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Rickettsiae are Gram-negative, obligately intracellular bacteria that infect endothelial cells 

and macrophages. The molecular mechanisms involved in interaction of rickettsiae with 

macrophages, however, remain poorly understood. In this dissertation, I have investigated 

the canonical and non-canonical inflammasome activation by rickettsiae in mouse 

macrophages. The central hypothesis is that activation and priming by lipopolysaccharide 

(LPS) of caspase-11 and ASC-dependent inflammasomes in macrophages is essential for 

host clearance of rickettsia through mediating the secretion of IL-1β, IL-18, and induction 

of pyroptosis. Specific Aim 1 focuses on the role of caspase-11-dependent inflammasome 

activation in host response against rickettsial infection and the activation mechanisms 

involved. The hypothesis of this aim is that caspase-11 is likely not protective in a mouse 

model of rickettsial infection. In vitro, inflammasome activation in mouse BMM is ASC 

dependent and partially caspase-11 dependent. Specific Aim 2 has more clearly 

demonstrated the role of rickettsial lipopolysaccharide in priming and activating the 

inflammasome in mouse macrophages. Rickettsial LPS can act as the inflammasome-

priming signal 1 component through TLR4, although other priming mechanisms do exist 
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for inflammasome activation in macrophages during rickettsial infection. Additionally, 

rickettsial LPS transfected to the cytosol of macrophages indicates that rickettsial LPS can 

be sensed intracellularly by caspase-11, though the availability and structure of this ligand 

may contribute to low levels of activation through the caspase-11-dependent 

inflammasome activation pathway during infection. Taken together, our data, for the first 

time, illustrate the activation of inflammasome by rickettsiae in macrophages and the 

mechanisms involved. 
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Chapter 1 

 

INTRODUCTION 

Rickettsia australis, the etiologic agent of potentially deadly Queensland tick 

typhus and a member of the spotted fever (SFG) group of Rickettsia, infects macrophages, 

dendritic cells, and its main target, endothelial cells (Dantas-Torres 2007, Sexton 1991, 

Walker 1989). SFG rickettsiae were responsible for over 1900 infections in the US alone 

in 2010, and mortality can approach 60% if untreated (Dantas-Torres 2007, Parola 2013). 

Rickettsiae are transmitted through the bite of an infected tick and can cause 

significant human disease. Rickettsial infections are often hard to diagnosis, due to general 

symptoms, such as a headache, fever, and myalgia. Clinical features of rickettsial diseases 

correspond to damage done to target cells and organs. SFG rickettsia-infected individuals 

exhibit increased levels of IFN-g, TNF-a, IL-6, and IL-10 during the acute phase of 

infection (de Sousa 2007).  Rickettsial damage to endothelial cells results in a multifocal 

lymphohistiocytic immune response by the host.  Endothelial cell damage, and following 

vascular injury results in significant increases in vascular permeability. 

While late stage symptoms are quite severe, initial symptoms imitate other viral 

and bacterial illnesses. Generalized symptoms in early rickettsial disease lead to a delayed 

diagnosis. Rapid, sensitive tests are not available for commercial use, and sensitive testing, 

such as PCR, requires that samples are sent out to a specialized center that can take days 

for a confirmatory diagnosis (Portillo 2017). When diagnosed promptly, rickettsial diseases 

can be treated successfully with doxycycline. Some patients, however, develop severe 
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sequelae as a result of rickettsial infection and can include deafness, impaired vision, 

behavioral disturbances and other neurological defects. 

Because of severe late stage disease, debilitating sequelae, lack of rapid and 

sensitive diagnostics and, coupled with high mortality in untreated patients and increasing 

incidence (Parola 2013), there is a need for an effective rickettsial vaccine. Our research 

will contribute to this goal by investigating inflammasome-dependent defense mechanisms 

in myeloid cells. Macrophages are important producers of cytokines, and as a cell type that 

is one of the first to respond to infection (Murray 2011), understanding how early cytokine 

production relates to disease will advance the knowledge of the immune response to 

rickettsial infection.  

Vaccine development for rickettsial diseases has been a difficult undertaking 

because of the diverse spectrum of rickettsial groups.  Strong CD8 and CD4 T-cell 

responses clear rickettsial infections, but no vaccine has been developed using cross-

protective T-cell epitopes.  Little is known about the first interactions rickettsiae have with 

the innate immune system, including the first interactions of rickettsiae with professional 

antigen presenting cells.  Typically, the cytokines produced by macrophages upon infection 

with bacterial or viral pathogens lead to other immune cells production of pro-

inflammatory cytokines, which polarizes the subsequent adaptive immune response. In the 

last ten years, the intracellular innate immune signaling platform in macrophages, known 

as the inflammasome, has been researched closely as a mechanism of early host immune 

defense. The inflammasome plays an important role in accelerating appropriate pro-

inflammatory immune responses for the rapid clearance of intracellular pathogens.  The 

gap in knowledge in our study is that it is largely unknown how the inflammasome 
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responds to rickettsial infection, and the mechanisms involved in proper inflammasome 

activation in response to rickettsiae. 
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REVIEW OF LITERATURE 

 

Rickettsiae and Rickettsial Disease 

 

Introduction 

Rickettsiae are small, coccobacillary alpha-proteobacteria, and are obligately 

intracellular bacteria (Wolbach 1923). Pathogenic rickettsiae in the typhus and spotted 

fever groups are the most well-known due to their high virulence and mortality, especially 

in the pre-antibiotic era (Wolbach 1925, Wolbach 1950). There are four groups based on 

phylogenetic analysis: Ancestral group (AG), transitional group (TRG), typhus group 

(TG), and spotted fever group (SFG) (Gillespie 2008). Rickettsiae have been described in 

a variety of host genera, and have been found all over the world (Parola 2013). Rickettsiae 

are most commonly associated with arthropods, including ticks, mites, and fleas.  

The rickettsial genome is quite small as a result of reductive evolution (Andersson 

1998). R. prowazekii, for example, contains slightly over 1 million base pairs and encodes 

about 840 genes (Andersson 1998). Rickettsiae grow independently of a number of host 

cell processes, including protein synthesis, cell division, and synthesis of DNA and RNA 

(Weiss 1972, Weiss and Dressler 1952). Rickettsiae do not synthesize amino acids or 

nucleosides and rely on the host cell to provide them (Andersson 1998, Austin and Winkler 

1987). Rickettsiae parasitize host ATP through a bacterial membrane-bound ATP/ADP 

translocase (Wolf 1999). Rickettsiae import host ATP for hydrolysis to generate membrane 

potential (Wolf 1999). The significant number of ATP/ADP translocase genes in some 

species of rickettsiae indicates that rickettsiae use a significant amount of ATP, or 



 

25 

compensate for low cellular ATP in the late stages of infection. Some species have full 

TCA cycles and respiratory complexes; however, they must also obtain metabolic 

intermediates from the host in order to run these cycles (Winkler 1986). Additionally, they 

contain no genes for anaerobic glycolysis (Bovarnick and Snyder, 1949).  

 

 

Pathogenesis of Rickettsial Disease 

 

Spotted fever group and typhus group rickettsiae mainly target endothelial cells, 

while macrophages and dendritic cells are considered secondary targets.  Early in infection, 

rickettsiae target endothelia located in small and medium blood vessels (George 1993, 

Silverman 1984). As infection progresses, rickettsial dissemination through the 

bloodstream, and perhaps through immune cells such as macrophages, leads to disease of 

larger vessels (George 1993, Silverman 1984). For infection to occur, rickettsiae must 

adhere to and enter a metabolically viable host cell. Adherence is dependent upon surface 

cell antigen (Sca) proteins. At least 15 Sca genes have been identified in rickettsiae; 

however, the most conserved are sca0, sca1, sca2, and sca5 (Blanc 2005). OmpA (encoded 

by sca0) and OmpB (encoded by sca5) proteins in particular play a critical role in 

attachment and invasion into the host cell. While OmpB has been shown to be sufficient 

for rickettsial binding and invasion (Chan 2009), there are likely other Sca proteins 

involved in this process.  

Host cells take up the bacteria via induced phagocytosis in non-phagocytic cells by 

caveolin- and clathrin-dependent endocytosis. Rickettsiae bind to host cell Ku70 via OmpB 
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(Martinez 2005). Ku70, a DNA-dependent protein kinase, is present in lipid rafts at the 

surface of the host cell and has been suggested to have a function in cholesterol dependent 

invasion of the host cell (Martinez 2005, Ramm 1976). Binding of Ku70 by OmpB, which 

is associated with the host b1 integrin, sets off a signaling cascade resulting in recruitment 

of Cdc42, phosphoinosotidyl 3-kinase, and src-family kinases. The signaling cascade 

causes phosphorylation of focal adhesion kinase, inducing Arp2/3 dependent phagocytosis 

of the bacteria (Martinez 2004).  

 SFG rickettsiae also utilize OmpA for adherence, which binds to host cell a2b1 

integrin (Monferran 2004). Other Sca proteins involved in invasion into host cells include 

Sca1 and Sca2. Sca1 is an autotransporter described in R. conorii (Riley 2010) and is 

necessary for R. conorii adherence to the host cell. Sca2 is sufficient for R. conorii 

adherence and invasion of host cells (Cardwell 2009). Interestingly, Cardwell et al. have 

suggested that Sca2-dependent adherence and invasion is independent of Ku70, indicating 

that additional mechanisms may be present for rickettsial entry into the host cell. Sca2 has 

also been implicated in mediating Arp2/3 independent mobility in SFG rickettsiae 

(Haglund 2010, Serio 2010). 

 Upon internalization, rickettsiae escape the phagosomal vacuole into the cytosol 

of the host cell where they live freely (Whitworth 2005). Once in the phagosomal vacuole, 

the microcapsular layer of rickettsiae interacts with the host vacuolar membrane. Here 

rickettsia produces hemolysin C, via the tlyC gene, and phospholipase D, via the pldA gene, 

for membrane disruption. Within thirty to fifty minutes, the membrane becomes 

osmophilic, and holes begin to appear, allowing rickettsia to escape into the cytosol. 

Therefore, rickettsiae presumably escape before phagolysosomal fusion.  
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Once in the cytosol, spotted fever group rickettsiae will induce polymerization of 

cellular actin by RickA, a protein mediating actin polymerization in SFG rickettsiae and 

recruitment of Arp2/3 complex. RickA contains a Wiscott-Aldrich syndrome protein 

(WASP) domain, enabling it to bind to actin monomers and the Arp2/3 complex (Gouin 

2004, Jeng 2004). RickA is likely an important component of rickettsial virulence, as it is 

one of the proteins that enable SFG rickettsiae to move from cell-to-cell, generating a 

disseminated infection (Simser 2005). Typhus group rickettsiae, however, do not possess 

mechanisms of actin polymerization, or in the case of R. typhi, relatively little actin 

polymerization (Heinzen 2003). Typhus group rickettsiae grow and divide in the host 

cytosol until host cell lysis frees them into the extracellular space, allowing them to infect 

nearby cells (Schaechter 1957).  

Components of a type 4 secretion system (T4SS) have been identified in the 

rickettsial genome (specifically R. typhi). However, expression of this system in host cells 

during rickettsial infection has not been reported (McLeod 2004). Rickettsial VirB/D T4SS 

has been annotated in the genome (Gillespie 2010), but given the high level of divergence 

of VirB between bacterial species, the structure of these proteins could vary significantly. 

Given the genetic intractability of rickettsiae and undefined expression levels of the 

VirB/D, the function and effectors translocated by this system are still unknown.  

 

Endothelial Cell Responses to Rickettsial Infection 

 

Endothelial cell damage from rickettsiae leads to endothelial cell dysfunction and 

endothelial cell activation (Rydkina 2010). This dysfunction results in acute phase 
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responses and alteration in coagulation. SFG rickettsial infection in endothelial cells in 

vitro results in increases in expression of tissue factor (Sporn 1994), E-selectin (Sporn 

1993), and vascular adhesion molecules (Dignat-George 1997). There are also increases in 

plasminogen activator inhibitor (Drancourt 1990) and increase in secretion of von 

Willebrand factor (Teysseire 1992). Infection with TG rickettsiae increases levels of 

prostaglandins (Walker 1990). The vasoactive properties of this response are mediated by 

cyclooxygenase (COX), and the increase of this enzyme potentially increases vasculitis 

seen during rickettsial infection (Rydkina 2006).  Increases in vascular permeability is a 

hallmark of rickettsial infection.  Changes in the distribution of p120 and beta-catenin 

adherens junctions result in gaps between endothelial cells, likely due to nitric oxide 

independent mechanisms including increases in TNF-a and IL-1b (Woods 2008). 

Increases in endothelial cell activation and vasoactive mediators during infection result in 

vascular permeability and resulting edema.  

Endothelial cells, upon infection with SFG rickettsiae in vitro, secrete IL-6, IL-8, 

and IL-1a (Rydkina 2006) through activation of MAPK and NF-kB dependent pathways. 

IL-6 is thought to play a role in mediating production of acute phase proteins, while IL-8 

is thought to act as a chemoattractant for leukocytes (Kaplanski 2005). IL-1a, although 

fixed to the endothelial cell membrane, can induce secretion of IL-8 and IL-6 in nearby 

endothelial cells. Endothelial cells also increase expression of chemokine receptors such 

as CXC chemokine ligand (CXCL) 9 and 10 (Valbuena 2004). Inflammatory cytokines and 

chemokine production by endothelial cells occur at the peak of the CD8+ T-cell response, 

but it is still unclear whether these responses are protective or contribute to disease 

pathogenesis (Valbuena 2004). Additionally, pro-inflammatory cytokines IFN-g, TNF-a, 
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and IL-1b, while important for induction of nitric oxide synthesis resulting in reducing 

bacterial burden, also leads to increasing oxidant activity that likely contributes to 

endothelial cell damage and dysregulation (Woods 2008). 

Rickettsial infection damages endothelial cells by increases in oxidative stress 

mechanisms, including the production of superoxide anion, hydrogen peroxide, and 

hydroxyl radical (George 1993). These increases in oxidative stress coupled with 

upregulation in mRNA for antioxidants, such as hemeoxygenase-1 (HO-1) (Rydkina 

2002), superoxide dismutase and glucose-6-phosphate dehydrogenase (G6PD), indicate 

that cell injury caused by oxidation and related mechanisms is an important pathology 

during rickettsial infection. Human studies show that patients that are deficient in G6PD 

are significantly more likely to die from rickettsial infection and experience more severe 

forms of the disease (Silpapojakul 1996). Activation of oxidative stress mechanisms 

including hydrogen peroxide and nitric oxide by stimulation of pro-inflammatory cytokines 

IFN-g, TNF-a, and IL-1b have been shown to induce rickettsial killing (Feng 2000). 

