosolic bacterial flagellin and T3SS injectisome component PrgJ [9]. After 

stimulation, the NLRs undergo oligomerization, which facilitates recruitment of pro-caspase-1 

through their CARD domain or via the CARD of the adaptor protein ASC (apoptosis-associated 

speck-like protein containing a CARD) [9]. Once recruited to the inflammasome complex, pro-

caspase-1 undergoes autocatalytic cleavage to form active caspase-1. Active caspase-1 further 

promotes processing and secretion of cytokines such as interleukin-1  (IL-1) and IL-18, and a 

lytic form of cell death called pyroptosis [7,8].  

Overall, PRRs initiate signaling pathways to promote inflammatory responses, which 

recruit and stimulate circulating immune cells, and help shape the development of adaptive 

immune response.  

Patterns of pathogenesis and ETIR. PRRs are indispensable components of the innate immune 

system, which sense invading microorganisms by recognizing MAMPs. However, MAMPs, such 

as flagellin or lipopolysaccharide, are conserved microbial structures found in both pathogenic 

and nonpathogenic bacteria. How then do host cells distinguish pathogens from innocuous 

microbes? Alternate theories propose that, in addition to MAMPs, host cells also respond to 

distinct pathogen-induced signals, termed “patterns of pathogenesis” [10]. Such signals are 

commonly associated with pathogenic infections and contribute to the development of diseases 

[10-12]. Several mechanisms of how host cells detect patterns of pathogenesis have been 

proposed, such as by sensing bacterial replication, pore formation/phagosome disruption on host 
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membranes, delivery of ligands/enzymes into host cytosol and disruption of host actin 

cytoskeleton [10]. 

One common pattern shared by many pathogens is their ability to replicate in their hosts 

upon invasion. Vance, Isberg and Portnoy proposed that the immune system detects molecules 

associated with bacterial growth, and can respond differently to alive or dead bacteria [10]. 

Signature molecules of microbial life, named “MAMP per vita”, may include peptidoglycan 

produced by growing bacteria, quorum-sensing regulators or bacterial pyrophosphates [10]. 

Indeed, Sander and colleagues identified bacterial mRNA as one such MAMP per vita, which is 

present in viable bacteria but not in dead bacteria [13]. Detection of bacterial mRNA induces 

protective immunity, leading to production of IFN in a TRIF dependent manner, activation of 

NLRP3 inflammasome and caspase-1, ensuing IL-1 production and pyroptosis [13].  

Another distinguished feature of many bacterial pathogens is their ability to produce and secrete 

virulence effectors, many of which enter the host cell cytosol via different mechanisms. Once 

delivered, those virulence effectors often act to modify specific cellular targets or alter certain 

cellular processes. Although virulence effectors are mainly studied in how they mediate immune 

evasion, recent studies have demonstrated that host cells recognize the effects of bacterial 

effectors, such as inhibition of host protein synthesis, activation of host Rho GTPases or pore 

formation on host membrane, resulting in a protective immune defense against the pathogens 

[14-19]. For example, inhibition of host protein synthesis by Legionella pneumophila effectors 

(Lgt1, Lgt2, Lgt3, SidI and SidL) has been shown to activate the MAPKs signaling pathway and 

augment the NF-B signaling pathway, eliciting a protective response against L. pneumophila on 

the transcriptional level [15]. Boyer et al. demonstrated that Escherichia coli (E.coli) effector 

cytotoxic necrotizing factor 1 (CNF1) stimulated the IMD kinase innate immune pathway via 
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activation of Rac2, generating a protective response to bacterial challenge in flies [14]. Thus, 

host cells sense the activities of virulence effectors indirectly by monitoring the status of 

vulnerable cellular targets and the state of cellular homeostasis. The protective immune response 

that is triggered by the detection of microbial effectors is defined as an “effector-triggered 

immune response” (ETIR). Recognition of virulence effectors allows host cells to evaluate the 

virulence potential of an invading microorganism and fight against the attack to the appropriate 

level [10-12].  This idea of ETIR was originally established and demonstrated in the plant 

immunity field as the “guard hypothesis” [20]; the molecular mechanisms of ETIR in metazoans 

are just beginning to emerge [14-19]. In general, very little is known about the recognition 

mechanisms of “patterns of pathogenesis” or the surveillance signaling pathways of ETIR in 

metazoans. More studies are needed to explore this area to better understand the basic 

mechanisms of innate immunity.  

1.2  Yersinia pathogenesis and type III secretion system 

Classification of the Yersinia species. Yersiniae are Gram-negative rod-shaped bacteria that 

belong to the family of Enterobacteriaceae. The genus of Yersinia consists 11 species, three of 

which are pathogenic for humans and animals: Y. pestis, Y. pseudotuberculosis and 

Y.enterocolitica. Y. pestis is the causative agent of plague, an acute and deadly infectious disease 

in humans, which is typically acquired by humans from fleabites or aerosols [21,22]. Y. pestis 

was originally classified into three subgroups or biovars: Antiqua, Mediaevalis and Orientalis, 

each of which was historically associated with a major plague epidemic. Y. pseudotuberculosis 

and Y. enterocolitica are enteropathogens associated with self-limiting gastroenteritis in humans, 

which are transmitted by the fecal-oral route [21]. Twenty-one different serogroups of Y. 

pseudotuberculosis have been identified based on the O-antigens of LPS [23]; six biogroups of 
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Y.enterocolitica (1A, 1B, 2, 3, 4 and 5) have been defined according to their phenotypic features 

[21]. Y. pestis and Y. pseudotuberculosis are closely related on the genomic level, while 

Y.enterocolitica evolved independently as a distinct lineage [21]. Genetic studies indicated that 

Y. pestis evolved from Y. pseudotuberculosis recently-around 1,500-20,000 years ago by a 

process combining lateral gene transfer, genome decay and rearrangement [21]. This study 

exclusively focused on the pathogenesis of Y. pseudotuberculosis. 

Y. pseudotuberculosis pathogenesis. Y. pseudotuberculosis is commonly transmitted to human 

by consumption of contaminated food or water. After ingestion, the bacteria travel through the 

stomach and pass into the small intestine. From there, the bacteria are internalized by the M cells 

in Peyer’s patches (PPs), which allows their translocation across the epithelial barrier [24]. The 

Yersinia invasin proteins bind to the 1 integrins of M cells with high affinity and specificity, 

facilitating bacterial attachment and uptake by M cells [25]. Studies have shown that phagocytes 

under the follicle-associated epithelium are able to internalize the bacteria at the early stage of 

infection [26]. In vitro studies have also demonstrated that Y. pseudotuberculosis can survive and 

even replicate inside naïve murine macrophages [26]. It is therefore proposed that migrating 

phagocytes further transfer the bacteria into the mesenteric lymph nodes (MLNs) [26]. Once 

reaching the PPs and MLNs, the bacteria multiply externally to the host cells within granuloma-

like lesions. In immunocompetent humans, Y. pseudotuberculosis infection is usually limited to 

the small intestine, the PPs and the MLNs, causing self-limiting gastroenteritis such as 

mesenteric adenitis and terminal ileitis [27]. Under rare events, like in immunocompromised 

patients, the infection can also become systemic and lethal. In rodents, Y. pseudotuberculosis 

commonly enters the blood stream from the intestinal tract and spreads to lymphatic organs such 

as spleen and liver [27].  
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The Yersinia type III secretion system. The type III secretion system (T3SS) is a complex 

protein export pathway, which has a needle-like appendage extending from a basal body 

equipped with an ATPase protein pump [28,29] (Figure 1.1). The needle-like appendage 

protrudes outside the bacterium, while the basal body spans the bacterial membranes and the 

peptidoglycan layer. The T3SS, also called an “injectisome”, shares significant homology with 

the bacterial flagellum as revealed by genetic studies [30]. Numerous Gram-negative bacterial 

pathogens use the T3SS to deliver bacterial proteins into host cell cytosol or into host cell 

membrane [29,31,32]. It is a conserved virulence mechanism found in many human pathogens, 

such as Salmonella, Pseudomonas, Shigella, enteropathogenic Escherichia coli and Yersinia 

species [29]. Generally, animal pathogens equipped with the T3SS inject between 6 and 20 

bacterial proteins into their target cells [28]. Those bacterial proteins are powerful effectors that 

display a wide range of biochemical activities and modulate crucial host signaling, like 

promotion or inhibition of bacteria uptake, regulation of pro-inflammatory responses, induction 

or inhibition of cell death pathways, or modulation of intracellular trafficking [33,34].  

For all three species of pathogenic Yersinia, their virulence ability requires a virulence 

plasmid encoded T3SS and a suite of virulence factors known as Yersinia outer proteins (Yops). 

The 70kb virulence plasmid is named as pCD1 in Y. pestis or pYV in Y. pseudotuberculosis and 

Y. enterocolitica. In vitro, expression of Yersinia T3SS genes and secretion of Yops are primarily 

regulated by temperature and calcium concentration, a phenomenon known as the low calcium 

response [35,36]. At 26°C, genes of the Yersinia T3SS are weakly expressed; upon temperature 

shift from 26°C to 37°C, T3SS and Yop genes are upregulated and the injectisome is assembled. 

At 37°C, millimolar level of calcium keeps production of Yops at a low level and inhibits 

secretion of these proteins into the culture medium [35,36]. On the other hand, at 37°C in vitro, 
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chelating calcium to a micromolar level stimulates massive Yops production and secretion into 

the culture medium [35,36].  

In vivo, physical contact with a host cell activates Yersinia T3SS injectisomes and 

initiates secretion of numerous proteins, including the LcrV protein and Yops. LcrV and 

translocators YopB and YopD are essential for the formation of T3SS channel in the host cell 

membrane. LcrV localizes to the distal end of the injectisome, where it polymerizes into a 

pentameric tip complex [28,37] (Figure 1.1). Translocators YopB and YopD are pore-forming 

proteins containing hydrophobic transmembrane domains. It is believed that, with the LcrV tip 

complex serving as a scaffold platform, YopB and YopD insert into the plasma membrane and 

form a translocation channel referred to as a “translocon” [38]. A “one-step model” suggests that 

LcrV maintains direct contact with the YopB/D translocon forming a translocation pore 

complex, which completes a sealed conduit connecting the injectisome to the host cell [38] 

(Figure 1.1). Through the translocation pore complex, effector Yops are delivered from the 

bacterium to the host cell cytosol.  In Y. pestis and Y. pseudotuberculosis, the effector Yops are 

YopE, YopH, YopT, YopK, YopM, YpkA and YopJ (in Y.enterocolitica, the last two are 

designated as YopO and YopP, respectively) [27]. Six effectors, YopE, YopH, YopT, YopM, 

YpkA and YopJ, directly target host proteins to modulate signaling pathways [27] (Figure 1.2), 

while YopK interacts with translocators YopB and YopD to regulate translocation rate and 

fidelity [39,40]. Pathogenic Yersinia species have been extensively studied in the context of 

T3SS function, as a model to explore the crosstalk between bacterial pathogen and host cell [27]. 

For example, using the TEM system, Yersinia has been shown to target polymorphonuclear 

neutrophils (PMNs), macrophages, and dendritic cells for Yops delivery in vivo [41-44], which is 
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broadly applicable to the studies of pathogens using T3SS, Type IV secretion system (T4SS) or 

Type VI secretion system (T6SS).   

1.3  Inhibition of host immune responses by Yersinia T3SS effectors 

Inhibition of phagocytosis by Yersinia T3SS effectors. Yop effectors act to modulate multiple 

host signaling pathways to counteract innate immune response and benefit bacterial pathogenesis 

[27,45]. In the later stage of infection, Yersinia predominantly replicates in an extracellular form; 

four Yop effectors regulate actin dynamics to block phagocytosis in a concerted way. YopE, 

YopH, YopT and YpkA act to target Rho GTPases and exert negative effects on cytoskeleton 

dynamics via distinct mechanisms (Figure 1.2). YopE mimics the eukaryotic GTPase activating 

protein (GAP). It binds to Rho GTPases, introduces “an arginine finger” into the GTPases 

catalytic site and promotes efficient GTP hydrolysis [46]. The resulting conformational change 

reduces the binding affinity of Rho GTPases to the downstream effectors, thus switching the Rho 

GTPases into the inactive form. YopH is a powerful protein tyrosine phosphatase, which targets 

several cytoskeleton proteins including focal adhesion kinase (FAK), the FAK-homolog Pyk, 

Lyn, P85 (the regulatory subunit of the PI3Kinase), Fyn binding protein (Fyb), p130Crk-

associated substrate (p130Cas) and paxillin [27,34]. Dephosphorylation of kinases and adaptor 

proteins in the focal adhesion complex by YopH interrupts activating signals for guanine 

exchange factors (GEFs), and therefore inhibits activation of Rho GTPases. YopT is a cysteine 

protease, which proteolytically removes the C-terminal isoprenoid moiety of Rho GTPases. It 

releases Rho GTPases from their membrane anchors leading to the inactivation of Rho GTPases 

[47]. YpkA binds to GDP- and GTP-bound Rho GTPases with a C-terminal guanine dissociation 

inhibitor (GDI) domain [27]. It has been shown that YpkA sequesters and prevents activation of 

GDI-free Rac1 at the plasma membrane [48]. By disturbing Rho GTPase activity, YopE, YopH, 
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YopT and YpkA modulate actin polymerization, regulate cytoskeleton dynamics and contribute 

to the anti-phagocytic activity of the Yersinia T3SS. These Yops also counteract downstream 

responses associated with phagocytosis. For example, YopH rapidly inhibits Ca
2+

 signaling 

downstream of invasin-1 integrin signaling in Y. pseudotuberculosis infected neutrophils [49], 

and therefore may prevent oxidase activation and cell degranulation that requires Ca
2+

 signaling 

[50]. Inhibition of phagocytosis may be crucial for Yersinia to resist killing by neutrophils or 

activated macrophages [27].  

LcrV counteracts production of proinflammatory cytokines. In addition to inhibition of 

phagocytosis, the Yersinia T3SS also counteracts the production of pro-inflammatory cytokines. 

Detection of bacterial molecules causes prompt upregulation of proinflammatory cytokines 

through the MAMP-PRR signaling pathways, which initiate innate immune responses [3]. Once 

expressed, the proinflammatory cytokines function in a variety way to protect against infection, 

such as induction of fever (IL-1 and TNF-), recruitment and activation of professional 

phagocytes (IL-8, IL-1 and IFN-), promotion of leukocyte adherence and migration (IL-1 and 

TNF-), and upregulation of reactive oxygen intermediates expression (IFN- and TNF-). The 

inflammatory response is eventually inhibited by anti-inflammatory cytokines, such as IL-10, to 

block overwhelming inflammation and to ensure homeostasis in host cells. The Yersinia T3SS 

works through multiple signaling pathways to counteract the production of proinflammatory 

cytokines, the mechanism of which is multifactorial and complicated. One unique and potent 

protein in this process is LcrV (also known as V-antigen), a well-characterized protective antigen 

[51]. Mice infected with pCD
- 
but not pCD

+ 
Y. pestis generated systemic inflammatory response 

with dramatic upregulation of IFN- and TNF- in the spleen [52]. Passive immunization with 

anti-LcrV restored the full inflammatory response and rescued mice infected with pCD
+ 

Y. pestis 
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[52]. LcrV exhibits a direct immunosuppressive activity by activation of TLR2 signaling and 

upregulation of IL-10 production [52,53]. IL-10 performs anti-inflammatory activities and acts to 

suppress the production of IFN- and TNF- [52,53]. The anti-inflammatory activity of LcrV 

supports growth of pCD
+ 

Y. pestis in focal necrotic lesions that fail to attract inflammatory cells 

[52].  

YopJ induces macrophage and dendritic cell death and caspase-1 activation. Depending on 

their activation state and the specific cell type involved, Yersinia-infected macrophages and 

dendritic cells can exhibit properties of apoptosis, pyroptosis or necrosis [54-59]. The effector 

YopJ plays a very important role in the process of inducing cell death in naive macrophages and 

dendritic cells upon Yersinia infection. YopJ has acetyl-transferase activity, which binds to and 

acetylates Ser and Thr residues in the activation sites of several kinases, including the MAP 

kinase kinases, the inhibitor of kappa B kinase beta (IKK) and transforming growth factor -

activated kinase-1 (TAK1) [60-62] (Figure 1.2). Acetylation of those kinases inhibits their 

phosphorylation and therefore prevents their activation. In Yersinia-infected naïve macrophages, 

TLR4 recognition of Yersinia LPS initiates MAPK and NF-B signaling pathways as well as a 

TRIF-dependent apoptotic pathway. With its acetyl-transferase activity, YopJ efficiently inhibits 

MAPK and NF-B signaling pathways, allowing Yersinia to suppress the production of 

proinflammatory cytokines and pro-survival proteins [63]. As a result of the reduced expression 

of pro-survival proteins, the TRIF-dependent apoptotic signaling predominates. TRIF-dependent 

signaling induces cleavage of multiple caspases, including the apoptotic initiator caspase-8 and 

downstream executioner caspase-9, -7, and -3, leading to apoptosis of Yersinia infected naïve 

macrophages [56-59].  
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Interestingly, YopJ-induced apoptosis in naïve macrophages infected with Y. pestis is 

accompanied by caspase-1 activation and release of proinflammatory IL-1 and IL-18 

[40,64,65]. The extent of caspase-1 activation correlates with the inhibitory ability of YopJ 

[40,64]. YopJ-induced caspase-1 processing can occur in the absence of inflammasome proteins 

such as NLRP3, NLRC4 or ASC [40,55], whereas YopJ-dependent processing and release of IL-

1 and IL-18 does require NLRP3 and ASC [64]. 

