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Pathogenic Yersinia species encode a Type III Secretion System (T3SS) that translocates 

a group of effectors termed as Yersinia outer proteins (Yops) into target cells to disrupt 

eukaryotic host signaling pathways. YopJ is an acetyltransferase, which prevents MAP Kinase 

Kinase (MKK) and IκB Kinase β (IKKβ) phosphorylation and activation and causes Toll like 

receptor 4 (TLR4)-directed apoptosis in macrophages. YopJ isoforms encoded by different 

Yersinia strains exhibit a range of cytotoxic activities. In previous work, a YopJ isoform in Y. 

pestis strain KIM5 (YopJKIM) was shown to cause enhanced cytotoxicity, caspase-1 activation 

and interleukin-1β (IL-1β) release in infected macrophages. In my study, the molecular basis for 

elevated activity of YopJKIM was determined. In addition, the mechanism of cell death and 

caspase-1 activation in KIM5-infected macrophages was examined. Finally, I investigated the 

role of caspase-1 in a protective host response to Yersinia strains with normal or enhanced 

cytotoxicity in mice. 
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I determined using site directed mutagenesis that two amino acid substitutions, F177L 

and K206E, in YopJKIM are important for enhanced apoptosis, caspase-1 activation, and IL-1β 

release in Yersinia-infected macrophages. Despite secretion and translocation levels that were 

similar to other YopJ isoforms (e.g. YopJCO92 (F177, K206) or YopJYPTB (F177)), YopJKIM 

displayed an up-regulated capacity to inhibit phosphorylation of NF-κB inhibitor α (IκBα) and a 

moderately raised ability to inhibit phosphorylation of mitogen-activated protein kinase (MAPK). 

YopJKIM also had enhanced binding to substrate IKKβ as compared to YopJCO92 by pull down 

assay. 

Previous work had established a role for IKKβ in the negative regulation of caspase-1 

activation in LPS-stimulated macrophages. I demonstrated that IKKβ negatively regulates 

caspase-1 activation in response to a live pathogen by infection of IkkβΔ or wild type 

macrophages with KIM5. Significantly increased caspase-1 activation was identified in IkkβΔ 

cells, as compared to wild type macrophages by FLICA staining. A small molecule IKKβ 

inhibitor, TPCA-1, was adopted to mimic YopJ function. Following TLR4 activation with LPS, 

cell death and IL-1β release occurred in macrophages treated with TPCA-1, highlighting the 

importance of IKKβ in negative regulation of caspase-1. 

In my studies of the mechanism of cell death in KIM5-infected macrophages, low 

caspase-3/-7 activity was detected by luminol assay and Poly (ADP-ribose) polymerase (PARP) 

cleavage. Cytotoxicity and IL-1β release were not reduced by caspase-8 inhibitor treatment or 

the use of bax/bak double knockout (DKO) macrophage infection, indicating that cell death and 

caspase-1 activation were independent of canonical apoptosis pathways. Alternatively, assays for 

High mobility group box 1 (HMGB1) release and annexin V/ propidium iodide (PI) staining 

suggested necrotic macrophage death during KIM5 infection. Staining for active Caspase-1/PI 
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uptake was performed and results showed that caspase-1 activation was associated with 

macrophages undergoing cell death, suggesting that caspase-1 activation may be related to 

necrosis. Inhibitor studies showed that reactive oxygen species (ROS) and receptor interacting 

protein 1 (RIP1) were not required for cytotoxicity and IL-1β production. On the other hand, 

cathepsin B inhibitors significantly reduced IL-1β release and caspase-1 activation, implicating 

cathepsin B leakage from ruptured lysosomes in caspase-1 activation. Cytotoxicity was not 

reduced by cathepsin B inhibitors, confirming that caspase-1 is not required for cell death in 

KIM5-infected macrophages. 

Finally, different YopJ isoforms were ectopically expressed in Y. pseudotuberculosis and 

YopP was determined to have the highest capacity to cause cytotoxicity and activate caspase-1 in 

infected macrophages. Y. pseudotuberculosis strains ectopically expressing YopJYPTB or YopP 

were used to infect wild type or caspase-1 deficient mice to study the protective role of caspase-1. 

Results show that caspase-1 is dispensable for the protective innate immune response against 

Yersinia with normal (YopJYPTB) or enhanced (YopP) cytotoxicity.  

In summary, my results demonstrate that enhanced cytotoxicity and caspase-1 activation 

in KIM5-infected macrophages result from two amino acid replacements in YopJ, which 

intensifies its ability to inhibit nuclear factor κB (NF-κB) and mitogen-activated protein kinase 

(MAPK) signaling pathways. The enhanced necrotic cell death is apparently sensed by the 

inflammasome leading to caspase-1 activation and IL-1β release in macrophages. However, 

caspase-1 is not required for a protective innate immune response to Yersinia with normal or 

enhanced cytotoxicity in mice. 
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Chapter 1: Introduction 

 

 

 

1.1 Yersinia pathogenesis 

1.1.1 Yersinia species classification 

The genus Yersinia has three human- and animal-pathogenic species: Yersinia pestis, Yersinia 

enterocolitica and Yersinia pseudotuberculosis. Yersinia pestis causes bubonic plague through a 

bite of an infected flea. Inhalation of the bacteria causes pneumonic plague (152, 206). Y. pestis 

will further replicate and spread to bloodstream and visceral organs causing systemic disease, 

called septicemic plague (92). Yersinia enterocolitica and Yersinia pseudotuberculosis are 

enteropathogens. They are transmitted via contaminated food and water and typically cause a 

self-healing enteritis (228).  

1.1.2 Y. pestis pathogenesis 

Y. pestis infections (bubonic and pneumonic) display a bi-phasic property: initiated with a non-

detectable immune response in the first two days followed by a profound inflammatory stage 

with phagocyte infiltration, inflammatory cytokine production and tissue necrosis (81, 107, 177). 

At an early stage of infection, very few extracellular Y. pestis are detected. They may be 

efficiently engulfed by CD11b+ macrophages and Ly-6G+ neutrophils around infection sites 

(120). Y. pestis are killed by neutrophils and infection is temporarily controlled within 2 days. 

However, macrophages cannot successfully eliminate intracellular Y. pestis by phagosomal 

acidification, which leads to resident bacterial survival and replication (120, 158). Intracellular 

growth of bacteria induces macrophage apoptosis, which releases a large number of bacteria, 
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overwhelming the neutrophil-based killing (110, 120). It seems that macrophages provide a niche 

that protects Y. pestis from neutrophil killing and may also transport the bacteria to local draining 

lymph nodes causing systemic infection (110, 228).  

1.1.3 Anti-host functions of the pCD1-encoded type III secretion system  

Y. pestis harbors a 70kb virulence plasmid called pCD1 (a similar plasmid is called pYV in Y. 

pseudotuberculosis and Y. enterocolitica). The virulence plasmid pCD1 encodes the T3SS, Yop 

effectors and translocators (YopB, YopD and LcrV). Once entering host tissue, Y. pestis quickly 

and selectively target immune cells, such as macrophages, dendritic cells (DCs) and neutrophils 

to microinject Yops (126). The T3SS forms pores, upon docking on the host cell, translocates 

Yops into the target cell cytoplasm. Once inside host cells, seven effector Yops, YopE, YopH, 

YopJ, YopM, YopO, YopK and YopT, interfere with various host cell signaling pathways. Three 

general anti-host immune strategies are Yop-dependent:  

1) Antiphagocytosis: Four Yops, YopO, YopT, YopE and YopH, work synergistically to 

disrupt the target cell cytoskeleton organization and confer the bacterium resistant to 

phagocytosis. YopE is a RhoGTPase activating protein, blocking Rac-regulated actin structures 

and resulting in de-polymerization of actin microfilaments and cell rounding up (5). YopT is a 

cysteine protease, which cleaves membrane anchored small G proteins and results in mislocation 

of these proteins, disrupting actin assembly (180). YopO is a multidomain protein, containing an 

N-terminal region homologous to serine/threonine kinases, a RhoGTPase binding part at the 

middle and a C-terminal actin binding domain (196). YopO causes a disorganized actin 

cytoskeleton conferring anti-phagocytosis (196). YopH is a potent tyrosine phosphatase which 

leads to global tyrosine dephosphorylation and loss of focal adhesion, and thus inhibits 

phagocytosis (196).  
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2) Inhibition of cytokine production: During Yersinia infection, NF-κB pathway and MAPK 

pathways are induced and then rapidly repressed (138, 144, 168). The TLR4, NF-κB, and MAPK 

signaling networks play an important role in controlling the host immune response to pathogens. 

TLRs sense a variety of pathogen associated molecular patterns (PAMPs) and stimulate, via 

adaptor proteins such as MyD88, cascades leading to NF-κB and MAPK pathway activation. The 

NF-κB and MAPK pathways increase transcription of genes encoding proinflammatory 

cytokines (e.g. tumor necrotic factor-α (TNF-α), interleukin-1 (IL-1)), chemokines (e.g. 

interleukin-8 (IL-8)) and cell survival genes (e.g. B-cell lymphoma 2 (Bcl-2)). NF-κB is 

sequestered by the IκBα in the cytoplasm until IκBα is phosphorylated by IκB kinase β (IKKβ) 

and undergoes ubiquitin dependent degradation. NF-κB is released and translocated into the 

nucleus to upregulate gene transcription. By inhibiting the NF-κB and MAPK pathways, YopJ 

action decreases production of proinflammatory cytokines such as TNF-α, which is critical for 

protective immunity against Y. pestis challenge (109, 139).  

3) Dysfunction of antigen presenting cells (APCs): YopJ-mediated killing of macrophages 

and dendritic cells and blockage of dendritic cell differentiation may hamper adaptive immune 

response (116, 126). As mentioned above, Y. pestis targets immune cells and translocates YopJ 

into the eukaryotic cytoplasm. By blocking NF-κB and MAPK pathways, YopJ inhibits 

transcription of survival genes, and Yersinia infection initiates a cell death response (126, 223). 

Both NF-κB and MAPK signaling pathways also have key roles in dendritic cell differentiation 

(116). Furthermore, inhibition of both pathways by YopJ prevents up-regulation of co-

stimulatory molecules, dampening the ability of dendritic cells to cause T cell proliferation (116). 
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1.1.4 Molecular function of YopJ/P  

YopJ is an acetyltransferase that acetylates MKK6, MKK2 and IKKβ, masking phosphorylation 

sites to inhibit activation of these proteins in vitro and in mammalian cell lines (133, 137, 138). 

YopJ activity thus decreases TNF-α secretion from macrophages, inhibits IL-8 release from 

epithelial and endothelial cells, and induces macrophages and dendritic cell to die (44, 77, 147, 

219).  

YopJ/P activity in host cells is controlled by how much of the protein is translocated into 

host cells and the affinity of the protein for interaction with substrates. Amino acid 

polymorphisms among different YopJ/P isoforms are responsible for differences in these 

aforementioned activities. The Y. pseudotuberculosis YopJ isoform was translocated at a lower 

level than the Y. enterocolitica strain 8081 YopP isoform, due to two amino acid substitutions at 

positions 10 and 11. Exchanging these two amino acids from YopP into YopJ caused YopJ to 

translocate more efficiently and be more cytotoxic (21). In Y. enterocolitica, highly virulent 

strains such as 8081 have an arginine at residue 143 in YopP, while low virulent strains have a 

YopP isoform with a serine at this position (172). The R143S substitution does not decrease the 

translocation of YopP, but it impairs its ability to bind to and phosphorylate IKKβ, and therefore 

suppression of the NF-κB pathway and cytotoxicity is reduced (172).  

YopJ is required for Yersinia to induce macrophage cell death with features of apoptosis, 

as observed by activation of apoptotic caspases-3/7, DNA fragmentation, and sensitivity to 

caspase inhibitors (43, 219). A recent work showed that a highly virulent Y. enterocolitica strain 

induced YopP-dependent dendritic cell death that presented with necrotic-like features (77). In 

this study, over-expression of the anti-apoptotic protein Bcl-2 in dendritic cells did not decrease 

cytotoxicity. In addition, a pan-caspase inhibitor only reduced by 50% the amount of cell death. 
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HMGB1, released from necrotic cells, is detected in cell media (77). It seems that Yersinia-

infected macrophage death mediated by YopJ/P is not strictly apoptotic, as other kinds of cell 

death pathways (such as necrosis) may be involved. 

1.2 IL-1β, IL-18, caspase-1 activation and inflammasomes 

1.2.1 IL-1β and IL-18 

IL-1β and interleukin-18 (IL-18) are IL-1 family cytokines, sharing similar structure and 

signaling pathway, but they initiate distinct functions (42, 48).  

IL-1β is mainly produced by macrophages, monocytes and polymorphonuclear 

phagocytes after infection, injury and antigen challenges (48). It affects a broad range of cells in 

different tissues. It is a pleotropic cytokine, affecting many functions including cell proliferation, 

tissue destruction, vascular smooth muscle contraction, blood pressure, inflammation, vascular 

cell modulation, cytokine induction, and immune cell recruitment (47, 50, 51). Abnormal IL-1β 

production is involved in many acute and chronic diseases such as Familial Mediterranean fever 

(FMF), rheumatoid arthritis, Alzheimer’s disease, diabetes, acute myelocytic leukemia and 

periodontitis (49, 62, 75, 163, 184, 201). 

IL-18 is produced by blood and tissue macrophages, dendritic cells, epithelial cells and 

microglial cells (27, 59, 143, 188, 191). IL-18 is very important in controlling adaptive immune 

responses, especially for Th1 cell development. IL-18 works together with IL-12, mitogens or 

microbial elements to induce IFN-γ production (131, 195, 215, 216). In addition, IL-18 induces 

production of TNF-α, and CXC and CC chemokines (160). Pathogenesis resulting from 

abnormal IL-18 production has been determined in many diseases, such as diabetes, rheumatoid 

arthritis, Crohn’s disease and asthma (72, 88, 136, 212).  
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The powerful IL-1β and IL-18 cytokines must be tightly controlled. Both cytokines are 

produced as pro-forms and are processed by the same enzyme, IL-1-converting enzyme (ICE or 

caspase-1) to yield 17kDa and 18kDa mature forms, respectively (140) (will discuss in detail 

later). Other ICE family members, including caspase-4 (caspase-11 homolog in mouse), -5 and -

11 are also involved in IL-1β and IL-18 processing (127). Caspase-4 has been shown cleave IL-

18 at the same site as caspase-1, but the efficiency is hundreds of fold lower (79). Caspase-11 

has been implicated as being essential for IL-1β and IL-18 maturation. Caspase-11 knockout 

mice are resistant to LPS-triggered endotoxic shock and produced much less IL-1β and IL-18 

(207). Similar to the way caspase-11 promotes caspase-1 activity in mouse cells, caspase-5 in 

human cells greatly enhances caspase-1-based cleavage of pro-IL-1β (127). In vitro experiments 

also determined that caspase-8 can cleave IL-1β under conditions of TLR3-, or TLR4-

stimulation (122). In neutrophils, serine proteases rather than caspase-1 have been implicated in 

IL-1β processing, a process which is under negative regulation by the NF-κB pathway (74). 

Mature IL-1β and IL-18 cytokines lack an N-terminal secretory signal sequence and are 

secreted via unconventional pathway that is independent of the endoplasmic reticulum and Golgi 

apparatus (6, 123, 167). Caspase-1 has been demonstrated to not only process IL-1β and IL-18, 

but also regulate their secretion and itself is secreted together with mature cytokines (103).  

1.2.2 Caspase-1 activation and function 

Caspase-1 is produced as an inactive zymogen and undergoes proteolysis to acquire activation. 

Caspase-1 knockout mice show tolerance to LPS-induced endotoxic shock as a result of reduced 

production of mature IL-1β (112). Caspase-1 activation depends on caspase recruitment 

platforms — called inflammasomes. Inflammasomes are multi-protein complexes that can sense 

cytosolic PAMPs and danger signals, carry on oligomerization and recruit pro-caspase-1. These 
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proteins belong to the Nod-like receptor (NLR) family, the intracellular sensors that contain an 

N-terminal caspase recruitment domain (CARD) or a pyrin domain. The central part of the NLR 

is an oligomerization domain and the C-terminal domain harbors a signal-sensing and auto-

inhibitory leucine-rich repeat domain (will explain in Chapter 1.3) (127).  

Caspase-1 has a broader role than just cytokine processing, and these roles seem to be 

tailored according to stimuli and cell types (14).  

Pyroptosis, defined as a caspase-1-dependent cell death, primarily happens in macrophages 

and dendritic cells (66, 200). Caspase-1 is not required for activation of apoptotic caspases, since 

caspase-1 deficient cells can undergo apoptosis (14). During pyroptosis, plasma membrane 

rupture, DNA fragmentation and IL-1β and IL-18 release occur, but not cytochrome c release or 

loss of integrity of the mitochondrial membrane (14). As mentioned above, since IL-1β and IL-

18 activate innate and adaptive effector cells, pyroptosis itself facilitates pathogen clearance. In 

addition, caspase-1 mediated cell death by itself is microbicidal, since bacteria released from 

pyroptotic macrophages could be phagocytized and eliminated by recruited neutrophils in il-1b-/-/ 

il-18-/- double knockout mice (130).  

Impaired NF-κB and p38 activation have been demonstrated in caspase-1 deficient cells 

following activation of TLR2 or TLR4 signaling pathways. MyD88-adapter-like (Mal) requires 

caspase-1 dependent cleavage to active NF-κB, revealing a level of coordination between TLRs 

and caspase-1 in innate responses (132). 

Caspase-1 also restricts bacterial intracellular growth. In Legionella-infected caspase-1 

knockout or inflammasome component IPAF knockout macrophages, bacteria-containing 

phagosomes failed to fuse with lysosomes (3). A similar phenomenon has been observed in 

Mycobacterium tuberculosis (Mtb)-infected macrophages: caspase-1 is important for directing 
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bacteria-containing phagosomes to fuse with lysosomes and facilitating 10-fold greater bacterial 

killing as compared to macrophages lacking caspase-1 (128). 

Surprisingly, caspase-1 is required for cell survival in pore-forming toxin-mediated death in 

epithelial cells (82). Responding to K+ efflux, caspase-1 is activated and necessary to trigger 

sterol regulatory element binding proteins (SREBPs) activation which is involved in cholesterol 

and fatty acid biosynthesis and may alternatively repair membrane (82). 

1.2.3 Inflammasome activation 

1.2.3.1 NLRs 

NLRs sense PAMPs and endogenous danger-associated molecular patterns (DAMPs) to activate 

innate immune responses (37). One of the major functions of NLRs is to form inflammasomes 

along with the adaptor protein apoptotic speck–containing protein (ASC) and to recruit pro-

caspase-1 upon signal recognition. Additionally, NLRs affect adaptive immunity by modulating 

expression of major histocompatibility complex (MHC) II and regulate critical signaling 

pathways such as NF-κB, MAPK, and type I interferon (IFN) (36, 113, 161). Many human 

diseases related to altered NLR function have been identified and as a result intensive attention is 

directed toward better understand of this protein family (37). 