As obligately intracellular bacteria, rickettsiae induce a shift in endothelial cells 

toward increased NFkB activity for the prevention of programmed cell death mechanisms. 

The inhibition of NFkB in infected endothelial cells induces caspase-8/9 activation for pro-

apoptotic pathways; therefore, activation of NFkB to maintain mitochondrial structure to 

protect against infection-induced apoptosis is essential for rickettsial survival (Joshi 2003). 

Infection with rickettsiae also results in inhibition mediated by NFkB for B-cell lymphoma 

proteins (Bcl-2) transcription, indicating that rickettsiae repress apoptosis in host 

endothelial cells for their intracellular survival and preservation of their replication niche 

(Joshi 2004). 
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Clinical Features of Rickettsial Infection 

 

  Typically, symptoms of rickettsial infections manifest between 2-14 days post-

infection, with the most common time ~7 days post-infection. Symptoms of rickettsial 

infection are a severe headache, fever, nausea, and vomiting (Biggs 2016). Often patients 

will present with a maculopapular or petechial rash or an eschar at the site of a tick bite, 

which develops between three and 5 days after onset of fever (Walker 1987).  Rocky 

Mountain spotted fever patients typically do not have eschars, but do develop a rash; 

Mediterranean spotted fever patients will usually present with eschars (tache noir) (Drage 

1999, McGinley-Smith 2003, de Sousa 2005). 

Disseminated and late stage infections can cause complications such as cerebral 

edema and pulmonary edema (Walker 1980, Marin-Garcia 1984). Patients may have 

necrosis of the extremities due to vascular dysfunction and destruction, resulting in 

amputation of digits and limbs (Archibald 1995). In patients that recover from severe 

disease, permanent sequelae may be present.  Reported sequelae in patients include hearing 

loss, brain damage, peripheral neuropathy, motor dysfunction and speech disorders (Wei 

1999, Archibald 1995). In fatal cases of rickettsioses, autopsies show interstitial 

pneumonitis and proteinaceous fluid in the lungs and alveolar spaces. Rickettsia is found 

in microvascular endothelium in brain tissues, with perivascular inflammation and 

infiltration of inflammatory cells (Roggli 1985). If not treated, Rocky Mountain spotted 

fever can have a case fatality rate of between 20-60%, while Mediterranean spotted fever 

has a case fatality rate of 4% (Parola 2013). Of the typhus group rickettsiae, murine typhus 
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has a case fatality rate of 1%, and epidemic typhus has a case fatality rate of 15%.   Early 

treatment improves mortality rate, but if treated late, mortality rates remain relatively high 

(Biggs 2016).  

Diagnosis of rickettsial disease is difficult, due to general symptoms and lack of 

diagnostic tests that are effective early in the disease course (McDade 1991). The strongest 

evidence of rickettsial infection is the comparison of acute and convalescent serum for a 4-

fold or greater increase in antibody titer.  PCR for rickettsial DNA is specific. However, 

this depends on the level of bacterial DNA in the serum. Too little DNA from serum 

samples taken in the windows before and after the peak of infection lead to false negative 

or delayed diagnoses, and is therefore not sufficiently sensitive. 

Treatment of rickettsial infection, if diagnosed in time, is very responsive to 

tetracyclines, most notably doxycycline (Munoz-Espin 1986, Purvis 2000), which acts as 

a bacteriostatic agent. 

 

Animal Models for Spotted Fever Rickettsioses 

 

The best-known model for spotted fever rickettsioses is the Rickettsia rickettsii 

guinea pig model (Walker 1977).  Guinea pigs are highly susceptible to R. rickettsii 

infection, and infection induces fever and disseminated vasculitis (Walker 1977), closely 

replicating human infection. Unfortunately, few immunological reagents and no gene-

deficient animals are available for studying the immune responses in guinea pig models.  

Other models of spotted fever group rickettsioses include the C3H/HeN mouse 

model for Rickettsia conorii (Walker 1997), which is to date the best mouse model for 
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rickettsioses. Upon infection with an inoculum slightly higher than LD50, infection of the 

endothelium is established after 24 hours. Disseminated vascular injury occurs over the 

course of infection, along with endothelial activation and hemostatic changes typical of 

rickettsial infection in humans. While functioning as an excellent model for investigating 

the pathology of rickettsial infection, the C3H/HeN background does not have gene 

deficient knockout mice, and cannot be used for mechanistic studies.  

The model for TRG rickettsia R. australis currently provides the best model of 

rickettsioses utilizing the C57BL/6J background mice. R. australis causes invasive disease 

but maintains low toxicity in adult mice (Bell and Pickens 1953). The C57BL/6J mouse 

model also mimics the disseminated endothelial infection and pathology of SFG 

rickettsioses seen in human patients (Walker 2001, Feng 1993). Additionally, the 

C57BL/6J mouse background enables mechanistic studies involving gene knockout mice 

for host defense against rickettsial infection.  

 

Arthropod Vectors and Transmission 

 

Spotted fever group rickettsiae are best known by their arthropod vector, the tick. 

Ixodid ticks (hard ticks), especially Dermacentor ticks, are responsible for the majority of 

SFG rickettsioses, R. rickettsii, in the Americas (Burgdorfer 1975). SFG rickettsia is 

maintained by transstadial (passing infection from one life stage to the next, e.g. nymph to 

adult) and transovarial (female to egg to larva) transmission, and acquisition of rickettsia 

from an infected mammalian host (Burgdorfer 1962, Burgdorfer 1966). It has been 

hypothesized that mammals may serve as an amplifying host for transmission to larvae as 
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nymph ticks. Some studies have indicated interference and competition between rickettsial 

species for transmission and transovarial maintenance in their tick vector (Macaluso 2002), 

which may affect the distribution and number of ticks infected with highly pathogenic SFG 

rickettsia.  

Tick saliva has been implicated in promoting rickettsial infection (Kovar 2004) by 

decreasing activity of responding immune cells such as NK cells and dendritic cells (Kubes 

1994, Cavassani 2005) and reducing production of pro-inflammatory cytokines such as IL-

12 and IFN-g (Kotsyfakis 2006). Immunomodulatory mechanisms of tick saliva, mediated 

in part by sialostatin, have been shown to dampen innate immune responses to both tickbite 

as well as the invading rickettsiae (Kotsyfakis 2006).  

Typhus group rickettsia, however, is spread by the flea, Xenopsylla cheopsis, or 

louse, Pediculus humanus (Wolbach 1925). Both fleas and body lice bite multiple hosts, 

depositing rickettsiae-infected feces that are scratched into the bite site. Fleas and body lice 

can therefore spread TG rickettsia to multiple individuals (Azad 1997). R. prowazekii 

infected lice succumb to infection with this rickettsia 1-2 weeks after infection. Epidemic 

typhus occasionally breaks out into human populations; however, the natural reservoir has 

not yet been confidently identified (Azad 1990). Patients with recrudescent R. prowazekii 

infection could be a source of new outbreaks of epidemic typhus (Azad 1997). R. typhi, the 

causative agent of murine typhus, spread by oriental rat fleas found on rats and cat fleas 

found on opossums, is not lethal to its arthropod host, and can thus be maintained 

transovarially (Azad 1985).   

 

Innate Immune Response to Rickettsial Infection 
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After initial damage to and activation of endothelial cells, acute phase responses 

begin to recruit innate immune cells to sites of rickettsial infection. Macrophages and 

monocytes may contribute to establishment of rickettsial infection and the resulting 

pathogenesis (Curto 2016). Macrophages, natural killer cells, and dendritic cells produce 

T-cell activating cytokines and chemokines during rickettsial infection.  

Rickettsia infects bone marrow derived dendritic cells (BMDC) in vitro. Once 

rickettsia infects DC, DC upregulate production of both receptors and cytokines (Fang 

2007). Receptors such as CD40, CD80, and MHCII are increased, and cytokine secretion 

of IL-2, IL-12p40 and IL-23 also increases, which is important for TH1 polarization (Fang 

2007).  DC is able to present rickettsial antigens to both CD4+ T-cells and CD8+ T-cells, 

and stimulate the production of IFN-g (Fang 2007). Studies have also shown that infected 

DC can both present to and activate CD8+ T-cells in the absence of CD4+ T-cells. Indeed, 

transfer of rickettsia-infected DC to lethally infected mice protects against death by 

limiting bacterial burden, whereas LPS stimulated control DC were partially protective 

(Jordan 2009). These results suggest a role for TLR4 in DC-mediated protection, which 

results in increased T-cell and NK cell activation, as well as increased IFN-g.  

Following on this study, Fang et al delved into the mechanisms by which DC 

mediate protection in vivo. Infecting DC from R. conorii-susceptible C3H/HeN mice and 

DC from resistant C57Bl/6J mice shows that B6 DC internalize and kill rickettsiae more 

effectively (Fang 2007). These DC express higher levels of MHCII, IL-12p40, and are 

more effective at stimulating IFN-g priming for T cells. In contrast, C3H/HeN DC do not 
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differentiate CD4+ T-cells and instead result in expanding the population of FoxP3+CD4+ 

Treg cells (Fang 2009).  

Further DC studies using R. australis in C57BL/6J mice show that MyD88-

deficient mice have decreased expression of MHC-II and lower production of IL-12p40 

(Bechelli 2016). Additionally, serum levels of IFN-g were significantly decreased in 

MyD88-deficient mice, further emphasizing the role DCs have in bridging the innate and 

adaptive immune responses to rickettsiae. The role of MyD88 as an adaptor protein for 

TLR2, TLR4, and TLR9 suggests the importance of innate signaling mechanisms in 

downstream adaptive immunity (Bechelli 2016). 

Data from previous studies have indicated that priming through TLR2, TLR4, and 

TLR9 may contribute to host immunity during rickettsial infection. TLR2 increases cell 

activation upon infection with R. akari, a TRG rickettsia (Quevedo-Diaz 2010). A TLR4 

point mutation in C3H/HeJ mice causes increased susceptibility to R. conorii infection 

(Jordan 2008). Treatment before infection with a TLR9 ligand increases protection against 

R. australis infection (Xin 2012). Additionally, the role of NOD receptors in signaling is 

hypothesized for generating anti-rickettsial responses (Sahni 2013). NOD1 and NOD2 are 

intracytoplasmic sensors of components of peptidoglycan and potentially contribute to 

protection via inducing NFkB activity.  

NK cells are an important IFN-g producing cell type early in infection. Protection 

in rickettisal infection has been associated with NK production of IFN-g (Billings 2001). 

Fang et al. have found that NK cells mediate the innate phase of host immune response 

during R. conorii infection through production of IFN-g (Fang 2012). NK cells also 
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contribute to protection from endothelial cell damage during rickettsial infection, likely 

through perforin production (Fang 2012).  

Though not well characterized in the context of rickettsial infection, dermal 

macrophages are thought to be some of the first cells rickettsiae infect upon entering the 

host (Curto 2016). Macrophages produce significant levels of pro-inflammatory cytokines 

(Murray 2011).  Relatively few studies detail rickettsial killing mechanisms of 

macrophages; however, it has been reported macrophages reduce tryptophan availability 

by increasing expression of degradative enzymes to starve the bacteria (Feng 2000). While 

the innate immune responses produce cytokines and chemokines, robust cellular immunity 

is an important factor in host immunity during rickettsial infection.  

 

Adaptive Immune Response to Rickettsial Infection 

 

A strong adaptive immune response by CD8+ and CD4+ T-cells is required for 

clearance of rickettsiae. Walker et al. found that CD8+ depleted mice were persistently 

infected during an ordinarily sublethal challenge with R. conorii, and a high proportion of 

these animals died due to uncontrolled infection.  While it is noted that CD4+ cells are an 

important source of IFN-g during an infection, which helps endothelial cell rickettsicidal 

activity, CD4+ cell depletion did not alter the outcome of infection (Walker 2001). CD4+ 

T-cells are prolific producers of IFN-g, further polarizing CD8+ T-cells to increase 

rickettsicidal activity.  

CD8+ T-cells are essential for producing sterilizing immunity during rickettsial 

infection. Studies have shown that MHC I and not MHC II cells infected with R. typhi were 
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killed via T-cell mediated cytotoxicity (Rollwagen 1985). Additional studies have 

confirmed this report, demonstrating that R. conorii-infected endothelial cells and R. 

australis-infected splenocytes are also targeted by cytotoxic T-lymphocytes (CTLs) via 

MHC-I (Rollwagen 1986).  Walker et al. have found that CD8+ T-cells are necessary and 

sufficient to eliminate rickettsiae through perforin and granzyme (Walker 2000). Mice 

deficient in MHC-I receptor are 50,000 times more susceptible to infection with R. 

australis than wildtype mice (Walker 2000). IFN-g deficient mice, as well as perforin-

deficient mice, are over 100 times more susceptible and over 1000 times more susceptible 

to rickettsial infection, respectively (Walker 2000).  Together, these data suggest that 

cytotoxic activity of CD8 T-cells is more important in altering the outcome of infection 

than the IFN-g that is produced. Additionally, these data indicate that other cytotoxic 

capacities of CTLs, such as Fas/FasL or granulolysin activities, could be responsible for 

clearing infected cells (Walker 2000).  

Protection against re-infection is partially mediated by antibody production. 

Antibodies raised against OmpA and OmpB are protective against lethal rickettsial 

infection in a passive protection study (Feng 2004a), but antibodies against these proteins 

appear after convalescence and therefore do not contribute to clearing initial infection 

(Feng 2004a). Protection by these antibodies is attributed to increased opsonization and 

phagocytosis of extracellular bacteria (Feng 2004b). Studies suggest that antibodies against 

rickettsiae interfere with the ability of the bacteria to escape the phagosomal vacuole, and 

lead to increased intracellular killing through nitric oxide production or tryptophan 

degradation (Feng 2004b). 