Recent studies demonstrated that receptor-interacting serine/threonine kinase 1 (RIPK1), 

caspase-8 and Fas-associated death domain (FADD) are indispensable mediators for YopJ-

induced cell death and caspase-1 activation in naïve macrophages [66,67]. TLR4-TRIF signaling 

stimulates RIPK1/FADD, which then triggers caspase-8 activation and ensuing caspase-1 

activation and cell death [66,67].  

Whether YopJ-dependent cell death benefits bacterial virulence or host defense in vivo 

remains controversial. Several studies showed that YopJ promotes bacterial dissemination, 

contributing to systemic disease and barrier dysfunction [59]. On the other hand, Y. 

pseudotuberculosis ectopically expressing a hypercytotoxic YopP (from Y. enterocolitica) 

showed reduced virulence in oral mouse infection [68]. Inducing cell death via apoptosis could 

potentially favor Yersinia persistence by eliminating immune cells in an immunologically silent 

way [59,69]. However, the accompanied caspase-1 activation, pyroptosis and release of IL-1 

and IL-18 may promote proinflammatory responses to favor host resistance against Yersinia 

infection. A number of studies suggest that host cell death in response to Yersinia infection is 

important for anti-Yersinia immunity [66-68,70]. Thus, fine tuned secretion and cytotoxicity of 

YopJ may be important for optimal virulence of Yersinia.  
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YopK regulates translocation rate and prevents inflammasome activation. In macrophages 

infected with effectorless mutants, but not wild-type Yersinia, recognition of T3SS translocon 

has been shown to stimulate inflammasome activation (see the next section) [40,71]. The effector 

YopK has been demonstrated to inhibit caspase-1 activation, release of IL-1 and pyroptosis, 

which occurs in response to T3SS recognition (Figure 1.4) [40]. 

YopK is an essential effector for Yersinia virulence, as a yopK mutant is severely 

attenuated compared to wild-type in mouse infection [72]. YopK has no known enzymatic 

activity and shares no primary sequence homology with other known proteins. Early studies 

found that yopK mutant strains displayed a hypertranslocation phenotype, whereas 

overexpression of YopK inhibits translocation of other Yops [72]. YopK regulates T3SS 

translocation rate and performs this regulatory function within target cells [39]. The specific 

mechanism by which YopK regulates T3SS translocation is not entirely known. Hemolytic 

assays using erythrocytes suggested that YopK might affect pore size or conformation to affect 

translocation [72]. Also, YopK has been shown to be directly associated with translocon proteins 

YopB and YopD, which may in turn influence translocation [39].  

Remarkably, YopK prevents inflammasome activation in response to Yersinia T3SS 

recognition both in vitro and in vivo [40]. Inhibition of inflammasome activation by YopK 

promotes Yersinia multiplication, dissemination and persistence during infection in vivo [40]. 

Whether YopK counteracts inflammasome activation by blocking translocon-induced 

perturbation in the plasma membrane of infected cells or by limiting translocation of an unknown 

substrate remains to be investigated.   
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YopM interrupts inflammasome assembly and caspase-1 activation in activated 

macrophages. The effector YopM contains variable numbers (~12 to 21) of leucine-rich repeats 

(LRRs) among different Yersinia strains. The LRR region of YopM displays an unusual horse 

shoe-like structure, which is believed to serve as a binding platform for host cell proteins [73]. 

YopM forms a complex with two protein kinases RSK1 and PRK2, which leads to activation of 

both kinases in host cell cytosol (Figure 1.2) [74,75]. The biological significance of YopM/RSK1 

or YopM/PRK2 complex has not been established. In mice infected with Y. pestis, YopM has 

been shown to be a critical virulence factor that is associated with suppression of innate 

immunity [27,76]. In Y. pseudotuberculosis infected mice, YopM has been linked to systemic 

stimulation of anti-inflammatory IL-10 [77].  

Notably, a recent study reported that a YopM isoform in Y. pseudotuberculosis strain 

YPIII (YopM
YPIII

) binds to and antagonizes activation of caspase-1 in LPS-activated 

macrophages (Figure 1.4) [78]. Purified YopM
YPIII

 binds to cleaved, active caspase-1 and 

directly blocks caspase-1 activity in vitro, without being cleaved itself. An YLTD motif in the 

10
th

 LRR of YopM
YPIII

 is required for binding to and inhibition of caspase-1. This YLTD motif 

is similar to the caspase-1 substrate YVAD, and it acts as a pseudosubstrate to sequester caspase-

1 and abrogates caspase-1 binding to the preinflammasome complex [78]. It has been shown that 

YopM
YPIII

 prevents caspase-1 binding to the preinflammasome, activation of caspase-1, 

processing and release of IL-1, lysosome exocytosis and pyroptosis in LPS-activated 

macrophages infected with Y. pseudotuberculosis (Figure 1.4). Presence of YopM
YPIII

 delays but 

not completely blocks T3SS translocon-induced caspase-1 activation in Y. pseudotuberculosis 

infected LPS-activated macrophages [78]. Caspase-1 activation contributes to the anti-Yersinia 
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immunity in vivo, and consequently inhibition of caspase-1 by YopM is critical for Yersinia 

virulence [78].  

Very recently, additional YopM isoforms have been studied for their ability to inhibit 

caspase-1 in Yersinia-infected macrophages.  A Y. pestis isoform (YopM
KIM

) that contains the 

YLTD motif, and a Y. pseudotuberculosis isoform (YopM
32777

) that does not, were both able to 

inhibit activation of caspase-1 in Yersinia-infected macrophages [79].  Although both isoforms 

were able to inhibit activation of caspase-1 in Yersinia-infected macrophages, only YopM
KIM

 

bound to caspase-1 [79].  Additionally, YopM
KIM 

binds to the scaffolding protein IQGAP1, 

which is required for activation of caspase-1 in Yersinia-infected macrophages [79].  Together, 

these data show that distinct isoforms of YopM can inhibit activation of caspase-1, and that the 

variable LRR domains of these proteins target different host proteins to perform this function. 

1.4  Activation of host immune responses by Yersinia T3SS  

Translocon insertion stimulates a pore formation pathway and pro-inflammatory 

responses in Yersinia infected cells. The Yersinia T3SS and Yop effectors have been 

extensively studied in how they counteract the innate immunity and benefit bacterial 

pathogenesis. However, emerging evidence suggests that host cells may have evolved 

mechanisms to recognize these bacterial signals to activate immune response [19]. In epithelial 

cells, infection with a Y. pseudotuberculosis multi-yop mutant strain lead to pore formation and 

subsequent cell lysis, which was inhibited by catalytically active YopE or YopT in wild-type 

strain infected cells [27,80]. The pore formation phenotype is dependent on YopB and requires 

actin polymerization [27]. Furthermore, a YopB-dependent proinflammatory response was 

observed in Y. pseudotuberculosis infected epithelial cells, which resulted in activation of the 
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small GTPase Ras, the MAP kinase ERK and JNK, the NF-B signaling pathway and production 

of IL-8 [27,81]. Catalytically active YopE, YopH, YopT and YopJ counteracted this 

proinflammatory response in wild-type strain infected cells [19]. Thus, translocon insertion by 

Yersinia T3SS induces a pore formation pathway and a gene expression pathway in epithelial 

cells, both of which are then inhibited by several effector Yops once they are delivered (Figure 

1.3 A) [19].  

One intriguing question to ask here is why would Yersinia induce pore formation and 

gene expression pathways that could possibly alarm the host cells? YopB-dependent signaling is 

required for efficient Yop translocation, which could be triggered by Yersinia intentionally [19]. 

It was found that actin polymerization inhibitor or Rho specific inhibitor decreased Yop 

translocation in Yersinia infected epithelial cells [82]. Thus translocon insertion triggers Rho 

activation, stimulates actin polymerization and promotes Yop translocation [82]. Once Yops are 

translocated, their activities downregulate T3SS translocation as a negative feedback to avoid 

further cell damage.  

Unlike in epithelial cells, TLRs are important mediators generating signaling responses 

by sensing MAMPs in Yersinia infected macrophages [83]. Additionally, there are TLR-

independent signaling events stimulated by Yersinia infection [84]. Recognition of the Yersinia 

T3SS triggers activation of NF-B- and TNF-regulated genes in macrophages lacking TLR 

signaling (MyD88
-/-

/Trif
-/- 

macrophages) [84]. This transcriptional response is not dependent on 

NOD1 or NOD2, but requires bacterial expression of YopB and YopD. Several effectors 

modulated this signaling response: YopJ dampened the response and partially suppressed TNF- 

production, while YopT and YopE amplified the response causing increased production of TNF-
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, which required their enzymatic activity [84]. It was proposed that the infected macrophages 

sensed pore formation induced by translocon insertion or recognized an unknown cytosolic 

MAMP delivered by Yersinia T3SS (Figure 1.3 B) [84]. To investigate whether T3SS-induced 

pore formation was sufficient to trigger TLR-independent signaling in macrophages, Kwuan et 

al. used an effectorless Y. pseudotuberculosis strain that expressed a YopD allele missing its 

transmembrane domain (YopDΔTM) [71]. The YopDΔTM mutant, defective in translocation but 

capable of forming pores in macrophages, did not elicit TNF- expression in MyD88
-/-

/Trif
-/- 

macrophages. These data support the model that YopBD-mediated translocation of an unknown 

MAMP leads to the transcriptional response in macrophages. However, as the YopDΔTM mutant 

formed smaller pores with delayed kinetics compared to wild-type strain, an alternative 

possibility is that wild-type YopBD translocon is specifically recognized by macrophages [71].  

Translocon insertion stimulates inflammasome activation in Yersinia infected cells. In 

addition to the host response described above, translocon insertion by the Yersinia T3SS triggers 

inflammasome mediated pathways in macrophages (Figure 1.4). Infection with effectorless Y. 

pseudotuberculosis stimulates rapid caspase-1 activation in both naïve and LPS-primed activated 

macrophages, which requires YopBD translocon insertion and is mediated by the ASC adaptor 

[40]. Macrophages deficient in NLRP3 showed dramatically decreased caspase-1 activation, 

suggesting a key role for NLRP3 in this process. NLRC4 also contributed to inflammasome 

activation triggered by Yersinia T3SS, which was only detectable in macrophages lacking 

NLRP3 (Figure 1.4) [40]. Translocon insertion induced caspase-1 activation leads to 

proinflammatory host cell death (pyroptosis) and secretion of proinflammatory IL-1, which 

may contribute to anti-Yersinia immunity [40,71]. Membrane damage induced by translocon 
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insertion or delivery of an unknown substrate by T3SS could potentially promote inflammasome 

pathways in Yersinia-infected macrophages.  

In addition to caspase-1 dependent canonical inflammasome activation, a caspase-11 

dependent noncanonical pathway has been described in macrophages infected with Gram-

negative pathogens, such as E. coli and Vibrio cholerae, or treated with particular toxins, like 

cholera toxin B (CTB) [85,86]. The noncanonical inflammasome activation requires LPS-

stimulated TLR4 signaling via TRIF and TRIF-dependent type I IFN signaling. Capase-11 

activation contributes to an NLRP3-independent, caspase-1-independent pathway that leads to 

host cell death and release of IL-1. Caspase-11 also facilitates NLRP3-dependent, caspase-1 

dependent canonical inflammasome pathway. Interestingly, in macrophages infected with an 

effectorless Y. pseudotuberculosis strain, translocon insertion stimulates host response involving 

both canonical and noncanonical inflammasome pathways [87]. The noncanonical 

inflammasome activation induced by Yersinia T3SS does not require priming with TLR4-IFN 

signaling and results in rapid macrophage cell death and robust release of IL- [87]. The detailed 

mechanism of canonical and noncanonical inflammasome activation in response to Yersinia 

T3SS translocon insertion remains to be determined.   

Translocon insertion impacts Yersinia survival in macrophages. Yersinia grows primarily in 

an extracellular form in vivo; however, these bacteria can survive and grow inside phagocytic 

cells, which may be important at the early stages of infection (see the next section below). The 

ability of Yersinia to survive in murine macrophages in vitro is influenced by the state of host 

cell activation and T3SS expression in the bacteria.  Remarkably, unlike other bacterial 

pathogens where T3SS function is necessary for intracellular growth, the Yersinia T3SS can 

inhibit survival of Y. pseudotuberculosis in macrophages [88,89].  Roy et al. obtained evidence 
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that during internalization of Salmonella Typhimurium or Y. pseudotuberculosis, the T3SSs of 

these pathogens stimulated phagolysosome fusion in macrophages [88].  Phagosome-lysosome 

fusion required Synaptotagmin VII (SytVII), a protein that localizes to lysosomes, and regulates 

vesicle fusion in a Ca
2+

-dependent manner.  A Y. pseudotuberculosis YopE
-
 YopH

-
 YopT

-
 

mutant (yopEHT) survived better in SytVII
-/-

 macrophages than in wild-type macrophages, while 

a T3SS-null mutant survived equally in both types of cells [88]. Additionally, the yopEHT 

mutant, but not the T3SS
-
 mutant, caused lysosomal exocytosis in fibroblasts and pore formation 

in macrophages [88]. From these data it was suggested that after phagocytosis, translocon 

insertion by the yopEHT mutant resulted in pore formation and Ca
2+

 influx into cytosol, 

stimulating SytVII-mediated phagosome-lysosome fusion and subsequent bacterial killing. 

Interestingly, recent data show that a T3SS in Salmonella (T3SS-1) and the Y. 

pseudotuberculosis T3SS stimulate Ca
2+

-dependent lysosome exocytosis in infected 

macrophages via a process that requires caspase-1 [90]. One can envision that Ca
2+

-and caspase-

1-dependent lysosome exocytosis is a general and conserved response to membrane perturbation 

by translocon insertion, leading to increased killing of intracellular bacteria and release of 

antimicrobial host factors.  

On the other hand, the T3SS in Y. enterocolitica has been shown to inhibit 1-integrin 

mediated bacterial internalization, protecting the bacteria from an autophagy-dependent killing 

pathway inside macrophages [91]. Autophagy may play a species specific role in survival of 

Yersinia in macrophages, because Moreau et al. demonstrated that autophagosomes supported Y. 

pseudotuberculosis replication in macrophages, while inhibition of autophagy resulted in 

bacterial killing [92]. It is important to note that in the experiments of Moreau et al., the 

expression of T3SS was not induced before infection. Therefore, the effect of the T3SS on 
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bacterial survival in macrophages or modulation of autophagy was not explored. A better 

understanding of how the T3SS influences autophagy and survival of different Yersinia species 

in macrophages will require more investigation. 

1.5  Rationale and Hypothesis 

Evidence for intracellular survival of Yersinia in macrophages. Yersinia is generally 

considered as an extracellular pathogen, as the bacteria grow primarily in an extracellular form at 

later stage of infection in vivo. Several Yops cooperate to antagonize the phagocytosis of 

Yersinia by phagocytes. However, even under optimal Yop inducing conditions in vitro, 

approximately 50 % of the bacteria that come into contact with macrophages are internalized 

[93-95]. Therefore, Yops decrease but do not completely block uptake of Yersinia by 

macrophages. Y. pestis has long been known as a facultative intracellular pathogen; Y. 

pseudotuberculosis and Y. enterocolitica also have the ability to survive and multiply in 

macrophages [26].  

Several studies provided in vivo evidences showing that Yersinia was able to survive 

inside macrophages. Finegold et al. infected Rhesus monkeys with aerosolized Y. pestis and 

showed structurally intact bacteria in phagosomes of alveolar macrophages from the lung 

sections by electron microscopy [96]. Fujimura et al. observed bacteria inside follicle-associated 

macrophages of the Peyer’s patches, which were recovered from rabbits infected with Y. 

pseudotuberculosis via ileal loops for 2 or 4 h [97]. Similarly, intact bacteria were found inside 

monocytic cells of the PPs from Y. enterocolitica-infected rabbits after 3 to 6 h of infection [98]. 