1.2.3.2 Inflammasomes 

As mentioned above, inflammasomes contain NLRs and form multi-protein platforms with 

adaptor proteins, such as ASC, and pro-caspase-1. ASC is implicated in bridging NLRs and pro-

caspase-1 by its own pyrin and CARD domains. ASC-deficient mice displayed the same level of 

protection against LPS-induced shock as did caspase-1 knockout mice (213). NLR 

oligomerization is a prerequisite for ASC recruitment. ASC then interacts with pro-caspase-1 

through CARD-CARD binding. Two pro-caspase-1 molecules are brought into proximity and 
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undergo self-cleavage, yielding 20kDa (p20) and 10kDa (p10) subunits enzymatically active 

(186). Caspase-1 cleaves the 31kDa pro-IL-1β between Asp116 and Ala117 to yield the 17kDa 

mature cytokine (91). 

Inflammasomes show specificity in ligand recognition: the NALP1 inflammasome 

responds to Bacillus anthracis lethal toxin (LT) (60); IPAF recognizes flagellin from Salmonella 

and Legionella (3, 67); NLRP3 senses a variety of PAMPs and danger signals, such as ATP plus 

LPS or lipoprotein or dsRNA, the potassium ionophore nigericin, uric acid crystals and Gram-

positive bacteria such as L. monocytogenes and S. aureus (125, 189).  

1.2.3.3 The NLRP3 inflammasome 

NLRP3 (also termed as cryopyrin or NALP3) senses numerous host-derived and exogenous 

agonists that can be structurally distinct such as ATP, cholesterol crystals, amyloid β, UV, silica, 

bacterial toxins and viral RNA. It has remained unclear how NLRP3 detects these highly 

variable signals, and no direct binding of these activators to NLRP3 has been reported (37). A 

low intracellular K+ concentration as a trigger for NLRP3 activation is accepted by different 

models. The normal cytoplasmic K+ concentration of around ~140 to ~150 mM restricts NLRP3 

activation (197). When the intracellular K+ concentration drops to ~70 mM, NLRP3 can be 

activated. Extracellular K+ supplementation can reduce K+ efflux and prevent caspase-1 

activation in intact cells. Furthermore, cell lysates incubated in the presence of a low 

concentration of KCl are permissive for caspase-1 activation (154, 227). However, K+ efflux 

may not be sufficient to activate caspase-1, as unknown signal(s) may be required (150). 

Three popular NLRP3 activation models have been proposed to explain the mechanism.  

The channel model is based on studies of ATP-mediated caspase-1 activation. Extracellular ATP, 

a danger signal released from injured tissue and dead cells, activates the purinergic receptor 
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P2X7 (25) (Figure 1.1). P2X7 quickly mediates K+ efflux and recruits a second hemi-channel, 

pannexin-1, which forms pores for further K+ leakage and allows for other NLRP3 activators to 

gain access to cytoplasmic NLRP3 (150, 197). This model is also supported by results with pore-

forming toxins such as Streptococcus pyrogenes streptolysin O (SLO), and Staphylococcus 

aureus α-toxin, but it cannot explain how other types of stimuli activate NLRP3 (34, 85). 

The lysosomal rupture model applies to particular and crystalline stimuli, such as alum, 

silica and amyloid β, which are taken up by phagocytosis (54, 83) (Figure 1.2). Phagosomal 

destruction and lysosomal rupture lead to cathepsin B release into the cytoplasm, which directly 

or indirectly activates NLRP3 (90). Activation of caspase-1 by this mechanism can be prevented 

by the use of the actin polymerization inhibitor cytochalasin D, which arrests actin-mediated 

phagocytosis, or cathepsin B-specific inhibitor such as CA074-Me. Furthermore, the lysosome 

rupture inducer Leu-Leu-OMe activates caspase-1 in LPS-primed macrophages in support of this 

model (54, 90). A NLRP3-dependent cell death (termed pyronecrosis) can be suppressed by 

CA074-Me (210). In vivo, high cathepsin activity and lysosomal rupture have been detected in 

tissues undergoing ischemic neuronal necrosis. In addition, the findings that cathepsin B and 

caspase-1 co-localize in ischemic tissue and that a cathepsin B inhibitor protects against ischemic 

damage indicate that cathespin B released from lysosomal rupture may play a role activating 

caspase-1 (11, 214). However, results obtained with cathepsin B knockout or cathepsin B 

knockdown cells suggest that inhibitors such as CA074-Me can have off-target effects (83, 141).  

The ROS model proposes that NLRP3 can sense ROS generated from PAMPs and 

DAMPs (197) (Figure 1.3). Many NLRP3 activators have been implicated in ROS generation, 

either by directly measuring ROS levels or by ROS inhibitor treatments (28, 35). Recently, 

thioredoxin-interacting protein (TXNIP) has turned out to be an important regulator of this 
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pathway. In the absence of ROS, TXNIP associates with thioredoxin, blocking its function. 

When ROS is generated, thioredoxin is released from TXNIP to perform its role in preventing 

excessive oxidative stress. Dissociated TXNIP in turn, binds to the leucine-rich repeat of NLRP3, 

giving rise to a conformational change and activation of NLRP3 (229). However, this model is 

controversial because monocytes from humans with chronic granulomatous diseases (CGDs) that 

are defective in NADPH-dependent ROS production have increased caspase-1 activity and IL-1β 

production (199). Therefore, more work needs to be done to uncover the underlying story. 

1.2.3.4 Regulation of inflammasomes 

Abnormal regulation of inflammasome activation can disrupt immune responses and lead to 

sever disease consequences, so inflammasome activation must be tightly regulated. A complete 

understanding of the mechanism of inflammasome regulation is presently unclear, but some 

recent findings suggest that multiple control steps exist (37). 

Alternative splicing of NOD2 and ASC can occur, resulting in the production of isoforms 

that may negatively modulate their own activities (24, 166). In human monocytes, a truncated 

NOD2 (NOD-2S) variant is defective for muramyl dipeptide (MDP)-induced NF-κB activation 

and IL-1β production upon interleukin-10 (IL-10) treatment. NOD-2S binds to RIP2 and NOD2 

and disrupts the normal NOD-2/RIP2 interaction (166). An ASC isotype, ASC-c, which lacks the 

pyrin domain and cannot interact with NLRP3, inhibits ATP-mediated IL-1β secretion in LPS 

primed macrophages (24). 

Human monocytes translate a series of pyrin-only proteins (POPs) and CARD-only 

proteins (COPs) which are encoded on chromosome 11, flanking the caspase-1 gene (186). POP1 

attaches to ASC, preventing its recruitment to NLRPs, and POP2 interacts with NLRPs, 

dampening their recruitment to ASC (10, 187). 
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Bcl-2 and Bcl-xL have been demonstrated to directly associate with NLRP1 to block its 

interaction with ASC (23). Another anti-apoptotic protein, plasminogen activator inhibitor 2 

(PAI-2), significantly reduced secretion of IL-1β, when ectopically expressed in macrophages 

(74).  

The NF-κB pathway has been implicated in the negative modulation of inflammasome 

activation (74). IKKβ-deficient macrophages stimulated with LPS synthesized less pro-IL-1β, 

yet secreted more mature cytokine due to elevated caspase-1 activation (74). As expression of 

Bcl-2, Bcl-xL and PAI-2 are controlled by the NF-κB pathway, one or more of these proteins 

may act as negative regulators of inflammasome activation. The NF-κB pathway has also been 

shown to promote inflammasome activation by increasing transcription of genes encoding 

inflammasome components (e.g. NLRP3) and by causing a redistribution of ASC from the 

nucleus to the cytoplasm (9, 71). Understanding how the NF-κB pathway differentially regulates 

inflammasome activation will required additional comprehensive study.   

Type I interferon (IFN) was reported to repress NLRP1 and NLRP3 activation and IL-1β 

production by IL-10 induction (80). This pathway occurs through signal transducers and 

activators of transcription (STAT) 1 and STAT3 in an autocrine manner (80). It may explain why 

patients are susceptible to secondary infection after a primary viral infection (15, 33, 38, 179). 

1.3 Cell death pathways in host cell infection 

Induction of host cell death is a general and a very important outcome of pathogen infection, 

because cell death may facilitate pathogen clearance by removal of infected tissues, destruction 

of a pathogenic niche or up modulation of host immune responses (53, 58, 217). On the other 

hand, some pathogens subvert host immune responses by killing immune cells (95). Not only the 

death of the infected cells impacts the consequence of the battle between host immune system 
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and pathogen, but also the choice of cell death pathways is important. For example, avirulent 

Mtb strains stimulate apoptosis in macrophages, resulting in the formation of an impermeable 

envelope on the cell surface to prevent intracellular bacteria from spreading (52). Furthermore, 

apoptotic bodies that contain bacterial proteins are taken up and processed by bystander dendritic 

cells which in turn, prime specific anti-Mtb T cell responses (211). However the virulent Mtb 

strains are able to trigger necrosis of macrophages and escape from broken cell membranes; 

inflammation is elicited by leakage of cell contents, which recruits more naïve macrophages to 

serve as bacterial residences and to contribute to tissue damage (102, 156).  

There are several cell death pathways responding to microbial infections.  

1.3.1 Apoptosis  

Apoptosis is described as an active programmed process of cellular dismantling, leading to a 

series of morphological changes, including blebbing, changes to the cell membrane such as loss 

of membrane asymmetry and attachment, cell shrinkage, DNA fragmentation and chromatin 

condensation (65). The disposal of cell debris by this pathway does not result in damage to the 

organism. Apoptosis is mediated by apoptotic caspases, including initiators: caspase-2, -8, -9 and 

10 and executioners: caspase-3, -6 and -7 (105). Under cellular stress, pro-apoptotic protein Bcl-

2 homologous antagonist/killer (BAK) and Bcl-2–associated X protein (BAX) are activated and 

oligomerized to form permeable pores on the mitochondrial outer membrane, which leads to 

death via cytochrome c release into the cytosol. Cytochrome c recruits apoptosis protease 

activating factor-1 to activate caspase-9. Capase-9 cleaves executioner caspases which modify 

cellular substrates by cleavage to drive cell death forward (165). The extrinsic pathway of 

apoptosis is initiated from TNF-receptor family of membrane death proteins. Caspase-8 and -10 

are recruited and activated by TNFR1-associated death domain proteins and executioner 
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caspases are consequently activated by these two caspases (153).   

Apoptosis shows multifaceted properties in host protection against pathogen infection. 

Helicobacter pylori infected epithelial cells initiate apoptosis via Fas-Fas ligands interaction (96). 

Mice lacking functional Fas have dampened IFN-γ production and have increased probability to 

transit from gastritis to gastric cancers in response to H. pylori infection (26). TNF receptor p55 

(TNFR55)-mediated T cell apoptosis suppressed overwhelming inflammation and prevented 

lesion formation after elimination of Leishmania major or Rhodococcus equi infection in mice 

(99). Phagocytosis of apoptotic cells by macrophages and dendritic cells enhances IL-10 and 

transforming growth factor-β (TGF-β) production, suppressing the production of 

proinflammatory cytokines (70, 202) without up-regulating expression of co-stimulatory 

molecules (73).  

Pathogens modulate infection either by induction or inhibition of apoptosis. Prevention of 

apoptosis occurs when cell survival benefits pathogen invasion; thus pathogens can block 

apoptosis or activate survival responses (57). The obligate intracellular pathogen Chlamydia 

trachomatis requires living cells to maintain its life cycle (57). C. trachomatis produces 

chlamydial proteasome-like activity factor (CPAF) to cleave BH3 family pro-apoptotic proteins 

and up-regulates inhibitor of apoptosis proteins (IAPs) in infected epithelial cells (155, 162). 

Anaplasma phagocytophilum activates p38, ERK, PI3K/AKT and NF-κB pathways and arrests 

caspase-8 activation to delay neutrophil death by an uncharacterized mechanism (31, 69, 108). 

Conversely, Salmonella AvrA and Yersinia YopP/J counteract NF-κB and MAPK survival 

pathways by acetyltransferase activity, thereby promoting apoptosis (97, 133).  

1.3.2 Necrosis 

Unlike apoptosis, necrosis is a form of traumatic death that results from acute cellular injury. 
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This cell death is characterized by cell swelling, membrane breakdown, and inflammatory 

responses are activated by released cell contents (230). Increasing evidence supports the idea that 

necrosis can be well-controlled in certain contexts (63). Recent studies shed light on the 

molecular mechanism of programmed necrosis (also termed as necroptosis), revealing that 

necrosis, in many cell lines, is a back-up death for apoptosis (55, 89, 205). Fas-Associated 

protein with Death Domain (FADD) is a crucial adaptor protein harboring a death domain (DD) 

for initiating necrosis and a death effector domain (DED) for propagating apoptosis (18, 204). In 

FAS- or TRAIL-R-induced necrosis, the so-called complex I assembles on the plasma membrane, 

contains TNF-R1, TRAF2 and RIP1, and activates MAPK and NF-κB pathways to upregulate 

synthesis of anti-apoptotic proteins (45, 46). Endocytosis of complex I results in formation of 

complex II, consisting of FADD, and pro-caspase-8 or -10 (55, 193). If complex I does not 

induce synthesis of sufficient levels of anti-apoptotic proteins, caspase-8 is activated to augment 

apoptosis, but in the presence of an apoptosis inhibitor, necrosis is activated (30, 205). RIP1 

determines the switch between apoptosis and necrosis on the crossroad. Active caspase-8 cleaves 

RIP1 to promote apoptosis and suppress necrosis (30). Inhibition of RIP1 activity obstructed 

Jurkat cell death in the presence of a caspase inhibitor and TNF-α (40). TLR3- or TLR4-directed 

necrosis in macrophages resulting from treatment with LPS or dsRNA in the presence of a 

caspase inhibitor is also RIP1 dependent (98, 121).  

Necrosis enhances immune responses in several ways. The intracellular contents released 

from necrotic cells are taken up by DCs to induce DC maturation (174). HMGB1 passively 

secreted from necrotic DCs and macrophages, works essentially as a powerful cytokine, by 

binding to its receptors TLR2 or TLR4 and advanced glycation end products (RAGE), and 

therefore actives the NF-κB pathway to produce proinflammatory cytokines (119). Necrosis 
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causes release of proinflammatory cytokines, such as interleukin-6 (IL-6), TNF-α and IL-8 (56, 

203). The mRNA spilled from necrotic cells is a potent stimulator of TLR3, which in turn also 

activates the NF-κB pathway for proinflammatory cytokine production (100).  

1.3.3 Pyroptosis  

Pyroptosis is defined as a caspase-1-dependent cell death, which has been discovered in 

microbial infections, such as those caused by Salmonella, Shigella and Fransicella in 

macrophages (66, 86, 124). In contrast to apoptosis, some substrates of apoptotic caspases, such 

as PARP-1 and inhibitor of caspase-activated DNase (ICAD), are not cleaved and cytochrome c 

release and loss of mitochondria integrity do not occur in pyroptosis (20, 29, 66, 94). During 

pyroptosis, caspase-1 dependent pore formation in the cell plasma membrane leads to increased 

osmotic pressure by ionic gradients, causing water influx, cell swelling, cell lysis and release of 

inflammatory contents (66). Cell swelling during pyroptosis has been measured by flow 

cytometry and can be blocked by exogenous glycine addition via an unknown mechanism (66). 

Chromosomal DNA fragmentation during apoptosis results in the formation of approximately 

180 bp fragments, while random sized DNA fragments are formed during pyroptosis, but these 

fragments can still be labeled by TUNEL (66, 208). The glycolysis pathway is another target of 

caspase-1, as suggested by the observed in vitro and in vivo digestion of adolase, Glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and Triose-phosphate isomerase (TIM) by caspase-1 

(181). In addition, lower lactate production has been detected upon Salmonella challenge in mice, 

indicating decreased glycolytic function (181). Caspase-7 was found to be cleaved by caspase-1 

in macrophages infected with Salmonella, or Legionella or in macrophages treated with LPS and 

ATP; this cleavage did not occur in inflammasome deficient cells or caspase-1 deficient cells (1, 

106). It is likely that there are additional downstream effects of caspase-1 activation that remain 
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to be identified.  

Microbes modulate host caspase-1 activation to escape from immune responses. 

Salmonella and Legionella down regulate flagellin expression during the intracellular phase of 

growth to avoid activating IPAF/caspase-1 inflammasomes (118, 134). The Yersinia T3SS may 

activate caspase-1 via pore-formation in the host cell plasma membrane, a process that can be 

counteracted by the Rho inhibitory activities of YopE and YopT (176, 182).  

1.3.4 Pyronecrosis 

An NLRP3-dependent cell death, termed pyronecrosis, not only shares necrotic morphology, but 

also has proinflammatory responses. It is a caspase-independent cell death, but is accompanied 

by caspase-1 activation (194). Pyronecrosis was observed to occur following Shigella flexneri 

infection of monocytes and in monocytes from patients with certain auto-immune diseases that 

are related to NLRP3 hyperactivation (2, 61, 87, 210). Cell death by pyronecrosis can be blocked 

by cathepsin B inhibitor treatment, or by the use of NLRP3 knockout or ASC knockout 

macrophages (194).  

1.4 Caspase-1 activation and cell death in macrophages infected with Yersinia 

Previous studies have examined caspase-1 activation in macrophages infected with different 

Yersinia species (13, 22, 176, 182). A Y. enterocolitica serogroup O:9 strain known as E40 

lacking six effector Yops (YopE, H, P, T, O and M), was shown to trigger caspase-1 activation 

and IL-1β release in infected macrophages (182). A functional T3SS, which can permeabilize 

host cell plasma membranes by pore formation, was required for caspase-1 activation (182). 

Infection of macrophages with the wild-type E40 strain did not result in caspase-1 activation, 

however infection with mutant strains deficient for YopE and YopT did promote caspase-1 

activation and IL-1β release. Since YopE and YopT inhibit RhoGTPase-based actin 
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arrangements, it is possible that these effectors abolish caspase-1 activation because they inhibit 

actin polymerization, allowing for repair of pores formed by T3SS translocon (129, 176). 

Bergsbaken et al. provided evidence that LPS-primed macrophages switch their mode of cell 

death from apoptosis to pyroptosis following Y. pseudotuberculosis infection (13). The 

pyroptosis and caspase-1 activation seen in LPS-primed macrophages required a functional T3SS, 

but was independent of any translocated Yop effectors. The authors suggested that in LPS-

activated macrophages the abilities of Yersinia effector Yops to inhibit caspase-1 activation was 

bypassed (13). Brodsky et al. showed two different pathways of caspase-1 activation in 

macrophages following Y. pseudotuberculosis infection (22). The first pathway required a 

functional T3SS and could be suppressed by the YopK effector by an unknown mechanism (22). 

This pathway required ASC and involved NLRP3. The second pathway required a functional 

T3SS and the effector YopJ, however no specific NLR could be identified as important for 

caspase-1 activation (22). Recently, our group determined that the Y. pestis strain KIM5 encodes 

a highly active YopJ isoform (YopJKIM) which is able to activate high levels of caspase-1 in 

infected macrophages (114). Ectopic expression of YopJKIM in Y. pseudotuberculosis enabled the 

strain to induce robust IL-1β secretion in macrophage infection (114). High-level secretion of IL-

1β from macrophages infected with Y. pestis KIM5 required NLRP3 and ASC, and could be 

reduced by exogenous K+, suggesting a role for K+ efflux in the process of inflammasome 

activation.  Interestingly, although caspase-1 is activated in infected macrophages undergoing 

YopJ- or YopJKIM-induced cell death, caspase-1, NLRP3 or ASC are not required for the cell 

death pathway (114, 227).  
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1.5 Yersinia strains engineered to be hypercytotoxic by ectopic expression of highly active 

YopJ/P isoforms are attenuated in mouse infection models 

The role of YopJ in in vivo infection is not well defined. In one study, wild type Y. pestis or an 

isogenic yopJ mutant was evaluated in a rat bubonic model by intradermal infection (109). 