 



 

38 

Role of IL-1 Family Cytokine in Adaptive Immunity 

 

 IL-1 has been implicated as an important cytokine for enhancing T-cell 

proliferation and cytotoxic responses. CD8+ T-cell expansion in lymph node and spleen is 

associated with increased expression of IL-1RI receptor (Ben-Sasson 2013). CD8+ T-cell 

expansion is correlated with IL-1-mediated suppression of apoptosis in this cell population 

(McAleer 2007, von Rossum 2011), which is also in CD4+ T cells. Entry or retention in 

the liver or lung tissue by antigen-educated CD8+ T-cells is dependent on IL-1 at the tissue 

level. IL-1, therefore, appears to be an important mediator in vascular endothelial cell 

permeability for effector cells (Ben-Sasson 2013). CD8+ T-cell dependence on IL-1 for 

regulating adhesion and transmigration into the tissue through chemokine and adhesion 

molecule expression has been well-described (Ding 2000, Pietschmann 1992, Wang 1993, 

Kanda 1995). Priming of CD8+ cells increases levels of granzyme B expression and 

cytotoxic T-cell activity; however, increased granzyme B as well as increased IFN-g 

production by CD8+ cells requires contact with other cells that have increased IL-1RI 

receptor expression (Ben-Sasson 2013). These data suggest that other stimulating factors 

coordinate with IL-1 to enhance antigen-specific T-cell expansion (Thompson 2012). 

 

The Inflammasome 

 

Introduction 
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The inflammasome is a multi-protein intracellular signaling platform. Briefly, the 

inflammasome consists of a sensor protein (or Nod-like protein, NLR), an adaptor protein 

(ASC, or apoptotic speck-like containing protein), and the inactive zymogen, pro-caspase-

1.  Upon stimulation, the inflammasome will assemble and transduce signals, resulting in 

the autoproteolytic cleavage of pro-caspase-1 to activated caspase-1.  Activated caspase-1 

will continue to cleave the pro- forms of IL-1b and IL-18 into their active components, to 

be released from the cell. 

 

Mechanism and Regulation of Canonical Inflammasome Activation 

 

Inflammasomes function by two separate signals. Signal 1 is a priming signal, 

stimulated through TLR or RLR signaling. TLR signaling causes translocation of NF-kB 

to the nucleus and transcription of pro-inflammasome components, including pro-caspase-

1 or pro-caspase-11, and pro- IL-1b and pro-IL-18. Signal 2 is an activating signal that is 

highly dependent on the type of cellular assault (Kofoed 2011), and the NLR transducing 

the signal can be stimulated by toxins, bacterial components such as flagellin or 

intracellular LPS, ROS production, and ion flux.  

In classical inflammasome, NLRP3 is activated via a number of cellular 

perturbations, resulting in ion flux of potassium and sodium, disruption to the 

mitochondria, ROS, or phospholipid cardiolipin (Sutterwala 2006, Mariathasan 2006, 

Kanneganti 2007). NLRP3 is believed to sense the ion flux or cellular perturbations that 

change redox status.  It is possible that stress to the endoplasmic reticulum (ER) results in 

changes in concentrations of Ca2+ ions, resulting in damage to the mitochondria, increasing 
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ROS, culminating in the activation of NLRP3. Regardless of the stress, NLRP3 activation 

recruits ASC and pro-caspase-1 (Sutterwala 2006) for the processing of pro- IL-1b and 

pro-IL-18.  

IPAF is activated by components of bacterial secretion systems (Miao 2006). 

Components of T3SS and T4SS, and even flagellin activate IPAF, and Salmonella, 

Shigella, Legionella, and Pseudomonas all activate this NLR. The CARD domain of 

IPAF/NLRC4 interacts directly with the CARD domain of pro-caspase-1, eliminating the 

need for ASC; however, infections with some bacteria require ASC adaptor activity for the 

optimal production of inflammasome-related cytokines. IPAF can associate with other 

sensor proteins, such as NAIP, and downstream, cell death resulting from NLRC4 

activation is ASC-independent (Mariathasan 2004). Direct interaction of NLRC4 with a 

ligand has not yet been studied, raising the possibility that NLCR4 functions similarly to 

NLRP3 as an intracellular sensor for a common pathway for PAMP signaling (Kofoed 

2011). 

NRLP1 is activated by toxins, particularly anthrax toxin. NLRP1 contains a CARD 

domain and therefore does not need to interact with ASC for signaling capabilities (Hsu 

2008). The only known ligand for NLRP1 is anthrax lethal toxin. K+ efflux may play a 

role in activation of this NLR (Hsu 2008). 

AIM2 is activated by dsDNA (Burckstummer 2009). AIM2 is not an NLR, but a 

HIN-200 protein. AIM2 directly binds dsDNA, and ASC adaptor function is essential for 

full inflammasome activation (Burckstummer 2009). AIM2 can bind viral, bacterial, or 

eukaryotic DNA (Hornung 2010).  
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Mechanism and Regulation of Non-canonical Inflammasome Activation 

 

The non-canonical inflammasome is marked by recruitment and activation of 

caspase-11. Caspase-11 (caspase-4 and caspase-5 in humans) is an inflammatory caspase, 

similar to caspase-1 (Kayagaki, Aachoui 2013).  The only known ligand for caspase-11 

activation is hexacylated LPS from Gram-negative bacteria (Kayagaki 2011, Hagar 2011). 

Caspase-11 has been reported to facilitate other cellular functions, including the 

modulation of actin polymerization to promote the fusion of phagolysosomes containing 

pathogenic bacteria (Akhter 2012). This function of caspase-11 may be relevant in non-

LPS containing infectious disease models, as studies have reported host protection in 

response to Aspergillus fumigatus, fungi which do not possess LPS. Host control of 

infection is dependent on caspase-1 and caspase-11 (Karki 2015, Man 2017). Others have 

reported that Ehrlichia, a close relative of rickettsiae, activate caspase-11 during infection 

(Chattoraj 2013). Ehrlichia also does not encode LPS (Chattoraj 2013), and it has been 

suggested that activation of caspase-11 might induce actin-mediated phagosomal activity 

to eliminate or restrict pathogens in vivo (Man 2017). 

Non-canonical inflammasomes are primed via TLR, Type I, or Type II IFN. One of the 

best-described mechanisms for priming of caspase-11 occurs through IFN-alpha and IFN-

b stimulation through the IFNAR, resulting in STAT1 activation and pro-caspase-11 

transcription. IFN-g may also prime pro-caspase-11 through STAT1 activation (Broz 2012, 

Rathinam 2012). 

Pro-caspase-11 detects intracellular LPS via guanylate binding protein (GBP) assistance 

(Pilla 2014). GBPs are recently described proteins that are inducible by IFN signaling and 
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have been shown to be involved in lysing vacuoles containing bacteria to expose them to 

the cytosolic space, where they can be recognized by the inflammasome (Finethy 2015). 

After pathogen detection, pro-caspase-11 undergoes autoproteolytic cleavage, then cleaves 

the N-terminal of Gasdermin D, which goes on to form pores in the membrane of the host 

cell. Caspase-1 has also been shown to cleave Gasdermin D in certain circumstances (He 

2015). 

Gasdermin D is the relatively recently discovered executioner of pyroptosis, or 

inflammatory cell death (Shi 2015, Kayagaki 2015). Pyroptosis is marked by caspase-1 or 

caspase-11 activation, resulting in cellular contents spilling into the extracellular space (Liu 

2016). The cellular characteristics of pyroptosis are similar in caspase-1 dependent and 

caspase-11 dependent versions:  cell swelling, Annexin V positivity, and TUNEL 

positivity. Mitochondria start to lose membrane integrity, and chromatin condensation can 

be seen, while DNA laddering is markedly absent (Liu 2016). Pyroptosis is considered 

more inflammatory than necrosis due to the activated inflammatory caspases, and 

significantly more inflammatory than apoptosis, which is immunologically silent. 

Pyroptosis is considered to be an important mechanism of cellular defense against invading 

pathogens. Not only does pyroptosis result in spilling of the activated and inflammatory 

caspases for increased immune cell recruitment, pyroptosis exposes the invading pathogen 

to the extracellular space (Liu 2016). Neutrophils responding to this inflammatory release 

can take up pathogens and kill them via ROS (Jorgenson 2016). Another function of 

Gasdermin D is its proposed role in the secretion of IL-1b (He 2015). While there are many 

mechanisms of IL-1b secretion, it is possible that Gasdermin D facilitates the passive 

release of active IL-1b through the pores formed during pyroptosis. 
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  Gasdermin D cleavage results in pyroptosis and canonical NLRP3 activation via 

ion flux (Yang 2015). Upon activation of the caspase-11 dependent canonical 

inflammasome, NLRP3 can then signal through ASC and caspase-1 to cleave pro- IL-1b 

and pro-IL-18 for secretion from the cell. Alternatively, caspase-11 can bypass 

NLRP3/ASC and induce pro-caspase-1 to undergo autoproteolytic cleavage, to then cleave 

pro-IL-1b and pro-IL-18 into their active forms (caspase-11 dependent noncanonical 

inflammasome). It is not yet understood how these different pathways are programmed.  

 

LPS and Innate Immunity 

 

LPS a component of the extracellular “slime layer” of Gram-negative bacteria. LPS 

is recognized by TLR4 on host cells. TLR4 is a conserved Toll-like protein and is present 

in a wide variety of genera, a testament to its importance in host defense in a variety of life 

forms. TLR4 works in concert with two adaptor proteins, MyD88 and TRIF. Signaling 

through one or both of these adaptor proteins leads to priming of inflammasome responses, 

as well as priming for other cellular defense mechanisms (Medzhitov 1998, Yamamoto 

2003, Kawai 1999).  

LPS consists of three domains: Lipid A, the core oligosaccharide, and the O-antigen 

(Alexander 2001). Lipid A is comprised of a disaccharide backbone with up to six acyl 

chains (hexacylated). Most enteric bacteria, including Salmonella sp. and E. coli, produce 

hexacylated LPS, though numbers of acylations vary widely amongst families of bacteria 

(Galanos 1993). The core oligosaccharide consists of multiple sugar residues, and the O-
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antigen consists of repeating sugar residues (Raetz 2002). Both have antigenic properties, 

but the core oligosaccharide antigen is less potent than that of the O-antigen (Raetz 2002). 

LPS is present in the membrane of Gram-negative bacteria, and cannot be sensed 

by the immune system unless it released from the bacterial membrane. TLR4 together with 

MD-2 bind free LPS from the extracellular space or serum (Miyake 2006). When bound in 

the serum, LPS sensing requires lipid A binding protein (LBP). Once bound to LPS, LBP 

can transfer LPS to CD-14 on host cells, which then transfers LPS to MD-2 (Wright 1990). 

MD-2 bound LPS holds five of the six acyl chains in a groove, leaving the sixth acyl chain 

free to interact with TLR4. The amount of acyl chains on LPS directly correlates with its 

ability to induce signaling from TLR4 (Raetz 2002); LPS with four (tetraacylated) or fewer 

acyl chains are not antagonistic to TLR4. Acylation is important for caspase-11 mediated 

recognition of LPS as well; tetraacylated LPS is not recognized by caspase-11 either (Hagar 

2011). 

Many Gram-negative organisms take advantage of this variability of recognition of 

LPS by TLR4 and caspase-11. Yersinia pestis and Francisella tularensis exemplify this 

behavior. At environmental temperature, Y. pestis produces hexacylated LPS, but at host 

body temperature, Y. pestis alters its lipid A structure to produce tetraacylated LPS which 

cannot be recognized by TLR4 or caspase-11. These mechanisms enable Y. pestis to evade 

immune detection (Knirel 2005). Helicobacter pylori and Porphyromonas gingivalis both 

alter their lipid A structure for increased virulence as well (Gaddy 2015, Curtis 2011). 

Very little is known about rickettsial LPS compared to the LPS of enteric organisms 

that are genetically tractable and easily grown, such as Salmonella sp. and E. coli. Few 

structural studies have been done using rickettsial LPS, likely due to a combination of the 
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large quantity and high purity of LPS needed for structural studies and the relatively low 

abundance of LPS found on rickettsial organisms. The rickettsial intracellular lifestyle 

contributes to this problem, as rickettsiae can only be grown in eukaryotic cells, including 

Vero, L929, or chicken embryos. 

 One such structural study of rickettsial LPS revealed that typhus group lipid A 

contains tri-, tetra-, and hexacylated lipid A species in varying quantities (Fodorova 2005). 

A significant minority of LPS species was not hexacylated, which may account for various 

studies that have indicated that LPS is non-endotoxic (Jordan 2008) and do not induce a 

Schwartzman's reaction in rabbits. 

The O-antigen of rickettsial LPS is unique in that it lacks a heptose, one that is 

normally present in the O-antigen of other enteric pathogens, including Salmonella 

(Fodorova 2015, Amano 1998). Because the O-antigen is critical for host innate immune 

sensing, the synthesis of O-antigen without a heptose may aid in rickettsial evasion of the 

immune system. 

 

Inflammasome in Anti-microbial Immunity 

 

Caspase-1 and caspase-11 have been reported to be involved in host defense against 

many different types of pathogens, including bacteria, viruses, and fungi. Gram-negative 

bacteria are commonly associated with caspase-1 and caspase-11 activation; however, 

Gram-positive bacteria, viruses, and fungi induce host defenses related to inflammasome 

activation. Caspase-1/11 double knockout mice have decreased survival when infected 

with Gram-positive Staphylococcus aureus and Streptococcus agalactiae (Hanamsagar 
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2014, Costa 2012), but while these mice have no increase in bacterial burden in a model of 

Staphylococcus infection, they exhibit higher bacterial load in kidneys and lungs in 

Streptococcus models of infection (Costa 2012). Inflammasome activation with Gram-

positive bacteria likely occurs through some component of their cell wall (Albiger 2007), 

or virulent proteins produced, such as Bacillus anthracis lethal toxin (Moayeri 2010). 

Some viral infection models do not show any differences in survival in caspase-

1/11 deficient mice, such as encephalomyocarditis virus (Rajan 2011). There is a growing 

body of literature; however, that shows viruses such as West Nile virus and influenza A 

virus are restricted by caspase-1 and caspase-11 (Thomas 2009, Ramos 2012). Caspase-

1/11 mice exhibit decreased survival when infected with influenza A or West Nile virus. 

Mice infected with influenza A virus also have decreased levels of inflammasome-

associated cytokines IL-1b and IL-18 and decreased IFN-g producing CD4 and CD8 T-

cells (Thomas 2009). Viral stimulation of proteins such as RIG-I and MAVS have been 

associated with inflammasome activation, often working in concert with sensors such as 

AIM2 and NLRP3 (Poeck 2010, Franchi 2014). 