When animals infected for longer than 12 h were analyzed, Yersinia were typically found as 
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aggregates of extracellular organisms in the infected tissues, indicating that intra-macrophage 

survival may be of greatest importance at early stages of infection [26]. 

 In vitro studies using cultured macrophages have also demonstrated that Y. pestis, Y. 

pseudotuberculosis and Y. enterocolitica share the ability to survive and replicate inside 

macrophages under certain conditions [26,99-101]. The ability of Yersinia to survive in 

macrophages does not require the virulence plasmid encoded T3SS; a second distinct T3SS 

encoded on the chromosomes is also dispensable [101]. It is important to point out that those 

studies generally utilized bacteria grown at 26°C, thus the expression of T3SS Yops was not pre-

induced before infection. Therefore, the potential effect of T3SS on Yersinia intra-macrophage 

survival was not explored in those studies. 

Several studies showed that PhoP, the response regulator of the two-component 

PhoP/PhoQ sensory transduction system, is required for survival and replication of Y. pestis and 

Y. pseudotuberculosis in macrophages [102-104]. PhoP promotes bacterial adaption to the hostile 

environment in phagosomes by regulating two major groups of genes: genes needed for survival 

under low magnesium conditions and genes required for modification of the outer membrane 

[104]. Y. pestis and Y. pseudotuberculosis phoP mutants are less virulent in comparison to their 

corresponding wild-type strains in mouse infection models (75-fold and 100-fold less virulent 

individually as determined by an LD50 assay) [102,103], suggesting that PhoP plays a critical role 

for Yersinia virulence. These data also indicate that the ability to survive and replicate in 

macrophages is critical for Yersinia pathogenesis.  

Roles of intracellular survival in Yersinia pathogenesis. The ability to survive and proliferate 

in macrophages may promote Yersinia pathogenesis from several aspects. Macrophages could 
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serve as permissive sites for bacterial replication at early stages of infection, which protect the 

bacteria from killing by neutrophils recruited to the site of infection [26]. The ability to survive 

in macrophages helps the bacteria to avoid destruction upon entering the host, giving the bacteria 

time to become conditioned for growth at 37°C and get equipped with T3SS. This might be of 

great significance for Y. pestis pathogenesis, since the organisms would be at ambient 

temperature in the flea just before infection. In addition, macrophages may serve as transport 

vehicles facilitating dissemination of Yersinia in the host during the infection [26]. Very little is 

known about how Yersinia transfers from the initial infection site to deeper lymph tissues. It is 

believed that the intracellular bacteria are transported into deeper tissues while the macrophages 

are migrating, which promotes bacterial spreading in the host. Moreover, macrophages serve as 

antigen-presenting cells to direct the development of adaptive immune response. The ability of 

Yersinia to survive in macrophages reduces bacterial antigen processing, which delays activation 

of an early immune response [26].  

Yersinia T3SS negatively affects bacterial survival inside macrophages. Interestingly, T3SS-

dependent killing of wild-type Y. pseudotuberculosis in macrophages was observed under 

experimental conditions in which T3SS expression was pre-induced [89]. Macrophages restricted 

intracellular survival of wild-type strain, but not a yopB− mutant (deficient in Yops translocation) 

or a pYV− mutant (missing the entire T3SS) [89]. These results suggested that some T3SS-

dependent factor encoded in wild-type strain limits Yersinia survival in macrophages, the 

mechanism of which remains unclear.  

Thus, the aims of this study are to identify the specific T3SS-dependent factor that 

restrict Yersinia intra-macrophage survival and investigate the specific mechanism of the 

process. Yersinia T3SS effectors, with their activities to counteract and activate immune 
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response, are potential candidates that hinder bacterial intracellular survival. We hypothesize that 

the activities of T3SS effectors might be sensed as patterns of pathogenesis, promoting killing of 

intracellular bacteria by host cell as a protective ETIR. Giving the fact that Yersinia survives and 

proliferates in macrophages both in vivo and in vitro and the potential roles of intra-macrophage 

survival in Yersinia pathogenesis, the study of how T3SS and Yop effectors impact bacterial 

intracellular survival is important for a better overall understanding of Yersinia pathogenesis. 

Through the study of T3SS-dependent intracellular killing process and ETIR, I hope to 

contribute to a broader understanding the mechanisms of innate immunity and provide further 

insights into bacterial pathogenesis.  
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1.6  Figures  

 

Figure 1.1: Model of the Yersinia Type III secretion injectisome. 

Shown is a cartoon model representing the structural components of the Yersinia injectisome. 

The injectisome is composed of a basal body extending from the bacterial cell, a needle-like 

appendage, and a pore complex on the tip. The basal body consists of scaffold proteins (YscC, 

YscD and YscJ in purple), export apparatus proteins (YscR, YscS, YscT, YscU and YscV in 

orange), and cytoplasmic components (YscQ, YscN, YscL and YscK in light blue). YscN, YscL 

and YscK form the ATPase complex on the cytosolic face of the basal body. The need protein 

YscF and the rod protein YscI are shown in green. LcrV and YopB/YopD forms the pore 

complex (in red) on the distal end of the injectisome. Yop effectors are shown in dark blue. 

Adapted from Dewoody, 2013 [39].  

  



 

25 

 

 

 

Figure 1.2: Modulation of host signaling pathways by Yops. 

Upon delivery into host cell cytosol, Yop effectors perform a variety of activities to disturb host 

cellular processes, as shown above. Activation of 1-integrin signaling leads to phagocytosis, 

which is counteracted by YopE, YopH, YopT and YopO. Stimulation of TLR4 signaling 

promotes activation of MAPK and NF-B pathways, both of which are inhibited by YopJ. YopM 

can be translocated into the nucleus or forming a complex with protein kinase C-like 2 (PRK2) 

and ribosomal protein S6 kinase (RSK1). Adapted from Viboud and Bliska, 2005 [27].  
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Figure 1.3: Model showing how translocon insertion stimulates pore formation pathway 

and pro-inflammatory responses in Yersinia infected epithelial cells or macrophages. 

 (A) In epithelial cells, translocon insertion induces Rho activation, leading to pore formation on 

the host plasma membrane, which requires actin polymerization. Rho activation also promotes 

gene expression pathways. YopE and YopT directly inhibit Rho. YopH and YopJ also counteract 

the pro-inflammatory response. (B) In macrophages, translocon insertion triggers host gene 

expression and production of TNF-. Host cells may sense membrane perturbation directly or 

recognize an unknown translocated MAMP (or called PAMP). YopJ dampens the response and 

partially suppresses TNF- production. Adapted from Bliska, 2013 [19]. 
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Figure 1.4: Model depicting how translocon insertion stimulates inflammasome activation 

in Yersinia infected macrophages. 

LPS-TLR4 signaling promotes production of pro IL-1 and other inflammasome components 

(not shown). Translocon insertion triggers caspase-1 activation through NLRP3 or NLRC4, 

leading to pyroptosis and IL-1 secretion. In this process, host cells may respond to membrane 

perturbation or an unknown PAMP delivered by the T3SS. YopK regulates translocation rate and 

prevents inflammasome activation in naïve or LPS-primed macrophages. YopM interrupts 

inflammasome assembly and caspase-1 activation in LPS-primed macrophages. Adapted from 

Bliska, 2013 [19]. 
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Chapter 2: Identification of T3SS dependent effector that decreases 

Yersinia survival inside macrophages. 

2.1  Summary 

Y. pseudotuberculosis has the ability to survive and even multiply inside murine macrophages 

[26]. Interestingly, T3SS expression negatively impacts survival of the bacteria in macrophages 

in vitro [88,89], the mechanism of which requires more studies. The aim of this chapter is to 

identify specific T3SS dependent effector that inhibits Yersinia intra-macrophage survival. The 

survival of IP2666 (wild-type) and several yop deletion mutants were studied by gentamicin 

protected CFU assay and fluorescence microscopy. Our results show that YopE and YopH limit 

survival of Yersinia inside macrophages, while YopT counteracts the effect of YopE and 

promotes bacterial intra-macrophage survival. Additionally, comparison of wild-type and SytVII
-

/-
 macrophages revealed that SytVII-mediated phagolysosome fusion does not contribute to 

YopE-dependent reduced survival of Yersinia in macrophages. Furthermore, control experiments 

show that the reduced intracellular survival of wild-type strain is not due to increased gentamicin 

internalization or YopJ-induced macrophage cell death.   

2.2   Introduction 

Yersinia has the ability to survive inside macrophages as supported by both in vivo and in vitro 

evidences [26,96-101]. This intracellular survival ability of Yersinia may be important for its 

early stage of colonization, as macrophages might serve as permissive sites for bacterial 

replication or even as transport vehicles from the initial infection site into deeper lymph tissues 

[101]. Interestingly, T3SS function inhibits survival of Y. pseudotuberculosis in macrophages in 
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vitro. Under experimental conditions in which T3SS expression is pre-induced, reduced survival 

of the wild-type strain was observed in comparison to a yopB− mutant (deficient in Yops 

translocation) or a pYV− mutant (missing the entire T3SS) [89], the mechanism of which is 

enigmatic. It has been shown that upon infection, the T3SS of Y. pseudotuberculosis triggers 

phagolysosome fusion in macrophages, which is mediated by the Ca2+ sensor SytVII, leading to 

increased killing of intracellular bacteria [88]. Yet, more studies are needed to determine if 

Ca2+-SytVII dependent intracellular killing mediates this process and the potential role of Yop 

effectors in determining the fate of intracellular bacteria in macrophages.  

2.3  Materials and Methods 

Bacterial strains and plasmids. The Y. pseudotuberculosis strains used in this study are listed in 

Table 2.1. These bacteria were grown on LB agar plates or in LB broth at 28°C supplemented 

with 100 g/ml ampicillin, 25 g/ml kanamycin or 30 g/ml chloramphenicol as needed. The 

plasmids pMMB67HE [105], pYopT [80], pPTYopT [81], pYopTC139S [84] and p67GFP3.1 

[101] have been previously described. 

Cell culture. Bone marrow-derived macrophages (BMDMs) were isolated and cultured from 

femurs of C57BL/6 wild-type mice (Jackson Laboratory) or SytVII
-/- 

C57BL/6 mice (a generous 

gift from Dr. Norma Andrews, University of Maryland) as previously described [106]. 24h 

before infection, macrophages were seeded into 24-well tissue culture plate at a density of 

1.5×10
5 

cells per well in Dulbecco’s modified Eagle medium supplemented with 10% fetal 

bovine serum (Hyclone), 15% L-cell conditioned medium, 1 mM sodium pyruvate and 2 mM 

glutamate.  
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Infection conditions. Y. pseudotuberculosis strains were grown at 28°C in LB broth with 

aeration overnight. The next day, overnight cultures were diluted 1:40 into fresh LB broth 

containing 2.5 mM CaCl2 and sub-cultured at 37°C for 2 h to induce yop gene expression. 

Bacteria were washed once and resuspended in HBSS to obtain optical density at OD 600nm. 

Next, bacteria were diluted into cell culture medium to infect macrophages at an MOI of 10, 

unless specified. After centrifugation for 5 min at 700 rpm to facilitate bacterial contact with 

macrophages, another 15 min incubation was performed at 37°C, giving the total infection time 

of 20 min. The end of 20 min incubation is considered as 0 h post infection. To eliminate 

extracellular bacteria, unless specified, the cells were then incubated in medium containing 8 

g/ml gentamicin for 1 h, and then maintained in fresh medium containing 4.5 g/ml gentamicin 

until the end of incubation.  

CFU assay. BMDMs were prepared and infected as described above. At the time points 

indicated in the figures, the infected BMDMs were washed twice with HBSS, lysed and scraped 

with 500 l 0.1% Triton X-100 in HBSS to release intracellular bacteria. After collecting the 

lysates, 500 l HBSS was used to rinse the wells and collect any residual bacteria. The lysates 

and the wash were combined, serially diluted and spread on LB plates, and then incubated at 

28°C for 2 days to enumerate output CFU.  

Fluorescence microscopy. BMDMs were prepared and infected as described above, except that 

they were seeded into wells with glass coverslips, which had been washed with acetone and 

heated at 180°C for 4 h to remove LPS. At indicated time points, infected BMDMs were washed 

three times with PBS and fixed with 2.5% PFA for 10 min. When needed, 0.5 mM Isopropyl--

D-thiogalactopyranoside (IPTG) was added at 1 h before fixation to induce de novo GFP 

expression. After washing with PBS, the coverslips were inverted onto 6 l Prolong Gold anti-
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fade reagent (Invitrogen) on a microscope slide. The slides were examined by fluorescence 

microscopy using a Zeiss Axioplan2 microscope with a 32× objective. Three randomly selected 

fields of each slide were examined. In each field, about 50 BMDMs were examined from merged 

images of phase contrast and fluorescence, which were captured with a Spot camera (Diagnotic 

Instruments, Inc) and processed with Adobe Photoshop.  

Mouse genotyping. Chromosome DNA was isolated from C57BL/6 wild-type or SytVII
-/- 

mouse 

tails and used as templates for PCR amplification. Briefly, tail tips were digested in 500 μl lysis 

buffer (0.1 M NaCl, 0.05 M Tris-HCL pH7.7, 1% SDS and 2.5 mM EDTA) with 40 μg/ml 

freshly added proteinase K (Sigma), and incubated at 55°C overnight. The resulting supernatant 

were collected and mixed with 500 l isopropanol to precipitate chromosomal DNA. After 

centrifugation (14000 rpm, 10 min, RT), the pellets were washed twice with 70% ethanol, air-

dried for 5 min, and dissolved in 100 l TE buffer. Genotyping PCR were performed with the 

following primers: P1 (5’-CATCCTCCACTGGCCATGAATG-3’), P2 (5’-

GCTTCACCTTGGTCTCCAG-3’), P3 (5’-CTTGGGTGGAGAGGCTATTC-3’) and P4 (5’-

AGGTGAGATGACAGGAGATC-3’). PCR products were analyzed by agarose gel 

electrophoresis.  

Immunoblotting. The primary antibodies used in this study were a cocktail of two monoclonal 

mouse anti-YopE antibodies designated 202 and 149 (unpublished data), the monoclonal mouse 

anti-YopH antibody designated 3D10 (a gift from Dr. Richard Siegel, NIH) diluted 1:1000, a 

polyclonal rabbit anti-YopT antibody diluted 1:500 [81], and a polyclonal rabbit anti--actin 

antibody (Cell signaling) diluted in 1:1000. The secondary antibodies used were a goat anti-

mouse antibody conjugated to IRD800 (Rockland) diluted 1:5000 and a donkey anti-rabbit 

antibody conjugated to IRD800 (Rockland) diluted 1:5000. 
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The protein samples were separated by sodium dodecyl sulfate-polyacrylamide (SDS) gel 

electrophoresis, transferred to nitrocellulose membranes, and subjected to immunoblotting with 

specific primary and secondary antibodies. The membranes were then scanned and analyzed with 

the Odyssey system (Li-Cor Biosciences).  

Secretion assay. Y. pseudotuberculosis stains were grown at 28°C in LB broth with aeration 

overnight. The next day, overnight cultures were diluted 1:40 into fresh LB broth supplemented 

with 20 mM NaOX and 20 mM MgCl2 and sub-cultured at 28°C for 2 h. After 2 h, bacterial 

cultures were shifted to 37°C and shaken for 4 h to maximally induce Yop secretion. Next, 

supernatants of bacterial cultures were collected and precipitated with TCA at 4°C overnight. 

The precipitates were then subjected to SDS gel electrophoresis, which was followed by staining 

with GelCode Blue Stain Reagent or immunoblotting to analyze secreted Yops, as described 

above. 