Deletion of yopJ resulted in decreased immune cell apoptosis and an increase of TNF-α 

production, but there was no associated decrease in virulence or establishment of systemic 

infection (109). Another study using Y. pseudotuberculosis oral infection in a mouse model with 

wild-type or yopJ mutant strains showed that the yopJ mutant had a 64-fold increase of LD50 

and decreased ability of systemic infection (135). 

Two interesting studies discovered that the level of YopJ/P-induced cytotoxicity is 

inversely correlated to the in vivo virulence (21, 220). When the highly cytotoxic YopP was 

overexpressed in Y. pestis strain Kim53, the resulting strain was avirulent following 

subcutaneous administration and deficient in spreading to organs and to blood as compared to a 

Kim53 strain expressing the native low activity YopJ isoform (identical to YopJCO92) (219, 220). 

Infection of mice with Kim53 expressing YopP stimulated a rapid and effective innate 

mechanism of resistance when it was co-infected with virulent Kim53 expressing YopJ. The 

same result was obtained when infection with Kim53 expressing YopP was followed by 

immediate intranasal or intravenous challenge with virulent Kim53 (220). In a second study, Y. 

pseudotuberculosis ectopically expressing YopP induced more potent cell death and greater 

inhibition of MAPK pathways upon infection of dendritic cell as compared to the same strain 

expressing the native YopJYPTB isoform (19). Following orogastric infection, mice infected with 

Y. pseudotuberculosis expressing YopP had a significantly higher survival rate than mice 

infected with the strain expressing YopJYPTB. Interestingly, infection with the YopP-expressing 
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strain resulted in lower levels of serum IFN-γ, TNF-α, IL-12 and IL-6 in mice as compared to the 

mice infected with the YopJ-expressing strain (19). Both authors suggested that the attenuation 

of Yersinia strains ectopically expressing YopP may come from its high cytotoxicity, which is 

able to destroy infected macrophages and dendritic cells that served as bacterial refuges (21, 220). 

1.6 Hypothesis and rationale 

In this dissertation, studies were undertaken to understand the molecular basis for the enhanced 

ability of YopJKIM as compared to other YopJ isoforms to cause caspase-1 activation and 

cytotoxicity in macrophages. In addition, the mechanism of caspase-1 activation and cell death in 

macrophages infected with Y. pestis KIM5 was investigated. Finally, an in vivo infection 

experiment was carried out to determine if caspase-1 is important for the increased resistance of 

mice to Yersinia strains with enhanced cytotoxicity. Following this introduction chapter the data 

resulting from my studies are organized in four chapters. Chapter 2 solves the question of why 

YopJKIM has high biological activity in macrophages. I characterized the ability of YopJKIM to be 

expressed, translocated, inhibit host signaling pathways and interact with the substrate IKKβ, and 

compared these features with other YopJ isoforms. In Chapter 3, we hypothesized that the 

enhanced inhibition of IKKβ by YopJKIM results in enhanced cytotoxicity and caspase-1 

activation in macrophages. I confirmed in Chapter 3 that IKKβ is important for negative 

regulation of caspase-1 (74) by infecting IkkβΔ deficient macrophages or macrophages treated 

with a small molecule IKKβ inhibitor. Chapter 4 is focused on evaluation of the mechanism of 

KIM5-induced macrophage death and signals recognized by the NLRP3 inflammasome. We 

hypothesized that KIM5-infected macrophages die in another pathway instead of apoptosis that 

is typically initiated by other Yersinia strains, because IL-1β secretion is uncharacteristic of 

“inflammation silent” apoptosis. Macrophages were pre-incubated with ROS or cathepsin B 
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inhibitors to find out if NLRP3 recognized either of these “molecular patterns” to trigger 

caspase-1 activation. In Chapter 5, we tried to see if caspase-1 activation was important for 

increased survival of mice against hypercytotoxic Yersinia infection. A positive correlation 

between YopJ cytotoxicity and caspase-1 activation was observed in Chapter 4, and even 

stronger IL-1β production was detected when macrophages were infected with Y. 

pseudotuberculosis ectopically expressing the most cytotoxic YopJ homolog, YopP. Previous 

studies demonstrated that Y. pseudotuberculosis or Y. pestis expressing YopP exhibited 

attenuation compared to the same strains expressing YopJ (21, 220). We proposed that the 

attenuation was conferred by caspase-1 protection. Caspase-1 knockout and wild type mice were 

infected with YopP- or YopJ- encoding Y. pseudotuberculosis strains and the survival was 

recorded (Chapter 5). Finally, Chapter 6 discusses future directions for this project. Overall, the 

results determined the mechanisms for caspase-1 activation and cell death by a new isoform of 

YopJ that had not been seen in other Yersinia strains before. 

 

 

 

 

 

 

 



22 

 

 

Figure 1.1 The channel model of NLRP3 inflammasome activation. Intracellular K+ is 

released from purinergic channel P2X7 that is activated by extracellular ATP and hemichannel 

pannexin 1 is in turn recruited for further K+ expulsion. Bacterial pore-forming toxins can also 

promote K+ efflux. Low cytoplasmic K+ concentration allows NLRP3 activation. ASC, 

apoptosis-associated speck-like protein containing a CARD; DAMPs, damage-associated 

molecular patterns; IL, interleukin; PAMPs, pathogen-associated molecular patterns. Adapted 

from Tschopp, 2010 (197) . 
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Figure 1.2 The lysosome rupture model of NLRP3 activation. Unstable lysosome breaks and 

releases cathepsin B which activates NLRP3 directly or indirectly. ASC, apoptosis-associated 

speck-like protein containing a CARD; DAMPs, damage-associated molecular patterns; IL, 

interleukin; PAMPs, pathogen-associated molecular patterns. Adapted from Tschopp, 2010 

(197) . 
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Figure 1.3 The ROS model of NLRP3 activation. ROS production leads to thioredoxin (TRX) 

dissociation from thioredoxin-interacting protein (TXNIP) which binds NRPL3 and triggers its 

conformational change. ASC, apoptosis-associated speck-like protein containing a CARD; 

DAMPs, damage-associated molecular patterns; IL, interleukin; PAMPs, pathogen-associated 

molecular patterns. Adapted from Tschopp, 2010 (197) . 
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Chapter 2. Amino acids 177L and 206E are crucial for the enhanced inhibitory activity of Y. 

pestis strain KIM5 effector YopJ on NF-κB pathway 

 

 

 

2.1 Summary 

It has been demonstrated that YopJKIM exhibits the unique capacity to cause enhanced caspase-1 

activation and cytotoxicity in infected macrophages (114). I analyzed the YopJKIM gene and 

identified that two amino acids, 177L and 206E, were likely crucial for enhanced caspase-1 

activation, IL-1β production and cell death. I analyzed YopJKIM in parallel with other YopJ 

isoforms that differ in amino acid sequence at residues 177 and 206 for expression, translocation 

and inhibition of NF-κB. Furthermore, the affinity of different YopJ isoforms for the substrate 

IKKβ was examined by GST pull down assay. The results reveal that both 177L and 206E in 

YopJKIM are important for amplified cytotoxicity, caspase-1 activation and negative regulation of 

the NF-κB pathway because these amino acids afford more effective binding to IKKβ. 

2.2 Introduction  

As an innate immune response against microbes, caspase-1 activation has been broadly seen in 

pathogen infections, such as those caused by Salmonella, Legionella, and Shigella (134, 190, 

200). Two types of Yersinia-induced caspase-1 activation in macrophages were discovered, both 

requiring a functional T3SS but differentiating in the requirement for YopJ (13, 21, 182). In one 

type of caspase-1 activation pathway, it appears that T3SS introduces pores in the macrophage 

plasma membrane (197). YopE and YopT, which interfere with actin arrangements, are able to 
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block caspase-1 activation by repairing these pores formed by the T3SS (176). The presence of 

YopK also reduces T3SS-initiated caspase-1 activation by an unknown mechanism (22). Another 

kind of caspase-1 activation mechanism requires the T3SS and YopJ, but the responding 

inflammasome is not known (22). Y. pestis KIM5 not only gives rise to enhanced killing of 

infected macrophages, but also elicits strong caspase-1 activation in a YopJKIM-dependent way 

(114). These activities can be transferred to a Y. pseudotuberculosis ΔyopJ strain when YopJKIM 

was ectopically expressed in this strain (114). As two amino acid polymorphisms were identified 

in YopJKIM as compared to other YopJ isoforms, we hypothesized that these differences affect 

YopJKIM activity. In this chapter, we aimed to determine if and how these two amino acids alter 

YopJKIM activity. 

2.3 Experimental Methods 

Yersinia strains and growth conditions. Y. pestis and Y. pseudotuberculosis strains used in this 

study are listed in Table 2.1. Y. pestis strains used in this study are derived from KIM5 (114), 

which lacks the pigmentation locus (pgm) and are exempt from select agent guidelines and 

conditionally attenuated. Introduction of codon changes into yopJ in KIM5 (Table 2.1) was 

performed using the suicide plasmid pSB890 and allelic exchange as described (224). The 

resulting plasmids were used to transform IP26 (IP2666 ΔyopJ) using electroporation and 

selection on LB agar plates containing ampicillin (100 μg/ml) (114). Bacteria were grown in 

heart infusion broth (HI) at 28°C overnight, then diluted 1 to 20 in HI with 2.5mM CaCl2 and 

shifted to 37°C for two hours. Temperature shift to 37°C allowed the T3SS assembly and Yops 

translocation upon host cell contact. Secretion of Yops was inhibited by Ca2+. IP26-derived 

strains were grown as above except that LB broth was used with a 1 to 40 dilution. 



27 

 

Construction of pBAD-yopJ mutation plasmids. The pBAD-YopJ-GSK was a gift from Dr. 

Gregory Plano (University of Miami). The plasmid expresses KIM5YopJ with a GSK tag under 

arabinose induction. The GSK tag is phosphorylated by a host cell kinase and can be 

differentiated from non-phospho-GSK by anti-phospho-GSK antibody. Site-directed mutagenesis 

was done to introduce the 177F, 206K and 177F206K mutations into pBAD-YopJ-GSK. All 

mutant yopJ genes were verified by sequencing. 

Construction of KIM5 yopJ mutants. KIM5 yopJ and yopJ mutant genes were cloned from 

pBAD-YopJ-GSK plasmids and inserted into the suicide vector pSB890. This plasmid was 

conjugated into KIM5 by use of Escherichia coli strain S17λpir and transconjugants were 

selected on Yersinia selection medium containing tetracycline. Transconjugants were grown as 

overnight cultures and spread on sucrose-containing plates to force recombination and pSB890 

excision. The mutant yopJ genes were amplified by colony PCR. To verify the presence of the 

codon change, the L177F mutation was detected by mismatch PCR. The forward mismatch 

primer was complementary to the sequence of the KIM5 yopJ177L, but not 177F, so the PCR 

was negative for yopJ177F and positive for KIM5 yopJ. The E206K codon change was detected 

by HphI digestion. A PCR product consisting of yopJ was digested by this enzyme, but not if it 

contains the mutation 206K. L177FE206K double mutant was constructed by introducing 

pSB890yopJ177F206K in K177. KIM5 yopJC172A was constructed by allelic exchange placing 

GCGGC (172 Ala and 173 Gly) instead of TGTGGT (172 Cys and 173 Gly) in the virulence 

plasmid. All mutants were verified by sequencing. 

Bone marrow macrophage isolation and culture conditions. Bone marrow derived 

macrophages (BMDM) were isolated from the femurs of 6- to 8-week-old C57BL/6 female mice 

(Jackson Laboratories) and cultured as previously described (157). Briefly, isolated bone marrow 
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cells from two femurs were seeded in four 10 cm non-tissue culture treated plates (Nunc) at a 

concentration of 4×106 cells/plate in 20ml of Dulbecco’s Modified Eagle Medium (DMEM) 

GlutaMax supplemented with 20% fetal bovine serum, 30% L-cell-conditioned medium and 1% 

0.1M sodium pyruvate (BMM-high). After 5 days of incubation at 37°C and 5% CO2, 

macrophages were harvested for infection assays. 

Macrophage infections for LDH release, cytokine ELISA. Murine bone marrow derived 

macrophages were seeded in 24-well plates at a density of 1.5 × 105 cells/well one day before 

experiment in BMM low medium containing 10% fetal bovine serum, 15% L-cell-conditioned 

medium, and 1% 0.1M sodium pyruvate. Bacteria were grown as described above and used to 

infect cells at multiplicity of infection (MOI) of 10 bacteria per cell. Each infection condition 

was performed in duplicate. Plates were spun at 95×g for 5 minutes and incubated at 37°C with 5% 

CO2 for 15 minutes to allow the bacteria to be phagocytosed by the cells. Fresh medium 

containing 8ug/ml gentamicin was added for 1 hour to kill extracellular bacteria. Medium with 

4.5ug/ml gentamicin was maintained for the remaining time. For expression of YopJ from pBAD 

plasmid in Yersinia, 0.2% arabinose was added into cell culture medium with gentamicin for the 

remaining time.  

Cytokine measurement. IL-1β and TNF-α secretions were measured by Quantikine Mouse IL-

1β and TNF-α Immunoassay kit according to the manufacturer’s instruction (R&D). IL-18 was 

detected by mouse IL-18 ELISA Kit (MBL). Briefly, supernatants were collected 24 hr post 

infection, spun down to exclude cell debris and transferred to new tubes. 50ul of each sample 

were tested. 

Cell death assay. Lactate dehydrogenase (LDH) release assay was performed to measure cell 

death percentage by using the CytoTox-96 nonradioactive cytotoxicity assay following 
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manufacturer’s instruction (Promega). Supernatants were collected 24 hr post infection, spun 

down and transferred to new tubes. Fifty microliters of each sample were tested. Total LDH 

release was measured by freezing and thawing uninfected cells. Spontaneous release was 

measured from uninfected cell supernatants. Blank was made by medium. The LDH content in 

each well was measured in triplicate. The percentage of cell death was calculated as follows: 

percentage of LDH release= (LDH infected- LDH spontaneous)/ (LDH total– LDH 

spontaneous)×100%.  

Immunoblotting of Y. pestis lysates. Y. pestis strains were grown in defined TMH medium at 

28°C overnight. Cultures were diluted 1 to 20 in TMH containing 2.5mM Ca2+, shaken at 28°C 

for 2 hr and transferred to 37°C for 4 hr with shaking to induce Yop expression. Bacteria were 

normalized by optical density (OD) and spun down. Pellets were boiled in 1× Laemmli buffer. 

Samples of the lysates were resolved by 10% SDS-PAGE and processed for immunoblotting 

using mouse anti-YopJ monoclonal antibody (224) at a 1:1000 dilution at 4°C overnight. 

IRDye800 conjugated goat anti-mouse antibody (Rockland) was used as the secondary antibody. 

The blots were scanned by Odyssey (LI-COR) and reprobed using a mouse monoclonal anti-

YopH antibody as the loading control. 

Immunoblotting of secreted Yops. IP26 strains containing pBAD plasmids encoding different 

YopJ isoforms were grown overnight with shaking in LB broth at 28°C. The next day, the 

cultures were diluted 1:40 in LB containing 20 mM NaOX and 20 mM MgCl2 and incubated at 

28°C with shaking for 2 hr. To induce Yop expression, 0.2% arabinose was added to cultures and 

incubation was continued for 4 hr at 37°C with aeration. Bacteria were normalized by OD600 

measurements and centrifuged to collect supernatants. Trichloroacetic acid (TCA) was added to 

supernatants to a final concentration of 10% and samples were rotated overnight at 4°C. The next 
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day, samples were centrifuged at maximum speed in a microcentrifuge for 30 minutes at 4°C and 

supernatants were discarded. Pellets were washed with cold acetone and centrifuged at maximum 

speed for 5 minutes at 4°C after which the acetone was discarded and samples were dried by 

vacuum centrifugation. Pellets were dissolved in 1X Laemmli buffer, and the resulting samples 

were resolved by SDS-PAGE (10% gels) and processed for immunoblotting. Immunoblots were 

developed with mouse anti-GSK monoclonal antibody (Cell Signaling) and goat anti-mouse 

IRDye800 secondary antibody (Rockland). The blots were scanned by Odyssey (LI-COR).  

Immunoblots were reprobed with polyclonal rabbit anti-YopE antibody (16) as a loading control. 

Macrophage infections for YopJ translocation and caspase-1 cleavage assays. Y. 

pseudotuberculosis strains were grown in 2xYT at 26°C overnight and diluted 1:40 in the same 

medium supplemented with 20 mM NaOX, and 20 mM MgCl2. Cultures were shaken at 26°C for 

1 hr and shifted to 37°C for 2 hr. BMDMs were seeded into wells of 6-well plates at a density of 

106 cells/well.  Bacteria were harvested, washed with DMEM and added to BMDMs at an MOI 

of 20. After 1 hr of infection gentamicin was added to a final concentration of 100 μg/ml. To 

induce expression of YopJ-GSK proteins, arabinose (0.2%) was maintained during grown in 

2xYT at 37°C and in the cell culture medium used for infection. Y. pestis strains were grown and 

used to infect macrophages as above except that HI broth was used and arabinose was omitted.  

Two hr post-infection, infected BMDMs were washed with PBS and lysed in buffer containing 

50 mM Tris-HCl pH 8.0, 5 mM EDTA, 2% Triton X-100, and 0.02% sodium azide with protease 

inhibitors. In some experiments the macrophages were incubated with 50 ng/ml of LPS for 3 hr 

and then exposed to ATP at final concentration of 2.5 mM for 1 hr as a positive control for 

caspase-1 cleavage. Proteins were resolved by 10% SDS-PAGE, transferred to a PVDF 

membrane and probed with anti-phospho-GSK-3β primary antibody (Cell Signaling). In some 
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experiments the blots were stripped and re-probed with rabbit polyclonal anti-caspase-1 

antibodies (Santa Cruz) or directly developed with this antibody. As a loading control blots were 

reprobed with an anti-actin antibody (Sigma-Aldrich, clone AC15). Goat anti-rabbit HRP 

conjugated secondary antibody was used. Blots were detected with ECL reagent (Perkin Elmer 

Life Sciences, Inc.). 

Phospho-IκBα ELISA. BMDMs (106 cells per well) were seeded in 6-well plates.  Y. pestis 

cultures were grown as above and used to infect BMDM at an MOI of 50. One hr post infection, 

cells were washed with ice-cold PBS and incubated in 150ul of 1X Lysis Buffer (Cell Signaling) 

for 5 min. Cells were scraped on ice and sonicated twice for 5 seconds each. Lysates were 

centrifuged at full speed at 4°C for 10 min and 100 μl of supernatant was used for ELISA. 

Phospho-IκBα levels were determined using a PathScan Phospho-IkappaB-alpha (Ser32) 

Sandwich ELISA kit according to manufacturer's protocol (Cell Signaling). 