Protists and fungi activate caspase-1 and caspase-11. In fungal infections, caspase-

1/11 knockout mice are susceptible to Aspergillus fumigatus infection, exhibiting reduced 

survival and increased organ damage compared with wild-type mice (Man 2017, Karki 

2015). Candida albicans and Paracoccioides brasiliensis infections in caspase-1/11 

knockout mice also cause increased mortality compared to wild-type mice (Hise 2009, 

Ketelut-Carniero 2015). The contributions of caspase-1 and caspase-11 to host defense are 

not yet understood in fungal infections, though caspase-11 modulation of phagosomal 

fusion with lysosomes may be a contributing factor (Ahkter 2015). The inflammasome 
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response to protists is varied. Infecting caspase-1/11 double knockout mice with 

Leishmania major and infecting caspase-11 single knockout mice with Toxoplasma gondii 

result in increased survival, demonstrating that inflammatory caspases likely play a role in 

establishment of infection or pathogenesis of the organism (Gurung 2015, Gorfu 2014). 

Other protists, including Leishmania amazonensis and Trypanosoma cruzi, cause 

decreased survival in caspase-1/11 knockout mice, suggesting a role for inflammatory 

caspase-mediated protection in these models (Lima-Junior 2013, Silva 2013, Dey 2014). 

The life cycle phases and variety of antigens in these lifecycles further complicates 

studying the interactions of protists with the inflammasome. 

 

Inflammasome Response to Gram-negative Bacteria 

 

Gram-negative bacteria typically activate the inflammasome in a number of ways.  

A number of different secretion systems (T3SS and T4SS, sensed by NLRC4/NAIP5), LPS 

(sensed by caspase-11), toxins (sensed by NLRP3 and NLRP1a/b), and outer membrane 

proteins are detected by one or more NLRs or other sensor proteins.   

Due to the volume of virulence mechanisms Gram-negative human pathogenic 

bacteria possess, they have evolved mechanisms of inflammasome evasion, which attests 

to the importance of the inflammasome in vivo. Salmonella, Listeria, Yersinia, and 

Burkholderia all possess mechanisms of evasion. Yersinia produce proteins that inhibit 

activation of caspase-1, Listeria produces reduced amounts of flagellin, and Burkholderia 

reduces killing by PMN, likely in response to the downstream consequences of 

inflammasome activation (exposing bacteria to the extracellular space). Inflammasomes 



 

48 

significantly delay infection by human-adapted pathogens and are protective against 

opportunistic infections (Maltez 2016).   

One of the most well-studied pathogens for inflammasome activation is 

Salmonella, which is considered a stereotypical enteric Gram-negative organism. 

Salmonella possesses several classically strong stimulators of NLR immunity, including 

hexacylated LPS, T3SS (SP-1 and SP-2), and flagellin (Miao 2011). LPS primes pro-

inflammasome components through TLR4, and T3SS and flagellin activate inflammasome 

signaling through NLRP3 and NLRC4. Salmonella evades inflammasome activation by 

reducing the amount of flagellin produced, as well as transitioning their SP-1 T3SS, which 

is sensed by NLRC4, to the SP-2 T3SS, which does not induce activation.  Salmonella can 

induce pyroptosis through the activation of caspase-11 via LPS and the subsequent 

activation of Gasdermin D downstream of both caspase-1 and caspase-11. 

Due to their clinical relevance, the interactions of enteric Gram-negative organisms 

such as Salmonella sp. and E. coli with cellular innate immunity are well-documented. 

Studies using these organisms have clarified significant portions of inflammasome-based 

pathways. Obligately intracellular bacteria with significantly different lifestyles than 

enteric bacteria are starting to be recognized for their utility in probing previously unknown 

pathways of inflammasome recognition and inflammasome activation. 

 

Inflammasome Response to Rickettsiales 

 

Relatively little is known about the inflammasome response to rickettsiae compared 

to enteric pathogens such as Salmonella and Escherichia.  The minimalist nature of 
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obligately intracellular bacteria means that many of these organisms do not possess typical 

virulence factors of other Gram-negative bacteria, and therefore interact with the 

inflammasome in a different manner. A handful of studies has been published on the 

interactions of Anaplasma, Ehrlichia, and Coxiella with the inflammasome, highlighting 

the relatively unknown nature of inflammasome activation in these organisms.  

Ehrlichia have been shown to activate NLR signaling, TLR2, and Nod2 (Chattoraj 

2013), independent of any major NLR typically associated with inflammasome activation. 

Ehrlichia have also been reported to activate caspase-11 in an LPS-independent manner. 

However, this mechanism remains to be clarified. 

Anaplasma activate the caspase-1 dependent NLRC4 inflammasome, even though 

they do not possess T3SS or flagellin (Wang 2016). The NLRC4/ASC/caspase-1 axis 

regulates IL-18 and IFN-g during infection (Pedra 2010). ASC is required for cytokine 

processing and releases from the cell in this infectious model, and ASC deficiency in this 

model results in significantly higher bacterial burdens. 

Coxiella, a member of Legionellales, does not activate the inflammasome and even 

inhibits the caspase-11 dependent non-canonical NLRP3 inflammasome through IcaA 

(Cunha 2015). Coxiella in vitro produces LPS that is “silent” to TLR4 and caspase-11, due 

to its tetraacylated structure (Shannon 2005). 

Previously, Smalley et al. have reported that spotted fever group rickettsiae activate 

the inflammasome through an ASC-caspase-1/11 dependent axis by 24h post-infection in 

bone marrow-derived macrophages (BMM).  NLRP3 is involved in a time-dependent, 

transient, and tissue-specific manner in vivo and in vitro. While this may indicate that there 

are one or more NLRs involved in sensing rickettsiae during infection, the relative 
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"lateness" of inflammasome activation (peak at 24 hpi vs. 3-5 hpi in other organisms) 

demonstrates that rickettsiae possess yet undiscovered ways of interacting with the 

inflammasome. 

Group-specific differences in inflammasome activation between rickettsiae may 

exist due to differential structure in lipopolysaccharide components and surface proteins, 

such as OmpB. Group-specific differences have been noted before in rickettsial infection 

of macrophages (Radulovic 2002). Rickettsial LPS, in particular, shows differential 

structure as demonstrated by a lack of cross-reactivity with monoclonal antibodies raised 

against the LPS of typhus and spotted fever groups (Amano 1998). Typhus group LPS has 

been defined, and shows majority hexacylated LPS, though there is a significant minority 

of tetraacylated and triacylated LPS species (Fodorova 2005). The  lack of a heptose in the 

O antigen of rickettsial LPS may be important in triggering host responses, as heptose 

portions of O-antigen are commonly recognized by host pattern recognition receptors 

(PRRs). Both TLR4 and caspase-11 do not recognize minute changes in the structure of 

LPS (Chilton 2012). Indeed, TLR4 has greater difficulty recognizing pathogens with 

mutated O-antigen segments (Raetz 2002). Different acylation and O-antigen structures 

may account for the fact that rickettsial LPS does not produce classical endotoxic shock, 

and does not produce a Schwartzmann’s reaction upon re-challenge with LPS in rabbits 

(Jordan 2008).  

TLR4, however, is an important component of anti-rickettsial immunity, due to the 

increased lethality of Rickettsia conorii in C3H/HeJ mice, which have a point mutation in 

TLR4, compared with TLR4 intact C3H/HeN mice (Jordan 2009). Ultimately, C3H/HeJ 

mice were unable to generate the appropriate CD8+ T-cell response for sterilizing 
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immunity, implying that TLR4 priming plays an important role in rickettsial immunity. As 

discussed previously, TLR4 stimulation in dendritic cells leads to enhanced NK cell 

activation (Jordan 2009). Bechelli et al. have bolstered this finding with studies that 

highlight the importance of MyD88 in mediating instructive signaling in dendritic cells 

(Bechelli 2016), therefore confirming the involvement of a TLR4-dependent protective 

mechanism against rickettsial infection.  
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SIGNIFICANCE OF STUDY AND RESEARCH OBJECTIVES 

 

Significance of Study 

 

Rickettsiae of both the spotted fever and typhus groups represent a significant cause 

of morbidity and mortality worldwide. With an increase in encounters between humans 

and arthropods, especially the ticks and fleas that carry rickettsiae, it is becoming 

increasingly important to generate a pan-rickettsial vaccine. Attempts to generate a 

rickettsial vaccine have so far been unsuccessful, hobbled by group-specific immunity or 

sub-par generation of sterilizing immunity. New generations of vaccine and adjuvant 

development increasingly focus on the role of early cytokines for educating what will 

eventually become a sterilizing memory response to the pathogen in question (XXX). 

Indeed, the ability of IL-1 to enhance the expansion, differentiation, and effector capacity 

of T-cells implies that IL-1 might be investigated as adjuvant. The need for a pan-rickettsial 

vaccine, the relative lack of information on rickettsial interaction with innate immunity, 

and the importance of inflammasome-related cytokines in polarizing the appropriate 

adaptive immune response highlight the necessity in defining the initial host 

inflammasome-mediated immune events. 

 

Research Objectives 

 

The goal of the following research is split into two separate but related aims. We 

are interested in investigating the contributions of inflammatory caspases, caspase-1 and 
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caspase-11, to the generation of early pro-inflammatory cytokines IL-1b and IL-18 in 

macrophages. The major gap in knowledge is how rickettsiae are recognized in the cytosol 

of the infected host macrophage, and the contribution of inflammatory caspases to 

recognition and release of IL-1b, IL-18, and the induction of pyroptosis.  

Research Objective 1 

The first specific aim of this project was to reveal the role of caspase-11-dependent 

inflammasome activation in host response against rickettsial infection and the activation 

mechanisms involved.  

The first subaim of the first aim was to identify the in vivo role of caspase-11 in host 

defense. Hypothesis: Caspase-11 is not essential for host defense against rickettsial 

infection. 

The second subaim of the first aim was to determine whether caspase-11 is essential for 

IL-1 family cytokine secretion. Hypothesis: Caspase-11 is indispensable only for induction 

of pyroptosis in murine macrophages. 

 

Research Objective 2 

The second specific aim of this project was to elucidate the role of rickettsial 

lipopolysaccharide in priming and activating the inflammasome in mouse macrophages. 

The first subaim of the second aim was to identify the mechanisms by which LPS, through 

TLR4, provide the priming signal for activation of caspase-11- or ASC- dependent 

inflammasome. Hypothesis: LPS of rickettsiae primes the ASC-dependent canonical 

inflammasome, which upon activation, leads to secretion of IL-18 and IL-1β in mouse 

macrophages in vitro. 



 

54 

The second subaim for the second aim was to identify the activation and regulatory 

mechanisms of the caspase-11-dependent inflammasome by cytosolic LPS. Hypothesis: 

Pro-caspase-11 is primed by interferon-γ, and activated by rickettsial LPS in the cytosol, 

leading to caspase-11 activation and pyroptosis. 
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Chapter 2 

Materials and Methods 

 

Rickettsia cultivation and purification 

Rickettsia australis (Cutlack strain) were cultivated in Vero cells and purified as previously 

described with modifications (Fang 2007, Sears 2012). Briefly, infected cells were 

collected and suspended in SPG buffer (218 mM sucrose, 3.76 mM KH2PO4, 7.1 mM 

K2HPO4, 4.9 mM potassium glutamate) after sonication. The rickettsiae were placed on the 

top of 32%, 26% and 20% OptiPrep Density Gradient medium (Sigma- Aldrich, St. Louis, 

MO) in 6 × SPG bed. After centrifugation, rickettsiae were washed and collected. These 

stocks were used to infect macrophages in vitro.  

Alternatively, Rickettia australis (Cutlack strain) were cultivated in Vero cells and purified 

via a cushion purification, as previously described (Fang 2007, Sears 2012). Briefly, 

infected cells were collected and suspended in SPG buffer after sonication. The rickettsiae 

were then placed on top of a 20% Optiprep density gradient in 1x SPG. After 

centrifugation, rickettsiae were washed with 1x SPG and collected. These stocks were used 

to infect macrophages in vitro. 

Rickettsia australis (Cutlack strain) used for animal inoculation were cultivated in specific 

pathogen free embryonated chicken eggs. Yolk sacs from infected eggs were homogenized 

in a Waring blender and diluted to a 10% suspension in SPG buffer. All of these rickettsial 

stocks were quantified by plaque assay before use in experiments, as previously described 

(Feng 1993). The rickettsial stock was stored at -80°C until use. All the experiments 
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described in this study were performed in a certified biosafety level 3 (BSL3) laboratory at 

UTMB. 

Generation of human macrophages 

THP-1 cells were purchased from ATCC and cultured as previously described without 

antibiotics (Melehani 2015). THP-1 cells were differentiated in 100 µg/µl PMA (Sigma-

Aldrich), reconstituted in DMSO (Sigma-Aldrich) for 16 h, followed by 24 h recovery in 

fresh medium. Cells were plated at a density of 1 × 106 cells per well in a 6-well-plate, and 

infected with R. australis at an MOI of 5.  

Human peripheral blood monocytes (PBMC) were isolated from buffy coats obtained from 

the UTMB blood bank. Cells were isolated as previously described (Johnston 2015). Cells 

were plated at a density of 1 × 106 cells in each well in a 12-well-plate, and infected with 

R. australis at an MOI of 2 or 5.  

 

Lipopolysaccharide purification 

Rickettsiae were purified as described previously using the cushion purification. 

Rickettsiae were killed by exposure to 90°C for two hours in a certified biosafety level 3 

(BSL3) lab at UTMB.  Rickettsiae were then treated with 100 µg Proteinase K for 16h at 

37°C.  The resulting lysate was centrifuged at 12000 x g for 30 min at 4°C. The pellet was 

processed using the Intron Biotechnology LPS purification kit, as per directions from the 

manufacturer.  Resulting rickettsial LPS was visualized and quantified via silver stain using 

known concentrations of E. coli LPS as a standard for quantification. 

 

Immunoblotting 
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For evaluation of the activation of the inflammasome, uninfected and infected cells were 

lysed with RIPA lysis buffer (EMD Millipore, MA, 20–188) supplemented with protease 

inhibitors (Roche, IN, 05892970001). The soluble part of cell lysates was isolated by 

centrifugation and used for immunoblotting. Cell culture supernatants were processed by 

centrifugal filter units (3K) (Amicon) as described by the manufacturer. Briefly, 2 ml of 

supernatant were loaded onto columns and centrifuged at 7000 × g for 60 min at 4°C. 