Detergent extraction assay. Detergent extraction assays were performed as previously 

described [107]. BMDMs were infected as described above, except that they were seeded in 6 

well plates at a density of 8×10
5
 cells/well and infected at an MOI of 30 for 2 h. The infected 

cells were washed twice with ice-cold HBSS and lysed with 50 l 1% Triton X-100 in HBSS 

containing EDTA-free protease inhibitor cocktail (ROCHE). After 10 min on ice, the cells were 

scraped from the plate to collect the lysates. The soluble and insoluble fractions of the lysates 

were separated by centrifugation (14000 rpm, 10 min, 4°C) and subsequently analyzed using 

immunoblotting as described above. 
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2.4  Results 

YopE and YopH restrict intra-macrophage survival of Y. pseudotuberculosis. To examine 

whether specific Yop effectors contribute to the reduced survival of Y. pseudotuberculosis, the 

survival of the wild-type (IP2666) and several yop mutant strains were studied. Initially, IP2666 

(wild-type), IP17 (yopEH
-
), IP27 (yopEHJ

-
) and IP37 (yopEHJMKYpkA

-
) (Table 2.1) were 

compared for the ability to survive inside BMDMs. For this purpose, naïve BMDMs were 

infected with indicated strains and then treated with gentamicin to eliminate extracellular 

bacteria. At indicated time points, infected BMDMs were lysed and spread on LB plates to count 

viable intracellular bacteria. With CFU at 1h post infection considered as the initial intracellular 

bacteria count, the ratio of CFU between 23h and 1h post infection was calculated for each 

indicated strain. At 1h post infection, IP2666 displayed slightly lower CFU in comparison to 

IP17, IP27 and IP37 (Figure 2.1A). This is because IP2666 expresses Yops with anti-phagocytic 

function (YopE and YopH), while the other strains are yopEH
-
 mutants. At 23h post infection, 

the CFU level of IP17 was significantly higher than IP2666, but similar to IP27 and IP37 (Figure 

2.1B). As for the ratio of CFU at 23h/1h, IP17 displayed significantly increased level in 

comparison to IP2666, but comparable to IP27 and IP37 (Figure 2.2A). To investigate if the 

initial internalization level determines the intracellular survival phenotypes we observed, 

BMDMs were infected with IP2666 or IP17 at different MOIs (Figure 2.3). Even with higher 

CFU at 1h post infection, IP2666 (MOI=10) still showed decreased survival in comparison to 

IP17 (MOI=5 or 2.5) at 23h post infection (Figure 2.3). Thus, IP2666 exhibits reduced 

intracellular survival in comparison to IPI7, which displayed an intracellular growth phenotype, 

indicating that deletion of yopE and yopH promotes Y. pseudotuberculosis survival in 

macrophages. 
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To further elucidate the effects of YopE and YopH on Yersinia intracellular survival, 

IP2666 (wild-type), IP6 (yopE
-
), IP15 (yopH

-
) and IP17 (yopEH

-
) (Table 2.1) were compared by 

CFU assay (Figure 2.2B). IP6 exhibited an intracellular growth phenotype comparable to IP17, 

while IP15 showed an intermediate phenotype (Figure 2.2B). The results were further confirmed 

by fluorescence microscopy, in which IP2666, IP6 and IP17 encoding GFP were used to infect 

BMDMs for different lengths of time. One hour before fixation of the samples, IPTG was added 

to induce de novo expression of GFP from viable intracellular bacteria (Figure 2.4). At 23h post 

infection, IP6 and IP17 showed greatly improved survival in comparison to IP2666 (Figure 2.4). 

These results indicate that YopE contributes to the reduced survival of Yersinia in macrophages, 

while YopH cooperates with YopE in this process.  

Reduced intra-macrophage survival of Y. pseudotuberculosis does not require SytVII. To 

determine if SytVII is essential for restricting intracellular survival of Yersinia, SytVII
-/-

 BMDMs 

were compared to wild-type BMDMs for their ability to constrain intracellular survival of 

IP2666, IP17 or IP40 (yopB mutant, Table 2.1).  The SytVII
-/-

 genotype was confirmed by PCR 

using mouse-tail genomic DNA, in comparison to wild-type mice (Figure 2.5A). No significant 

difference was observed for IP2666 survival inside wild-type or SytVII
-/-

 BMDMs as determined 

by CFU assay (Figure 2.5B), suggesting that SytVII-mediated phagolysosome fusion does not 

contribute to the YopE-dependent reduced survival of Yersinia in macrophages. 

Reduced intra-macrophage survival of Y. pseudotuberculosis is not due to increased 

gentamicin uptake or YopJ induced macrophage cell death. As control experiments, we 

examined the possibility that IP2666 infection induces gentamicin internalization, which results 

in elevated bacterial killing by gentamicin. If this hypothesis is true, with increasing amount of 

gentamicin, intracellular IP2666 would be more susceptible than IP17, due to more gentamicin 
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uptake. To test this hypothesis, the survival of IP2666 and IP17 in macrophages was compared in 

the presence of increasing amount of gentamicin. IP2666 and IP17 responded similarly to 

increasing amounts of gentamicin (Figure 2.6), suggesting that decreased intracellular survival of 

IP2666 is not due to increased gentamicin uptake.  

In addition, we investigated the possibility that IP2666 infection induces higher level of 

macrophage cell death, which could expose intracellular bacteria to gentamicin and therefore 

decrease bacterial survival. Since YopJ is the essential effector causing cell death in naive 

macrophages upon Yersinia infection, the intra-macrophage survival of IP2666, IP6 (yopE
-
), 

IP26 (yopJ
-
) and IP31 (yopEJ

-
) (Table 2.1) were analyzed by CFU assay (Figure 2.7). IP26 had a 

similar phenotype as IP2666, displaying reduced intracellular survival in comparison to IP6 or 

IP31, indicating that YopJ does not affect Yersinia intracellular survival (Figure 2.7). Moreover, 

under our experimental conditions, Yersinia infection does not stimulate significant macrophage 

cell death (below 2% LDH release from IP2666 or IP6 infected macrophages at 23h post 

infection, data not shown). Accordingly, the decreased intracellular survival of the wild-type 

strain is not caused by Yersinia-induced macrophage cell death. 

Overexpression of YopT counteracts the effect of YopE and promotes survival of Y. 

pseudotuberculosis in macrophages. In addition to YopE and YopH, YopT is another important 

effector that directly targets Rho GTPases in Yersinia infected macrophages. Given that YopE 

and YopH restrict survival of Yersinia inside macrophage, the potential influence of YopT in this 

process was also studied. IP2666 is a naturally-occurring yopT mutant, as the yopT gene contains 

a deletion in pYV in this strain [81]. Plasmid vectors that overproduce YopT or catalytically-

inactive YopTC139S were introduced into IP2666 (named as IP2666+pYopT and 

IP2666+pYopTC139S respectively, Table 2.1). In parallel, strains containing an empty plasmid 
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or a plasmid expressing native levels of YopT (IP2666+YopT) were also created as controls 

(Table 2.1). Analysis of bacterial samples prepared from secretion assays using SDS-PAGE and 

immunoblotting showed that YopT and YopTC139S were overproduced at equal levels, while 

the native level of YopT was undetectable (Figure 2.8A, compare lanes 2, 3 and 4). Remarkably, 

when those strains were used to infect macrophages, overexpression of YopT in IP2666 

dramatically improved Yersinia intra-macrophage survival, giving the opposite effect of YopE 

(Figure 2.8B and Figure 2.9A). Overexpressed YopTC139S moderately increased IP2666 

survival in macrophages (Figure 2.8B and Figure 2.9A), suggesting that YopT catalytic activity 

is critical for counteracting YopE-triggered bactericidal effect. When native level of YopT was 

produced, Yersinia survival in macrophages was slightly increased (Figure 2.8B and Figure 

2.9A). 

To compare the amounts of YopE that were translocated by the different strains, 

detergent extraction assay and immunoblotting were performed to analyze lysates of infected 

macrophages. Overexpression of YopT or YopTC139S in IP2666 reduced YopE translocation to 

8% or 25% of wild-type level respectively, while native level of YopT in IP2666 slightly 

decreased YopE translocation (75% of wild-type level) (Figure 2.10).  

To further examine the mechanism by which YopT promotes survival of Yersinia in 

macrophages, plasmids that overexpress active or inactive YopT (YopTC139S or YopTH258A) 

were introduced into IP6 or IP37 (Table 2.1). Overexpression of YopT or YopTC139S in IP6 

equally improved Yersinia survival (Figure 2.9B), while overexpression of active or inactive 

YopT proteins in IP37 had no effect on Yersinia survival inside macrophages (Figure 2.9C).  

Taken together, these results suggest that YopT has the ability to counteract the negative effect 

of YopE on Yersinia intracellular survival, which is partially dependent on YopT enzymatic 
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activity. YopT catalytic activity may counteract the YopE effect by competing with YopE for a 

Rho GTPase target or by reducing YopE translocation.  

2.5  Discussion 

Zhang et al. reported that the presence of a functional T3SS negatively impacts Y. 

pseudotuberculosis survival following phagocytosis by macrophages; macrophages restrict 

intracellular survival of wild-type but not yopB
-
 or pYV

-
 Yersinia strains [89]. In this chapter, 

studies were taken to identify T3SS-dependent factors that impact Yersinia survival inside 

macrophages. Our results reveal that YopE and YopH are essential factors that reduce Yersinia 

intra-macrophage survival (Figure 2.2). Three known Yops directly disrupts host Rho GTPases 

function: YopE, YopT and YpkA; while YopH inhibits signals that activate Rho GTPases. We 

hypothesize that the activities of YopE and YopH are recognized by macrophages as “patterns of 

pathogenesis”, generating bacterial killing effect as a protective response. Unlike YopE and 

YopH, YpkA has very mild effect on Yersinia intracellular survival (data not shown), perhaps 

due to its low expression level in comparison to other Yops. Interestingly, overexpression of 

YopT counteracts the effect of YopE and increases Yersinia intracellular survival (Figure 2.8). 

This effect of YopT partially requires its protease activity (Figure 2.8). In vivo studies have 

shown that YopE is preferably effective on Rac1, while YopT is mainly active on RhoA. 

However, it has been observed that overexpressed YopT also targets Rac1 in Yersinia-infected 

epithelial cells [108]. In this case, YopT competes with YopE for the same pool of membrane-

associated Rac1, promotes translocation of cleaved Rac1 into the nucleus, and hence interferes 

with the ability of YopE to inhibit Rac1 [108]. We speculate that an important biological 

function of YopT is to counteract recognition of YopE by the innate immune system, possibly by 

preventing YopE access to Rho GTPase targets or by decreasing YopE translocation level. The 
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crosstalk between YopE and YopT could ensure well-balanced manipulation of host cell Rho 

GTPases, benefiting bacterial pathogenesis without over-stimulating innate immune responses. 

Future studies will be needed to determine if YopE catalytic activity towards Rho GTPases is 

critical for the reduced survival of Yersinia in macrophages.  

Roy at el. observed that upon infection, the T3SS of Y. pseudotuberculosis stimulated 

phagolysosome fusion and bacterial killing in macrophages, a process that was mediated by the 

Ca
2+

 sensor SytVII. Our data suggest that YopE-dependent reduced survival of Yersinia does not 

require SytVII (Figure 2.5), indicating that there are at least two independent pathways by which 

macrophages sense and restrict Yersinia intracellular survival. The YopE-dependent pathway 

might recognize manipulation of Rho GTPases, while the SytVII-dependent pathway seems to 

sense translocon insertion in the plasma membrane. Although SytVII-mediated bacterial killing 

pathway was not observed in our experimental conditions, it would be interesting to determine if 

Yop effectors influence SytVII-dependent phagolysosome fusion to impact Yersinia infection.     
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2.6  Figures and Tables 

Table 2.1: Yersinia pseudotuberculosis strains used in this study. 

Strain name Relevant Characteristics Reference 

IP2666 Wild-type, pYV
+
, naturally yopT 

-
 [109] 

IP6 yopE 
-
 [110] 

IP15 yopH 
-
 [111] 

IP17 yopEH 
-
 [111] 

IP26 yopJ 
-
 [65] 

IP27 yopEHJ 
-
 [112] 

IP31 yopEJ 
-
 [65] 

IP37 yopEHJMKypkA
-
 [65] 

IP40 yopB 
-
 [113] 

IP2666+empty vector IP2666 (pMMB67HE) This study 

IP6+empty vector IP6 (pMMB67HE), tac promoter [110] 

IP37+empty vector IP37 (pMMB67HE) This study 

IP6+pYopE 

IP6 (pYopE), yopE controlled by tac 

promoter 

[110] 
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IP6+pYopER144A IP6 (pYopER144A) [110] 

IP6+YopE 

IP6 (pPEYopE), yopE controlled by native 

promoter 

[81] 

IP6+YopE3N IP6 (pPEYopE L55N I59N L63N) This study 

IP6+YopER62K IP6 (pPEYopER62K) This study 

IP6+YopEL109A IP6
 
(pPEYopEL109A) This study 

IP6+YopE-SptP IP6 (pPEYopE1-100 SptP166-293) This study 

IP2666+YopT 

IP2666 (pPTYopT), yopT controlled by 

native promoter 

[81] 

IP6+YopT IP6 (pPTYopT) [81] 

IP2666+pYopT 

IP2666 (pYopT), yopT controlled by yopH 

promoter 

[81] 

IP2666+pYopTC139S IP2666 (pYopTC139S) This study 

IP6+pYopT IP6 (pYopT) This study 

IP6+pYopTC139S IP6 (pYopTC139S) This study 

IP37+pYopT IP37 (pYopT) This study 

IP37+pYopTC139S IP37 (pYopTC139S) This study 
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IP37+pYopTH258A IP37 (pYopTH258A) This study 

yadA
-
 IP2666 ΔyadA [41] 

inv
- 

IP2666 Δinv [41] 

yadA
-
inv

- 
IP2666 ΔyadAΔinv [41] 
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Figure 2.1: Survival of Y. pseudotuberculosis inside macrophages as determined by CFU 

assay. 

BMDMs were infected with the indicated strains at an MOI of 10 for 20 min, followed by 

gentamicin treatment to eliminate extracellular bacteria. At 1 h and 23 h post infection, the 

infected BMDMs were lysed, and serial dilutions were plated to determine the survival of 

intracellular bacteria by CFU assay. (A) The logarithm of intracellular bacteria count per well at 

1h post infection. (B) The logarithm of intracellular bacteria count per well at 23h post infection. 

Results shown are the means from four independent experiments with duplicate infection wells. 

Error bars show standard deviations. *, P  < 0.05 and ***, P < 0.001 compared to IP17, as 

determined by one-way ANOVA.  
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Figure 2.2: Comparison of different Y. pseudotuberculosis strains for survival inside 

macrophages. 

CFU assay were performed as described in Figure 2.1. Ratios of CFU at 23h/1h are shown, 

determined as [23h post infection CFU/1h post infection CFU]. Results shown are the means 

from three independent experiments with duplicate infection wells. Error bars show standard 

deviations. (A)***, P < 0.001 compared to IP17; (B) *, P  < 0.05 and ***, P < 0.001 compared to 

IP6, as determined by one-way ANOVA.  
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Figure 2.3: Survival of Y. pseudotuberculosis inside macrophages determined by CFU 

assay. 

BMDMs were infected with the indicated strains as described in Figure 2.1, except that indicated 

MOIs were used. (A) The logarithm of intracellular bacteria count per well at 1h and 23h post 

infection. (B) Ratio of CFU at 23h/1h. Results shown are the means from three independent 

experiments with duplicate infection wells. Error bars show standard deviations. *, P  < 0.05 and 

***, P < 0.001 compared to IP2666 at an MOI of 10, as determined by one-way ANOVA.  
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Figure 2.4: Comparison of different Y. pseudotuberculosis strains for survival inside 

macrophages as determined by fluorescence microcopy. 

BMDMs were infected with the indicated GFP-encoding strains at an MOI of 10, as described in 

Figure 2.1.  At 1h, 4h and 23h post infection, the infected BMDMs were fixed and analyzed by 

fluorescence microscopy. One hour before fixation, IPTG was added to induce de novo 

expression of GFP from viable intracellular bacteria. Shown are GFP or an overlay of GFP and 

phase contrast signal from representative images.   
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Figure 2.5: Survival of different Y. pseudotuberculosis strains in wild-type or SytVII -/- 

macrophages. 

(A) Verification of SytVII 
-/-

 mice by tail genotyping. Shown are PCR results obtained with 

mouse-tail genomic DNA using indicated primers. Wild type = 400 bp; mutant = 280 bp. (B) 

Wild-type or SytVII 
-/-

 BMDMs were infected with the indicated strains. Intracellular bacterial 

survival was measured by CFU assay, as described in Figure 2.1. Results shown are the means 

from three independent experiments with duplicate infection wells. Error bars show standard 

deviations. There is no significant difference in the survival of each strain in WT BMDMs as 

compared individually to that in SytVII 
-/-

 BMDMs, as determined by one-way ANOVA.  
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Figure 2.6: Survival of Y. pseudotuberculosis inside macrophages in the presence of 

different concentrations of gentamicin. 

CFU assay were performed as described in Figure 2.1. After 20 min infection, infected cells were 

incubated in medium with 8 g/ml, 16 g/ml or 32 g/ml gentamicin until the end of the 

experiment, except the first experimental group, which were incubated in medium with 8 μg/ml 

gentamicin for 1 h and switched in medium with 4.5 g/ml gentamicin until the end of the 

experiment. Shown are the logarithms of intracellular bacteria count per well at 1h and 23h post 

infection. IP2666 is shown in squares; IP17 is shown in triangles. Results shown are the means 

from three independent experiments with duplicate infection wells. Error bars show standard 

deviations.  
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Figure 2.7: Comparison of different Y. pseudotuberculosis strains for survival inside 

macrophages. 