Macrophage infections for Phospho-MAPK ELISA. BMDMs (106 cells per well) were seeded 

in 6-well plates. Y. pestis cultures were grown in HI at 28°C overnight and diluted 1:20 next day 

in the same medium supplemented with 20mM NaOX and 20mM MgCl2. Cultures were shaken 

at 28°C for 1 hr and switched to 37°C for 2 hr. Cells were infected at an MOI of 20 and 

incubated for 30 or 60 min without adding gentamicin. Macrophages were harvested and lysed as 

above. The PathScan MAP Kinase Multi-Target Sandwich ELISA kit was used to determine 

phospho-ERK, -p38 and –JNK levels according to manufacturer’s instruction (Cell Signaling).  

GST pull down assay of YopJKIM-IKKβ interaction. Plasmids for expression of GST-YopJ 

fusion proteins were constructed from pLP16 (148). The pLP16 vector was derived from pGEX-

2T and codes for YopJYPTB with an N-terminal glutathione-S transferase (GST) affinity tag and a 

C-terminal M45 epitope tag. Quikchange mutagenesis (Invitrogen) was used to introduce codon 
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changes into pLP16 to generate pGEX-2T-YopJKIM, pGEX-2T-YopJKIMC172A and pGEX-2T-

YopJCO92, which encode GST-YopJKIM, GST-YopJC172A and GST-YopJCO92, respectively. The 

plasmids pGEX-2T, pGEX-2T-YopJKIM, pGEX-2T-YopJKIMC172A and pGEX-2T-YopJCO92 were 

used to transform E. coli TUNER cells (Novagen). Cultures of TUNER cells harboring the above 

plasmids were grown in LB at 37°C to OD600 of 0.2. IPTG was added to 0.1mM final 

concentration and cultures were grown at 18°C with shaking for 4 hr. The bacterial pellet 

obtained from 40 ml of each culture was resuspended in PBS supplemented with protease 

inhibitor cocktail (Roche) and sonicated on ice. The solubility of proteins in the sonication was 

increased by incubation in the presence of a buffer containing 10% sarkosyl at 4°C overnight 

(192). After centrifugation, the supernatant of the bacterial lysate was diluted 5 times with a 

buffer containing 4% Triton X-100 and 40 mM CHAPS at final concentrations. Thirty μl of 

glutathione beads (GST Bind Kit, Novagen) were added and the mixture was rotated at 4°C for 1 

hr. Beads were washed 4 times with 1 ml of GST Bind Kit buffer and used for pull down assays. 

Cell lysates containing overexpressed IKKβ were prepared from HEK293T cells 

tranfected with a retroviral construct (pCLXSN-IKKβ-IRES-GFP) (223). HEK293T cells were 

seeded in 10cm dishes and grown to reach 70% confluence. The culture medium was replaced 

with serum free DMEM and the HEK293T cells in each dish were transfected with 10 μg of 

pCLXSN-IKKβ-IRES-GFP using a calcium phosphate method. Six hr post transfection, the 

culture medium was replaced with DMEM containing 10% FBS. Cells were harvested 48 hr post 

transfection, sonicated in PBS and centrifuged.  Supernatants were stored at -80°C until use. 

Beads containing bound GST proteins were incubated with 250 μl of cell lysate 

supernatants from transfected HEK293T supernatant for 4 hr at 4°C with constant rotation. The 

beads were then washed 4 times with 1 ml of PBS each and proteins bound to the beads were 
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eluted in boiling 2X Laemmli sample buffer.  Samples of the elutes were subjected to SDS-

PAGE and immunoblotting. Rabbit polyclonal anti-IKKβ antibodies and mouse monoclonal anti-

GST antibodies were purchased from Cell Signaling and Santa Cruz, respectively. Immunoblot 

signals representing IKKβ and GST or GST fusion proteins were quantified using an Odyssey 

imaging system. 

Statistical analysis. Experimental data analyzed for significance (GraphPad Prism 4.0) were 

performed three independent times. Probability (P) values for multiple comparisons of cytokine, 

phospho-IκBα ELISA and LDH release data were calculated by one-way ANOVA and Tukey’s 

multiple comparisons post-test. P values for two group comparisons of cytokine and phospho-

MAPK ELISA were calculated by two-tailed paired student t test.  P values were considered 

significant if less than 0.05. 

2.4 Results 

Amino acid substitutions in YopJKIM do not alter expression and secretion levels as 

compared to other YopJ isoforms. Sequence comparisons were made between YopJKIM and 

YopJ proteins from two other Yersinia strains that display lower apoptosis activity in 

macrophages, Y. pseudotuberculosis IP2666 and Y. pestis CO92. There is one amino acid 

difference between YopJKIM and YopJ in Y. pseudotuberculosis (YopJYPTB), corresponding to 

L177F in the predicted catalytic core (145) of the enzyme (residues 109-194; Figure 2.1). 

Comparison of YopJKIM with YopJ from Y. pestis CO92 (YopJCO92) revealed two differences, 

L177F and E206K, the latter of which is located just beyond the carboxy-terminal end of the 

predicted catalytic core (Figure 2.1). The differential ability to induce IL-1β and cell death may 

come from differences in YopJ expression, translocation or interaction with the NF-κB pathway. 

To construct Y. pestis KIM5 strains expressing different YopJ isoforms, a L177F codon change 



34 

 

was introduced into the sequence of yopJKIM on pCD1 by allelic exchange, converting it to 

yopJYPTB. In addition, an E206K codon change, a double L177F/E206K codon change, and a 

C172A codon change were introduced into pCD1, creating yopJKIME206K, yopJCO92, and yopJC172A, 

respectively. The resulting strains (referred to as Yp-YopJYPTB, Yp-YopJKIME206K, Yp-YopJC092 

and Yp-YopJC172A) (Table 2.1) were phenotypically analyzed. To measure total YopJ expression 

in the KIM5 strains, they were grown in Ca2+- containing medium to inhibit Yop secretion. YopJ 

immunoblotting was done to quantify expression with YopH as the loading control. In all KIM5 

strains, the different YopJ isoforms were expressed at levels similar to the wild type YopJKIM 

(Figure 2.2A).  

To determine if the amino acid substitutions at positions 177 and 206 of YopJKIM affect 

secretion of the effector, expression plasmids encoding YopJKIM, YopJYPTB, YopJKIME206K or 

YopJCO92 appended with C-terminal GSK tags were constructed. The expression plasmids were 

introduced into a ΔyopJ mutant of Y. pseudotuberculosis (IP26; Table 2.1). Y. 

pseudotuberculosis was used in the experiment because it lacks the Pla protease of Y. pestis 

which is known to degrade Yops secreted in vitro (185).  The resulting strains were induced to 

secrete Yops under low calcium growth conditions and immunoblotting of the secreted proteins 

showed that YopJKIM, YopJYPTB, YopJKIME206K and YopJCO92 were exported at equal levels 

(Figure 2.2B). 

Amino acid polymorphisms at positions 177 and 206 in YopJKIM do not enhance 

translocation, but increase caspase-1 activation in Y. pestis-infected macrophages. A 

translocation assay was performed using the phospho-GSK reporter system (68). IP26 strains 

expressing the different YopJ isoforms fused to GSK were used to infect BMDMs for 2 hr. 

Delivery of the effector into host cells was measured by anti-phospho-GSK immunoblotting 
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(68). The results showed that YopJKIM, YopJYPTB, YopJKIME206K and YopJCO92 isoforms were 

translocated at similar levels (Figure 2.3A). Samples of the same lysates analyzed in Figure 2.3A 

were subjected to immunoblotting with anti-caspase-1 antibody to measure the level of caspase-1 

cleavage. Consistent with previous results (22), cleavage of caspase-1 was detected in BMDMs 

infected with Y. pseudotuberculosis expressing YopJYPTB (Figure 2.3B, lane 2). However, 

caspase-1 cleavage was comparatively higher with expression of YopJKIM (lane 1) and lower 

with expression of YopJKIME206K or YopJCO92 isoforms (lanes 3 and 4, respectively). These results 

suggest that the ability of YopJKIM to trigger maximal caspase-1 activation requires both the 

F177L and K206E substitutions, and these codon changes impart an activity to the protein that is 

manifested following its delivery into the host cell.  

The F177L and K206E substitutions in YopJKIM are important for enhanced cell death and 

cytokine secretion in Y. pestis-infected macrophages. The ability of Y. pestis strains expressing 

the different YopJ isoforms to induce apoptosis and cytokine secretion in BMDMs was 

determined after a 24 hr infection. As shown in Figure 2.4A, the amounts of lactate 

dehydrogenase (LDH) released (used as a marker of late apoptotic cell death) and IL-1β (Figure 

2.4B) secreted were significantly lower in macrophages infected with Yp-YopJYPTB, Yp-

YopJKIME206K or Yp-YopJCO92 as compared to Yp-YopJKIM. A similar trend was seen for secretion 

of IL-18 (Figure 2.4C).  

As a control, levels of TNF-α, which is secreted independent of caspase-1 activity, were 

measured. Macrophages infected with Yp-YopJC172A or Yp-YopJCO92 secreted significantly 

higher levels of TNF-α as compared to Yp-YopJKIM, whereas the other mutants tested produced 

intermediate results (Figure 2.4D). Overall, these results indicate that amino acid substitutions at 

positions 177 and 206 are important for the ability of YopJKIM to induce high levels of 
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macrophage apoptosis, caspase-1 activation and secretion of mature IL-1β and IL-18 in Y. pestis-

infected macrophages. Conversely, the amino acid substitutions at positions 177 and 206 are 

important for the ability of YopJKIM to inhibit TNF-α secretion in macrophages under the same 

conditions. 

YopJKIM binds to IKKβ with higher affinity and more efficiently inhibits phosphorylation 

of IκBα as compared to YopJCO92. To determine if YopJKIM has higher affinity for IKKβ as 

compared to other YopJ isoforms, several different YopJ proteins were assayed for the ability to 

bind this kinase in cell lysates.  Purified GST-YopJ fusion proteins or GST alone bound to beads 

were incubated in HEK293T cell lysates that contained overexpressed IKKβ.  The amount of 

IKKβ and GST protein recovered on the beads after washing was measured by quantitative 

immunoblotting. IKKβ bound to beads coated with GST-YopJKIM but not to beads coated with 

GST alone (Figure 2.5A, compare lanes 2 and 3).  There was reduced binding of IKKβ to GST-

YopJCO92 as compared to GST-YopJKIM (Figure 2.5A, compare lanes 3 and 5).  When the amount 

of bound IKKβ  was normalized to the amount of GST fusion protein recovered, it was estimated 

that 10-times less IKKβ bound to GST-YopJCO92 as compared to GST-YopJKIM (Figure 2.5B).  A 

GST fusion protein encoding YopJC172A bound ~5 times less IKKβ as compared to GST-YopJKIM 

(Figure 2.5A, compare lanes 3 and 4, Figure 2.5B), suggesting that the catalytic Cys residue 

contributes to binding between IKKβ and YopJKIM. Overall, these results suggest that YopJKIM 

has higher affinity for IKKβ as compared to YopJCO92. 

To determine if YopJKIM is a better inhibitor of IKKβ than YopJCO92, the amount of 

phosphorylated IκBα (p-IκBα) in BMDMs was measured after a 1 hr infection. As shown in 

Figure 2.5C, significantly lower levels of p-IκBα were present in macrophages infected with Yp-
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YopJKIM as compared to BMDMs infected with Yp-YopJCO92.  Because IκBα is directly 

phosphorylated by IKKβ, these results are consistent with the idea that YopJKIM more efficiently 

inhibits IKKβ activity as compared to YopJCO92.  

YopJKIM more efficiently inhibits activation of MAPKs as compared to YopJCO92.  In 

addition to binding to and acetylating IKKβ, YopJ binds to and acetylates other members of the 

MKK superfamily including MKK1, MKK2, MKK3, MKK4, MKK5, and MKK6 (133, 138, 

145).  There is evidence that YopJ binds to a site conserved on members of the MKK-IKK 

superfamily (84).  Since we had previously obtained evidence that inhibition of MAPK signaling 

was critical for YopJ-induced macrophage apoptosis (225), it was important to determine if 

YopJKIM could more efficiently inhibit MAPK phosphorylation as compared to YopJCO92.  

BMDMs were left uninfected or infected for 30 or 60 min with Yp-YopJKIM, Yp-YopJCO92, or 

Yp-YopJC172A and ELISA was used to measure phosphorylation of the MAPKs ERK (substrate 

of MKK1/2), p38 (substrate of MKK3/6) and SAPK/JNK (substrate of MKK4/7) (Materials and 

Methods).  As shown in Figure 2.6A, ERK was not phosphorylated to a large degree at either 

time point in macrophages infected with Yp-YopJC172A and therefore it was not possible to 

evaluate the degree to which ERK phosphorylation was inhibited by either YopJKIM or Yp-

YopJCO92.  In contrast, p38 and JNK did show increased phosphorylation upon infection with 

Yp-YopJC172A, especially at the 30 min time point (Figure 2.6B and C, respectively).  There was 

in general reduced phosphorylation of p38 and JNK in BMDMs infected with Yp-YopJKIM as 

compared to YopJCO92, especially at the 30 min time point, and the difference was statistically 

significant in the case of JNK (Figure 2.6B and C). These results suggest that YopJKIM more 

efficiently inhibits the activities of MKK3/6 and MKK4/7 as compared to YopJCO92. 
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2.5 Discussion 

It was previously shown that caspase-1 was activated during YopJ-induced apoptosis of 

macrophages infected with Y. pseudotuberculosis (22). In addition, it was demonstrated that 

YopJKIM had increased capacity to cause macrophage apoptosis and activate caspase-1 as 

compared to other YopJ isoforms (114). However, the mechanism of YopJ-induced caspase-1 

activation and the molecular basis for enhanced apoptosis and activation of caspase-1 in 

macrophages by YopJKIM was unknown. The results of studies reported here indicate that several 

of the requirements for YopJ-induced apoptosis and caspase-1 activation are the same, and 

therefore it is likely that these two processes are mechanistically connected. TLR4 signaling is 

important for YopJ-induced macrophage apoptosis (135, 171, 222) and caspase-1 activation 

(224). In addition, comparison of the activities of different YopJ isoforms showed a direct 

correlation between cell death, caspase-1 activation and inhibition of MAPK and NF-κB 

signaling pathways.  

Inhibition of MAPK and NF-κB pathways by YopJ is thought to reduce expression of 

survival factors (e.g. FLIP, XIAP), thereby redirecting TLR4 signaling to trigger apoptosis (171, 

222, 225). Data presented here suggest that YopJKIM triggers increased cytotoxicity and caspase-

1 activation because it is a better inhibitor of macrophage survival pathways than other YopJ 

isoforms. YopJKIM could function as a better inhibitor of macrophage signaling pathways if it had 

a longer half-life in the host cell, or had higher affinity for substrates. The F177L polymorphism 

could increase protein stability, although it is not immediately clear why a Leu at position 177 

rather than a Phe would increase protein half-life. The K206E mutation could increase half-life, 

which is reasonable since Lys residues can be subject to ubiquitination. Although not mutually 

exclusive of the preceding ideas, we favor the hypothesis that the F177L and K206E 
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substitutions allow YopJKIM to bind more tightly to substrates, thereby making acetylation of 

targets more efficient at limiting enzyme concentrations. We obtained two pieces of evidence 

supporting this hypothesis. First, YopJKIM had higher apparent affinity for IKKβ than YopJCO92 

when these interactions were measured in cell lysates by a GST pull down assay. Second, 

macrophages infected with Yp-YopJKIM had lower levels of phosphorylated IκBα and MAPKs as 

compared to macrophages infected with Yp-YopJCO92, indicating that there was increased 

inhibition of IKKβ and MAPK kinase activity by Yp-YopJKIM. 

The results suggest a model whereby the canonical yopJ allele in Y. pseudotuberculosis 

(yopJYPTB) was inherited by an ancestral Y. pestis strain, from which it evolved to encode an 

isoform with higher apoptotic and caspase-1-activating potential, YopJKIM, by the F177L 

mutation. The predicted sequence of a YopJ protein in Y. pestis biovar 2.MED strain K1973002  

(ZP_02318615) is identical to the sequence of YopJKIM, suggesting that the phenotype observed 

is not an artifact resulting from a mutation acquired during laboratory passage, but is associated 

with a unique yopJ genotype associated with 2.MED strains. It is also hypothesized that the 

yopJCO92 allele evolved from yopJYPTB to encode an isoform with lower cytotoxic and caspase-1 

activating potential (YopJCO92) by the E206K codon substitution.  How these polymorphisms in 

YopJ affect Y. pestis virulence and or the host response is not known but is an important question 

to address in future studies.  
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Table 2.1. Yersinia strains used in this study 

 

Strain name 

 

 

Relevant Characteristics 

 

 

Reference 

or source 

Y. pestis   

Yp-YopJKIM KIM5, Biovar  2.MED, (pCD1Ap, pMT1+, pPCP1+, 

Δpgm, Apr) 

(114) 

 

Yp-YopJC172A KIM5 pCD1Ap yopJC172A (codon change of 

Cys172 to Ala172), Apr 

(114) 

Yp-YopJCO92 KIM5 pCD1Ap yopJL177F E206K (codon change of 

Leu177 to Phe177, Glu206 to Lys206), Apr 

This Study

Yp-YopJYPTB KIM5 pCD1Ap yopJL177F (codon change of 

Leu177 to Phe177), Apr 

This Study

Yp-YopJKIME206K KIM5 pCD1Ap yopJE206K (codon change of 

Glu206 to Lys206), Apr 

This Study

Y. pseudotuberculosis   

 

IP26 Serogroup O3, IP2666 pYV yopJΔ1-867 (114) 
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Figure 2.1.  Alignment of YopJ from different Yersinia strains. Protein sequences are shown 
from amino acids 61-240 out of 288. Characters in green represent amino acid triads required for 
YopJ activity. Red letters display the amino acid differences. 
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Figure 2.2. Different YopJ isoforms show equal expression and secretion profiles. (A) The 
indicated Yp-YopJ strains were grown at 37°C in TMH media containing 2.5mM Ca2+, 
normalized by OD600 and lysed in 1× Laemmli buffer. Samples were analyzed by 
immunoblotting using monoclonal anti-YopJ and anti-YopH monoclonal antibodies. (B) Y. 
pseudotuberculosis IP26 (IP2666ΔyopJ ) strains harboring pBAD plasmids expressing GSK-
tagged YopJKIM (lanes 1 and 2), YopJYPTB (lane 3), YopJKIME206K (lane 4),  or YopJCO92 (lane 5), 
were induced to secrete Yops in low Ca2+ LB broth in the absence (lane 1, CTL) or presence 
(lanes 2-5) of arabinose. Bacterial broth supernatants were precipitated with TCA and dissolved 
in 1× Laemmli buffer. Samples were processed for SDS-PAGE and immunoblotting. 
Immunoblots were probed using anti-GSK and anti-YopE antibodies. Asterisk denotes non-
specific signal.   
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Figure 2.3. Translocation of different YopJ isoforms and caspase-1 activation in 
macrophages infected with Y. pseudotuberculosis. Y. pseudotuberculosis IP26 (IP2666ΔyopJ) 
carrying no pBAD plasmid as a control (CTL; lane 5) or pBAD vectors encoding the indicated 
YopJ-GSK isoforms (lanes 1-4), were grown under T3SS-inducing conditions in the presence of 
0.2% of arabinose. Bacteria were added to BMDMs at an MOI of 20 and were allowed to infect 
for 2 hr. Arabinose (0.2%) was maintained in cell culture medium. Detergent lysates of infected 
macrophages were separated by SDS-PAGE and immunoblotting was performed with anti-
phospho-GSK-3β antibody (A) and anti-caspase-1 antibody (B). Positions of molecular weight 
standards (kDa) are shown on the left and positions of YopJ- phospho-GSK and cleaved caspase-
1 are shown on the right. 
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Figure 2.4. Cytokine secretion and cell death in macrophages infected with Y. pestis strains 
expressing different YopJ isoforms. BMDMs were left uninfected (U), or infected with the 
indicated Yp-YopJ strains at an MOI of 10. Supernatants collected after 24 hr of infection were 
used to measure cell death by LDH release (A) and secretion of IL-1β (B), IL-18 (C) and TNF-α 
(D) by ELISA. Results shown are the average of three independent experiments. Error bars 
represent standard deviation. Bracketing indicates P values (ANOVA) between different 
conditions. 