Protein concentration was determined by BCA Assay (Pierce Biotechnology). The cell 

lysates and concentrated supernatant were separated by SDS-PAGE, transferred to a 

polyvinylidene difluoride (PVDF) membrane and probed with an anti-caspase-1 p20 

antibody (EMD Millipore, MA, 06-503-I) for lysates, and anti-caspase-1 p10 antibody (sc-

514, Santa Cruz Biotechnology) for concentrated supernatants. Immunoreactive bands 

were visualized using an appropriate secondary antibody and electrochemiluminescence 

detection reagents (Thermo-Scientific, Pierce, IL, 32106). Equal protein loading of the gels 

was controlled by normalization with β-actin with mouse monoclonal Ab (Sigma, MO, 

A1978) in the cellular lysates. The detection of pro-caspase-1 (45 kDa) and activated 

caspase-1 (10 or 20 kDa) is indicative of activation of inflammasome as described 

previously (Schroder 2010). 

 

ELISA 

Supernatants of cell cultures were collected and filtered to be rickettsiae-free before 

removal from the BSL3 laboratory. Cytokine concentrations in the culture supernatant 

were measured by using Quantikine enzyme-linked immunosorbent assay (ELISA) kits. 

Detection of cytokines in murine samples was performed using the ELISA kit from 
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eBioscience (San Diego CA). The limits of detection of the cytokines were as follows: IL-

1β, 16 pg/ml; IL-18, 25.6 pg/ml; and IL- 10, 62.5 pg/ml. Measurement of IL-1β and IL-18 

in human samples was performed using ELISA kits from R&D Systems (IL-18, limit of 

detection: 12.5 pg/ml) and eBioscience (IL-1β, limit of detection: 1pg/ml). 

 

qPCR 

To determine the rickettsial load in infected tissues, mouse lung, liver, and spleen were 

isolated from infected animals. Rickettsial loads were measured using quantitative PCR 

following DNA extraction as described in our previous studies with modifications (Fang 

2012, Xin 2012). Briefly, tissues were first placed in RNALater (Thermo Fisher Scientific, 

Waltham, MA). Total DNA was extracted using a DNeasy tissue kit (Qiagen, CA, 69506), 

and rickettsial burdens were determined using an iCycler IQ from Bio-Rad (Hercules, CA). 

The following primers (SigmaGenosys, St. Louis, MO) and probes (Biosearch 

Technologies, Novato, CA) targeting Rickettsia-specific citrate synthase (CS) gene (gltA) 

as described previously (Fang 2012, Xin 2012) (gltA forward, 

GAGAGAAAATTATATCCAAATGTTGAT; gltA reverse, 

AGGGTCTTCGTGCATTTCTT; gltA probe, CATTGTGCCATCCAGCCTACGGT). 

The results were normalized to the weight of the same sample and expressed as copy 

number of CS genes per ng of tissue. Tissues from uninfected mice served as a negative 

control. Uninfected and R. australis-infected WT BMMs were collected in RNALater at 

the indicated time points. Total RNA was prepared using Qiagen RNeasy Mini kit 

(Valencia, CA) following the manufacturer's recommendations. Reverse transcription (RT) 

was performed using isolated and DNase-treated RNA with Bio-Rad iScript cDNA 
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synthesis kit (Hercules, CA). The resulting cDNAs were used as template for quantitative 

reverse transcription–polymerase chain reaction (RT-PCR). Gene expression of NLRP3 

was determined using SYBR Green PCR Master Mix on an iCycler IQ (Bio-Rad, Hercules, 

CA) using primers targeting NLRP3 (Forward 5'-CCT TCA GGC TGA TCC AAG AG-3', 

Reverse 5'-GCC AAA GAG GAA TCG GAC AAC-3') and GAPDH (Forward 5'-

ATGGTGAAGGTCGGTGTGAA-3', Reverse 5'- CTCCT TGGAGGCCATGTA-3') as 

described previously (Tsuchiya 2010, Valbuena 2003). Quantitative results were expressed 

as the mRNA relative ratio (2-ΔΔCt) normalized to the housekeeping gene as previously 

described (Livak 2001). 

 

Mice and generation of bone marrow macrophage 

Wild-type (WT) B6 mice, caspase-1/11-double knockout mice and C57BL/6N (B6N) mice 

were purchased from Jackson Laboratories (Bar Harbor, Maine). ASC-/- and NLRP3-/- 

mice were gifts of Dr. Vishva Dixit at Genentech (California, USA). Caspase 11-/- and 

caspase-1/11-/-  mouse legs were from Dr. Edward Miao at UNC-Chapel Hill. Gasdermin 

D-/- mouse legs were from Dr. Joao Pedra at University of Maryland.  

All mice were maintained and manipulated in an animal biosafety level-2 or 3 (ABSL2 or 

ABSL3) facility at the University of Texas Medical Branch, Galveston, TX. This study 

was carried out in strict accordance with the recommendations in the guidelines of the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals. All 

experiments and procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) and Institutional Biosafety Committee of the University of Texas 

Medical Branch at Galveston.  
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For in vivo experiments, mice were inoculated intravenously (i.v.) through the tail vein 

with R. australis at the dose indicated. After infection, mice were monitored daily for signs 

of illness until day 20 post infection (p.i.). No animal death was observed. Some of the 

mice were euthanized on days 2 and 4 p.i.. Mice were first anesthetized with inhalational 

isoflurane (Isoflurane1 USP, Piramal Healthcare Limited, 502321 Andhra Pradesh, India) 

and then euthanized by CO2 narcosis and asphyxia followed by cervical dislocation. After 

the death of animals, mouse tissues including lung, liver, and spleen were isolated for 

evaluation of the bacterial replication and pathology by quantitative real-time PCR and 

histopathological analysis. All necessary precautions were taken to minimize the 

discomfort and pain to animals used in the experiments.  

Generation of primary bone marrow-derived macrophages (BMMs) from 6–8-week old 

female WT mice, ASC-/- mice and NLRP3-/- mice was performed as previously described 

(Zhang 2008). Briefly, after femurs and tibias were dissected, bone marrows were flushed, 

and cells were cultivated in low-endotoxin DMEM/F12 containing 10% (v/v) newborn calf 

serum (Thermoscientific, Gibco, CA, 16010159) supplemented with either 20% 

supernatant from L929 cell culture or CMG cell culture, or recombinant M-CSF 

(PeproTech, NJ, 315–02) at 37°C in 5% CO2. On day 6 of culture, cells were harvested and 

characterized by flow cytometric analysis after staining with anti-F4/80 and anti-CD11b 

antibodies. Cells were used if they contained 85 to 90% F4/80 (+) and CD 11b (+) cells. 

These cells were plated in 24-well plates at a density of 1 × 106 cells/ well in DMEM/F12 

containing 10% newborn calf serum and used for experiments within 24 hrs. 

 

CMG supernatant production 
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CMG cells were obtained from the Hwang Laboratory (U of Chicago). Cells were grown 

as previously described. Briefly, cells were grown to confluence in triple flasks. 

Conditioned supernatant was collected and used to differentiate WT B6 bone marrow-

derived macrophages. Macrophages were differentiated and collected as previously 

described. Cells were stained with F4/80 and CD11b for flow cytometry to determine the 

percentage differentiation of bone marrow progenitors into macrophages. Only supernatant 

resulting in greater than 85% differentiation was used for experiments.  

 

LPS transfection 

LPS transfections were performed as previously described (Hagar 2011), with 

modifications. Briefly, 100 ng of rickettsial LPS or Salmonella LPS (List Biologicals) was 

added to Opti-Mem (Gibco), and 50 ng of Lipofectamine 2000 (Invitrogen) or DOTAP 

(Thermo-Scientific) was added to Opti-Mem and allowed to equilibrate for 5 min at room 

temperature. The LPS and Lipofectamine/DOTAP mixtures were combined and allowed 

to form complexes at room temperature for 30 min. Cell culture medium of BMM were 

replaced with Opti-Mem, and the LPS-transfection reagent complexes were added. Cells 

were centrifuged at 300 x g for 5 min, and then incubated at 4 hours at 37°C. Cell medium 

was replaced with DMEM/F12 and 10% v/v fetal bovine serum for 20 hours. Cell lysates 

and medium were collected after a total of 24 hours post-transfection. 

 

Statistical analysis 

For comparison of multiple experimental groups, the one-way analysis of variance 

(ANOVA) with Bonferroni's and Tukey’s procedure was used. Two-group comparison was 
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conducted using either Student t-test or Welch's t-test depending on whether the variance 

between two groups was significantly different. When two factors were included in the 

comparison, two- way ANOVA with Bonferroni post-test was used. For testing the 

difference in survival between different mouse groups, data were analyzed by the product 

limit (Kaplan-Meier) method. All the statistical analyses were performed using GraphPad 

Prism Software version 5.01. P-values of 0.05 or less were the threshold for statistical 

significance. 
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Chapter 3 

 

Inflammasome Activation during Rickettsial Infection 

 

Introduction 

To address the research questions of the role of caspase-11, we first investigated whether 

rickettsiae could activate the inflammasome in macrophages. Although endothelial cells 

are the primary target cells for rickettsial infection, pathogenic rickettsiae also invade 

macrophages as observed in established animal models and in the arthropod feeding 

inoculation site (Walker 1999, Cragun 2010). In response to IFN-γ and TNF-α, 

macrophages are activated and serve as crucial effector cells mediating clearance of 

intracellular pathogens. Upon infection, perivascular infiltration of macrophages, together 

with lymphocytes and other cells, is a component of rickettsial vasculitis (Eremeeva 1999). 

Therefore, understanding the interactions of rickettsiae with macrophages will greatly 

increase our knowledge regarding the pathogenesis of rickettsial infections and immunity 

against rickettsiae. In the present study, we focused on interactions of inflammasome with 

R. australis in mouse and human macrophages. Inflammasomes have recently been 

recognized as important first line defenses against invading pathogens.  As obligately 

intracellular bacteria that live freely in the host cell cytosol, rickettsial interaction with the 

inflammasome represents an important aspect to anti-rickettsial immunity that has 

previously been unexplored. For these studies, we hypothesize that R. australis are 
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recognized by cytosolic sensors, ASC-dependent inflammasome involving NLRP3, in 

macrophages leading to secretion of IL-1β and IL-18. 

Results 

First, to investigate the activation of inflammasome by rickettsiae in human macrophages, 

we first examined whether R. australis infects PBMC-derived macrophages by confocal 

immunofluorescence microscopy. R. australis (red) was detected in the cytosol (nucleus as 

blue) of infected human PBMC-derived macrophages, suggesting that rickettsiae were 

effectively taken up by and established infection in these cells (Figure represented in 

Smalley 2016). Interestingly, human PBMC-derived macrophages secreted a significantly 

higher level of IL-1β as early as 3 h p.i. compared to uninfected controls (Fig. 1A). The 

levels of IL-1β secreted by these infected macrophages were greater at 24 h p.i. compared 

to 3 h p.i. (Fig 1B). At 24 h p.i., R. australis also induced a significantly increased level of 

IL-18 in human PBMC-derived macrophages  (Fig. 1B). These results suggest that R. 

Figure 1. Infection of human PBMC-derived macrophages with R. australis and 
activation of inflammasome. Human PBMC-derived macrophages were prepared and 
infected with R. australis. Cells and culture supernatant were collected at 24 h p.i.. 
Secretion levels of IL-1β (A) and IL-18 (B) at 3 h and 24 h p.i. by human PBMC-derived 
macrophages infected with R. australis at an MOI of 2.	Data represent two independent 
experiments with consistent results. Each experiment included at least 4 replicates. *, 
p<0.05  
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australis infects primary human macrophages and promotes secretion of the 

inflammasome-derived cytokines including IL-1β and IL-18.  

To further study the mechanisms involved in secretion of inflammasome-derived IL-1β in 

human macrophages, we examined the dependence of IL-1β secretion on caspase-1 in R. 

australis-infected THP-1 derived macrophages. Consistent with the results from human 

PBMC-derived macrophages (Fig. 1B), a significantly higher level of IL-1β was observed 

in R. australis-infected THP-1 derived macrophages compared to uninfected controls at 24 

h p.i. (Fig. 2A). Interestingly, Rickettsia-infected THP-1 derived macrophages treated with 

an inhibitor of caspase-1 produced a significantly less fold change in IL-1β compared to 

untreated controls (Fig. 2B), suggesting that caspase-1 is critical for secretion of 

inflammasome-derived IL-1β in human macrophages upon rickettsial infection. Therefore, 

these results suggest that R. australis infects both human PBMC-derived macrophages and 

Figure 2. Activation of inflammasome by rickettsiae in THP-1 derived 
macrophages and caspase-1-dependent secretion of IL- 1β. Human THP-1 cells 
were differentiated to macrophages using PMA, and infected with R. australis at an 
MOI of 5. A, Infection with R. australis induced a significant increase in IL-1β 
production compared to uninfected cells at 24 h p.i.. B, Inhibition of caspase-1 
significantly reduced the secretion levels of IL-1β by R. autralis-infected THP-1 
derived macrophages. The fold change in IL-1β by treated cells vs. untreated controls 
was calculated and compared. Data represent two independent experiments with 
consistent results. Each experiment included at least 4 replicates. *, p<0.05. 
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THP-1 cells, and promotes caspase- 1-dependent secretion of IL-1β most likely via 

activating inflammasome pathway. 

To investigate whether R. australis activates inflammasome in mouse macrophages, we 

first determined the secretion of inflammasome-derived IL-1 family cytokines including 

IL-1β and IL-18 by R. australis-infected mouse macrophages as well as investigating the 

kinetics- and dose-dependent mechanisms involved. As positive controls, WT BMMs 

stimulated with LPS plus ATP produced significantly higher levels of IL-1β and IL-18 

compared to unstimulated controls. As shown in Fig. 3A, R. australis induced significant 

secretion of IL-1β at 8 h p.i. upon infection at a high dose (MOI of 6) and at 12 h p.i. at a 

low dose (MOI of 2). The levels of IL-1β induced by a high dose of R. australis were 

significantly higher than those with the low dose infection at 8 h, 12 h and 16 h p.i.. 

Interestingly, although the production levels of IL-1β increased over time, there was no 

difference between the levels at high and low doses of infection at 24 h p.i. (Fig. 3A). Very 

similar kinetics and dose-dependence of IL-18 production were observed in infected 

Figure 3. Kinetics and dose-dependent mechanisms of secretion of IL-1β and IL-18 by 
Rickettsia-infected BMMs. WT BMMs were isolated, cultivated, and infected with R. 
australis at MOI of 2 or 6. Cell culture supernatants were harvested at 4 hour intervals over 
24 h p.i.. Secretion of IL- 1β (A) and IL-18 (B) was determined by ELISA. Data represent two 
independent experiments with consistent results. Each experiment included at least 4 
replicates. *, p<0.05; ns, not significantly different.  
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BMMs (Fig. 3B) with the exception that a significant difference was observed between the 

levels at high and low doses after rickettsial infection at 24 h p.i..  