CFU assay were performed as described in Figure 2.1. Ratios of CFU at 23h/1h are shown for 

indicated strains. Results shown are the means from three independent experiments with 

duplicate infection wells. Error bars show standard deviations. ***, P < 0.001 and **, P  < 0.01 

compared to IP6, as determined by one-way ANOVA.  
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Figure 2.8: Measurement of YopT production and survival in macrophages by different Y. 
pseudotuberculosis strains. 

 (A) Amounts of YopT secreted by different strains as determined by immunoblotting analysis. 

Indicated strains were grown at 37°C for 4 h under low Ca
2+ 

conditions in a secretion assay. 

TCA-precipitated supernatants were analyzed using antibodies specific for YopT (upper panel). 

YopE levels as determined by staining with GelCode Blue Stain Reagent (bottom panel). (B) 

Intracellular bacterial survival was determined by CFU assay in infected macrophages, as 

described in Figure 2.1. Results shown are the means from four independent experiments with 

duplicate infection wells. Error bars show standard deviations. ***, P < 0.001, **, P < 0.01 and 

*, P < 0.05 compared to IP2666+empty vector, as determined by one-way ANOVA.  
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Figure 2.9: Survival of Y. pseudotuberculosis strains inside macrophages. 

CFU assay were performed as described in Figure 2.1. (A) The logarithm of intracellular bacteria 

count per well at 1h post infection and 23h post infection. **, P  < 0.01 and ***, P < 0.001 

compared to IP2666+empty vector. (B) Ratio of CFU at 23h/1h. **, P < 0.01 compared to 

IP6+empty vector. (C) Ratio of CFU at 23h/1h. ***, P < 0.001 compared to IP37+empty vector. 

Results shown are the means from at least three independent experiments with duplicate 

infection wells. Error bars show standard deviations.  
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Figure 2.10: Measurement of YopE translocation in macrophages by different Y. 
pseudotuberculosis strains. 

 (A) YopE translocation levels in BMDMs infected by the indicated strains, determined by 

detergent extraction assay and immunoblotting analysis. BMDMs in 6 well plates were infected 

at an MOI of 30 for 2 h, then lysed using 1% Triton X-100 buffer. Cell lysates were centrifuged 

to obtain soluble and insoluble fractions, which were subjected to immunoblotting analysis using 

antibodies specific for YopE. -actin levels from the soluble fraction are shown as loading 

controls. (B) The intensity of each band was calculated using Odyssey IR imaging system, and 

the YopE/-actin ratios were normalized according to IP2666+empty vector. Results shown are 

the means from two independent experiments. Error bars show standard deviations. 
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Chapter 3: Investigate the role of YopE GAP activity in restricting 

Yersinia survival inside macrophages. 

3.1  Summary 

The effector YopE was shown in Chapter 2 to be a critical T3SS-dependent factor that 

restricted Y. pseudotuberculosis survival inside macrophages. This chapter aimed to investigate 

the role of YopE GAP activity in this process. Intra-macrophage survival of Yersinia producing 

YopE or YopE mutants was compared by CFU assay and fluorescence microscopy. Unlike wild-

type YopE, YopER144A (catalytic-dead mutant) was impaired in restricting Yersinia 

intracellular survival, while YopE3N (defective in membrane localization) and YopER62K (less 

stable) presented decreased ability to trigger intracellular killing. Interestingly, Clostridium 

difficile Toxin B was able to mimic the effect of YopE and decreased Yersinia survival inside 

macrophages. These results demonstrate that sensing the manipulation of Rho GTPases by YopE 

GAP activity (or by other bacterial toxins like Toxin B) is critical for macrophages to restrict 

bacterial intracellular survival. In addition, using YopE variants with altered Rho GTPase 

specificities or specific Rho GTPase inhibitors, we obtained evidence that the target specificity 

of YopE impacts its ability to stimulate intracellular killing and that macrophages recognize 

inhibition of Rac but not Rho to stimulate a bactericidal response.  

3.2  Introduction 

In the previous chapter, we presented evidence that YopE is required for limiting survival 

of wild-type Yersinia in macrophages. YopE is a 219 amino acid, 23kDa effector containing a C 

terminal Rho GAP domain (YopEGAP; residues 96 to 219) [110]. YopE binds to GTPases and 
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introduces an “arginine finger” into the GTPase catalytic site to promote GTP hydrolysis, which 

results in their deactivation. The residue Arg144 in the “arginine finger” is critical and required 

for the GAP activity of YopE [110]. YopEGAP shares structural similarity with SptPGAP from 

Salmonella Typhimurium and ExoSGAP from Pseudomonas aeruginosa. In mammalian cells, 

proper intracellular localization of YopE requires a hydrophobic leucine-rich motif within its 

membrane localization domain (MLD, residues 53 to 79) [84,114-116]. As found in different 

Yersinia strains, allelic variation of residues 62 and 75 influence the stability of YopE in host 

cells, in which lysine residues at these positions can mediate ubiquitination and degradation of 

YopE by the host cell proteasome pathway [117]. Both subcellular membrane localization and 

stability of YopE have been shown to be important for its GAP activity [115,117]. In vitro, YopE 

is equally active on Rac1, RhoA and Cdc42 [110], whereas it is preferably effective on Rac1 and 

RhoA, but not Cdc42, in vivo [118]. In this chapter, we aimed to determine if the GAP activity of 

YopE is essential for restricting Yersinia intracellular survival and identify the Rho GTPase 

target that is critical for the effect YopE in this process.  

3.3  Materials and Methods 

Bacterial strains and plasmids. The Y. pseudotuberculosis strains used in this study are listed in 

Table 2.1. Bacterial cultures were grown as described in Chapter 2. The plasmids pMMB67HE 

[105], pYopE [110], pYopER144A [110], pPEYopE [81] and p207mCherry [119] have been 

previously described. 

A new series of plasmids expressing yopE mutants were created as described below. 

Plasmids encoding yopEL109A, yopER62K and yopE3N were generated as follows. DNA 

fragments encoding yopEL109A, yopER62K or yopE3N were obtained by PCR using primers 
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yopE-3 (5’-CGGATCCCATATGAAAATATCATCATTTATTTC-3’) and yopE-EcoRI (5’-

CGCGGAATTCCCATATCACATCAATGACAGTAATTT-3’). Recombinant plasmid DNA 

(pBAD33/YopEL109A, a gift from Joan Mecsas, Tufts University), or Y. pseudotuberculosis 

virulence plasmid DNA (from 32777 yopER62K or 32777 yopE3N) [120] was used as template 

for the PCR to obtain yopEL109A, yopER62K and yopE3N, respectively. The resulting DNA 

fragments were inserted into pETBlue2 vector using blunt end ligation. To create a plasmid 

encoding the yopE-sptP fusion, a DNA fragment containing the first 100 codons of yopE (yopE1-

100) was amplified from IP2666 virulence plasmid DNA with primers yopE-infusion-5 (5’-

TAATAAATAGTCATATGAAAATATCATCATTTATTTCTACATCACTG-3’) and yopE-

infusion-3 (5’-AGGTTGCTTACTTTCCGTAGGACTTGGCATTTGTGC-3’).  A DNA 

fragment containing codons 166-293 of sptP (sptP166-293) was amplified with primers sptP-

infusion-5 (5’-ATGCCAAGTCCTACGGAAAGTAAGCAACCTTTACTCAGTATCG-3’) and 

sptP-infusion-3 (5’-CAGCCAAGCTGAATTTTAGCCGGCTTCTATTTTCTCAAGTTC-3’) 

using chromosomal DNA from Salmonella enterica Typhimurium strain 14028 as template. A 

DNA fragment encoding the yopE1-100sptP166-263 fusion was made by overlapping PCR using the 

yopE1-100 and sptP166-293 fragments as templates and primers yopE-infusion-5 and sptP-infusion-3.  

The product was inserted into pETBlue2 by blunt end ligation. The sequences of the inserts in 

the plasmids described above were confirmed by DNA sequencing. DNA fragments encoding 

yopEL109A, yopER62K, yopE3N or yopE1-100sptP166-263 were obtained from the pETBlue2 

vectors by digestion with NdeI and EcoRI, and ligated between the NdeI and EcoRI sites in 

pPEYopE, thereby replacing the wild-type yopE gene, and placing the mutant alleles under 

control of the native yopE promoter. The resulting plasmids pYopEL109A, pYopER62K, 
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pYopE3N and pYopE-SptP were introduced into E. coli S17-1 pir by electroporation and 

subsequently transferred into IP6 (Table 2.1) by conjugation as described previously [121].  

Cell culture. BMDMs were isolated and cultured from femurs of C57BL/6 wild-type mice 

(Jackson Laboratory) as previously described in Chapter 2. 24h before infection, macrophages 

were seeded into 24-well tissue culture plate at a density of 1.5×10
5 

cells per well as previously 

mentioned.  

Infection conditions. Y. pseudotuberculosis strains were cultured and prepared to infect 

BMDMs using the same conditions as previously described in Chapter 2. When indicated, 40 

ng/ml Toxin B (Calbiochem), 100 M NSC23766 (Calbiochem), or 10 g/ml TAT-C3 was 

added at 0 h post infection and maintained throughout the experiment. TAT-C3 was purified and 

kindly provided by Dr. Gloria Viboud, Stony Brook University [82].  

CFU assay, detergent extraction assay and immunoblotting. These assays were performed as 

described in Chapter 2.  

Fluorescence microscopy. BMDMs were prepared, infected and fixed as described in Chapter 

2. When needed, 0.5 mM IPTG was added at 2 h before fixation to induce de novo mCherry 

expression. Immunofluorescence staining was performed as described previously [101]. Briefly, 

the fixed cells were permeabilized with 0.1% Triton X-100 in PBS for 1 min, followed by 

blocking with 3% bovine serum albumin in PBS for 10 min. The cells were then incubated with a 

polyclonal rabbit anti-Yersinia antibody SB349 diluted 1:1000 for 30 min. After washing with 

PBS, the cells were incubated with FITC conjugated anti-rabbit antibody (Jackson Laboratories) 

diluted 1:250 for 40 min. The samples were further processed, examined and analyzed by 
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fluorescence microscopy as described in Chapter 2. Percentage of cells containing bacteria was 

quantified from at least three independent experiments.  

3.4  Results 

The GAP activity of YopE is critical for reduced survival of Yersinia inside macrophages. 

To investigate if the GAP activity of YopE is essential to trigger intracellular killing, 

complementation experiments were carried out to compare the intracellular survival of Yersinia 

expressing YopE or YopER144A. A single substitution of arginine to alanine was introduced at 

residue 144 to generate a YopE catalytic-inactive mutant. Plasmid vectors producing YopE or 

YopER144A were introduced into IP6 (named IP6+pYopE or IP6+pYopER144A respectively, 

Table 2.1). As shown by SDS-PAGE and immunoblotting, the production level of YopE or 

YopER144A in trans was comparable to the native level in wild-type strains (Figure 3.1A). The 

intra-macrophage survival of IP6+pYopE and IP6+pYopER144A was then compared, with 

IP2666 or IP6 containing the empty vector shown in parallel as controls. In contrast to 

IP2666+empty vector or IP6+pYopE, IP6+pYopER144A exhibited significantly improved 

survival in macrophages, which is comparable to IP6+empty vector (Figure 3.1B). 

Unexpectedly, the empty vector (pMMB67HE) has a slight negative effect on bacterial 

intracellular survival (Figure 3.2), possibly caused by the metabolic burden introduced by the 

vector [122,123]. Nevertheless, these data further confirmed that YopE is the essential factor 

causing reduced survival of Yersinia in macrophages and proved that the GAP activity of YopE 

is indispensable for triggering intracellular killing.  

Membrane localization, stability and target specificity of YopE are important for reduced 

survival of Yersinia in macrophages. Our results suggest that YopE GAP activity is required 
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for T3SS-dependent killing of Y. pseudotuberculosis inside macrophages. We hypothesize that 

the following three variables will impact the ability of YopE to stimulate intracellular killing: 

subcellular localization to membrane, stability and target specificity. To this end, plasmids 

producing YopE variants that were defective for membrane localization (YopE3N), less stable 

(YopER62K) or with altered target specificities (YopEL109A and YopE-SptP fusion) were 

introduced into IP6. Detergent extraction assay and immunoblotting were used to detect the 

amounts of YopE variants in infected macrophages. The yopB mutant (IP40, Table 2.1), 

defective in T3SS translocation, was shown in parallel as a negative control (Figure 3.3A). These 

strains (Table 2.1) were then used to infect macrophages to perform fluorescence microscopy or 

CFU assay.  

The level of YopE3N in the soluble fraction was similar to wild-type YopE, indicating 

equal translocation of these proteins (Figure 3.3A, compare lane 3 to 1). The amount of 

YopER62K in the soluble fraction was lower in comparison to wild-type YopE, which is as 

expected due to its decreased stability (Figure 3.3A, compare lane 5 to 1). The presence of a 

slower migrating band for YopER62K corresponded with ubiquitination (Figure 3.3A, lane 5). 

IP6+YopE3N and IP6+YopER62K showed enhanced intra-macrophage survival compared to 

IP6+YopE at 24h post infection as revealed by fluorescence microscopy (Figure 3.3B), the 

results of which were quantified by showing percentage of macrophages containing fluorescent 

intracellular Yersinia (Figure 3.3C). CFU assay further confirmed that YopE3N and YopER62K 

displayed reduced ability to trigger intracellular killing as compared to wild-type YopE (Figure 

3.4A). Given that subcellular membrane localization and stability of YopE are important for its 

GAP activity, these data provide additional proof that macrophages sense the inhibition of one or 

more Rho GTPases, which leads to increased killing of intracellular Yersinia.  
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To determine if target specificity of YopE impacts the intracellular killing response, 

YopE variants with altered target specificity were studied. YopEL109A has decreased activity 

towards RhoA (70% of wild-type level) and Rac2 (70% of wild-type level) [124]. YopE-SptP 

fusion protein, which has the secretion and translocation domains of YopE and the GAP domain 

of SptP, presents no GAP activity towards RhoA and lower activity towards Rac1 (83% of wild-

type level) and Rac2 (34 of wild-type level) [124]. The amount of YopEL109A and YopE-SptP 

were similar to wild-type YopE in infected macrophages (Figure 3.3A, compare lane 1, 2 and 4). 

As expected, YopE-SptP displayed slower mobility due to its higher molecular weight (Figure 

3.3A, lane 4). At 24h post infection, IP6+YopEL109A and IP6+YopE-SptP exhibited increased 

survival in macrophages comparing to IP6+YopE, as determined by fluorescence microcopy 

(Figure 3.5AB), which was consistent with the results from CFU assay (Figure 3.4B). These 

results suggest that the Rho GTPase specificity of YopE may impact its ability to promote 

Yersinia killing inside macrophages. However, it is difficult to declare how YopE inhibition of a 

specific Rho GTPase plays a central role in triggering intracellular killing, because the activity of 

YopEL109A and YopE-SptP towards Rho GTPases other than RhoA, Rac1 and Rac2 is not fully 

known.  

Toxin B decreases Yesinia survival inside macrophages. To explore if macrophages sense 

inhibition of Rho GTPases by bacterial toxins as a common danger signal, the effect of 

Clostridium difficile Toxin B on Yersinia intracellular survival was studied. Toxin B inhibits a 

broad range of Rho GTPases by glucosylation, the targets of which include Rac1, RhoA/B/C, 

RhoG, Cdc42 and TC10 [125-127]. In macrophages treated with Toxin B, the survival of IP6, 

IP17 and IP40 was significantly decreased as shown by CFU assay (Figure 3.6AB) and 

fluorescence microscopy in conjunction with mCherry induction (Figure 3.6C). Toxin B had no 
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effect on Yersinia growth in tissue culture medium in the absence of macrophages; Toxin B did 

not show significant cytotoxicity to macrophages under our experimental conditions (data not 

shown). These results indicate that inactivation of Rho GTPases by Toxin B is detected by 

macrophages, triggering an intracellular killing response. Toxin B decreases Yersinia intra-

macrophage survival in a way that mimics the effect of YopE. Hence, increased bacterial killing 

triggered by the Rho GTPase-inactivating toxins may be a conserved response to these bacterial 

toxins.  

Rac inactivation, but not Rho inactivation, decreases Yersinia survival inside macrophages. 