 



47 

 

 



48 

 

Figure 2.5.  Measurement of IKKβ binding to different YopJ isoforms and phospho-IκBα 
levels in macrophages infected with different Y. pestis strains. (A) Binding of IKKβ to 
different YopJ isoforms as determined using a GST pull down procedure and lysates of 
transfected HEK293T cells.  Purified proteins corresponding to GST (lane 2) or the indicated 
GST-YopJ fusion proteins (lanes 3-5) were immobilized on beads and incubated in cell lysates 
containing overexpressed IKKβ. After washing, proteins bound to the beads were detected and 
the signals quantified by immunoblotting using antibodies to IKKβ or GST and an Odyssey 
imaging system.  Lane 1 contains a sample of the input transfected cell lysate (TranLys). 
Positions of molecular weight standards (kDa) are shown on the left and positions of IKKβ, GST, 
and GST-YopJ proteins are shown on the right. (B) Ratios of the signals for IKKβ and GST 
obtained by immunoblotting are presented in bar graph format, with values representing averages 
of two independent experiments. (C) BMDMs were left uninfected (U) or infected with Yp-
YopJKIM or YopJCO92 at an MOI of 50.  At 1 hr post infection lysates of the infected macrophages 
were prepared and subjected to ELISA to determine levels of phospho-IκBα. Results show 
OD450 values averaged from three independent experiments and error bars represent standard 
deviations.   
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Figure 2.6.  Measurement of phospho-MAPK levels in macrophages infected with Y. pestis 
strains expressing different YopJ isoforms. BMDMs were left uninfected (U), or infected with 
the indicated Yp-YopJ strains at an MOI of 20 At 30 or 60 min post infection lysates of the 
infected macrophages were prepared and subjected to ELISA to determine levels of phospho-
ERK (A), -p38 (B) or –SAPK/JNK (C). Results show OD450 values averaged from three 
independent experiments and error bars represent standard deviations. P value <0.05 (t test) is 
indicated by bracket. 
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Chapter 3: The important role of IKKβ in the negative regulation of caspase-1 activation  

 
 
 
 
 
 

3.1 Summary 

Caspase-1 activation in Y. pestis KIM5-infected macrophages could be linked to enhanced 

targeting of IKKβ by YopJKIM as described in Chapter 2. Our aim in the studies described in this 

chapter was to confirm an important role for IKKβ in the negative regulation of caspase-1 

activation. We infected IKKβ-deficient (IkkβΔ) or wild type (IkkβF/F) macrophages with Y. pestis 

expressing different YopJ isoforms and compared caspase-1 activation levels. Stronger caspase-1 

activation and elevated IL-1β were observed in IkkβΔ macrophages as compared to the wild type 

macrophages. Treatment of macrophages with a small molecule IKKβ inhibitor followed by LPS 

priming was performed to further examine the role of this kinase in regulating caspase-1 

activation. A significant increase in IL-1β release was seen in inhibitor-treated macrophages. 

These results establish that IKKβ plays an important role as a negative regulator of caspase-1 

activation in macrophages in response to infection with a live Gram-negative pathogen or 

exposure to LPS. 

3.2 Introduction 

Recent studies indicate that YopJ has acetyltransferase activity, acetylating Ser and Thr residues 

that are critical for the activation of the MKKs and IKKβ (133, 138). A potential explanation for 

the ability of YopJ to cause caspase-1 activation came from the work of Greten et al. who 

showed that susceptibility to LPS-induced toxicity was increased in mice in which both Ikkβ 

genes were deleted by Cre-mediated recombination (IkkβΔ mice) (72). In addition, following  
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LPS challenge a higher serum level of IL-1β was detected in IkkβΔ mice as compared to IkkβF/F 

mice, suggesting caspase-1 activation increased in the absence of IKKβ (74). In vitro study 

determined that although IL-1β mRNA was dramatically decreased in IkkβΔ macrophages, 

mature IL-1β increased profoundly following LPS stimulation, which is consistent with up-

regulated caspase-1 activity in the IkkβΔ cells (74). Similar results were obtained when a small 

molecule IKKβ inhibitor was used to treat IkkβF/F macrophages, confirming the existence of 

negative regulation of capase-1 by the IKKβ-NF-κB pathway (74). Based on these data, we 

hypothesized that YopJKIM indirectly actives caspase-1 through inhibition of IKKβ. Although 

IKKα was also acetylated by YopJ when YopJ and IKKα were co-expressed in a cell line (131), 

when a macrophage-like cell line was infected with Yersinia, ectopic expression of IKKα by 

transfection did not decrease cell death, while ectopic expression of IKKβ and p65 by 

transfection rescued cell survival (169). These results indicate that YopJ has a preference for 

targeting IKKβ as compared to IKKα. So in my study, I only considered the canonical IKKβ 

pathway by using IkkβΔ macrophages or an IKKβ inhibitor to demonstrate our idea. 

3.3 Experimental Methods 

Yersinia strains and growth conditions. The Y. pestis strain KIM5 (Yp-YopJKIM) and KIM5 

expressing a catalytically inactivated YopJ (Yp-YopJC172A) were used in this study (Table 2.1, 

Chapter 2). Bacterial cultures were grown as described in Chapter 2. 

Bone marrow macrophage isolation and culture conditions. Bone marrow derived 

macrophages (BMDM) were isolated from the femurs of 6- to 8-week-old C57BL/6J female 

mice (Jackson Laboratories), Ikkβf/f or Ikkβf/f;MLysCre  mice (32, 151) and cultured as 

previously described in Chapter 2. 
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Macrophage infections for LDH release, cytokine ELISA and FLICA. Macrophages were 

seeded and infected as mentioned before. Staining with 6-carboxyfluorescein–YVAD–

fluoromethylketone (FAM-YVAD-FMK; fluorescent inhibitor of apoptosis (FLICA)) 

(Immunochemistry Technologies) to detect active caspase-1 in infected macrophages was 

performed using fluorescence and phase microscopy as described (114) with the exception that 

the procedure was performed 9 hr post-infection. Quantification of percent caspase-1 positive 

BMDMs was performed by scoring macrophages for positive signal in three different randomly 

selected fields (~50-100 cells per field) on a coverslip. 

Cytokine ELISA. Assays were performed as described in Chapter 2. 

LPS and IKKβ inhibitor treatment. Macrophages were seeded as mentioned in Chapter 2. 

Macrophages were exposed to the IKKβ inhibitor [5-(p-Fluorophenyl)-2-ureido] thiophene-3-

carboxamide (TPCA-1, Sigma, 10uM in DMSO) for 1 hr in BMM-low. Media containing the 

inhibitor was removed and was replaced with fresh media containing 100ng/ml of LPS (from E. 

coli, Sigma) for the remaining time. 

Quantitative RT-PCR (qRT-PCR). Infections of BMDMs were carried out with 1x106 

BMDMs infected at an MOI of 50.  At 4 hr post infection, RNA extraction, reverse transcription 

and real-time quantitative PCR were done as described before (225). The sequences of primer 

pairs used were: for il-1b 5'- TACAAGGAGAACCAAGCAACGAC -3' and 5'- 

GCCCATACTTTAGGAAGACACGG -3'; for il-18 5’-GCGTCAACTTCAAGGAAATGATG -

3' and 5'- TCACAGAGAGGGTCACAGCCAGTCC -3’. The primers used for Ikkb were 5'- 

GTGGAGCCTGGGAAATGAAAG -3' and 5'- TAAGAGCCGATGCGATGTCAC -3'. The 

primer pairs used for GAPDH and tnf were as described previously (225). 
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Statistical analysis. Experimental data analyzed for significance (GraphPad Prism 4.0) were 

performed three independent times. Probability (P) values for multiple comparisons of cytokine 

were calculated by one-way ANOVA and Tukey’s multiple comparisons post-test. P values for 

two group comparisons of cytokine and FLICA were calculated by two-tailed paired student t 

test. P values were considered significant if less than 0.05. 

3.4 Results 

Partial genetic ablation of IKKβ increases caspase-1 activation in Y. pestis-infected 

macrophages 

Greten et al. have shown that treatment of IKKβ-deficient macrophages with LPS causes 

activation of caspase-1 and secretion of IL-1β (74). If IKKβ activity is important to suppress 

activation of the inflammasome in macrophages infected with a live Gram-negative pathogen, 

then increased caspase-1 activation and IL-1β secretion should be observed in IKKβ-deficient as 

compared to wild-type BMDMs infected with Y. pestis. The effect of genetic inactivation of Ikkβ 

on caspase-1 activation in Y. pestis infected macrophages was therefore investigated. IKKβ-

deficient BMDMs were generated by conditional Cre-lox-mediated deletion of a ‘‘floxed’’ Ikkβ 

gene (referred to as IkkβΔ BMDMs; Experimental Methods). The IkkβΔ BMDMs or wild-type 

control IkkβF/F macrophages were left uninfected or infected with Yp-YopJKIM, Yp-YopJCO92 or 

Yp-YopJC172A for 4 hr. Quantitative RT-PCR of Ikkβ message was used to estimate the efficiency 

of Cre-lox mediated deletion of the Ikkβ gene in the BMDMs. Results indicated that, 50% of the 

Ikkβ genes had been deleted in the population of IkkβΔ cells (Figure 3.1A). The impact of this 

partial deficiency in Ikkβ on the expression and secretion of cytokines in the Y. pestis infected 

macrophages was determined. As compared to the IkkβF/F macrophages, the IkkβΔ BMDMs were 
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compromised for infection-induced expression of mRNA for the cytokines IL-18, TNF-α and IL-

1β, as shown by qRT-PCR (Figure 3.1B–D). This result was expected since the NF-κB pathway 

positively regulates expression the il-18, tnf and il-1b genes. Accordingly, the IkkβΔ BMDMs 

secreted lower levels of TNF-α as compared to IkkβF/F macrophages after a 24 hr infection 

(Figure 3.2A). In addition, during infection with Yp-YopJCO92 or Yp-YopJC172A, higher amounts 

of IL-1β were secreted from IkkβΔ BMDMs as compared to IkkβF/F macrophages (Figure 3.2B), 

consistent with the idea that the NF-κB pathway negatively regulates processing and secretion of 

IL-1β via control of caspase-1 activation (74). Unexpectedly, the amount of IL-1β secreted 

following infection with Yp-YopJKIM appeared to be lower in IkkβΔ BMDMs as compared to 

IkkβF/F macrophages, although the observed difference was not statistically significant (Figure 

3.2B). The interpretation of this latter result was complicated because of the fact that there was 

only partial deficiency of Ikkβ in the IkkβΔ BMDMs, but one possible explanation was that 

synthesis of pro-IL-1β was reduced due to the extremely low level il-1b message in the IkkβΔ 

BMDMs infected with Yp-YopJKIM (Figure 3.1D).  

Activation of caspase-1 was measured by immunoblotting to detect the cleaved enzyme in 

lysates prepared 2 hr after infection of IkkβΔ or IkkβF/F BMDMs with Yp-YopJKIM, Yp-YopJCO92 

or Yp-YopJC172A. Caspase-1 activation in uninfected BMDMs or in macrophages treated with 

LPS and ATP was determined in parallel for comparison. Increased caspase-1 cleavage occurred 

in IkkβΔ macrophages infected with Yp-YopJKIM or Yp-YopJCO92 as compared to IkkβF/F BMDMs 

infected with the same strains (Figure 3.3A, compare lanes 7 and 8 with 2 and 3). Cleaved 

caspase-1 was below the limit of detection in IkkβΔ macrophages infected with Yp-YopJC172A 

(Figure 3.3A, lane 9). Activation of caspase-1 was also measured by a microscopic assay 

utilizing FAM-YVAD-FMK, a fluorescent probe for active caspase-1, in IkkβΔ or IkkβF/F 



55 

 

BMDMs infected for 9 hr. The results showed overall higher levels of caspase-1 positive cells in 

IkkβΔ as compared to IkkβF/F macrophages (Figure 3.3B and C). Taken together, these results 

show that loss of IKKβ activity can increase caspase-1 activation in macrophages infected with Y. 

pestis, and are consistent with the idea that IKKβ is an important target of YopJ for activation of 

the inflammasome. 

IKKβ inhibitor TPCA-1 induced IL-1β release followed by LPS priming in macrophages. I 

further proved the negative effect of the NF-κB pathway on caspase-1 activation by using an 

IKKβ inhibitor, TPCA-1. TPCA-1 is an ATP competitor, which reversibly blocks IKKβ activity 

by inhibition of phosphorylation in a highly selective property (146). Macrophages were treated 

with TPCA-1 for 1 hr, the inhibitor was then removed and replaced with medium supplemented 

with LPS to initiate activation of LPS-TLR4 pathway. IL-1β release was undetectable in TPCA-1 

(Figure 3.4) or LPS (data not shown) treatment alone conditions. The inhibitor followed by LPS 

condition, however, led to a notable increase in IL-1β release after 24 hr (Figure 3.4). This result 

provided evidence that YopJ mimics an IKKβ pharmacological inhibitor to active caspase-1 by 

inhibition of the NF-κB pathway.  

3.5 Discussion 

Although the knowledge of mechanisms of activation of inflammasomes and caspase-1 has been 

greatly enriched in recent years, the negative modulation of this system is still poorly 

characterized. Greten’s study showed the evidence that the NF-κB pathway may be able to 

negatively regulate caspase-1 activation in an unknown mechanism (74). In that study, the NF-

κB pathway was disabled through genetic deletion of Ikkβ gene, and the resulting mice or 

isolated cells when exposed to LPS exhibited strong IL-1β production in vivo and in vitro, 
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respectively (74). In addition, wild type macrophages incubated with an ATP-competitive IKKβ 

inhibitor also underwent intensive caspase-1 activation following LPS stimulation (74).  

YopJ exclusively targets and acetylates IKKβ, but not IKKα, to inhibit the NF-κB 

pathway (169). We proposed that inhibition of IKKβ is important for YopJ-induced caspase-1 

activation in Yersinia infected macrophages. As YopJKIM is a better binding partner for IKKβ as 

compared to other YopJ isoforms, the increased caspase-1 activation in KIM5-infected 

macrophages may be a result of increased inactivation of IKKβ under this condition. To verify 

our hypothesis, infection of IkkβΔ BMDMs was carried out. If caspase-1 activation happens in 

this way, we would expect to see up-regulated caspase-1 activation in Y. pestis infected 

macrophages. 

Increased IL-1β secretion and active caspase-1 were detected in IkkβΔ BMDMs infected 

with Yp-YopJCO92 or Yp-YopJC172A as compared to the IkkβF/F cells, supporting our hypothesis. 

A slight decrease of IL-1β secretion was seen in IkkβΔ cells as compared to the IkkβF/F 

macrophages following Yp-YopJKIM infection. The interpretation of this latter result was 

complicated because of the fact that there was only partial deficiency in Ikkβ in the IkkβΔ 

BMDMs. The discrepancy in the level of IL-1β secretion could be explained as a result of pro-

IL-1β transcription and processing. Unlike il-18 gene, the il-1b gene is not transcribed in 

unstimulated cells and it is dominantly controlled by NF-κB pathway (8, 142). In Yp-YopJKIM 

infected IkkβΔ cells, il-1b mRNA is barely detectable (Figure 3.1D). As a consequence, less pro-

IL-1β could be synthesized and processed, despite stronger activation of the caspase-1 

processing machinery.  

Finally, a reversible IKKβ inhibitor, TPCA-1, was applied to macrophages to extend our 

idea (Figure 3.4). We selected TPCA-1 to perform this assay, because this inhibitor is very 
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selective for IKKβ over IKKα and MAPKs (101). The TPCA-1 and LPS treatment successfully 

induced IL-1β secretion, supporting the results seen in IkkβΔ macrophages. Other NF-κB 

inhibitors including IκBα degradation inhibitor, or IKKγ binding peptides (101), could be tested 

in this same model to see if caspase-1 activation is a general effect or a random outcome for 

blockage of the IKKβ-NF-κB pathway. 
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Figure 3.1.  Measurement of Ikkβ and cytokine message levels by quantitative real time 
PCR. IkkβF/F or IkkβΔ macrophages were infected with the indicated Yp-YopJ strains at an MOI 
of 50. At 4 hr post infection, mRNA was extracted and analyzed by qRT-PCR to quantify levels 
of Ikkb (A), il-18 (B), tnf (C) or il-1b (D). Results are from one experiment.  
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Figure 3.2. IL-1β and TNF-α secretion in IkkβF/F or IkkβΔ macrophages infected with Y. 
pestis strains expressing different YopJ isoforms. IkkβF/F or IkkβΔ macrophages were left 
uninfected (U) or infected with the indicated Yp-YopJ strains at an MOI of 10. Twenty-four hr 
post infection, cell supernatants were collected. Secreted TNF-α (A) IL-1β (B) were measured by 
ELISA. Results were averaged from three independent experiments, and error bars represent 
standard deviation. P values (t test) are indicated for comparison between two cell types in each 
condition ( , P<0.5; , P<0.1; , P<0.001). 
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Figure 3.3. Caspase-1 activation in IkkβF/F or IkkβΔ macrophages infected with Y. pestis 
strains expressing different YopJ isoforms. IkkβF/F or IkkβΔ BMDMs were left uninfected (U) 
or infected with the indicated Yp-YopJ strains at an MOI of 20, or treated with LPS for 3 hr and 
then exposed to ATP (LPS/ATP). (A) Caspase-1 cleavage was determined at 1 hr post ATP 
treatment or 2 hr post infection. In (A) samples of detergent lysates were separated by SDS-
PAGE and immunoblotted with anti-caspase-1 antibody (upper panel) or anti-actin antibody 
(lower panel).  Positions of molecular weight standards (kDa) are shown on the left and positions 
of cleaved caspase-1 and actin are shown on the right. In (B) uninfected or infected macrophages 
on coverslips were incubated with FLICA reagent (FAM-YVAD-FMK) at 9 hr post infection to 
stain for active caspase-1 (green fluorescence). The samples were fixed, mounted on slides, and 
light microscopy was used to detect phase (a-d, i-l) or fluorescence (e-h, m-p) signals. 
Representative images of uninfected or infected cells were captured by digital photomicroscopy. 
White arrows point to FLICA positive cells. In (C), average percentages (error bars show 
standard deviation) of FLICA positive cells counted from three random fields per coverslip in 
three independent experiments is shown. N.D., none detected. P values (t test) are indicated for 
comparison between two cell types in each condition ( , P<0.01; , P<0.001).  
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Figure 3.4. IL-1β production and cell death in IKKβ inhibitor TPCA-1 treated 
macrophages. Macrophages were treated with 10uM of TPCA-1 for 1 hr with or without 
following 100ng/ml of LPS for remaining time. Culture media were collected for IL-1β 
production. Results were averaged from three independent experiments, and error bars represent 
standard deviation. P values (one way ANOVA) are indicated ( , P<0.001).  
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Chapter 4. YopJKIM-induced caspase-1 activation in Yersinia-infected macrophages is 

independent of apoptosis, but is associated with necrosis  

 

 

 

4.1 Summary 

As Y. pestis KIM5-infected macrophages release high levels of proinflammatory cytokines such 

as IL-18 and IL-1β (114), macrophage may not die from apoptosis as studied before (43, 222). 