Previous studies have demonstrated that rickettsiae induce negligible cytotoxicity in mouse 

peritoneal macrophages and the macrophage-like cell line, P388D1 (Radulovic 2002). In 

line with these previous studies, we did not find significantly reduced viability of mouse 

BMMs by trypan blue staining after infection with R. australis at 24 h p.i.. We also 

confirmed these results with LIVE/DEAD1 Fixable Dead Cell Stain by flow cytometric 

analysis (Supplementary Figure 1 represented in Smalley 2016). To further determine 

whether the secretion of IL-1β and IL-18 upon rickettsial infection is mediated by 

inflammasome, we investigated the activation of caspase-1 and the role of casp-1/ 11 in 

this process. The cell lysates of uninfected and infected BMMs showed expression of 

procaspase-1 (p45) while activated caspase-1 (p20) was detected only in infected samples 

(Fig. 4A). To confirm that the inflammasome pathway accounts for the production of 

Figure 4. R. australis activated inflammasome in BMMs. A, WT BMMs were 
isolated, cultivated and infected with R. australis at an MOI of 10. At 24 h p.i., 
culture supernatant and cell lysates were collected. Cell lysates were processed for 
detection of activation of caspase-1. B, BMMs of B6N and caspase-1/11-double 
knockout mice were isolated and infected with R. australis as described above. The 
secretion levels of IL-1β and IL-18 were determined by ELISA. *, p<0.05  



 

68 

cytokines such as IL-1β and IL-18 in R. australis -infected macrophages, we employed 

caspase-1/11-double knockout mice and the corresponding controls, B6N mice. B6N mice 

have the same genetic background as the caspase-1/11-double knockout mice. In response 

to R. australis infection, BMMs from B6N mice produced significant levels of IL-1β and 

IL-18 (Fig. 4B). However, we did not detect any production of these cytokines in caspase-

1/caspase-11-double knockout mice. These results confirmed that caspase-1 and/or 

caspase-11 are essential for production of IL-1β and IL-18, suggesting that R. australis 

activates inflammasome in mouse macrophages.  

Figure 5. ASC-dependent inflammasome recognized cytosolic rickettsiae. 
BMMs of WT and ASC-/- mice were isolated, cultivated, and infected with R. 
australis at an MOI of 10 or treated with LPS plus ATP as described in Materials 
and Methods. At 24 h p.i., the secretion of IL-1β (A), IL-18 (B) and IL-10 (C) was 
assayed by ELISA. D, Activation of caspase-1 was determined by immunoblotting 
detection of the active unit p10 in the processed supernatant of infected WT and 
ASC-/- BMMs at 24 h p.i.. Data represent two independent experiments with 
consistent results. Each experiment included at least 4 replicates. *, p<0.05.  
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Next, we aimed to identify the NLRs involved in the recognition of R. australis in the host 

cell cytosol. Upon rickettsial infection, BMMs of ASC-/- mice failed to produce significant 

levels of IL-1β and IL-18 (Fig. 5A and 5B). To exclude the possibility of unresponsiveness 

of ASC-/- BMMs upon stimulation, we determined the production of IL-10, an 

inflammasome-independent cytokine. Interestingly, both R. australis-infected and LPS 

plus ATP-stimulated ASC-/- BMMs produced significantly higher levels of IL-10 than WT 

BMMs (Fig. 5C), suggesting that ASC-/- BMMs were responsive to rickettsial infection. 

These results also exclude the possibility that the incapability of ASC-/- BMMs to produce 

inflammasome-derived IL-1 family cytokines upon rickettsial infection was due to the 

failure of taking up R. australis. To confirm that the abolished secretion of IL-1β and IL-

18 in ASC-/- BMM is not due to mechanisms other than failure of activation of caspase-1, 

we determined the cleavage of caspase-1 in the supernatant of infected WT and ASC-/- 

BMM by immunoblotting. As shown in Fig. 5D, at 24 h p.i., activated caspase-1 p10 was 

only detected in infected WT but not ASC-/- BMMs. Therefore, ASC, or ASC-dependent 

inflammasomes, were essential for the recognition of R. australis in the cytosol of mouse 

macrophages. Our results also suggest that ASC may suppress the production of IL-10 in 

response to infectious stimuli including rickettsial antigen 

To further investigate the NLR inflammasome(s) responsible for recognition of rickettsiae 

in the cytosol, we first examined the transcriptional expression levels of NLRP3 in WT 

BMMs upon rickettsial infection. As early as 4 h p.i., infection with R. australis at an MOI 

of 6 significantly increased NLRP3 transcripts in WT macrophages (Fig. 6A). As infection 

progressed, the quantity of NLRP3 mRNA progressively decreased at 12 h p.i. compared 

to 4 h p.i.. The transcriptional levels of NLRP3 were not significantly increased at 12 h p.i. 
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compared to uninfected controls (Fig. 6A). To further investigate whether NLRP3 is 

responsible for recognition of rickettsiae in the cytosol, we infected NLRP3-/- and WT 

BMMs with R. australis at both high (MOI of 6) and low (MOI of 2) doses. At 12 h p.i., 

the secretion levels of IL-1β by NLRP3-/- BMMs were significantly decreased compared 

to WT counterparts in response to both low and high doses of R. australis (Fig. 6B). To 

further confirm that NLRP3 is involved in inflammasome activation by R. australis, we 

determined the cleavage of caspase-1 in the processed supernatant of WT and NLRP3-/- 

BMMs by immunoblotting. As shown in Fig. 6C, at 12 h p.i., activated caspase-1 p10 was 

detected in the supernatant of infected WT BMM. The density of caspase-1 p10 was 

Figure 6. NLRP3 inflammasome was involved in recognition of rickettsiae at the early 
stage of infection in BMMs. WT and NLRP3-/- BMMs were isolated, cultivated, and 
infected with R. australis at MOIs of 6 and 2. The transcriptional levels of NLRP3 in WT 
BMMs at different time intervals of infection (at MOI of 6) were determined by RT-PCR 
as described in Materials and Methods (A). At 12 h (B) p.i., the secretion levels of IL-1β 
by WT and NLRP3-/- BMMs were determined by ELISA. The cleavage of caspase-1 was 
determined by detection of the active unit p10 in the processed supernatant at 12 h p.i. 
Data represent mean ± SD for at least 3 replicates each group. *, p<0.05 for a significant 
difference between WT and NLRP3-/- mice; ns, not significantly different.  



 

71 

correlated with the dose of rickettsial infection, suggesting a dose-dependent 

inflammasome activation mechanism. In line with Fig. 6B, the cleaved caspase-1 was 

detected in NLRP3 -/- BMMs infected with R. australis at a high dose infection (Fig. 6C). 

These results suggest that NLRP3 mediates the secretion of IL-1β by inflammasome 

pathway upon rickettsial infection and that there is an alternative NLRP3-independent 

pathway for inflammasome activation. These data also suggest that NLRP3 inflammasome 

contributes to recognition of R. australis in mouse macrophages. Thus, our results 

demonstrate that NLRP3 is activated by R. australis in BMMs. To further explore the role 

of NLRP3 inflammasome in host defense against rickettsial infections in vivo, we 

measured rickettsial loads in infected tissues and survival of infected NLRP3-/- and WT 

mice. Interestingly, the concentrations of R. australis in the spleen of NLRP3-/- mice were 

significantly higher than those in WT mice on day 4 p.i., but not at day 2 p.i., suggesting 

that NLRP3 contributes to rickettsial elimination in spleen (Fig. S2 represented in Smalley 

2016). On days 2 and 4 p.i., rickettsial loads in liver and lung of NLRP3-/- mice were not 

significantly different from those in infected WT mice (Fig. S2 represented in Smalley 

2016). Furthermore, compared to day 2 p.i., bacterial loads in tissues of NLRP3-/- mice on 

day 4 p.i. were greater, particularly in spleen, suggesting that rickettsial infection 

progresses in NLRP3-/- mice (Fig. S2 represented in Smalley 2016). We did not find any 

significant difference in the survival of NLRP3-/- and WT mice upon infection with R. 

australis at a dose of 2.8 × 105 plaque forming units (PFUs) (Fig. S3 represented in 

Smalley 2016). Furthermore, histopathological analysis did not show any significant 

difference in inflammatory infiltrations in infected lung, liver and spleen of infected 

NLRP3-/- and WT mice on either day 2 or day 4 p.i. (Fig. S4 represented in Smalley 2016). 
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These data suggest that the contribution of NLRP3 inflammasome to host control of R. 

australis in vivo is tissue- or cell type-specific. Taken together, these data suggest that 

NLRP3 inflammasome is not crucial to control rickettsial infection in vivo and only 

contributes to host control of rickettsiae in a tissue- or cell-specific mechanism. 
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Discussion 

Here it has been demonstrated that cytosolic-replicating R. australis infects human primary 

and THP-1-derived macrophages, and induces the secretion of caspase-1-dependent 

cytokines, most likely through inflammasome pathway, which had never been reported 

previously. R. australis activated inflammasome in mouse macrophages via time- and 

dose-dependent mechanisms. ASC-dependent inflammasomes were responsible for 

recognition of R. australis in host cytosol while NLRP3 inflammasome significantly 

contributed to this process. The in vivo role of NLRP3 inflammasome in host immune 

responses to R. australis was tissue specific as evidenced by significantly increased 

bacterial loads in spleen, but not liver and lung, of NLRP3-/- mice compared to WT mice. 

More importantly, for the first time, we demonstrated that R. australis activated 

inflammasome in human macrophages with kinetics that differed from mouse 

macrophages. Our findings have provided novel knowledge of the mechanisms by which 

the host immune surveillance system interacts with Rickettsia via macrophages. Rickettsia 

australis activated ASC-dependent inflammasome in murine BMMs as indicated by the 

following evidence: 1) Secretion of IL-1β and IL-18 upon infection was completely 

abrogated in cells deficient in ASC and caspase-1/caspase-11-double knockout cells (Figs. 

4 and 5); 2) Rickettsia australis infection induced cleavage of caspase-1 in the cell lysates 

and supernatant (Figs. 4A, 5D and 6C). Although neutrophil-dependent, inflammasome-

independent processing of IL-1β has been described recently (Netea 2015), our current data 

excluded the possibility of inflammasome-independent processing and secretion of IL-1β 
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and IL-18 and demonstrated inflammasome activation by R. australis in macrophages. 

ASC serves as the essential adaptor molecule for several NLRs including NLRP3 and 

absent in melanoma 2 (AIM2) (Rathinam 2010, Rathinam 2012). Our results showed that 

NLRP3 contributed significantly to the activation of inflammasome by R. australis in 

BMMs. Future investigations are required to reveal the upstream signals mediating the 

activation of NLRP3 inflammasome by R. australis, such as potassium efflux (Matsuo 

2015, Petrilli 2007), lysosomal degradation (Homung 2010), and ROS production 

(Tschopp 2010). Interestingly, we also found that a significant level of inflammasome-

derived IL-1β secretion was NLRP3-independent (Fig. 6B), particularly at a high dose of 

infection, which suggests that ASC-dependent NLR inflammasomes other than NLRP3, 

potentially NLRP1 and/or AIM2, coordinate with NLRP3 or also play a significant role in 

the recognition of cytosolic R. australis. Furthermore, we did not find significant difference 

in IL-1β secretion by infected BMMs of NLRP3-/- mice compared to WT mice at 24 h p.i., 

a time at which the levels of IL-1β secretion reached a peak in macrophages of WT mice 

(Fig 3A). The differential contributions of NLRP3 to inflammasome activation by R. 

australis at early versus late time points are likely explained by two possibilities: 1) 

Inflammasomes other than NLRP3 play a major role in recognizing R. australis and the 

related danger signals at the late stage of infection; 2) NLRP3 inflammasome is down-

regulated by other immune mechanisms such as caspase-11, autophagy, or cytokines 

specifically suppressive for NLRP3. These in vitro findings may account for the 

dispensable role of NLRP3 inflammasome in host control of R. australis in vivo. 

Considering the different proportions of cell types in spleen compared to liver and lung, R. 

australis may mainly activate NLRP3 inflammasome in leukocytes such as macrophages. 
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Interestingly, we found significantly enhanced host susceptibilities and increased 

rickettsial loads in tissues of mice deficient in ASC during rickettsial infection compared 

to WT mice in our preliminary in vivo studies. Our previous studies have clearly 

demonstrated that the in vivo production of IL-10 in murine models of fatal rickettsioses is 

associated with the severity of disease (Fang 2009). As shown in Fig. 5C, ASC significantly 

suppressed the secretion of IL-10 by R. australis-infected macrophages, implying that ASC 

may contribute to host resistance against rickettsiae. Although further investigations are 

required to completely understand how inflammasome contributes to host immunity in vivo 

against these intracellular bacteria, our data suggest that ASC/NLRP3 inflammasome plays 

a role in host defense. Among the different types of microbes, cytosolic bacteria are 

uniquely useful for investigating inflammasome activation mechanisms due to their 

biological characteristics and the site where inflammasomes initiate their recognition of 

microbes or microbial products. Inflammasome activation by rickettsial infection in 

macrophages was both time-and dose-dependent. Distinct from other facultatively 

cytosolic bacteria including Listeria, Shigella, Burkholderia and Francisella, rickettsiae 

are obligately cytosolic bacteria which quickly escape phagosomal vacuoles and replicate 

within the cytosol of host cells including macrophages. Mouse macrophages secrete IL-1β 

and IL-18 in response to Listeria at 5 h p.i. (Wu 2010), Shigella at 6 h p.i. (Cai 2012), 

Burkholderia at 4 h p.i.(Ceballos-Olvera 2011), and Francisella at 5 h p.i.(Jones 2010). 

Our data suggest that the kinetics and possibly the mechanisms of inflammasome activation 

by R. australis are distinct from other cytosolic bacteria. In response to R. australis, mouse 

macrophages secrete IL-1β and IL- 18 as late as at 8 h p.i. after a high dose of infection 

and at 12 h after a low dose of infection. The levels of these inflammasome-derived 
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cytokines increased progressively as the infection progressed and reached a peak at 24 h 

p.i. regardless of the dose. The delayed activation of inflammasome by R. australis in 

mouse macrophages compared with several facultatively cytosolic bacteria mentioned 

above suggests that this intracellular bacterium may initiate an evasion mechanism to 

escape inflammasome assembly at the early stage of infection. The dose-independent 

secretion of IL-1β at 24 h p.i. by infected mouse macrophages suggests that inflammasomes 

responsible for recognizing these intracellular bacteria at the late stage of infection are very 

sensitive to the activation of ligand(s) generated during rickettsial infection, and could be 

an ideal candidate for vaccine development targeting inflammasome activation in the 

future. While we have shown that R. australis activated caspase-1-dependent 

inflammasome in both murine and human macrophages, it remains unclear whether 

canonical or noncanonical inflammasomes are activated by rickettsiae. Kayagaki et al. 

demonstrated that the non-canonical inflammasome pathway engages caspase-11 to 

activate caspase-1 and the subsequent release of IL-1β and IL-18 (Kayagaki 2011). 