To determine the Rho GTPase target of YopE important for inducing intracellular killing, the 

effect of specific Rho GTPase inhibitors on Yersinia intracellular survival were studied. With 

Rac1 inhibitor NSC23766 treatment, the survival of IP6 and IP40 was decreased in macrophages, 

as shown by CFU assay (Figure 3.7AB) and fluorescence microcopy with mCherry induction 

(Figure 3.7C). The Rac1 inhibitor displayed a reduced ability to trigger intracellular killing in 

comparison to Toxin B (compare Figure 3.7AB and Figure 3.6AB). Differently from the Rac1 

inhibitor, the RhoA inhibitor TAT-C3 did not show any effect on Yersinia intra-macrophage 

survival (Figure 3.8BC). Dramatic morphological change was detected in TAT-C3 treated 

macrophages as early as 4h upon treatment, confirming the efficiency of this inhibitor towards 

RhoA (Figure 3.8A). These data revealed that macrophages constrain Yersinia intracellular 

survival in response to Rac inactivation, but not Rho inactivation.  

3.5  Discussion 

Our findings in this chapter indicate that primary naïve macrophages respond to 

modulation of Rho GTPases by Yersinia Yop effectors. We propose that the activity of YopE is 
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somehow sensed by macrophages as a “pattern of pathogenesis”, which leads to killing of 

intracellular Yersinia as an ETIR. YopE is well known as a critical virulence factor for Yersinia 

pathogenesis, as a Y. pseudotuberculosis yopE
-
 mutant was unable to spread systemically 

following oral infection in the mouse model [27]. Interestingly, on the other hand, here we show 

that the GAP activity of YopE is sensed by macrophages as a danger signal, triggering killing of 

intracellular bacteria (Figure 3.1). Zhang et al. investigated a Y. pseudotuberculosis strain 

(32777), different from the strain used here (IP2666), and reported that a 32777 mutant 

expressing catalytically inactive YopJ, YopT, YopE and YopH exhibited a similar phenotype 

like wild-type 32777, showing reduced intracellular survival in comparison to a pYV
- 
mutant [89]. 

We speculate that 32777 has additional T3SS-dependent effector that could stimulate bacterial 

killing, like other unknown Rho GTPase-inactivating effector(s), which remains to be identified.  

We provided evidence that Toxin B reduces Yersinia survival in macrophages possibly 

due to its activity towards Rho GTPases (Figure 3.6). To date, at least 20 Rho GTPase proteins 

belonging to 8 subfamilies have been described in mammals [128,129]. One intriguing question 

to ask here is, among these Rho GTPases, the status of which specific Rho GTPase(s) is closely 

monitored by the innate immune system in a surveillance pathway? Importantly, we have shown 

that the target preference of YopE impacts its ability to trigger bacterial killing (Figure 3.5). Our 

results showed that Rac inactivation, but not Rho inactivation, stimulates killing of intracellular 

Yersinia (Figure 10). However, the Rac inhibitor has lower ability to trigger intracellular killing 

comparing to Toxin B or YopE, indicating that disturbance of additional Rho GTPases 

contributes to the bactericidal effect. Other Rho GTPase candidates may include, but are not 

limited to, Rac2 and RhoG, which have been shown to be YopE targets found in macrophages 
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[124,129-131]. More studies are required to determine the role of other Rho GTPases 

macrophage surveillance pathways in response to pathogenic infection [129]. 

Rho GTPases are important molecular switches that regulate a variety of cellular 

functions, ranging from cytoskeleton dynamics, gene transcription, vesicular trafficking to cell 

growth and apoptosis. Because of the importance of Rho GTPases, host cells tightly regulate the 

activation and inactivation of Rho GTPases through multiple mechanisms, including the 

canonical regulators (GAPs, GEFs and GDIs) and direct post-translational modifications (such as 

phosphorylation and ubiquitination). The manipulation of Rho GTPases by YopE or Toxin B 

could influence multiple Rho GTPases-mediated pathways leading to many different 

consequences to trigger intracellular killing. Possible down-stream pathways that could mediate 

a YopE-triggered killing response include disruption of actin cytoskeleton [10], inflammasome 

activation [132], modulation of vesicular trafficking or an autophagy pathway [91,92], which 

remain to be explored.  
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3.6  Figures 

 
Figure 3.1: Measurement of YopE production and survival in macrophages by different Y. 
pseudotuberculosis strains. 

 (A) Static expression levels of YopE in the indicated strains as determined by immunoblotting 

analysis. Indicated bacteria strains were grown at 37°C in the presence of 2.5mM CaCl2 for 2h. 

Bacterial pellets were collected and analyzed by immunoblotting using antibodies specific for 

YopE. YopH levels are shown as loading controls. (B) Survival of intracellular bacteria was 

determined by CFU assay in infected macrophages, as described in Figure 2.1. Results shown are 

the means from three independent experiments with duplicate infection wells. Error bars show 

standard deviations. **, P < 0.01 compared to IP6+empty vector, as determined by one-way 

ANOVA.  
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Figure 3.2: Survival of Y. pseudotuberculosis strains with or without empty vector inside 

macrophages. 

CFU assay were performed as described in Figure 2.1. Results shown are the means from three 

independent experiments with duplicate infection wells. Error bars show standard deviations. *, 

P < 0.05, comparing each strain with to without empty vector individually, as determined by one-

way ANOVA. 
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Figure 3.3: Measurement of YopE translocation and survival in macrophages by different 

Y. pseudotuberculosis strains. 

 (A) YopE translocation levels in BMDMs infected by the indicated strains, determined by 

detergent extraction assay and immunoblotting analysis. BMDMs in 6 well plates were infected 

at an MOI of 30 for 2 h. Cell lysates were centrifuged to obtain soluble and insoluble fractions, 

which were subjected to immunoblotting analysis using antibodies specific for YopE. -actin 
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levels from the soluble fraction are shown as loading controls. (B) BMDMs were infected with 

the indicated strains at an MOI of 10, as described in Figure 2.1. At 2h and 24h post infection, 

infected cells were fixed, permeabilized and labeled with a rabbit anti-Yersinia antibody (green). 

Shown is bacteria or an overlay of bacteria and phase contrast signal from representative images 

obtained by fluorescence microscopy. (C) Percentage of macrophages containing fluorescent 

Yersinia at 24h post infection, quantified from three independent microscopic experiments as 

described in (B). Error bars show standard deviations. ***, P < 0.001 compared to IP6+YopE, 

determined by one-way ANOVA.  
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Figure 3.4: Survival of Y. pseudotuberculosis strains inside macrophages. 

CFU assay were performed as described in Figure 2.1. Shown is the logarithm of intracellular 

bacteria count per well at 1h post infection and 23h post infection comparing IP6+empty vector, 

IP6+YopE, IP6+YopE3N and IP6+YopER62K (A) or IP6+empty vector, IP6+YopE, 

IP6+YopEL109A and IP6+YopE-SptP (B). Results are the means from three independent 

experiments with duplicate infection wells. Error bars show standard deviations. *, P  < 0.05; **, 

P < 0.01 and ***, P < 0.001 compared to IP6+YopE, as determined by one-way ANOVA.  
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Figure 3.5: Survival of different Y. pseudotuberculosis strains in macrophages as 

determined by fluorescence microscopy. 

 (A) BMDMs were infected with indicated strains as described in Figure 2.1. At 2h and 24h post 

infection, infected cells were fixed, permeabilized and labeled with a rabbit anti-Yersinia 

antibody (green). Shown is bacteria or an overlay of bacteria and phase contrast signal from 

representative images. (B) Percentage of macrophages containing fluorescent Yersinia at 24h 

post infection, quantified from three independent microscopy experiments as described in (A). 
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Error bars show standard deviations. ***, P < 0.001 compared to IP6+YopE, determined by one-

way ANOVA.  
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Figure 3.6: Survival of different Y. pseudotuberculosis strains inside macrophages, in the 

presence or absence of Toxin B. 

BMDMs were infected with the indicated strains as described in Figure 2.1. When indicated, 40 

ng/ml Toxin B was present throughout the experiment. (A-B) Intracellular bacterial survival was 

determined by CFU assay, as described in Figure 2.1. Results shown are the means from four 
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independent experiments with duplicate infection wells. Error bars show standard deviations. 

***, P < 0.001 and *, P < 0.05 comparing each strain with to without Toxin B treatment 

individually, as determined by one-way ANOVA. (C) Intracellular survival of the indicated 

mCherry encoding strains was determined by fluorescence microscopy as described in Figure 

2.4. Two hours before fixation, IPTG was added to induce de novo expression of mCherry. The 

upper panel shows mCherry or an overlay of mCherry and phase contrast signal at 24h post 

infection, from representative images. The lower panels show percentage of mCherry positive 

macrophages quantified from three independent experiments. Error bars show standard 

deviations. **, P < 0.01 and ***, P < 0.001 determined by t-test.  
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Figure 3.7: Survival of different Y. pseudotuberculosis strains inside macrophages, in the 

presence or absence of Rac inhibitor NSC23766. 

BMDMs were infected with the indicated strains as described in Figure 2.1. When indicated, 100 

M NSC23766 was present throughout the experiment. (A-B) Intracellular bacterial survival was 

determined by CFU assay, as described in Figure 2.1. Results shown are the means from three 

independent experiments with duplicate infection wells. Error bars show standard deviations. 

***, P < 0.001, comparing each strain with to without Rac inhibitor treatment individually, as 

determined by one-way ANOVA. (C) Intracellular survival of mCherry-encoding IP6 was 

determined by fluorescence microscopy, as described in Figure 3.6C. The left panel shows 

mCherry or an overlay of mCherry and phase contrast signal at 24h post infection from 

representative images. The right panel shows percentage of mCherry positive macrophages 

quantified from three independent experiments. Error bars show standard deviations. ***, P < 

0.001 determined by t-test. 
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Figure 3.8: Survival of Y. pseudotuberculosis strains inside macrophages, in the presence 

or absence of TAT-C3. 

(A) Morphological changes of BMDMs upon TAT-C3 treatment were determined by phase 

contrast microscopy. Shown are BMDMs treated with 10 g/ml TAT-C3 for 4h or 24h. BMDMs 

with no treatment are also shown as controls. (B) Intracellular bacterial survival was determined 

by CFU assay, as described in Figure 2.1. When indicated, 10 g/ml TAT-C3 was present 

throughout the experiment. Results shown are the means from three independent experiments 

with duplicate infection wells. There is no significant difference in the survival of each strain 

with TAT-C3 treatment as compared individually to that without treatment. (C) Intracellular 

survival of mCherry encoding IP6 was determined by fluorescence microcopy, as described in 

Figure 3.6. When indicated, 10 g/ml TAT-C3 was present throughout the experiment. Shown is 

mCherry or an overlay of mCherry and phase contrast signal at 24h post infection.  
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Chapter 4: Characterize the mechanism of YopE-triggered killing of 

Yersinia inside macrophages. 

4.1  Summary 

Previous work (Chapters 2 and 3) demonstrated that macrophages respond to the GAP 

activity of YopE and restrict survival of intracellular Yersinia as a protective response. In this 

chapter, we sought to further explore the mechanism of YopE-triggered killing of Yersinia inside 

macrophages. On the upstream level, we considered whether YopE activity requires a second 

pro-inflammatory signal to stimulate killing of intracellular Yersinia. Our results suggest that the 

YopB/D translocon is not required for Toxin B-triggered intracellular killing of Yersinia, and 

LPS-TLR signaling is dispensable for YopE-stimulated intracellular killing; however, the role of 

YadA/Invasin-1 integrin signaling in this process is ambiguous. On the downstream level, we 

aimed to elucidate what signaling pathway mediates YopE-induced intracellular killing. We 

studied if macrophages respond actively to the disturbance of the actin cytoskeleton. The actin 

polymerization activator Jasplakinolide had no effect on Yersinia intra-macrophage survival, yet, 

unexpectedly, the actin polymerization inhibitor Cytochalsin D slightly increased Yersinia 

intracellular survival, the mechanism of which is enigmatic. Our work also revealed that 

Capase1/11 or NOD1 signaling pathways are not involved in YopE-elicited killing response. 

Additionally, the autophagy inducer Rapamycin decreases intracellular survival of Yersinia, 

indicating a role of autophagy in suppressing Yersinia survival in macrophages. However, YopE-

induced killing does not specifically require the autophagy pathway. Interestingly, translocated 

YopE induces higher levels of NO from infected macrophages, although NO production does not 

seem to mediate YopE-triggered killing.  
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4.2  Introduction 

In the previous chapter, we established the important role of YopE GAP activity in 

stimulating intra-macrophage killing of Yersinia. We proposed that the consequences of YopE 

activity were detected by macrophages as a pattern of pathogenesis leading to an ETIR. Previous 

studies suggested “a two-signal model” for the activation of ETIR, which requires a MAMP and 

a pattern of pathogenesis [133]. For example, five effectors delivered by Legionella pneumophila 

type IV secretion system act to inhibit host protein synthesis [15]. The activities of these 

effectors, in concert with TLR signaling, results in prolonged activation of NF-B as an ETIR 

[15]. It is believed that the two-signal requirement allows host cells to evaluate the virulence 

potential of a pathogen and adjust immune response appropriately to avoid self-damaging 

inflammation. Thus, further studies are needed to determine if a second signal generated by a 

MAMP facilitates YopE-triggered killing effect.  

Rho GTPases serve as molecular switches that regulate various cellular functions. The 

activity of YopE towards multiple Rho GTPases might result in many different consequences to 

stimulate intracellular bacterial killing. One possibility is that YopE GAP activity disrupts the 

actin cytoskeleton to alarm host cells. It was suggested host cells monitor the status of the actin 

cytoskeleton to detect pathogen activity, which could be mediated by inflammasome activation 

or NLR activation [10]. Alternatively, since Rho GTPases are involved in regulation of vesicular 

trafficking, it is possible that YopE activity somehow influences the fate of Yersinia-containing 

vesicles, for example by promoting lysosome-phagosome fusion or impacting the autophagy 

pathway. Additionally, several recent studies have revealed that the activities of certain bacterial 

effectors can stimulate transcriptional changes in host cells, resulting in ETIRs [14-18]. We 



 

75 

 

investigated if YopE promotes an altered host response that can occur at the transcriptional level 

in regards to NO production.  

4.3  Materials and Methods 

Bacterial strains and plasmids. The Y. pseudotuberculosis strains used in this study are listed in 

Table 2.1. Bacterial cultures were grown as described in Chapter 2. The strains yadA
-
, inv

- 
and 

yadA
-
inv

- 
were generously provided by Dr. Joan Mecsas, Tufts University [41].  

Cell culture. BMDMs were isolated and cultured from femurs of C57BL/6 wild-type mice 

(Jackson Laboratory), Nod1 
-/- 

C57BL/6 mice (a generous gift from Dr. Andreas Baumler, 

University of California at Davis), iNOS 
-/- 

C57BL/6 mice, Caspase1/11
-/-

 C57BL/6 mice (kind 

gifts from Dr. Adrianus van der Velden, Stony Brook University), Atg5
flox/flox

 (namely Atg5
+/+

) or 

Atg5
flox/flox 

–Lyz-Cre (namely Atg5
-/-

)
 
C57BL/6 mice (a kind gift from Dr. Robert Watson, 

University of California at San Francisco), as previously described in Chapter 2. Immortalized 

C57BL/6 BMDMs or MyD88
-/-

/Trif
-/-

 BMDMs (kindly provided by Dr. Jonathan Kagan, Harvard 

University) were grown routinely in DMEM supplemented with 10% feta bovine serum 

(Hyclone) and 2 mM glutamate. 24h before infection, macrophages were seeded into 24-well 

tissue culture plate at a density of 1.5×10
5 

cells per well as previously mentioned in Chapter 2. 

Infection conditions. Y. pseudotuberculosis strains were cultured and prepared to infect 

BMDMs or immortalized BMDMs using the same conditions as previously described in Chapter 

2. To obtain opsonized bacteria, bacterial samples were additionally incubated in HBSS 

supplemented with 10% mouse serum at 37 °C for 20 min before adding into macrophages. 

When indicated, 100 M iNOS inhibitor 1400W (Sigma), 0.02 M Jasplakinolide (Molecular 

Probes), 0.2 M Cytochalasin D (Sigma), 10 g/ml Rapamycin (LC laboratories) or 
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corresponding Dimethyl Sulfoxide (DMSO, Fisher Scientific) was added at 0 h post infection 

and maintained throughout the experiment.  

CFU assay, detergent extraction assay, and immunoblotting. These assays were performed as 

mentioned in Chapter 2.  