The NLRP3 inflammasome and K+ efflux were shown to be important for secretion of IL-18 and 

IL-1β in KIM5-infected macrophages. In this chapter, our aim is to characterize the features of 

KIM5-induced macrophage cytotoxicity and uncover the underlying relationship between cell 

death and caspase-1 activation. Apoptotic markers including caspase-3/-7 activities, and PARP 

cleavage were evaluated. A caspase-8 inhibitor was used and BaxBak double knockout (DKO) 

cells were tested to study the importance of the canonical apoptotic pathways. Results showed 

that canonical apoptotic pathways are dispensable for KIM5-induced macrophage death. KIM5-

infected macrophages stained positively for annexin V and propidium iodide (PI) and released 

HMGB1, suggesting a necrosis-like death was occurring. Staining for active caspase-1 and PI 

showed that macrophages having active caspase-1 are the same population as those undergoing 

necrotic death. To detect if blockage of necrosis could reduce IL-1β production, the RIP1 

inhibitor necrostatin-1 was applied during KIM5 infection. However, neither cell death nor IL-1β 

production was affected by necrostatin-1. Inhibitors of ROS or cathepsin B were used to 
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investigate the signals activating the NLRP3 inflammasome in KIM5-infected macrophages, and 

results suggest a role for leakage of cathepsin B from lysosomes during necrosis.   

4.2 Introduction 

Yersinia-induced macrophage death dependent on YopJ is generally regarded as apoptosis, 

initiating from caspase-8 activation and amplified through mitochondria and finally activating 

downstream caspase-3, -7 and -9 (43). Apoptosis is known to be a type of cell death that does not 

release inflammatory contents (65). It seems that Y. pestis KIM5-infected macrophages are 

unlikely die through apoptosis, since high levels of proinflammatory cytokines IL-18 and IL-1β 

are released. Caspase-1 is able to elicit a type of cell death, termed pyroptosis, which is an 

important pathway in many cases of pathogen-triggered macrophage death (65). Interestingly, 

Lilo et al. showed that KIM5-infected macrophages die independent of caspase-1 (114). Recent 

studies identified that RIP1-mediated necrosis occurs downstream of TLR3/4 signaling in the 

presence of a caspase-8 inhibitor and the absence of NF-κB signaling in macrophages (98, 121). 

RIP1 activity has been found to be involved in Y. enterocolitica-induceddendritic cell death (74) 

which was evaluated as necrosis in an earlier study from the same group (77). In addition, 

necrosis-directed caspase-1 activation was reported through two different pathways (93, 111). 

The small necrotic molecule BIO7 triggered caspase-1 activation, and this process was 

determined not to occur through ATP by the us of P2X7 deficient cells or ATP inhibitors (93, 

111). In contrast, pressure-damaged tumor cells had activated NLRP3 due to mitochondrial ATP 

release from dead cells (93, 111). In this chapter, YopJKIM-induced macrophage death is 

examined by looking at the roles of different cytotoxic pathways and the RIP1 inhibitor 

treatment. Caspase-1/PI double staining were performed to test the relationship between necrosis 

and IL-1β production.  
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The NLRP3 inflammasome is known to be required for caspase-1 activation in response 

to a variety of danger stimuli, but the identity of the proximal signal(s) recognized by this sensor 

is not clear. Proposed pathways activating NLRP3 include ROS, lysosome rupture and plasma 

membrane channel formation (197). The NLRP3 inflammasome and K+ efflux were shown to be 

important for secretion of IL-18 and IL-1β in KIM5-infected macrophages. YopJ has never been 

reported as a pore-forming toxin, so the channel model does not seem to apply to our context. 

Lysosome rupture results in cathepsin B release, and this pathway to inflammasome activation 

could be blocked by a cathepsin B inhibitor (197). ROS-mediated activation of caspase-1 occurs 

in response to many pathogen infections or in macrophages stimulated with LPS and ATP, and in 

this case, inflammasome activation can be blocked by ROS inhibitors (35, 197). To find out 

which pathway may be involved in YopJKIM-induced caspase-1 activation through the NLRP3 

inflammasome, we determined IL-1β secretion levels in KIM5-infected macrophages in the 

presence of cathepsin B or ROS inhibitors. 

4.3 Experimental Methods 

Bacterial strains and growth conditions. The Yersinia strains and growth conditions were 

mentioned in Chapter 3. 

Bone marrow macrophage isolation and culture conditions. BMDMs were isolated from 

bone marrow taken from femurs of 6- to 8-week old C57BL/6 female mice (Jackson 

Laboratories) as previously described (157). Frozen stocks of bone marrow cells from C57BL/6 

mice deficient for Bax and Bak (bax-/-bak-/-) or heterozyous (bax+/-bak+/-) (117) (obtained from 

Tullia Lindsten, University of Pennsylvania and Craig Roy, Yale University) were propagated in 

DMEM GlutaMax supplemented with 20% fetal bovine serum, 30% L-cell-conditioned medium 

and 1% 0.1M sodium pyruvate (BMM-high) to obtain BMDM. 
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Macrophage infection. Twenty-four hours before infection, BMDMs were seeded in 24-well 

plate at a density of 1.5×105 cells/well in DMEM GlutaMax supplemented with 10% fetal bovine 

serum, 15% L-cell-conditioned medium and 1% 0.1M sodium pyruvate (BMM-low). Next day, 

macrophages were infected with Yersinia at a multiplicity of infection (MOI) of 10 as described 

(114). In some experiments, cells were treated with 10mM of N-acetyl cysteine (NAC, Sigma), 

or 10uM of diphenyleneiodonium chloride (DPI, Sigma) for 2 hr before infection. In other 

experiments the BMDMs were treated with 30uM of necrostatin-1 (Biomol), 25uM of CA-074 

Me (Biomol), 40uM of IETD-CHO (Calbiochem) or 25uM of E64d (Biomol) for 1 hr before 

infection and during the remainder of the infection period. For the caspase-8 inhibitor positive 

control experiment, cells were pretreated with 5uM of MG-132 (Sigma) for 30min with or 

without 40uM of IETD-CHO and then incubated with 1ug/ml of LPS for 3 hours. 

Microscopic assay to detect surface staining with annexin V and propidium iodide uptake. 

BMDMs were plated on glass coverslips in 24-well plates and infected as described above. At 4, 

8 and 12 hr post infection, annexin V and PI were diluted in HBSS according to manufacturer’s 

protocol (Roche) and added to the cells. After 15 minutes of staining, the reagents were removed 

and cells were washed with PBS. Cells were maintained in PBS and visualized by fluorescence 

microscopy using a Zeiss Axiovert S100 microscope equipped with a 40× objective. Images 

were captured using Spot camera (Diagnostic Instruments, Inc.) and processed by Adobe 

Photoshop 7.0.  Quantification of percent caspase-1 positive BMDMs was performed by scoring 

macrophages for positive signal in three different randomly selected fields (~70–130 cells per 

field) on a coverslip. 

Microscopic assay to detect propidium iodide uptake and active caspase-1. BMDMs were 

plated on glass coverslips in 24-well plates and infected as described above. Nine hours post-
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infection, macrophages were stained with 6-carboxyfluorescein–YVAD– fluoromethylketone 

(FAM-YVAD-FMK; fluorescent inhibitor of apoptosis (FLICA) (Immunochemistry 

Technologies)) as described before (114) and 1ug/ml propidium iodide immediately before 

observation. Cells were maintained in PBS and visualized by phase and fluorescence microscopy. 

Images were captured and processed as mentioned above. Quantification of caspase-1 positive or 

PI positive cell percentages was performed by counting for positive cells in randomly selected 

fields (~100-300 cells/field) from three independent experiments.  

Caspase-3/7 luminol assay. Caspase-3/7 activity was measured by Caspase-Glo 3/7 Assay Kit 

(Promega) according to manufacturer’s instruction. BMDMs were seeded in a 96-well white-

walled plate at a concentration of 104cells/well in 100ul medium. Infection was performed as 

described above. At each time point, a 100ul of detection buffer was added to a well and the 

plate was read using a luminescence reader (SpectrcMax M2, Molecular Devices). 

Immunoblot analysis. For detection of HMGB1 and PARP by immunoblotting, macrophages 

were infected as above except that BMDMs were seeded in 6-well plates at a concentration of 

106cells/well. Infected cells were maintained in 1ml of culture medium per well supplemented 

with 4.5ug/ml of gentamicin for 24 hr. For detection of HMGB1, harvested culture medium was 

centrifuged, the supernatant  mixed with the same volume of 2×Laemmli buffer, and boiled 

samples were resolved SDS-PAGE (15% gels). BMDMs were lysed in 1×Laemmli buffer to 

obtain a sample of lysate for use as a positive control. Cell lysates for PARP immunoblotting 

were prepared by removing the media overlaying BMDM monolayers and adding 1×Laemmli 

buffer into the wells.  Boiled lysate samples were resolved SDS-PAGE (8% gels). Uninfected 

BMDMs were treated with staurosporine (1uM, Biomol) 16 hours before lysis to provide a 

control for cleaved PARP. Proteins were transferred from gels to PVDF membranes and the 
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membranes were probed sequentially with rabbit anti-HMGB1 (Abcam) or anti-PARP (Santa 

Cruz) primary antibodies, and goat anti-rabbit HRP conjugated secondary antibody (Jackson). 

Signals on blots were detected with ECL reagents (Perkin Elmer Life Sciences, Inc.) 

IL-1β ELISA. IL-1β was measured from supernatants by ELISA according to manufacturer’s 

instructions (R&D). 

LDH Release. Cell death was determined by CytoTox-96 nonradioactive cytotoxicity assay 

(Promega) from supernatants following manufacturer’s instructions. The total LDH release was 

made by freezing and thaw untreated cells. The percentage of dead cells was calculated as 

followed: (sample LDH-background LDH)/ (total LDH-background LDH) × 100%. 

Statistical analysis. Statistical analysis was performed with Prism 4.0 (Graphpad) software. The 

tests used are as indicated in the figure legends or main text.  P values of less than 0.05 were 

considered significant. 

4.4 Results 

Caspase-3/7 activity is low in KIM5-infected macrophages. Activation of apoptotic caspases, 

such as caspase-3, -7 and -9, has been detected in macrophages undergoing YopP-dependent cell 

death in response to Y. enterocolitica infection (43). Caspase-3/7 activity assay was performed to 

examine apoptotic caspase activation at 4, 8, 12 and 24 hr post-infection in macrophages 

undergoing YopJKIM-induced cell death following infection with Y. pestis. BMDMs were 

infected at an MOI of 10 for 20 min. The tissue culture media was then supplemented with 

gentamicin for the remaining period of incubation to prevent growth of extracellular bacteria 

(114, 227). This “low MOI” infection procedure has previously been shown to cause cytotoxicity, 

activation of caspase-1, and high level secretion of IL-1β (114, 227). As controls, some 

macrophages were left uninfected or infected with a Y. pestis strain expressing catalytically 
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inactive YopJC172A. Caspase -3/7 activity in KIM5-infected macrophages was higher as 

compared to the controls at all time points, but the difference was not significant (Figure 4.1A). 

Lysates of macrophages infected as in Figure 4.1 were subjected to immunoblotting to detect 

cleavage of the caspase-3 substrate PARP. Lysates of control macrophages treated with 

staurosporin, a strong inducer of apoptosis, were analyzed in parallel. The 86 kDa cleaved PARP 

(c-PARP) fragment was not detected in lysates of KIM5-infected cells, but it was seen in 

staurosporin-treated cell lysates (Figure 4.1B). These results show that apoptotic caspases are not 

strongly activated in macrophages undergoing YopJKIM-induced cell death. 

Apoptotic signaling through caspase-8 and mitochondria is dispensable for KIM5-induced 

macrophage death. It has been shown that YopP-induced apoptosis is initiated from caspase-8 

in macrophages and dendritic cells infected with Y. enterocolitica, and can be blocked by 

caspase-8 or pan-caspase inhibitors (76, 170). A detailed study detected Bid truncation before 

cytochrome c release and apoptosome activation, which suggests that the death signal coming 

from caspase-8 may require mitochondria and is amplified through caspase -3,-7 and -9 cleavage 

(43). Bcl-2 family members Bax and Bak play a central role in controlling mitochondrial-

dependent apoptosis (209). Bax and Bak when activated create a channel in the mitochondrial 

membrane, releasing cytochrome c to activate the apoptosome. In order to test if the YopJKIM-

dependent death signal goes through mitochondria, we infected bax-/-bak-/- macrophages with 

KIM5, using heterozygous bax+/-bak+/- cells as the control. The bax-/-bak-/- macrophages have 

been shown to be fully defective for mitochondrial-induced apoptosis (170). Cell death was 

measured by LDH release assay and secreted IL-1β was measured by ELISA at 24 hr post 

infection. No significant differences in YopJKIM-induced cell death or IL-1β release could be 

identified between bax-/-bak-/- or bax-/+bak-/+ macrophages (Figure 4.2A and B).  
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To determine if caspase-8 is required for cell death in KIM5-infected macrophages, cells were 

exposed to the caspase-8 inhibitor IETD. IETD treatment did not significantly reduce 

macrophage death or IL-1β secretion after 8 or 24 hr of infection (Figure 4.3A and B). As a 

control, IETD treatment was shown to effectively block cell death in macrophages caused by 

treatment with LPS and the proteasome inhibitor MG-132 (Figure 4.3C). Thus, apoptotic 

signaling through caspase-8 and mitochondria is not required for YopJKIM-induced macrophage 

death.  

KIM5-infected macrophages exhibit necrotic features. To characterize the morphology of 

KIM5-infected macrophages, we performed annexin V staining/ PI uptake assay at different 

times (4, 8 and 12 hr post infection) and analyzed the results by fluorescence microscopy. 

Macrophages infected with Y. pestis expressing YopJC172A were analyzed in parallel as a control. 

As summarized in Figure 4.4, two populations of dead cells that were either annexin V single 

positive (apoptotic) or annexin V/ PI double positive (necrotic) were detected beginning at 8 hr 

post infection with KIM5. The number of annexin V single positive cells (~11% at 8 hr) declined 

slightly to 8% of total by 12 hr post infection. The double positive population (~13% at 8 hr) 

increased with time to reach 17% of total by 12 hr (Figure 4.4).  

Release of HMGB1, a chromatin protein, can be used to differentiate apoptosis from 

necrosis (175). Immunoblotting was used to detect HMGB1 in culture supernatants of 

macrophages following 24 hr infection with KIM5 or KIM5 expressing YopJC172A.  As shown in 

Figure 4.5, HMGB1 was released from macrophages infected with Y. pestis expressing YopJKIM 

but not YopJC172A (lanes 3 and 4, respectively).  Together, these results suggest that a population 

of KIM5-infected macrophages undergo necrosis.  
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KIM5-infected necrotic macrophages contain active caspase-1. As both cell death and IL-1β 

release require YopJKIM and they display the same trends, caspase-1 activation and cell death 

appear to be related (114). It is possible that necrotic cell death triggers caspase-1 activation. To 

determine if necrotic cell death and caspase-1 activation could be correlated at the single cell 

level, infected macrophages were analyzed by microscopy after labeling for active caspase-1 and 

PI uptake. Representative images of macrophages infected with KIM5 or Y. pestis expressing 

YopJC172A for 9 hr are shown in Figure 4.6A, and a summary of the percentages of cells that were 

positive for one or both signals is shown in Figure 4.6B. The percentages of KIM5-infected 

macrophages that were caspase-1 positive, PI positive and double positive were not significantly 

different (Figure 4.6B), which suggests that membrane damage in necrotic cells is associated 

with caspase-1 activation. 

RIP1 is not required for YopJKIM-induced cell death or IL-1β secretion. YopP-mediated 

dendritic cell death in response to Y. enterocolitica infection is reduced by treatment with 

geldanamycin, an Hsp90 inhibitor, which promotes Receptor Interaction Protein 1 (RIP1) 

degradation (76). Furthermore, YopP-induced dendritic cell death is partially independent of 

caspases and exhibits necrotic features (77), which are similar to our findings with YopJKIM. To 

test if RIP1 is involved in KIM5-induced macrophage death, we treated cells with the specific 

RIP1 inhibitor necrostatin-1, which blocks necrosis in many cell types (41). The treated 

macrophages were then infected with KIM5 or Y. pestis expressing YopJC172A for 8 or 24 hours. 

Necrostatin-1 did not significantly reduce cell death at either time point in KIM5-infected 

macrophages (Figure 4.7A).  IL-1β release was significantly reduced at 8 hr, but not at 24 hr post 

infection with KIM5 (Figure 4.7B). From these results we conclude that RIP1 is not required for 
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YopJKIM-induced cell death or IL-1β secretion, however it may enhance IL-1β secretion at early 

infection times.  

ROS are not required for cytotoxicity or IL-1β secretion in macrophages infected with 

KIM5. NLRP3 is important for IL-1β secretion in KIM5-infected macrophages (227). NLRP3 

senses several structurally unrelated PAMPs and DAMPs that share the common property of 

generating ROS (197).  It has therefore been proposed that ROS is a major signal detected by 

NLRP3 (197). The NADPH oxidase inhibitor DPI and the radical scavenger NAC were used to 

examine the importance of ROS for cytotoxicity and IL-1β secretion in KIM5-infected 

macrophages. Pretreatment of macrophages with DPI or NAC did not reduce IL-1β release or 

cell death following KIM5 infection of macrophages for 8 or 24 hr (Figure 4.8A and 4.8B). As a 

control, LPS-stimulated macrophages were exposed to DPI or NAC and NLRP3-dependent 

pyroptosis was induced by ATP treatment. The amount of IL-1β released was significantly 

reduced by DPI and cytotoxicity was significantly reduced by DPI and NAC (Figure 4.8C and 

4.8D). Therefore, ROS are not required for YopJKIM-induced cell death or IL-1β secretion. 

Inhibitors of cathepsin B reduce caspase-1 activation in macrophages infected with KIM5.  

Lysosomal rupture leads to release of lysosome-localized protease cathepsin B into the 

cytoplasm which directly or indirectly activates NLRP3/caspase-1 (90). We examined the 

lysosome rupture pathway using the cathepsin inhibitor E64d and specific cathepsin B inhibitor 

CA-074 Me. Treatment of macrophages with either of these two inhibitors during a 24 hr KIM5 

infection resulted in a significant decrease in secretion of IL-1β (Figure 4.9A) but had no effect 

on cytotoxicity (Figure 4.9B). Microscopic imaging of KIM5-infected macrophages after 

straining them with a fluorescent substrate for caspase-1 and PI showed that E64d and CA-074 
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Me blocked caspase-1 activation (Figure 4.9C). These results suggest that cathepsin B activity is 

required for YopJKIM-mediated activation of caspase-1. 