Ehrlichia, another obligately intracellular bacterial species closely related to rickettsiae, 

triggers cleavage of caspase-1 and IL-18 secretion in BMMs (Yang 2014). Interestingly, 

type I interferon signaling promotes host susceptibility to fatal ehrlichiosis potentially via 

activation of non-canonical inflammasomes (Yang 2014). Thus, it is an attractive 

hypothesis that caspase-11 mediates caspase-1 activation, which further processes IL-1β 

secretion in R. australis-infected murine macrophages. Recently several intracellular 

bacterial pathogens, including Legionella pneumophila, Yersinia pseudotuberculosis, and 

Salmonella enterica serovar Typhimurium (S. Typhimurium), were reported to activate 

both canonical caspase-1-dependent and non-canonical caspase-1-independent 
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inflammasomes in primary human macrophages (Casson 2015). Considering the fact that 

we have not examined caspase-11-dependent inflammatory cell death, pyroptosis, in 

infected human macrophages, our data suggest that R. australis at least activates canonical 

inflammasome in human macrophages. Furthermore, NLRP3 inflammasome has been 

described to be involved in both canonical and non-canonical inflammasome pathways 

(Kayagaki 2011 ,Ruhl 2015). In agreement with our data in murine macrophages, R. 

australis not only infects both human primary and THP-1 derived macrophages, but also 

activates the inflammasome in human macrophages. It is worth noting that: 1) The kinetics 

of secretion of IL-1β by R. australis -infected macrophages may differ from IL-18. We 

observed a significant difference in secretion levels of IL-18, but not IL-1β, in mouse 

macrophages at high and low doses after rickettsial infection at 24 h p.i. (Fig. 3). 

Furthermore, R. australis initiated significant secretion of IL-1β, but not IL-18, as early as 

3 h p.i. in human primary macrophages (Fig. 1); 2) Induction of IL-1β by R. australis in 

human primary macrophages (3 h p.i.) occurred much earlier than in mouse macrophages 

(8 h p.i.) (Figs. 1B and 3A). These findings suggest that: 1) The inflammasome pathways 

mediating secretion of IL-1β are likely different compared to IL-18 during rickettsial 

infection; 2) Activation mechanisms of inflammasome by R. australis in human 

macrophages are potentially different from the mouse counterparts. In conclusion, 

Rickettsia australis activated ASC-dependent inflammasomes in which NLRP3 

contributed significantly to recognition of the bacteria. Our data suggest inflammasomes 

other than NLRP3 might play a critical role in the cytosolic surveillance system at the late 

stage of rickettsial infection. 
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Chapter 4 

 

Contribution of LPS to inflammasome activation 

 

Introduction 

 

Before the tightly controlled inflammasome signaling cascade is activated in any infectious 

disease model, a priming signal in the form of a pathogen associated molecular pattern 

(PAMP) or damage associated molecular pattern (DAMP) results in the upregulation of 

pro-IL-1 cytokines. One of the classical PAMPs is LPS from Gram-negative bacteria 

(Raetz 2010). LPS binding to TLR4 provides the first signal that leads to activation of NF-

kB and the transcriptional up-regulation of pro- IL-1b and pro-IL-18.  LPS is shed from 

Gram-negative organisms during active infection in vivo. Many cellular defense 

mechanisms are linked to LPS detection, underscoring the importance of this PAMP in 

pathogen recognition.  

Since LPS is one of the most well-characterized PAMPs in other Gram-negative infectious 

disease models, we wished to determine the contribution of rickettsial LPS to priming and 

activating the inflammasome. Rickettsial LPS, as discussed previously, is understudied. 

Typically, members of the family of Rickettsiales have an altered form of LPS or no LPS, 

which may contribute to pathogenesis.  Indeed, both Orientia and Ehrlichia lack LPS 

completely (Chattoraj 2013, Yang 2014).  
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The few studies that have been conducted on rickettsial LPS are conflicting, most of which 

have been done in typhus group rickettsiae.  While studies indicate that typhus group LPS 

is endotoxic (Fumarola 1979) and can induce Schwartzmann’s reaction (Schramek 1977), 

they agree that the level of endotoxicity is variable and reduced compared to control LPS 

from enteric pathogens. One study even questions the difference of rickettsial LPS from 

enteric LPS (Miragliotta 1981). 

Many studies have indicated that typhus group rickettsiae and spotted fever group 

rickettsiae differ in cell surface antigens (Eisemann 1976, Osterman 1978). Some data 

suggest that typhus group LPS and spotted fever group LPS generate non-cross-reactive 

antibodies to their respective group LPS (Amano 1998). 

Regardless of differences between enteric bacteria and group-specific differences, several 

studies have indicated the importance of TLR4 signaling in innate immunity during 

rickettsial infection. Jordan et al have demonstrated involvement of TLR4- stimulated 

dendritic cells in protective immunity against rickettsial infection (Jordan 2009). TLR4 

competence in mice is associated with increased levels of IFN-g and increased expansion 

of NK cells compared to TLR4-deficient mice. Additionally, NK cells from TLR4-

competent mice demonstrated increased cytotoxicity and greater IFN-g production, and NK 

cells from TLR4-deficient mice were activated by DC cells from TLR4 competent mice 

exposed to rickettsiae (Jordan 2009). TLR4 signaling during rickettsial infection has never 

before been investigated in macrophages. As pro-inflammatory cytokine producers and 

secondary targets of rickettsial infection, TLR4 signaling in macrophages potentially plays 

an important role in polarizing surrounding DC and NK cells to stimulate production of 

protective pro-inflammatory cytokines, aiding T-cell activation and differentiation. 
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Previously, we have demonstrated that rickettsiae activate inflammasome in both human 

and mouse macrophages. Here, we sought to investigate how rickettsiae prime and activate 

the inflammasome during infection. Our hypothesis is that rickettsial LPS acts as a priming 

signal for inflammasome activation through TLR4 in macrophages.  
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Results 

It has been established that TLR4 plays a role in host innate and adaptive immunity during 

rickettsial infection (Jordan 2008, Jordan 2009); however, it is yet unknown how TLR4 

contributes to cellular innate immunity, especially inflammasome-dependent immunity. To 

investigate TLR4 involvement in inflammasome activation, we infected TLR4-/- BMM 

with R. australis at an MOI of 6. Rickettsial infection in TLR4-/- BMM failed to produce 

any significant amount of IL-1b upon infection (Fig. 7A).  Levels of IL-1b in Salmonella 

LPS and ATP stimulated cells in TLR4-/- BMM are significantly reduced, indicating that 

without TLR4, there is no priming of pro-IL-1 cytokines.  To determine whether ablation 

of IL-1b secretion in BMM was due to a lack of priming or a lack of secretion, 

immunoblotting against pro- IL-1b in BMM lysate was performed (Fig. 7B). Interestingly, 

rickettsial infection in TLR4-/- BMM resulted in an increase in pro- IL-1b, indicating that 

there are other mechanisms of pro- IL-1b priming during infection. As expected, priming 

Figure 7 A and B. IL-1β secretion is ablated in TLR4-/- BMM. BMM were infected 
with MOI of 6 R. australis for 24h. A.)Supernatants were collected and tested by ELISA 
(R&D Systems) B.) Lysates were collected and probed with pro- IL-1β antibody (1:1000) 
from Cell Signaling. *, p<0.05 
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with Salmonella LPS and ATP, as well as priming with rickettsial LPS and ATP, caused 

no increase in pro- IL-1b production in TLR4-/- BMM (Fig. 7B).  

We next sought to confirm that rickettsial LPS is indeed the ligand for TLR4. Studies have 

indicated that rickettsial lipid A structure varies in the amount of acylations, and the 

rickettsial O-antigen has some slight structural differences from enteric bacteria.  Some 

Rickettsiales, such as Ehrlichia and Orientia, do not have LPS (Yang 2014). Other 

Rickettsiales, such as Coxiella, possess LPS that is not recognized by TLR4 (Barry 2012). 

Therefore, we sought to confirm that rickettsial LPS could be identified by TLR4 to serve 

as the first signal for inflammasome activation. First, we isolated LPS from R. australis 

(Fig. 7C). LPS was roughly quantified by densitometry via silver stain using E. coli LPS 

Figure 7C. Purified rickettsial LPS. LPS was extracted from R. australis whole cells 
using Intron Biotechnology LPS extraction kit, and compared to E. coli LPS standards 
from List Biologicals.  
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standards. Our next step was to confirm that rickettsial LPS signals through TLR4. TLR4-

/- BMM and WT B6 BMM were stimulated with 50 ng of R. australis LPS or Salmonella 

Minnesota LPS for 24 hr, and stimulated with 5 mM ATP for 1 hr (Fig. 7D).  TLR4-/- BMM 

produced significantly less IL-1b than WT B6 BMM in response to rickettsial LPS 

stimulation, indicating that rickettsial LPS signals through TLR4 providing the priming 

signal for inflammasome activation. 

 Rickettsial LPS and Salmonella LPS were used to treat WT B6 BMM in approximately 

the same quantity and stimulated with ATP as signal 1 and 2 for inflammasome activation, 

respectively (Fig. 8A). Rickettsial LPS and ATP stimulation led to significant amount of 

IL-1b secretion in WT B6 BMM, however, to a lesser extent than Salmonella LPS and 

ATP. The same is shown in cytotoxicity, measured by LDH release (Fig. 8B).  

Figure 7D. IL-1β secretion in LPS-treated TLR4-/- BMM. Rickettsial LPS (Ra) was 
added to WT and TLR4-/- BMM at 50 ng/ml for 24h, and stimulated with 5 mM ATP 
for 1h prior to collection. Supernatant was collected and tested by IL-1β ELISA (R&D 
Systems). *, p<0.05 
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Immunoblotting in WT B6 revealed IL-1b production upon stimulation with rickettsial 

LPS and ATP (Fig. 8C). These results suggest that rickettsial LPS stimulation lead to the 

transcriptional upregulation and subsequent translation of pro- IL-1b, and that rickettsial 

LPS acts as signal 1 for inflammasome activation.   

Since rickettsial LPS can act as signal 1 in WT B6 BMM, we next wondered what the role 

of TLR4 is in host immunity. TLR4 is considered to be a significant component of innate 

immunity during infection with many different Gram-negative bacteria. TLR4 is 

considered a significant component of host immunity in the C3H/HeN model of R. conorii 

(Jordan 2008). Here, we infected TLR4-/- and WT B6 BMM with R. australis at an MOI of 

2 for 48 h (Fig. 9). TLR4-/- macrophages had significantly higher bacterial burden 

compared to WT BMM. Interestingly, bacterial burden in TLR4-/- BMM pre-treated with 

40 ng/ml IFN-g displayed significantly higher bacterial burden than untreated TLR4-/- 

(Fig. 10).   

 
Figure 8A and 8B. Rickettsial LPS Primes the Inflammasome. WT B6 BMM were 
primed with 100 ng rickettsial (Ra) or Salmonella (Sm) LPS, and activated with 5 mM 
ATP. Samples were collected 24 hours post treatment. A) Active IL-1β secretion into the 
supernatant of MOI 6-infected WT B6 BMM B) Percentage cytotoxicity as measured by 
LDH assay in supernatant of MOI 6-infected WT B6 BMM. *, p<0.05 
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Discussion 

 

The contribution of rickettsial LPS to the pathogenesis of rickettsial infections, especially 

in relation to cellular innate immunity, has been a matter of speculation for many years. 

Though multiple studies have touched on the structure of LPS, or the contribution of TLR4 

to host defense during rickettsial infection, the interaction of TLR4 with rickettsial LPS, 

particularly spotted fever group LPS, has never been reported.  

While rickettsial LPS here was not isolated via the standard phenol-chloroform extraction 

method, the extracted spotted fever group LPS shows differences in structure from 

Salmonella minnesota LPS via silver stain (Fig. 7C). These differences might be due to 

spacing between structural components of LPS, including Lipid A acylations and O-

antigen (Fomsgaard 1990). These data also strongly agree with a study from Amano et al. 

(Amano 1993). Interestingly, the data shown in the manuscript of Amano et al., Figure 1A, 

Figure 8C. Activation of Inflammasome Components in WT B6 BMM upon 
Treatment with LPS. WT B6 BMM were externally treated with ~100 ng rickettsial or 
Salmonella LPS for 24 h, and treated with 5 mM  ATP for 1 hr. Supernatants were 
collected and concentrated. Adipogen anti-caspase-1 (1:500), Santa Cruz anti-IL-18 
(1:1000), and Cell Signaling anti-IL-1β (1:1000) were used for detection  
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lane 3 silver stain, shows SFG rickettsial LPS from R. honei TT-118 strain that agrees with 

R. australis LPS silver stain, especially the lowest two bands in the stain. Amano et al 

speculate that these lowest two bands (“fastest migrating” bands) are molecules containing 

the core oligosaccharide and lipid A portions. Furthermore, Amano et al speculate that 

these portions are not recognized by human IgM convalescent phase serum (Amano 1993). 

While this confirms structural differences between spotted fever group rickettsial and 

enterobacterial LPS, it lacks more specific data normally generated by mass spectrometry. 

Additionally, side-by-side silver stain imaging of typhus group and spotted fever group 

LPS has not yet been done, so structural differences between these two groups have not 

been studied in our system. Relatively lower levels of LPS in rickettsiae, 1-2% rickettsial 

biomass (Fodorova 2005), makes isolating and characterizing LPS difficult, which may 

account for the lack of structural data and studies. Nevertheless, these data confirm slight 

Figure 9. TLR4 contributes to host defense in BMM. Bacterial burden at 48h post-
infection in BMM determined by qPCR. BMM were infected with MOI 2 R. australis.  
Cells were washed with PBS, and DNA was extracted using DNeasy Kit (Qiagen). 
qPCR was performed using probe for R. australis CS gene.	*,	p<0.05 
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differences in LPS structure between rickettsia and enterobacterial pathogens, which may 

have implications in pathogenesis and inflammasome signaling. 