GRIESS assay. NO levels generated by infected macrophages were determined by measuring 

the accumulation of nitrite (NO2
-
) using the Griess assay as described previously [134]. Control 

macrophages were treated with E.coli LPS (100 g/l, Sigma) and IFN  (0.1 units/l, ROCHE) 

throughout the experiment. At 23 h post infection, conditioned medium were collected and 

centrifuged (14000 rpm, 10 min, RT). 100 l of the supernatant was mixed with 100 l Griess 

reagent (0.5% sulfanilamide and 0.05% N-(1-naphthyl)ethylenediamide in 2.5% acetic acid) and 

incubated for 10 min at room temperature. The samples were then measured at OD550 nm. The 

concentration of NO2
-
 was calculated by using a standard curve prepared with sodium nitrite. 

Fluorescence microscopy. Fluorescence microscopy assays using GFP or mCherry encoding 

bacteria were performed as previously described in Chapter 2. Specifically for lysotracker 

assays, bacteria killed by fixation for 30 min with 2.5% paraformaldehyde (PFA) were used as 

positive controls. LysoTracker Red (Invitrogen) was added at a concentration of 50 nM 30 min 

prior to the fixation of samples to track acidic compartments. At 2 h or 3 h post infection, 

infected BMDMs were fixed, permeabilized and stained using anti-Yersinia antibody as 

described in Chapter 3. Co-distribution of LysoTracker and Yersinia were examined and 

analyzed by confocal microscopy with a 100× oil immersion objective. At least three randomly 

selected fields of each slide were examined, with each field at least 50 bacteria counted. 

Percentage of lysotracker positive bacteria was quantified from two independent experiments.  



 

77 

 

4.4  Results 

LPS-TLR signaling is not required for YopE-triggered killing of Yersinia inside 

macrophages. TLRs are important mediators generating signaling responses by sensing MAMPs 

in Yersinia infected macrophages. TLR recognition of Yersinia LPS initiates proinflammatory 

signaling pathways such as MAPK and NF-B pathways, which requires MyD88 and TRIF as 

essential adaptor proteins. To investigate if LPS-TLR signaling is required as a second signal for 

YopE-induced intracellular killing, immortalized MyD88/TRIF KO BMDMs were compared to 

wild-type BMDMs for their ability to restrict survival of IP2666 or IP6 (yopE
-
) by CFU assay 

(Figure 4.1AB). No significant difference was observed for IP2666 survival inside wild-type or 

MyD88/TRIF KO macrophages, suggesting that TLR signaling is dispensable for YopE 

triggered killing of Yersinia inside macrophages (Figure 4.1AB).  

The role of YadA/invasin-integrin signaling is inconclusive in YopE-triggered killing of 

Yersinia inside macrophages. Enteropathogenic Yersinia expresses adhesin molecules, 

including YadA and invasin, to mediate bacterial attachment and entry into host cells. Invasin 

directly binds to 1-integrins with high affinity, while YadA binds to diverse extracellular matrix 

proteins, such as collagen and fibronectin, which in turn bind to 1-integrins [25]. Binding to 1-

integrins by YadA or invasin stimulates multiple signaling cascades involving activation of Src 

kinases, tyrosine phosphorylation of focal adhesion proteins, activation of Rac1 and PI3K, and 

stimulation of MAPK, NF-B signaling pathways [25,135-137]. To determine if 1-integrin 

signaling stimulated by invasin or YadA is critical for YopE-triggered killing, the intracellular 

survival of IP2666, yadA
-
, inv

- 
and yadA

-
inv

- 
(Table 2.1) were studied by CFU assay. At 23h post 

infection, all four strains displayed similar intracellular bacterial count; however, the initial 
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uptake levels of yadA
-
 or yadA

-
inv

- 
were much lower in comparison to IP2666 or inv

- 
(Figure 

4.2). This is not surprising since YadA/invasin are critical for enteropathogenic Yersinia binding 

to host cells and YadA is the major adhesin molecule expressed in the IP2666 strain [138]. To 

achieve equal internalization by macrophages, complement opsonized bacteria were prepared by 

incubating the bacteria with mouse serum before infection. The intracellular survival of these 

opsonized bacteria was examined by fluorescence microscopy with mCherry induction (Figure 

4.3). With comparable uptake levels at 2h post infection, yadA
-
 and yadA

-
inv

-
 showed improved 

intra-macrophages survival in comparison to IP2666 and inv
- 
at 24h post infection (Figure 4.3). 

However, the absence of YadA greatly decreased the amount of translocated YopE in Yersinia 

infected macrophages (about 50% of wild-type level), as revealed by detergent extraction assay 

(Figure 4.4). Thus, it is difficult to determine if YadA/invasin-integrin interaction provides an 

essential second signal for the YopE-induced killing response, since the translocation level of 

YopE is reduced when yadA/invasin genes are deleted. Therefore, the role of YadA/invasin and 

1-integrin signaling remains ambiguous in YopE-triggered killing of Yersinia inside 

macrophages. 

Jasplakinolide has no effect on Yersinia intracellular survival, while Cytochalasin D 

promotes Yersinia intracellular survival by unknown mechanisms. As a common strategy, 

many bacterial pathogens target host cell actin cytoskeleton to favor bacterial pathogenesis. It 

has been proposed that host cells sense actin cytoskeleton disruption as a surveillance 

mechanism to detect pathogen invasion [10]. To explore if disruption of actin cytoskeleton 

mediates YopE-induced killing, actin polymerization activator (Jasplakinolide) and actin 

polymerization inhibitor (Cytochalasin D) were assessed for their effect on Yersinia intra-

macrophage survival. The survival of IP2666, IP6 (yopE
-
) or IP40 (yopB

-
) was examined in 
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BMDMs treated with Jasplakinolide or Cytochalasin D by fluorescence microscopy with GFP 

induction. Treatment with low concentrations of these compounds, 0.02 M Jasplakinolide or 

0.2 M Cytochalasin D, was used to ensure efficient disruption of actin without causing 

cytotoxicity (Figure 4.5A). Survival of bacteria in DMSO treated macrophages was determined 

in parallel as a control. Jasplakinolide showed no influence on Yersinia intracellular survival 

(Figure 4.5BC). Unexpectedly, survival of IP2666, IP6 and IP40 was slightly elevated in 

Cytochalasin D treated macrophages (Figure 4.5BC). Hence, disturbance of actin cytoskeleton 

by Jasplakinolide does not impact Yesinia intracellular survival, while actin polymerization 

inhibitor Cytochalasin D increases Yersinia intracellular survival by unknown mechanisms.  

NOD1 signaling is not involved in YopE-mediated killing of Yersinia inside macrophages. 

Vance et al. proposed that disruption of host cytoskeleton by pathogens might stimulate NLR 

responses, as both NOD1 and NOD2 were located at actin rich regions near plasma membrane 

[10]. Recently, Keestra et al. gained evidence that activation of Rac1 and Cdc42 by SopE from 

Salmonella enterica serovar Typhimurium is sensed through NOD1 receptor, eliciting NF-B 

activation in the host cells as a protective response [18]. To study whether YopE-dependent 

intracellular killing signals through NOD1 receptor, Nod1
-/-

 BMDMs were compared to wild-

type BMDMs for their ability to inhibit survival of intracellular IP2666 or IP6 (yopE
-
) by CFU 

assay (Figure 4.6). No significant difference was observed for IP2666 survival in wild-type or 

Nod1
-/-

 BMDMs (Figure 4.6), indicating that NOD1 signaling does not contribute to YopE-

mediated killing of Yersinia inside macrophages.   

Caspase1/11 signaling is not involved in YopE-mediated killing of Yersinia inside 

macrophages. It was proposed that host cells may respond to cytoskeleton disruption through 

inflammasome activation, since inflammasome components such as pyrin and ASC have been 
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shown to locate at regions of active actin polymerization [10]. To study the role of 

inflammasome activation in YopE-dependent killing of Yersinia, survival of IP2666 or IP6 was 

compared in Caspase1
-/-

/11
-/-

 (Caspase1/11 KO) or wild-type BMDMs by fluorescence 

microscopy with GFP induction (Figure 4.7). IP2666 displayed similar intracellular survival 

level in wild-type or Caspase1/11 KO macrophages (Figure 4.7), suggesting that Caspase1/11 do 

not mediate YopE-induced killing response.   

Presence of YopE induces higher levels of nitric oxide from Yersinia infected macrophages, 

yet NO production is dispensable for YopE-triggered intracellular killing. Production of 

reactive nitrogen species (RNS) is a critical defensive mechanism by which macrophages control 

intracellular bacteria [1]. RNS production requires de novo synthesis of the inducible nitric oxide 

synthase (iNOS), which is regulated at the transcriptional level. RNS exert a highly toxic effect 

on intracellular bacteria, impairing bacterial metabolism and eventually inhibiting bacterial 

replication [1]. To study if YopE stimulates an altered host response that is associated with RNS, 

the production of NO from macrophages infected with IP2666, IP6, IP17 or IP40 was compared. 

Specifically, the concentration of nitrite (NO2
-
), an indicator of NO, was measured by Griess 

assay. At 23h post infection, comparing to IP6-, IP17- or IP40-infected macrophages, IP2666-

infected macrophages produced significantly higher levels of NO (Figure 4.8). LPS- and IFN -

treated macrophages were used as a positive control, while uninfected macrophages were used as 

a negative control (Figure 4.8). 

To further determine if NO production facilitates YopE-triggered intracellular killing, the 

effect of iNOS inhibitor 1400W on Yersinia intracellular survival was evaluated by fluorescence 

microscopy and CFU assay. 1400W efficiently inhibited NO production by IP2666 or IP6 

infected macrophages (below detectable level, data not shown). No significant difference was 



 

81 

 

detected for IP2666 survival inside untreated or 1400W treated macrophages (Figure 4.9). 

Additionally, survival of IP2666 or IP6 was compared in wild-type or iNOS
-/-

 BMDMs by 

fluorescence microscopy in conjunction with GFP induction (Figure 4.10). Similar survival level 

of IP2666 was found in wild-type and iNOS
-/-

 BMDMs (Figure 4.10). These results revealed that 

YopE stimulates NO production in Yersinia infected macrophages, however NO production does 

not contribute to YopE-mediated intracellular killing. The fact that higher levels of NO were 

produced from wild-type Yersinia infected macrophages indicates that macrophages respond 

actively to Yersinia infection.  

Rapamycin treatment decreases Yersinia survival inside macrophages. Given the role of Rho 

GTPases in regulating vesicular trafficking, we explored if YopE activity impacts the fate of 

Yersinia containing vesicles, like promoting lysosome-phagosome fusion or affecting the 

autophagy pathway.  

Phagosome acidification is of great importance to the bactericidal activity of 

macrophages. To see if YopE activity stimulates phagosome acidification to increase 

intracellular killing, the acidification levels of Yersinia containing vesicles (YCVs) were 

measured using LysoTracker and fluorescence microscopy (Figure 4.11). In infected 

macrophages, IP2666 and IP6 displayed similar levels of colocalization with LysoTracker at 2h 

or 3h post infection (Figure 4.11), suggesting that YopE activity does not promote YCVs 

acidification to cause intracellular killing. Acidification of phagosomes containing IP6 fixed with 

PFA prior to infection of macrophages was shown in parallel as a positive control (Figure 4.11). 

To explore the role of autophagy on Yersinia intra-macrophage survival, autophagy 

inducer Rapamycin was used to treat macrophages. Survival of IP2666 or IP6 was compared in 

DMSO or Rapamycin treated BMDMs by CFU assay and fluorescence microscopy with 
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mCherry induction (Figure 4.12). Rapamycin treatment presented no effect on IP2666 

intracellular survival (Figure 4.12). Interestingly, the intracellular survival of IP6 was decreased 

in Rapamycin treated macrophages, comparing to control macrophages. To further elucidate the 

role of autophagy in YopE-induced intracellular killing, Yersinia survival was compared in 

Atg5
+/+

 or Atg5
-/- 

BMDMs by CFU assay (Figure 4.13AB). ATG5 is an essential E3 ubiquitin 

ligase required for autophagosomes elongation, therefore Atg5
-/- 

BMDMs are defective in the 

autophagy pathway. No significant difference was observed for IP2666 survival inside Atg5
+/+

 or 

Atg5
-/- 

BMDMs (Figure 4.13AB), illustrating that autophagy pathway does not mediate YopE-

dependent intracellular killing. The survival of IP6 and IP40 was slightly increased in Atg5
-/- 

BMDMs in comparison to Atg5
+/+ 

BMDMs (Figure 4.13AB), suggesting that autophagy pathway 

somehow impairs Yersinia intracellular survival, which is consistent with the results from the 

Rapamycin experiment (Figure 4.12). For some reason, Yersinia infection induced higher levels 

of cell rounding in these
 
floxed BMDMs, but the extent was equal among IP2666, IP6 and IP40 

infected macrophages (Figure 4.13C). These results revealed that the autophagy pathway 

negatively influences Yersinia intracellular survival, however specifically it is not involved in 

YopE-triggered intracellular killing response.  

4.5  Discussion 

The overall host cell innate immune response to a T3SS-containing bacterial pathogen is 

unique and multifactorial. MAMPs, the T3SS translocon channel, and the activities of bacterial 

effectors are likely recognized as combined pathogenic signals by the host cell. The two-signal 

model, requiring a MAMP and a pattern of pathogenesis, was proposed as an innate immune 

strategy to evaluate the virulence potential of a pathogen and adjust immune response 

appropriately to avoid self-damaging inflammation [133]. Our data suggest that the YopBD 
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translocon is not essential for Toxin B- or Rac inhibitor-triggered bacterial killing in 

macrophages (Figure 3.6 and 3.7). Also, LPS-TLRs pathway does not contribute to YopE-

triggered killing effect (Figure 4.1). Thus, whether YopE-triggered intracellular killing requires a 

MAMP-PRR signal remains to be determined. Alternatively, some studies in the literature 

support the idea that patterns of pathogenesis are sufficient to induce defense responses 

independently of classical MAMPs [14,139,140]. Boyer et al. demonstrated that Escherichia coli 

CNF1 elicited a vigorous ETIR in flies via activation of Rac2 and the IMD kinase pathway, 

which was observed even in the absence of PRR ligation [14]. Thus, it is possible that 

unbalanced disruption of Rho GTPases by YopE is adequate to stimulate a protective immune 

response, resulting in restriction of Yersinia survival in macrophages.   

Our results showed that treatment of macrophages with Jasplakinolide had no effect on 

Yersinia intracellular survival (Figure 4.5). Activation of actin polymerization by Jasplakinolide 

cannot rescue wild-type Yersinia survival inside macrophages, which may indicate that sensing 

of YopE activity is not related to host cytoskeleton disruption. However, it should be noted that 

the treatment timing and the specificity of Jasplakinolide could influence the results. 

Cytochalasin D treatment improved Yersinia survival inside macrophages (Figure 4.5). 

Cytochalasin D could give a negative effect on Yop translocation, since actin polymerization has 

been shown to facilitate Yop delivery in epithelial cells [80]. However, this does not explain how 

Cytochalasin D improves intracellular survival of IP40, which is defective in Yop translocation.  

Interesting, a recent study by Shao and colleagues showed that Rho-inactivating toxins such as 

Clostridium difficile Toxin B and Clostridium botulinum C3 trigger Pyrin inflammasome 

activation in BMDMs [132]. They further demonstrated that Burkholderia cenocepacia induced 

inactivation of Rho GTPase stimulates Pyrin inflammasome activation as an immune defense, 
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which limits bacterial intra-macrophage growth and regulates lung inflammation in infected mice 

[132]. In this case, inhibition of RhoA but not Rac1 triggers Pyrin inflammasome activation. 

Here our results showed that inhibition of Rac1 but not RhoA elicits intra-macrophage Yersinia 

killing; however, YopE-triggered intracellular killing does not require Caspase1/11 mediated 

inflammasome activation. These results suggest that macrophages might sense inactivation of 

specific Rho GTPases through different pathways to fight against pathogen invasion.  

The role of autophagy in Yersinia intracellular survival is controversial [91,92]. Using 

bacteria prepared at 28 °C without pre-induction of T3SS, Moreau et al. demonstrated that 

autophagosomes supported Y. pseudotuberculosis replication in macrophages, while inhibition of 

autophagy resulted in bacterial killing [92]. On the other hand, Deuretzbaher et al. showed that 

1-integrin-mediated Y. enterocolitica internalization by macrophages was coupled to autophagy 

activation, which seemed to be deleterious for bacterial intracellular survival [91]. In this study, 

T3SS was pre-induced by culturing Yersinia at 37 °C before infection. Under our experimental 

conditions, autophagy seems to impair the survival of Y. pseudotuberculosis inside naïve 

macrophages. Autophagy may play a species-specific role in survival of Yersinia in 

macrophages. The growth condition of Yersinia and the state of macrophages before infection 

should also be taken into consideration. How T3SS influences the fate of Yersinia containing 

vesicles and modulates the autophagy pathway in this process requires more investigation.  
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4.6  Figures 

 

Figure 4.1: Survival of different Y. pseudotuberculosis strains in wild-type or MyD88/TRIF 

KO
 
macrophages. 