4.5 Discussion 

YopJ inhibits NF-κB and MAPK pathways that activate transcription of cell survival genes, 

promoting macrophage cell death in response to apoptotic signaling from TLR4 (223). In 

addition, inhibition of the NF-κB pathway by YopJ (227) or IKKβ genetic deficiency (74) 

triggers TLR4-dependent activation of caspase-1. The conditions used for infection of 

macrophages with Yersinia affect the outcome of YopJ-mediated caspase-1 activation. 

Incubation of macrophages with Y. pseudotuberculosis under conditions of high MOI (20) and 

extended contact with extracellular bacteria (1 hr) results in rapid activation of caspase-1 but IL-

1β release is undetectable and caspase-1 activation does not depend on NLRP3 nor ASC (22). 

Infection of macrophages with Y. pestis KIM5 under low MOI (10) and short contact time (20 

min) results in delayed caspase-1 activation, high level of IL-1β release and cytotoxicity in a 

YopJ dependent manner (114). In addition, NLRP3 and ASC are important for IL-1β release 

from macrophages infected with KIM5 under the low MOI procedure (227). As an outcome of 

YopJ blocking the NF-κB pathway, less pro-IL-1β would be synthesized in macrophages, but 

processing of even a small pool of pro-IL-1β by active caspase-1 activation can lead to 

detectable released IL-1β. In the low MOI infection conditions used here, it is likely that low 

amounts of YopJ are injected into macrophages, resulting in a delay in caspase-1 activation and 

cell death in macrophages. This infection condition may allow macrophages sufficient time to 

synthesize pro-IL-1β before cell death occurs.  

To investigate the mechanism of YopJKIM-induced caspase-1 activation and its 

connection to cell death in macrophages, we first investigated the importance of apoptosis. The 
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low caspase-3/7 activity (Figure 4.1) and the dispensable role for caspase-8 (Figure 4.3) in cell 

death are consistent with the idea that apoptosis is not strongly activated in KIM5-infected 

macrophages. It is important to point out that caspase-8 activation has never been directly 

demonstrated in Yersinia-infected macrophages; the evidence for caspase-8 activation comes 

from Bid cleavage assays.  Caspase-8 cleavage has been detected in Yersinia infected dendritic 

cells and in macrophages treated with LPS and MG-132 to activate apoptosis (43, 78, 171). 

Caspase-8 has been reported to process pro-IL-1β after stimulation of TLR3/TLR4 signaling in 

macrophages (122), but in our studies a caspase-8 inhibitor did not decrease IL-1β release in 

KIM5-infected macrophages (Figure 4.3). Participation of mitochondrial-induced apoptosis in 

death of macrophages infected with Y. enterocolitica has been implicated by the observed release 

of cytochrome c (43). However, YopP-induced cell death in dendritic cells was not inhibited by 

overexpression of Bcl-2 (77). In our studies the use of Bax/Bak DKO BMDMs would mimic 

Bcl-2 over-expression by preventing pore formation on the mitochondrial membrane, however 

loss of Bax and Bak did not decrease cell death or IL-1β secretion in KIM5-infected infected 

macrophages (Figure 4.2).  

Necrosis releases inflammatory cell contents, which is consistent with proinflammatory 

cytokine production in KIM5-infected macrophages (114). Annexin V/ PI staining was 

performed to observe macrophage plasma membrane integrity over time. Annexin V single 

positive cells representing the early apoptosis population occurred in parallel with annexin V/ PI 

double positive cells representing the late apoptosis or necrosis population (Figure 4.4). The 

presence of the two populations indicates that apoptosis and necrosis may coincide. However, 

cells with the double positive phenotype may not arise from necrosis, especially in cell culture 

when apoptotic cells are not engulfed by bystander phagocytes, but rather from “secondary 
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necrosis” (230). Thus, to be sure that KIM5-infected macrophages are dying of necrosis, 

accumulation of more evidence is needed.  

HMGB1 release is a very distinctive marker of necrosis (175). The observed release of 

HMGB1 from KIM5-infected macrophages (Figure 4.5) strongly suggests that these cells are 

dying of necrosis. Although HMGB1 can be passively secreted by activated dendritic cells and 

macrophages (17), infection of macrophages with Y. pestis expressing YopJC172A, which would 

activate macrophages through LPS-TLR4 signaling, did not result in HMGB1 release (Figure 

4.5). To determine if released HMGB1 could be important for cell death and activation of 

caspase-1, medium from KIM5-infected macrophages was transferred to naive uninfected 

macrophages (data not shown). Although HMGB1 has been shown to stimulate proinflammatory 

cytokine production, is the results of the media transfer experiment indicate that it is unlikely that 

HMGB1 interacts with TLR4 to promote IL-1β production and cell death in our system (4, 104, 

178).  

Since necrotic cells release inflammatory cytokines and KIM5-infected macrophages 

showed necrotic properties (Figure 4.4 and 4.5), we performed caspase-1 /PI staining to see if 

caspase-1 activation takes place in necrotic cells (Figure 4.6). The highly overlapped caspase-

1/PI positive cell population supports the idea that these two events occur in same cells. However, 

it is difficult to discriminate if necrosis occurs earlier than caspase-1 activation. A previous LDH 

and IL-1β time course release assay detected LDH release 4 hr ahead of IL-1β secretion, 

suggesting that cell death may happen earlier than caspase-1 activation (114).  

As macrophages infected with KIM5 seem to die by necrosis, and cell death initiated 

earlier than IL-1β release (114), we hypothesized that necrosis could activate inflammasomes 

and caspase-1. We tried to blocked necrosis through use of the RIP1 inhibitor necrostatin-1. 
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RIP1 has been identified as an important mediator of non-apoptotic death in many cell types. 

When caspase-8 activity is inhibited, preventing cleavage of RIP1, RIP1 positively activates a 

necrotic (necroptosis) pathway (115). Cell death triggered with FasL or TNF-α through caspase-

8 activation, combined with pan-caspase or caspase-8 inhibitor treatment, is RIP1 dependent and 

could be prevented by specific RIP1 inhibitor necrostatin-1 (40, 89, 226). In macrophages after 

TLR4 stimulation, when the cellular NF-κB survival signaling pathway and caspase-8 activation 

are inhibited, RIP1 causes necrosis (64, 76, 121). RIP1 has also been implicated in death of 

dendritic cells infected with Y. enterocolitica O:8 strain WA-314, and the same group obtained 

evidence that dendritic cells could die by necrosis in the same infection conditions (76, 77). 

However, in our infection model, the RIP1 specific inhibitor necrostatin-1 did not reduce cell 

death (Figure 4.7).  Treatment with necrostatin-1 did inhibit IL-1β release at 8 hours post 

infection (Figure 4.7), which may due to lack of interaction between RIP1 and the NF-κB 

pathway (64). RIP3 has also been implicated in necrosis, and although it is not clear if RIP3 and 

RIP1 can form a heterodimer, RIP3 alone could induce necrosis (39, 198, 221). It would be 

interesting to test RIP3 knockout BMDMs in the future to determine the role of this kinase in 

YopJKIM-induced cell death and caspase-1 activation.  

Two recent studies discovered that necrosis could activate the caspase-1 (93, 111). In the 

study of Iyer et al., mitochondrial ATP release from necrotic cells activated caspase-1 in LPS 

primed macrophages through P2X7 receptor (93). This pathway does not occur in our model, 

since we have previous shown that P2X7 receptor is not required for secretion of IL-1β in KIM5-

infected macrophages (227).  

We previously showed that NLRP3 and ASC were important for secretion of IL-1β from 

KIM5-infected macrophages, although these inflammasome components were dispensable for 
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cell death (227). Consistent with an important role for NLRP3 and ASC in caspase-1 activation 

was the observation that exogenous K+ inhibited secretion of IL-1β from KIM5-infected 

macrophages. Specifically, extracellular K+, but not Na+, down regulated IL-1β release in KIM5-

infected macrophages, suggesting that NLRP3 activation requires a low concentration of 

intracellular K+. Low intracellular K+ levels could result from intracellular K+ passing through 

ATP-sensitive K+ channels (such as P2X7), or by its release from dying cells (19). As mentioned 

above P2X7 receptor is not required for IL-1β release in KIM5-infected macrophages, suggesting 

that pore formation in necrotic macrophages may allow K+ efflux.   

As NLRP3 can recognize ROS generation, or lysosome rupture leading to caspase-1 

activation, we tested each of these processes for their importance in IL-1β secretion in KIM5-

infected macrophages. With respect to the ROS generation model, most pathogens that activate 

caspase-1 through NLRP3 induce ROS generation and in many cases, K+ efflux occurs 

simultaneously (197). However, two ROS inhibitors, DPI and NAC, had no significant effect on 

IL-1β release or cell death in KIM5-infected macrophages (Figure 4.8). These inhibitors did 

reduce pyroptosis of macrophages following LPS/ATP treatment (Figure 4.8C and 4.8D), 

conditions that are known to produce high levels of ROS (35).  

The lysosome rupture model was tested by the use of cathepsin B inhibitors (Figure 4.9). 

Both inhibitors reduced IL-1β secretion and caspase-1 activation in KIM5-infected macrophages. 

Halle et al. showed reduced secretion of IL-1β in cathepsin B knockout macrophages as well as 

in cathepsin B inhibitor-treated wild type cells (83). However, off target effects of the inhibitors 

on caspase-1 activation in KIM5-infected macrophages cannot be ruled out. 

A model of macrophage death and caspase-1 activation triggered by YopJ is proposed 

(Figure 4.10). Yersinia LPS activates a TLR4 signaling pathway, leading to downstream 



78 

 

activation of the canonical NF-κB pathway and a necrosis pathway, which is normally inhibited 

by NF-κB-driven survival genes. The NF-κB pathway may also upregulate unknown factors that 

negatively regulate inflammasome components NRLP3 and caspase-1. In the presence of YopJ, 

the NF-κB pathway is blocked by IKKβ acetylation, so the cell fate is biased to necrosis. 

Meanwhile, in the absence of negative regulation of caspase-1 activation from the NF-κB 

pathway, cytoplasmic K+ efflux and cathepsin B released from lysosomes destroyed as a result of 

necrosis, may synergically facilitate NLRP3 and caspase-1 activation. 
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Figure 4.1. Caspase-3/-7 activity is low in KIM5-infected macrophages. (A) BMDMs were 
left uninfected (U) or infected with Y. pestis strains expressing YopJKIM or YopJC172A in 96-white 
walled tissue culture plates. Caspase-3/7 activity was measured 4, 8, 12 or 24 hr post-infection 
with fluorometer. The results from three independent experiments were averaged and are shown 
as fold change compared to uninfected cells. Error bars represent standard deviations. 
Differences in caspase-3/7 activities between uninfected and infected cells were not significant 
as determined by two way ANOVA (B) BMDMs were left uninfected (U) or infected with Y. 
pestis strains expressing YopJKIM or YopJC172A or treated with 1uM of staurosporine (STS) for 16 
hr. Macrophage lysates were collected and analyzed by PARP immunoblotting. Sizes of 
molecular weight standards (kDa) are shown on the left. Positions of full length PARP and 
cleaved PARP (c-PARP) are showed on right. 
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Figure 4.2. Mitochondrial-induced apoptosis is not required for KIM5-induced 
macrophage death and IL-1β secretion. BMDMs from Bax Bak heterozygous (BaxBak+/-) or 
Bax Bak double knockout (BaxBakDKO) C57BL/6 mice were left uninfected (U) or infected 
with Y. pestis strains expressing YopJKIM or YopJC172A for 24 hr. LDH (A) or IL-1β (B) released 
into supernatants were measured by CytoTox96 assay or ELISA, respectively. Results shown are 
the averages from three independent experiments. Error bars represent standard deviations. 
Differences average values between BaxBak+/- or BaxBakDKO conditions were not significant 
as determined by two way ANOVA. 
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Figure 4.3. Caspase-8 activity is dispensable for KIM5-triggered macrophage death and 
IL-1β secretion. BMDMs were treated with 40uM caspase-8 inhibitor Z-IETD or vehicle 1 hr 
prior to infection. The BMDMs were then infected with Y. pestis strains expressing YopJKIM or 
YopJC172A or left uninfected (U). Infected cells were maintained in the presence of Z-IETD or the 
vehicle for the remainder of the experiment. At 8 hr or 24 hr post-infection, supernatants were 
collected and LDH release (A) and IL-1β (B) were measured. Results shown are averages from 
three independent experiments. Error bars represent standard deviations. , P<0.05 as 
determined by one way ANOVA compared to the YopJKIM no inhibitor condition. (C) BMDMs 
were treated with 5uM of MG-132 in the presence or absence of 40uM Z-IETD for 30 min, 
followed by 1ug/ml of LPS for 3 hr. Representative phase images of the treated BMDMs were 
captured by digital photomicroscopy. 
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Figure 4.4. KIM5-infected macrophages have necrotic morphology as shown by annexin V 
staining and PI uptake assay. BMDMs were seeded on glass coverslips in a 24-well plate and 
infected with Y. pestis strains expressing YopJKIM or YopJC172A or left uninfected (U). Annexin V 
staining and PI uptake assay was performed at 4 hr, 8 hr or 12 hr post-infection. Representative 
images were captured by digital photomicroscopy. Average percentages of annexin V positive or 
annexin V/ PI double positive cells as counted from three random fields in three independent 
experiments are shown. Error bars represent standard deviations. Difference in values of single 
or double positive cells were not significant as determined by one way ANOVA. 
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Figure 4.5. HMGB1 is released from KIM5-infected macrophages. BMDMs were infected 
with Y. pestis strains expressing YopJKIM or YopJC172A or left uninfected (U).  Medium from 
infected macrophages was collected at 24 hr post infection and immunoblotted for HMGB1. 
Total cell lysate (Lys) was used as a positive control.  Position of molecular weight standard 
(kDa) is shown on the left. 
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Figure 4.6. KIM5-infected necrotic macrophages contain active caspase-1. BMDMs were 
seeded on glass coverslips in a 24-well plate and infected with Y. pestis strains expressing 
YopJKIM or YopJC172A. FAM-YVAD-FMK was added at 9hr post infection to stain for active 
caspase-1 and PI uptake assay was performed immediately before microscopic analysis. (A) 
Representative images of phase, active caspase-1 (green) and PI uptake (red) signals captured by 
digital photomicroscopy are shown in a-c and e-g, respectively. Panels d and h show merged 
images of green and red signals. (B) Average percentages of BMDMs positive for active 
caspase-1, PI or both signals was calculated (~100-300 cells per field) from three random fields 
in three independent experiments.  

B 
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Figure 4.7. RIP1 is not required for YopJKIM-induced cell death or IL-1β secretion. 
BMDMs were treated with 30uM RIP1 inhibitor necrostatin-1 or vehicle 1 hr prior to and during 
infection. BMDMs were infected with Y. pestis strains expressing YopJKIM or YopJC172A or left 
uninfected (U). Supernatants were collected and LDH release (A) and secreted IL-1β (B) were 
measured at 8 hr or 24 hr post-infection from three independent experiments. Results shown are 
averages and error bars represent standard deviations ( , P<0.01 as determined by one way 
ANOVA as compared to YopJKIM no inhibitor). 
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Figure 4.8. ROS are not required for cytotoxicity or IL-1β secretion in macrophages 
infected with KIM5. BMDMs were treated with 10uM of DPI or 10mM of NAC or left 
untreated for 2 hours.  (A and B) BMDMs were infected with Y. pestis strains expressing 
YopJKIM or YopJC172A or left uninfected (U). Supernatants were collected at 8 hr and 24 hr post-
infection and analyzed by IL-1β ELISA (A) or LDH release assay (B). (C and D) BMDMs 
treated or not with DPI or NAC as above were exposed to 50ng/ml of LPS for 3hr.The treated 
BMDMs were then exposed to 5mM ATP for 1 hr to activate pyroptosis. Supernatants were 
tested by IL-1β ELISA (C) or LDH release assay (D). Results shown are the averages from three 
independent experiments. Error bars represent standard deviations ( , P<0.01; , 
P<0.001, determined by one way ANOVA as compared to LPS+ATP no inhibitor) . 
 

 

  



92 

 

 
 

 

 

 
 
 
 

 

A B



93 

 

Figure 4.9. Inhibitors of cathepsin B reduce caspase-1 activation in macrophages infected 
with KIM5. BMDMs were left untreated or treated with 25uM of E64d or CA-074 Me (CA) for 
1 hr. Following infection with Y. pestis strains expressing YopJKIM in the absence or presence of 
the inhibitors, supernatants were collected (A, B) or microscopic assay was performed (C). IL-1β 
ELISA (A) and LDH release assay (B) was done on supernatants collected 24 hr post-infection. 
Results shown are the averages from three independent experiments. Error bars represent 
standard deviations. ( , P<0.01 as determined by one way ANOVA as compared to KIM) (C) 
Infected BMDMs on coverslips were incubated with FAM-YVAD-FAM 9hr post-infection 
stained for active caspase-1 (green) for 1 hr and PI uptake (red) immediately before observation. 
Representative images of phase, green and red signals were captured by digital photomicroscopy. 
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Figure 4.10 Model of caspase-1 activation and cell death in Yersinia-infected macrophages 
triggered by YopJ. NF-κB blocks necrosis downstream of TLR4 and LPS interaction. Unknown 
negative regulators of the inflammasome components NRLP3 and caspase-1 are also transcribed 
through NF-κB pathway. When YopJ is translocated into macrophages by Yersinia infection, the 
NF-κB pathway is inhibited by IKKβ acetylation. Necrosis and inflammasome/ caspase-1 
activations are de-repressed. Meanwhile, K+ efflux and lysosomal cathepsin B release resulting 
from necrosis may synergically activate NLRP3 and caspase-1. 
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Chapter 5.  The role of caspase-1 in in vivo Yersinia infection 

 

 

 

5.1 Summary 

Caspase-1 plays a protective role in many microbial infections (124, 164, 173). As I showed in 

previous chapters, Y. pestis KIM5 infection triggers YopJ-dependent caspase-1 activation and 

IL-1β secretion in macrophages. Therefore, YopJ-mediated caspase-1 activation may also affect 

survival of Yersinia-infected mice. Two recent in vivo studies demonstrated that Y. 

pseudotuberculosis and Y. pestis strains ectopically expressing highly cytotoxic YopP are 

attenuated compared to the YopJ-expressing strain background (21, 220). Zauberman et al. 

showed that the YopP expressing Y. pestis strain could work as a vaccine to protect mice from 

concurrent lethal infection with a virulent Y. pestis strain (220). This rapid and efficient 

protection is unlikely to be mediated by an adaptive immune response, but rather an innate 

immune response (220). My previous results indicated a positive correlation between YopJ 

cytotoxicity and caspase-1 activation, therefore, we hypothesized that the attenuation of highly 

cytotoxic YopP-expressing Yersinia strains may come from activation of caspase-1. Thus, I 

expected to see a decreased survival rate in Casp1-/- mice as compared to wild type mice 

following challenge with a YopP-expressing strain. In this chapter, I constructed Y. 

pseudotuberculosis strains encoding YopP or YopJYPTB isoforms, and verified that the YopP-

expressing strain caused high-level secretion of IL-1β following macrophage infection. Caspase-

1 knockout and wild type mice were orogastrically infected with the YopP- or YopJYPTB-

expressing Y. pseudotuberculosis strains, and survival was recorded. 



96 

 

5.2 Introduction 

A protective effect of caspase-1 has been determined by infection of caspase-1 knockout mice 

with a variety of bacterial pathogens. An increased survival rate and lower bacterial burden in 

organs were detected in wild type as compared to caspase-1-deficient mice, indicating a caspase-

1-based protective immune responses (124, 164, 173). The contribution of caspase-1 against 

infection cannot be explained only by IL-18 and IL-1β production. Pyroptosis is also beneficial 

for the host against pathogen infection (130). For example, neutrophils may phagocytose and 

eradicate bacteria released from pyroptotic macrophages (130). Yersinia strains expressing the 

hypercytotoxic YopP isoform are more attenuated in mouse models as compared to strains 

expressing less cytotoxic YopJ, which was suggested by the authors to result from killing of 

infected macrophages which protect bacteria from neutrophils (21, 220). According to my results, 

Yersinia strains expressing the highly cytotoxic YopJKIM isoform cause strong caspase-1 

activation in infected macrophages. Thus, I hypothesized that Yersinia strains expressing the 

hypercytotoxic YopP isoform would also be able to induce even stronger caspase-1 activation 

and IL-1β release in macrophages. To determine if the increased survival rate of mice infected by 

YopP-encoding Yersinia strains requires caspase-1, isogenic Casp1+/+ and Casp1-/- mice were 

utilized.  

5.3 Experimental Methods 

Bacterial strains and growth conditions. The pACYC184 plasmids encoding Y. enterocolitica 

8081 YopP or Y. pseudotuberculosis IP2666 YopJ (termed as YopJYPTB) were a kind gift of Dr. 

Igor Brodsky (21). Condon changes were introduced into the plasmid encoding YopJYPTB to 

yield YopJKIM (F177L) or into the plasmid encoding YopP to yield YopPC172A (C172A) using 

Quikchange (Invitrogen). Y. pseudotuberculosis strain IP2666ΔyopJ (termed as IP26, Table 2.1) 
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(114) was transformed with pACYC184 or pACYC184 plasmids encoding the different YopP or 

YopJ isoforms. Plasmid transformation of IP26 was achieved by electroporation, followed by 

selection on Luria Broth (LB) plates containing chloramphenicol (30ug/ml) (114). Cultures of Y. 

pseudotuberculosis for macrophage infection were prepared as described in Chapter 2. 

Bone marrow macrophage isolation and culture conditions. BMDMs were isolated from the 

femurs of 6- to 8-week-old C57BL/6J female mice (Jackson Laboratories) and cultured as 

previously described in Chapter 2. 

Mouse infection assay.  The mouse infection protocol was approved by the Stony Brook 

University IACUC. Caspase-1-deficient (Casp1-/-) mice on the C57BL/6 background (218) were 

obtained from Richard Flavell and Craig Roy, Yale University. The Casp1-/- mice upon receipt 

had been backcrossed to C57BL/6 mice for 7 generations. The Casp1-/- mice were backcrossed to 

C57BL/6J mice (Jackson Laboratories) for an additional three generations. Deletion of both 

Casp1 genes in offspring was verified by PCR.  The offspring were mated to generate colonies 

of Casp1-/- or Casp1+/+ mice that were used for infection at 8-10 weeks of age. Y. 

pseudotuberculosis cultures were grown overnight with shaking in LB at 26°C. Bacteria were 

harvested by centrifugation and resuspended in PBS. Male and female mice were fasted for 14-

16 hr prior to infection. Infection was achieved orogastrically with 1x109 colony forming units of 

bacteria in 0.2 ml of HBSS using a 20 gauge feeding needle. Mice were monitored three times a 

day for 21 days. Mice displaying severe signs of disease and deemed unable to survive were 

euthanized by CO2 asphyxiation. 

IL-1β ELISA. IL-1β was measured from supernatants of infected macrophages by ELISA 

according to manufacturer’s instructions (R&D). 
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LDH Release. Cell death of infected macrophages was determined by CytoTox-96 

nonradioactive cytotoxicity assay (Promega) from supernatants following manufacturer’s 

instructions. The total LDH release was made by freezing and thaw untreated cells. The 

percentage of dead cells was calculated as followed: (sample LDH-background LDH)/ (total 

LDH-background LDH) × 100%. 

Statistical analysis. Statistical analysis was performed with Prism 4.0 (Graphpad) software. The 

statistic for survival curve was calculated by LogRank assay. P values of less than 0.05 were 

considered significant. 

5.4 Results 

Enhanced YopP-mediated macrophage cell death is associated with elevated levels of IL-1β 

release. Higher levels of cell death are observed when dendritic cells are infected with Y. 

pseudotuberculosis ectopically expressing YopP as compared to the native isoform YopJYPTB 

(21). Two amino acid polymorphisms in the N-terminal region of YopP specify increased 

secretion, translocation and cytotoxic activity as compared to YopJYPTB (21). Macrophages were 

infected with Y. pseudotuberculosis ectopically expressing YopP to determine if the enhanced 

cell death caused by this isoform is correlated with higher caspase-1 activation and IL-1β 

secretion. Macrophages were also infected with Y. pseudotuberculosis expressing catalytically 

inactive YopP (YopPC172A), the native isoform YopJYPTB, or YopJKIM. The different isoforms 

were expressed from a low copy plasmid (pACYC184) in a Y. pseudotuberculosis ΔyopJ mutant 

(IP26). Higher cytotoxicity and IL-1β release was detected in macrophages infected with Y. 

pseudotuberculosis expressing YopP as compared to the other isoforms or the control strain with 

the empty vector (Figure 5.1A and B). In ranking the different isoforms YopP had the highest 

cytotoxicity, YopJYPTB the lowest killing effect, and YopJKIM was intermediate. IL-1β release 
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followed the same order YopP> YopJKIM > YopJYPTB, which further supports the idea that cell 

death and caspase-1 activation are mechanistically linked.  

Caspase-1 is not required for innate host protection against Yersinia endowed with 

enhanced cytotoxicity.  Y. pseudotuberculosis or Y. pestis strains ectopically expressing YopP 

are attenuated in orogastric (21) or bubonic (220) models of mouse infection, respectively. The 

basis for attenuation of Yersinia strains endowed with enhanced cytotoxicity is not known, but it 

appears to result from an increased innate immune response and does not require CD8 T cell 

activation (21, 220). To determine if activation of caspase-1 is important for the increased innate 

immune response to Yersinia endowed with enhanced cytotoxicity, Casp1+/+ or Casp1-/- 

C57BL/6 mice were orogastrically infected with Y. pseudotuberculosis ectopically expressing 

YopP. Control mice were infected with Y. pseudotuberculosis ectopically expressing YopJYPTB. 

Mouse survival was recorded over 21 days.  As shown previously (21) more Casp1+/+ mice 

infected with YopP-expressing strain survived as compared to mice infected with YopJYPTB-

expressing bacteria (Figure 5.2A). However, Casp1-/- mice also showed enhanced survival 

following challenge with the YopP-expressing Y. pseudotuberculosis, indicating that caspase-1 is 

dispensable for the increased innate immune response to Yersinia with enhanced cytotoxicity. 

When the results were grouped according to the infecting strain while ignoring mouse genotype, 

the survival of mice infected with Y. pseudotuberculosis expressing YopP was significantly 

higher than the mice infected with bacteria expressing YopJYPTB (Figure 5.2B, P<0.01). 

5.5 Discussion 

Brodsky et al. reported that Y. pseudotuberculosis ectopically expressing YopP was more 

attenuated than the same strain expressing YopJYPTB in a mouse oral infection model (21). The 

author suggested that the hypercytotoxic strain eliminated infected macrophages that served as a 
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niche for Yersinia survival in vivo (21). Another study showed that a Y. pestis strain ectopically 

expressing YopP was attenuated in a mouse bubonic infection model (220). In addition, mice 

infected with the hypercytotoxic attenuated strain were protected against concurrent challenge 

with fully virulent Y. pestis (220). We hypothesized that the highly cytotoxic YopP could 

stimulate efficient caspase-1 activation in vivo leading to protection based on caspase-1 

activation. In an in vitro macrophage infection, Y. pseudotuberculosis expressing YopP, the same 

strain used in Brodsky’s study (21) triggered higher levels of IL-1β secretion and cytotoxicity 

than YopJKIM (Figure 5.1A and B). This result confirmed the idea that there is a direct correlation 

between the cytotoxic potential of different YopJ/P isoforms and the level of IL-1β secretion in 

macrophage infection. So, YopP may elicit robust caspase-1 activation in vivo. However, 

resistance to the YopP-expressing strain did not show a difference between Casp1+/+ and Casp1-

/- mice (Figure 5.2A). When we pooled the results from caspase-1 deficient mice and wild type 

mice together, survival of mice infected with the YopP-expressing strain was significantly higher 

as compared to mice infected with the YopJYPTB-expressing strain. Thus, we obtained the same 

results as shown in Brodsky’s study (21) (Figure 5.2B), proving that our in vivo assay was 

conducted correctly. It seems that caspase-1 does not protect mice from oral infection with 

Yersinia strains with enhanced cytotoxicity and the underlying mechanism for the attenuation of 

YopP-expressing strain is still unclear. It needs to be emphasized that YopJ/P-dependent 

caspase-1 activation has not been detected in mice. It is possible that caspase-1 is not activated or 

activated to similar levels in mice challenged with either strain. Zauberman et al. showed that 

increased protection against infection with YopP-expressing Y. pestis was obtained in 

subcutaneous challenge, but the attenuated strain was highly virulent in the intranasal or 

intravenous infection, revealing that infection route can affect the survive rate intensively (220). 
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In addition, caspase-1-based protection may be too subtle to show a significant difference in 

survival. So organ burden assay and IL-1β serum level need to be tested instead of survival curve. 
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Figure 5.1. Enhanced YopP-mediated macrophage cell death is associated with elevated 
levels of IL-1β release. Y. pseudotuberculosis IP26 (ΔyopJ) carrying the empty pACYC184 
plasmid (pACYC) or pACYC184 encoding the indicated YopP or YopJ isoforms was used to 
infect BMDMs. Twenty four hours post-infection, medium was collected for IL-1β ELISA (A) 
and LDH release assay (B). Results shown are the averages from three independent experiments. 
Error bars represent standard deviations ( , P<0.01; , P<0.001 as determined by one 
way ANOVA as compared to pACYC condition). 
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 Figure 5.2. Caspase-1 is not required for innate host protection against Yersinia endowed 
with enhanced cytotoxicity. Six to eight-week old Casp1+/+ (wild type, WT) or Casp1-/- 
C57BL/6J mice were infected orogastrically with 1x109 CFU of Y. pseudotuberculosis IP26 
carrying pACYC184 encoding YopP or YopJYPTB. Results shown are pooled from two 
independent experiments. Mouse survival was monitored for 21 days. (A) Comparison in 
caspase-1 or wild type mice with YopP or YopJYPTB. Total numbers of mice infected are shown 
in parenthesis. (B) Comparing between YopP and YopJYPTB. Significant differences in survival 
curves were determined by LogRank test (P<0.01 comparing infecting strain groups). 
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Chapter 6. Conclusion Remarks and Future Directions 

 

 

 

My studies in this dissertation focused on the mechanism of caspase-1 activation and cell death 

in in vitro macrophage infection with Yersinia and determined the role of caspase-1 in host 

protection using an in vivo mouse model.  

Lilo et al. showed that YopJKIM is required to trigger enhanced caspase-1 activation, IL-

1β secretion and cytotoxicity in Y. pestis-infected macrophages (114). When YopJKIM was 

expressed in a Y. pseudotuberculosis strain, it conferred on the strain a significantly increased 

ability to induce cell death and IL-1β secretion (114). In Chapter 2, I identified two amino acid 

changes at residues 177 and 206 that are necessary for the increased activity of YopJKIM as 

compared to other YopJ isoforms. The amino acid changes allow YopJKIM to inhibit the NF-κB 

pathway more efficiently as compared to other YopJ isoforms, in part by up-regulated binding to 

IKKβ. In Chapter 3, I obtained evidence that inhibition of IKKβ by YopJKIM is important for 

caspase-1 activation in Yersinia-infected macrophages, which extended the finding from Greten 

et al. showing that the NF-κB pathway negatively controls caspase-1 activation (74). When I 

infected IKKβ deficient (IkkβΔ) macrophages with Y. pestis strains expressing different YopJ 

isoforms, or treated macrophages with a small molecule IKKβ inhibitor, I found that caspase-1 

activation was amplified as compared to that seen in the wild type macrophages or to the no-

inhibitor condition. Measurement of Ikkβ mRNA levels and IKKβ protein amounts by Western 

blot provided evidence that IkkβΔ macrophages contain 50% less IKKβ than IkkβF/F macrophages 

(data not shown), but we do not know if some “IkkβΔ” cells have a complete deletion of both 
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alleles while others have no deletions, or the whole population is has half of the alleles deleted. 

So in this case, it is hard to determine if caspase-1 hyperactivation really happens in the IkkβΔ 

macrophages. In the future, a reporter gene for Ikkβ expression could let us know if caspase-1 is 

profoundly activated exclusively in the knockdown cells by examining the reporter and caspase-

1 fluorescent staining. Since very little is known about signaling pathway(s) controlling 

inflammasome/caspase-1 activation, it would be very valuable to uncover the NF-κB-regulated 

factor(s) interacting negatively with inflammasomes/caspase-1. This chapter focused primarily 

on understanding the negative regulation caspase-1 by IKKβ and the NF-κB pathway, since 

YopJ targets this line of signaling. However, it is likely that the TLR4 signaling pathway 

contributes positive signals for activation of caspase-1 in Yersinia-infected macrophages or in 

macrophages treated with IKKβ inhibitors, and it would be interesting to know more about this 

mechanism. It would also be interesting to test a variety of IKKβ inhibitors in this assay, 

especially inhibitors of different classes (e.g. IKKγ binding peptides and Hsp90 inhibitors (101) 

to see if the same results would be obtained. 

In Chapter 4, I aimed to determine the macrophage death pathway triggered by Y. pestis 

KIM5 infection and molecular patterns that could be recognized by the NLRP3 inflammasome. 

Our previous results showed that macrophage death is independent of caspase-1 and NLRP3 

(114, 227). This is unusual, because all known pathogen-induced macrophage death mechanisms 

that are associated with caspase-1 activation are caspase-1 or inflammasome-dependent (37). A 

very important question we need to answer in the future is if the IL-1β production is an autocrine 

effect, i.e. that only bacteria-containing macrophages produce IL-1β, or a paracrine effect in 

which bacteria-containing macrophages secrete some factor triggering neighbor uninfected 

macrophages to produce IL-1β. A Y. pestis  strain expressing GFP has been constructed, so 
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staining for active caspase-1 could help determine if GFP positive bacteria co-localize with the 

caspase-1 positive cells, Alternatively, after the infection, GFP positive cells could be sorted by 

FACS and IL-1β ELISA used to measure cytokine secretion. As to the classification of cell death, 

although the evidence supports necrosis occurring in macrophages infected with Y. pestis KIM5, 

we cannot distinguish between primary necrosis and secondary necrosis. Under our in vitro 

infection conditions, without removal of nascent apoptotic cells by phagocytes, apoptosis can 

proceed to secondary necrosis in the end (183). In our in vitro infection model, weak apoptosis is 

observed and may cause necrosis at a later stage. A time-lapse microscopy experiment would 

supply powerful evidence of such a kinetic morphology change. According to LDH release and 

IL-1β secretion time course studies, as well as caspase-1/PI double staining, and cathepsin B 

inhibitor results, we hypothesized that K+ efflux and cathepsin B released from necrotic 

macrophages activate NLRP3/caspase-1. However, as YopJ can block IKKβ activity to elicit 

both caspase-1 activation and cell death (Chapter 2 and 3), we could not rule out the possibility 

that caspase-1 and cell death may not be correlated to each other, but only correlated to 

inhibition of IKKβ. So in the future, if a new inhibitor could be made available to specifically 

abrogate necrotic death, it would be very meaningful to check if caspase-1 activation occurs in Y. 

pestis-infected macrophages when necrosis is blocked. The cathepsin B inhibitor study examined 

the possibility that lysosomal cathepsin B activates NRLP3 during infection. However, in KIM5-

infected macrophages, lysosome acidification was not detectable, indicating that lysosomes may 

not undergo destruction (159). In the future, cathepsin B release and lysosome rupture have to be 

evaluated by cathepsin B staining or lysotracker. Additionally, KIM5 infection should be 

conducted in cathepsin B deficient macrophages.   
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We performed an in vivo assay to test if caspase-1 is important for the enhanced 

protective innate immune response that mice exhibit against Yersinia strains with the 

hypercytotoxic phenotype. Importantly, I showed that a Y. pseudotuberculosis strain ectopically 

expressing YopP did cause enhanced cytotoxicity and caspase-1 activation in infected 

macrophages in vitro. However, when this hypercytotoxic strain was used in orogastric infection, 

Casp1+/+ and Casp1-/- mice were equally resistant to challenge.  In addition, the Casp1+/+ and 

Casp1-/- mice were equally sensitive to challenge with the strain expressing YopJ, with a native 

cytotoxic phenotype. Thus, our data show that caspase-1 has no major protective effect for 

survival of mice infected by this route with Y. pseudotuberculosis strains exhibiting normal or 

hypercytotoxic phenotypes. Destruction of cells containing intracellular bacteria may be the 

underlying mechanism of host resistance to Yersinia strains expressing highly cytotoxic YopP 

(19, 216). Other infection routes with Y. pestis should be examined, since Zauberman et al. found 

that a YopP-expressing hypercytotoxic strain was only attenuated in subcutaneous mouse 

infection, not in pneumonic and septicemic models (220). Our data do not rule out the possibility 

that caspase-1 is important for the enhanced innate immune response of mice against YopP-

expressing Y. pestis. Additionally, since a subtle protective role for caspase-1 may not be 

revealed in a survival test, organ burden assays or measurements of serum IL-1β levels may 

show that caspase-1 does significantly impact the immune response to Yersinia infection. 

Besides the short-term effect, T cell responses have been demonstrated to be important for 

protection of mice from secondary Yersinia infection (7, 12, 149). Transferring murine T cells 

raised in mice immunized with Y. pestis to naïve mice significantly decreased mortality of Y. 

pestis lethal challenge (149). Depletion of CD8+ T reduced resistance to virulent Y. 

pseudotuberculosis in mice vaccinated with attenuatedY. pseudotuberculosis (12). Bergman et al. 
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demonstrated that during in vitro Yersinia infection, CD8+ T cells are required for directing 

activated macrophages to phagocytose bacteria-associated antigen presenting cells.This result 

suggests that CD8+ T cells may kill bacteria attached to antigen present cells indirectly by 

facilitating bystander phagocytes to remove apoptotic antigen presenting cells and their attached 

bacteria (12). Because IL-18 is processed by caspase-1, and promotes T cell activation (131, 195, 

215, 216), it would be interesting to know if caspase-1 is involved in T cell priming during 

immunization with attenuated Yersinia strains.  This could be tested by measuring T cell 

activation in Yersinia-immunized Casp1-/- mice.  
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