Wild-type or MyD88/TRIF KO BMDMs were infected with indicated strains. Intracellular 

bacterial survival was measured by CFU assay, as described in Figure 2.1. (A) The logarithm of 

intracellular bacteria count per well at 1h post infection and 23h post infection. (B) Ratio of CFU 

at 23h/1h. Results shown are the means from two independent experiments with duplicate 

infection wells. Error bars show standard deviations.  
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Figure 4.2: Survival of different Y. pseudotuberculosis strains in macrophages determined 

by CFU assay. 

BMDMs were infected with indicated strains as described in Figure 2.1. The logarithm of 

intracellular bacteria counts per well at 1h post infection and 23h post infection is shown. Results 

shown are the means from three independent experiments with duplicate infection wells. Error 

bars show standard deviations. ***, P < 0.001 compared to IP2666, as determined by one-way 

ANOVA.  
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Figure 4.3: Survival of different Y. pseudotuberculosis strains in macrophages determined 

by fluorescence microscopy. 

BMDMs were infected by indicated mCherry encoding strains as described in Figure 2.1, except 

that complement opsonized bacterial samples were used. Fluorescence microscopy with mCherry 

induction was performed as described in Figure 3.6C. (A) MCherry or an overlay of mCherry 

and phase contrast signal at 24h post infection from representative images. (B) Percentage of 

mCherry positive macrophages quantified from two independent experiments with duplicate 

infection wells as described in (A). Error bars show standard deviations. ***, P < 0.001 

compared to IP2666 as determined by one-way ANOVA. 
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Figure 4.4: Measurement of YopE translocation in macrophages by different Y. 
pseudotuberculosis strains. 

(A) YopE translocation levels in BMDMs infected by the indicated strains, determined by 

detergent extraction assay and immunoblotting analysis as described in Figure 2.10. -actin 

levels from the soluble fraction are shown as loading controls. (B) The intensity of each band 

was calculated using Odyssey IR imaging system, and the YopE/-actin ratios were normalized 

according to IP2666. Results shown are the means from two independent experiments. Error bars 

show standard deviations. 
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Figure 4.5: Survival of Y. pseudotuberculosis strains inside macrophages, in the presence 

of DMSO, Jasplakinolide or Cytochalasin D. 

 (A) Morphological changes of BMDMs upon Jasplakinolide or Cytochalasin D treatment were 

determined by phase contrast microscopy. Shown are BMDMs treated with indicated 

concentrations of Jasplakinolide or Cytochalasin for 24h. (B) BMDMs were infected with 

indicated GFP encoding strains as described in Figure 2.1. Intracellular bacterial survival was 

determined by fluorescence microscopy with GFP induction, as described in Figure 2.4. When 

indicated, 0.02 M Jasplakinolide or 0.2 M Cytochalasin D was present throughout the 

experiment. (C) Percentage of GFP positive macrophages at 4h and 24h post infection, 
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quantified from two independent experiments with duplicate infection wells as described in (B). 

Error bars show standard deviations. 
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Figure 4.6: Survival of different Y. pseudotuberculosis strains in wild-type or Nod1 -/- 

macrophages. 

Wild-type or Nod1 
-/-

 BMDMs were infected with indicated strains and intracellular bacterial 

survival was measured by CFU assay, as described in Figure 2.1. (A) The logarithm of 

intracellular bacteria count per well at 1h post infection and 23h post infection. (B) Ratio of CFU 

at 23h/1h. Results shown are the means from three independent experiments with duplicate 

infection wells. Error bars show standard deviations. There is no significant difference in the 

survival of each strain in WT BMDMs as compared individually to that in Nod1 
-/-

 BMDMs.  
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Figure 4.7: Survival of different Y. pseudotuberculosis strains in wild-type or Capase1/11 

KO
 
macrophages. 

 (A-B) BMDMs were infected with indicated GFP encoding strains as described in Figure 2.1. 

Intracellular bacterial survival was determined by fluorescence microscopy with GFP induction, 

as described in Figure 2.4. Shown is GFP or an overlay of GFP and phase contrast signal at 1h or 

24h post infection of representative images from one experiment. 
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Figure 4.8: Measurement of NO production by macrophages infected with different Y. 
pseudotuberculosis strains. 

BMDMs were infected with the indicated strains as described in Figure 2.1. At 23h post 

infection, medium from the infected macrophages were collected and subjected to Griess assay 

to determine nitrite (NO2
-
) concentrations. Lipopolysaccharide (LPS)- and IFN - treated 

macrophages are shown as a positive control. Results shown are the means from three 

independent experiments with duplicate infection wells. Error bars show standard deviations. 

***, P < 0.001, comparing to IP2666 infected macrophages, as determined by one-way ANOVA. 
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Figure 4.9: Survival of Y. pseudotuberculosis strains inside macrophages, in the presence 

or absence of 1400W. 

BMDMs were infected with the indicated strains as described in Figure 2.1. When indicated, 100 

M 1400W was present throughout the experiment. (A) Intracellular bacterial survival was 

determined by fluorescence microscopy with GFP induction, as described in Figure 2.4. Shown 

is GFP or an overlay of GFP and phase contrast signal at 24h post infection of representative 

images from one experiment. (B) Intracellular bacterial survival was measured by CFU assay, as 

described in Figure 2.1. Shown is the logarithm of intracellular bacteria count per well at 1h post 

infection or 23h post infection from one experiment.  
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Figure 4.10: Survival of different Y. pseudotuberculosis strains in wild-type or iNOS-/- 

macrophages. 

BMDMs were infected with indicated GFP encoding strains as described in Figure 2.1. 

Intracellular bacterial survival was determined by fluorescence microscopy with GFP induction, 

as described in Figure 2.4. Shown is GFP or an overlay of GFP and phase contrast signal at 24h 

post infection from representative images in one experiment.  
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Figure 4.11: Colocalization of different Y. pseudotuberculosis strains with acidic 

compartments inside macrophages as determined by lysotracker assays. 

BMDMs were infected with indicated strains at an MOI of 10 as mentioned in Figure 2.1. PFA 

fixed IP6 was added into macrophages in parallel as a positive control. At 2 h or 3 h post 

infection, infected BMDMs were fixed, permeabilized and stained using anti-Yersinia antibody 

as described in Figure 3.3B. 30 min prior to the fixation of the samples, LysoTracker Red was 

added to track acidic compartments. (A) Shown is bacteria or lysotracker or an overlay of 

bacteria and lysotracker signal at 2h post infection from representative images obtained by 

confocal microscopy. (B) Percentage of lysotracker positive Yersinia at 2h or 3h post infection, 

quantified from two independent microscopic experiments as described in (B).  
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Figure 4.12: Survival of Y. pseudotuberculosis strains inside macrophages, in the presence 

or absence of Rapamycin. 

BMDMs were infected with the indicated strains as described in Figure 2.1. When indicated, 10 

g/ml Rapamycin or DMSO was present throughout the experiment. (A) Intracellular bacterial 

survival was measured by CFU assay, as described in Figure 2.1. Shown is the logarithm of 

intracellular bacteria count per well at 1h post infection or 23h post infection from at least three 

independent experiments with duplicate infection wells. Error bars show standard deviations. *, 

P < 0.5, compare survival of each strain in presence of DMSO or Rapamycin, as determined by 

one-way ANOVA. (B) Intracellular bacterial survival was determined by fluorescence 

microscopy with mCherry induction, as described in Figure 3.6C. Shown is mCherry signal or 

phase contrast at 24h post infection of representative images. 
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Figure 4.13: Survival of different Y. pseudotuberculosis strains in Atg5+/+ 
or Atg5 -/- 

macrophages. 

 Atg5
+/+ 

or Atg5 
-/- 

BMDMs were infected with indicated strains and intracellular bacterial 

survival was measured by CFU assay, as described in Figure 2.1. (A) The logarithm of 

intracellular bacteria count per well at 1h post infection and 23h post infection. (B) Ratio of CFU 

at 23h/1h. Results shown are the means from two independent experiments with duplicate 

infection wells. Error bars show standard deviations. (C) Phase contrast images of indicated 

strains infected Atg5
+/+ 

or Atg5 
-/- 

BMDMs at 23h post infection.  
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Chapter 5: Conclusion Remarks and Future Directions 

The aim of this dissertation project was to identify effectors that restrict Yersinia 

intracellular survival and study the mechanism of effector-triggered killing of Yersinia inside 

macrophages.  

Initially, the intra-macrophage survival of Y. pseudotuberculosis wild-type strain 

(IP2666) and several yop deletion mutants was compared by colony forming unit assays and 

fluorescence microscopy (Chapter 2). YopE was identified as a critical factor limiting the 

survival of Yersinia inside macrophages. YopH cooperates with YopE to cause this effect. We 

speculate that YopH inhibits signals that activate Rho GTPases, thus stimulating increased 

killing of intracellular Yersinia. It would be interesting to compare Yersinia strains expressing 

wild-type YopH and catalytically inactive YopH for intra-macrophage survival. Our data also 

suggest that overexpressed YopT counteracts YopE-triggered killing effect by decreasing the 

translocation level of YopE and possibly by competing for the same pool of Rho GTPases targets 

(Chapter 2). Overexpressed YopT is known to act on Rac1 and promote Rac1 translocation into 

the nucleus in Yersinia-infected epithelial cells [108]. The combination action of YopE and 

YopT may allow fine-tuned manipulation of host Rho GTPases by Yersinia T3SS. Interestingly, 

YopT-induced Rac1 pool maintains in the active conformation inside nucleus, which could bind 

nuclear factors and regulate host cell transcription program [108,141-143].  It would be 

interesting to investigate the effect of Rac1 translocated into the nucleus in response to YopT 

activity in macrophages and how this influences Yersinia intracellular survival and pathogenesis.  

Comparison of wild-type and Synaptotagmin VII 
-/-

 (SytVII) macrophages revealed that 

SytVII-mediated phagolysosome fusion does not contribute to YopE-induced killing of Yersinia 
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in macrophages (Chapter 2). It is possible that Yersinia T3SS elicits at least two independent 

killing pathways once recognized by macrophages: the YopE-induced pathway sensed through 

bacterial manipulation of Rho GTPases and the SytVII-mediated Ca
2+

-dependent phagosome-

lysosome fusion pathway. Bergsbaken et al. recently reported that Y. pseudotuberculosis T3SS 

triggers Ca
2+

- and caspase-1-dependent lysosome exocytosis in LPS-pretreated macrophages 

[90]. Under our experimental conditions, the SytVII-mediated killing pathway was not observed 

in naïve macrophages. It would be valuable to study whether SytVII is essential for lysosome 

exocytosis in LPS-pretreated macrophages, the impact of this pathway on Yersinia intracellular 

survival and pathogenesis, and how other Yops may potentially regulate this pathway.  

As control experiments, we showed that the decreased intracellular survival of the wild-

type strain is not due to increased gentamicin uptake or Yersinia-induced macrophage cell death, 

which might lead to exposure of the intracellular bacteria to gentamicin. Another concern might 

be that wild-type bacteria escape from macrophages, which would also expose them to 

gentamicin. For this purpose, time-lapse microscopy could be used to track the movement of 

GFP
+
 intracellular Yersinia.  

YopE mimics eukaryotic GTPase activating proteins (GAPs) and inactivates Rho 

GTPases in host cells. To investigate the role of YopE GAP activity in this process, intra-

macrophage survival of Yersinia producing YopE or YopE mutants was compared (Chapter 3). 

Unlike wild-type YopE, YopER144A (catalytic-dead mutant) was impaired in restricting 

Yersinia intracellular survival, while YopE3N (defective in membrane localization) and 

YopER62K (less stable) presented decreased ability to trigger intracellular killing. Interestingly, 

Clostridium difficile Toxin B was able to mimic the effect of YopE and decreased Yersinia 

survival inside macrophages. These results suggest that macrophages sense the manipulation of 
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Rho GTPases by YopE GAP activity (or by other bacterial toxins like Toxin B) to limit bacterial 

intracellular survival (Chapter 3). To further validate that macrophages actively limit Yersinia 

intracellular survival by promoting a killing effect, it would be valuable to track the appearance 

of dead intracellular bacteria over time. Electron microscopy could be used to detect degraded 

intracellular bacteria or fluorescence microscopy (with anti-Yersinia staining in conjunction with 

de novo induction of GFP) could be used to measure the percentage of dead intracellular bacteria 

over time.   

YopEGAP shares structural similarity with SptPGAP from Salmonella Typhimurium and 

ExoSGAP from Pseudomonas aeruginosa. To achieve a broader view on other bacterial 

pathogens, it would be interesting to study if similar GAP effector-triggered killing happens in 

Salmonella Typhimurium- or Pseudomonas aeruginosa-infected macrophages. A simple 

experiment to start with might be to compare the survival of Salmonella Typhimurium sipB 

mutant in Toxin B treated or untreated macrophages.  

Using a Rac inhibitor NSC23766 and a Rho inhibitor TAT-C3, we show that 

macrophages restrict Yersinia intracellular survival in response to Rac1 inhibition, but not Rho 

inhibition (Chapter 3). However, Rac inhibitor only partially promotes killing of Yersinia in 

comparison to Toxin B or YopE, indicating that disturbance of additional Rho GTPases 

contributes to the intracellular killing response. Recently, Xu H et al. showed that Rho-

inactivating toxins such as Clostridium difficile Toxin B and Clostridium botulinum C3 trigger 

Pyrin inflammasome activation in BMDMs. Modification of Rho but not Rac/Cdc42 induces 

Pyrin inflammasome activation as an immune defense, which limits Burkholderia cenocepacia 

intra-macrophages growth. Thus, bacterial manipulation of different Rho GTPases may generate 

distinct host cell responses through different pathways. In the future, specific Rho GTPase 
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inhibitors (if available) or RNA interference of specific Rho GTPases by retrovirus transfection 

could be used, to investigate how manipulation of other Rho GTPases impacts Yersinia survival 

in macrophages.   

To further explore the mechanism of YopE-triggered killing of Yersinia inside 

macrophages, on the upstream level, we considered whether YopE activity requires a second 

pro-inflammatory signal to generate the killing response. Our results suggest that the YopB/D 

translocon is not required for Toxin B-triggered intracellular killing of Yersinia, and LPS-TLR 

signaling is dispensable for YopE-stimulated intracellular killing (Chapter 4). On the 

downstream level, we sought to elucidate what signaling pathway mediates YopE-induced 

intracellular killing. We studied if macrophages respond actively to the disturbance of actin 

cytoskeleton: actin polymerization activator Jasplakinolide had no effect on Yersinia intra-

macrophage survival; yet, unexpectedly, actin polymerization inhibitor Cytochalsin D slightly 

increased Yersinia intracellular survival, the mechanism of which is enigmatic. Our work also 

indicates that Capase1/11 signaling pathway, NOD1 signaling pathway or the autophagy 

pathway is not involved in YopE-elicited killing response. Interestingly, presence of YopE 

induces higher levels of nitric oxide (NO) from Yersinia infected macrophages. However, NO 

production does not seem to mediate YopE-triggered killing (Chapter 4). The specific down-

stream pathway that mediates YopE-triggered killing still requires more investigation. One 

possibility is that YopE may cause accumulation of inactivated GDP-bound Rho GTPases on 

phagosome, which could be modified by ubiquitination to stimulate signaling pathways. 

Activation of Rac1 by cytotoxic necrotizing factor 1 (CNF1) from Escherichia coli induces Rac1 

poly- and mono-ubiquitination, the biological function of the latter remains unclear [144]. In line 

with this, GDP-bound RhoA is targeted by the ubiquitin E3 ligase Cullin-3 for poly-
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ubiquitination and degradation [145]. Thus, it is tempting to speculate that YopE-inactivated 

GDP-bound Rho GTPases could be mono-ubiquitinated and serve as signaling components; or 

they could be poly-ubiquitinated to mediate xenophagic degradation of bacteria-containing 

vesicles [146]. It would be interesting to check if intracellular Yersinia or YCVs display higher 

levels of ubiquitination in the presence of YopE. In this case, an autophagy blocker could be 

used in order to observe accumulated ubiquitination without missing a transient effect. 

Additionally, to study if YopE triggers macrophage activation on a global level, microarray 

analysis could be used to identify genes up-regulated or down-regulated by YopE activity, which 

could provide helpful clues of the down-stream mechanism in this process.  

In summary, our results demonstrate that macrophages recognize pathogenic Y. 

pseudotuberculosis through T3SS functions and elicit intracellular killing response to counteract 

infection. Our work suggest that primary macrophages sense manipulation of Rho GTPases by 

bacterial toxins as a surveillance mechanism, revealing new insights into innate immune 

recognition of pathogenic infection.  
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