Previously, Jordan et al. have published that R. conorii stimulate DC and E. coli LPS- 

stimulated DC protect from lethal R. conorii infection when adoptively transferred into 

infected mice (Jordan 2007). Jordan et al. suggested that TLR4 may play a role in DC-

mediated protection, because E. coli LPS-stimulated DC were partially protective in vivo 

during R. conorii infection. Furthermore, both rickettsia and LPS stimulated DC produced 

IL-2 with similar kinetics, implying that this could be occurring through the same TLR 

(Jordan 2007). A study from Bechelli et al using MyD88-deficient DC shows the 

importance of TLR signaling in innate immunity.  While these studies focus on DC, 

unpublished data show that MyD88 also plays an essential role in IL-1b secretion in BMM 

(unpublished data, Walker lab). MyD88 is an adaptor for multiple TLRs, including TLR4, 

Figure 10. Bacterial burden in TLR4-/- BMM treated with cytokines. Bacterial burden 
at 48h post-infection in BMM determined by qPCR. BMM were infected with MOI 2 of  
R. australis. A.) r IL-1β (10ng/ml-Peprotech) was added upon infection, and medium was 
changed every 24h, or  B.) IFN-g (40 ng/ml- R&D Systems) was used to prime 16h prior 
to infection. Cells were washed with PBS, and DNA was extracted using DNeasy Kit 
(Qiagen). qPCR was performed using probe for R. australis CS gene. *, p<0.05 
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and we demonstrate here that TLR4 deficiency leads to complete ablation of 

inflammasome activation as measured by active, secreted IL-1b (Fig. 7A). This situation 

appears to be due to the lack of pro- IL-1b produced in TLR4-/- BMM in rickettsial 

infection (Fig. 7B).  These results suggest that LPS-TLR4-MyD88 provide the priming 

signal for activation of the inflammasome by rickettsiae in mouse macrophages. It also 

excludes the possible involvement of the TLR4-TRIF signal in inflammasome activation. 

We do find upregulation of pro- IL-1b in R. australis-infected TLR4-/- BMM lysate, 

suggesting that there are other TLRs involved in pro- IL-1b priming.  Interestingly, we 

observed significantly more pro- IL-1b in R. australis-infected BMM, indicating the 

possibility that R. australis stimulates pro- IL-1b production via another pathway. It is 

likely that other TLRs are involved in sensing other rickettsial ligands, resulting in 

upregulation of pro- IL-1b, though it is still unclear which other rickettsial ligands are 

involved. Several studies have indicated that rickettsiae possess TLR2 and TLR9 ligands 

(Quevedo-Diaz 2010, Xin 2012), and since MyD88 is an adaptor for both TLR2 and TLR9, 

this increases the likelihood that one or both of these ligands are involved in inflammasome 

priming.  

Since we see abrogation of inflammasome activation in TLR4-/- BMM (Fig. 7A) as well as 

abrogation of inflammasome activation in ASC-/- BMM (Fig. 5A) when infected with R. 

australis, inflammasome activation by rickettsiae is TLR4-dependent and ASC-dependent. 

This inflammasome pathway is not surprising, and is well described in models of many 

Gram-negative pathogens (Storek 2015). TLR4, and to some extent other TLRs, are 

required for inflammasome priming during rickettsial infection. 
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In terms of the contribution of TLR4 to immunity and bacterial burden, another publication 

from Jordan et al demonstrated that C3H/HeJ mice are more susceptible to rickettsial 

infection than C3H/HeN mice, due to the point mutation in the TLR4 receptor (Jordan 

2008). C3H/HeJ mice produce significantly less IFN-g, likely leading to a lack of TH1 

polarization and proliferation.  The mechanism of TLR4 deficiency leading to 

susceptibility to rickettsiae was speculated to be due to alteration in protective pro-

inflammatory cytokines. In our studies, TLR4-/- BMMs exhibit higher bacterial burden 

compared to wild type BMMs (Fig. 9), consistent with the previous data showing that mice 

with a TLR4 mutation (C3H/HeJ) are significantly more susceptible to rickettsial infection 

than their C3H/HeN counterparts. Interestingly, however, when TLR4 BMM are primed 

with IFN-g prior to infection, there is a higher bacterial burden. While there are reports of 

temporal priming requirements and pathway coordination between innate immune 

signaling pathways (Ward 2010, Kim 2014), including those of Type I/Type II IFN and 

TLRs, further studies are needed for clarification of results.   

In conclusion, TLR4 is an important component of anti-rickettsial immunity, and TLR4 

deficiency has noticeable affects on both innate and adaptive immunity. One of the 

mechanisms for the downstream effects of TLR4 deficiency could be an ablation of 

inflammasome activation, which effects other responding innate cells such as DC and NK 

cells. Without the proper polarizing cytokine signals, DC and NK cells have altered pro-

inflammatory cytokines secretion, thereby affecting TH1 and CTL responses. These results 

clearly demonstrate that rickettsial LPS/TLR4 contributes to host protective immunity 

through inducing inflammasome activation in macrophages, which has never been 

reported. 
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Furthermore, rickettsial LPS is an important component of pathogenesis, though given the 

relatively low level of LPS produced and the altered structure of rickettsial LPS, rickettsiae 

do not seem to depend on their LPS as a virulence mechanism as heavily as their enteric 

gram-negative counterparts. It is possible that a dose-dependent mechanism exists during 

rickettsial infection. More structural data and mechanistic studies may help advance the 

field of knowledge of the contribution of rickettsial LPS to immune system evasion.  
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Chapter 5  

The role of ASC-dependent inflammasome 

 

Introduction 

As discussed in previous chapters, rickettsiae induce inflammasome activation via 

upstream TLR4-dependent signals, and downstream, via the ASC-caspase-1/11-dependent 

pathway. We were next interested in the mechanisms by which ASC is able to regulate 

inflammasome activation by rickettsia. Volumes of literature establish ASC as the main 

adaptor protein and link between NLR and pro-caspase-1 (Schroder 2010, Rathinam 2012). 

A few studies have introduced the possibility that ASC may also have other roles inside 

the cell, including NFkB regulation. ASC plays a role in regulating MAPK/ERK2 

pathways together with protein DUSP1 (Taxman 2011), and a study by Abdelaziz et al 

showed that a depletion of ASC resulted in greater NFκB activation, and greater bacterial 

survival (Abdelaziz 2011). Other studies have noted that ASC is a negative regulator of 

RIP2 protein (Sarkar 2006) and POP2 (Bedoya 2007), both of which act upon NFκB. 

Primarily, however, as the adaptor molecule for caspase-1, ASC regulation of IL-18 and 

IL-1b is tightly controlled so as not to lead to erroneous activation and downstream 

inflammation from these cytokines (Rathinam 2012).  

While little data exist on IL-18 serum levels in rickettsial infection, IL-1b has been shown 

to be present early in rickettsial infection in human patients and mouse models (Parola 
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2013). Parola et al state that early phase infection with R. conorii ISF strain in human 

patients is associated with detectable levels of IL-1b in the serum. In mouse models, IL-1b 

is elevated at the peak of rickettsial infection, 4 days post-infection. 

IL-1b is one of the most potent IL-1 family cytokines. Protection provided by IL-1b in 

infectious disease models is mainly associated with the ability of IL-1b to induce rapid 

neutrophil response and induction of a host of chemokines and cytokines (Sahoo 2011). 

Perhaps one of its most interesting functions, especially in regard to endothelial-targeting 

rickettsial infections, is the ability of IL-1b to activate endothelial cell adhesion molecules 

(Woods 2008). Amongst its pro-inflammatory abilities, several studies have explored the 

role of IL-1b in inducing ROS and NOS production, potentially making it an important 

cytokine for eradicating intracellular bacteria, like rickettsiae. Another function of IL-1b 

likely to be important for rickettsial infection is its ability to influence T-cell activation and 

differentiation, which is a critically important component of rickettsial clearance.  

IL-18 secretion is classically associated with promoting IFN-g production, primarily from 

NK cells, during infection (Dinarello 2003). The protective effects of IL-18 in infectious 

disease models mainly results from the ability of IL-18 to stimulate secretion of IFN-g from 

both NK and T-cells. IL-18 has also been shown to have an effect in increasing levels of 

IL-8 and TNF-a, which are essential protective cytokines during rickettsial infection. 

Additionally, it amplifies cytotoxicity of CD8+ T-cells and NK cells (Sahoo 2011). This 

pathway is well-described in multiple infectious disease models, and has been linked to 

IFN-g production by NK cells in models of other Rickettsiales such as anaplasma (Pedra 

2007).  
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IFN-g is an important cytokine in rickettsial infection, and is a necessary component of 

education and proliferation of cytotoxic T-cells (Tewari 2007). IFN-g also enhances 

lysosome activity and induces iNOS production (Arunachalem 2000), increases expression 

of both MHC I and MHC II molecules (Zhou 2009, Steimle 1994), and suppresses TH2 

polarization in CD4+ T-cells (Schulz 2009). All of these functions are potentially involved 

in rickettsial infection. The potential effect of ASC-dependent inflammasome activation 

on Type II IFN production and regulation makes investigating the innate-adapative 

immune response connection in rickettsial infection more imperative.  

Given these important downstream effects of inflammasome-associated cytokines, we 

wondered if there was a role that the ASC-dependent inflammasome plays in both inducing 

innate rickettsicidal mechanisms as well as regulating adaptive immune responses to 

rickettsial infection through IL-1 family cytokine production. Our hypothesis for this set 

of experiments was that the ASC- dependent inflammasomes amplify or enhance IFN-g 

production in vivo and ASC-dependent inflammasome activation contributes to bacterial 

clearance in BMM by mediating rickettsicidal IL-1b secretion. 
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Results 

Previous data indicate that the ASC/caspase-1/11 axis is essential for inflammasome 

activation in vitro (Chapter 3, Smalley 2016). We hypothesized that ASC was protective 

in vivo in response to rickettsial infection. In a challenge model of R. australis using 0.5 

LD50, ASC-/- mice exhibited decreased survival compared to WT B6 mice (Fig. 11A); 90% 

of ASC-/- mice succumbed to infection by Day 7, while only 25% of WT B6 mice died by 

Day 9. These results are in line with the previous unpublished data from our lab that showed 

100% of ASC-/- mice succumb to infection by Day 7.  

To further investigate whether ASC mediates host protection through clearance of bacteria 

in vivo, infected tissues from these ASC-/- and WT mice were harvested on day 4 post-

Figure 11. Survival and Organ Bacterial Burden in ASC-/- Mice. A.) Survival of 10-
12 week old C57BL/6J and ASC

-/- 
mice infected I.V. with 0.5 LD50 of R. australis from 

egg culture. B.) Bacterial burden at day 4 post-infection was measured by qPCR using 
CS gene in WT B6 and ASC-/- organs. *, p<0.05 
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infection. Bacterial burdens from lung, liver, and spleen showed a significantly higher level 

of bacteria in ASC-/- mice than in WT B6 mice (Fig. 11B).  

 Histopathology of these organs showed fewer, but larger, liver lesions in ASC-/- mice at 

day 4 post infection (Fig. 12A).  Larger and more diffuse liver lesions were associated with 

poor control of infection, which correlates with both survival data as well as bacterial 

burden data.  Lung histology showed no significant differences (Fig. 12B), and spleen 

histology showed an increase in white pulp at day 4 post-infection in both ASC-/- mice and 

WT B6 mice (Fig. 12C).  While this appears to be important, future studies are required to 

explain how the expansion in white pulp contributes to host defense.  

To further investigate the mechanisms by which ASC mediates protective immunity, we 

determined the in vivo production of pro-inflammatory cytokines including  IFN-g and IL-

1b in the serum on day 4 p.i.. Indeed, ASC-/- mice had significantly decreased levels of 

Figure 12A. Liver Histology in WT B6 and ASC-/- Mice. Liver samples were taken 
4 days post-infection, embedded in paraffin, and stained with H&E for histological 
analysis.  
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IFN-g, IL-18, and IL-1b in the serum as compared to WT B6 mice (Fig. 13A-C). ASC-/- 

mice did not have significantly different levels of IL-10 in the serum; however, the 

concentration of IL-10 was greater than that in WT B6 mice (Fig. 13 D).  

In finding that ASC-/- mice had increased mortality and decreased serum levels of 

inflammasome-related cytokines, we examined previous data from Walker lab in IL-18R-

/- mice. When infected with a sublethal dose of R. australis, IL-18R-/- mice are more 

susceptible to infection with R. australis than WT B6, and exhibit 40% mortality 

(unpublished data, Walker Lab).  These data suggest that IL-18 signaling is protective in 

vivo and one of the inflammasome-mediated cytokines which contribute to host defense 

against rickettsial infection. 

As shown in Chapter 3, ASC-/- bone marrow derived macrophages had complete ablation 

of both IL-18 and IL-1b production in vitro when infected with R. australis (Fig. 5A and 

5B). ASC-/- BMM also had a lack of caspase-1 activation as shown by immunoblot (Fig 

5D). ASC-/- BMM produced increased pro- IL-1b upon infection with R. australis. Thus, 

Figure 12 B and C. Histology of Lung and Spleen in WT B6 and ASC-/- Mice. 
Organ samples were taken 4 days post-infection, embedded in paraffin, and stained 
with H&E for histological analysis. A.) Lung samples for WT B6 and ASC-/- mice B.) 
Spleen samples for WT B6 and ASC-/- mice.  
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lack of active IL-1b secretion is not due to the reduced or abrogated levels of pro- IL-1b 

(Fig 14).  

 Since the secretion of inflammasome-related cytokines are deficient both in ASC-/- BMMs 

and in the sera of infected ASC-/- mice compared to WT controls, we next determined 

whether BMMs had a significantly higher bacterial burden as shown in the in vivo model. 

ASC-/- BMM were infected with R. australis with an MOI of 2, and cells were collected at 

48 hpi. ASC-/- BMMs show significantly higher bacterial burdens than WT B6 BMM at 48 

hpi (Fig. 15A). These data are also consistent with the in vivo model showing significantly 

increased bacterial burden in all of the collected infected tissues. Because ASC-/- BMM do 

not secrete IL-1b or IL-18, we wished to determine whether the higher bacterial burden 

Figure 12. Serum Cytokine Levels in WT B6 and ASC-/- Mice. Serum was tested for 
cytokines by ELISA 4 days post-infection A.) IL-1β levels B.) IL-18 levels C.) IFN-g 
levels D.) IL-10 levels. *, p<0.05 
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might be due to the lack of autocrine signaling from inflammasome-associated cytokines. 

Treatment of ASC-/- BMM with rIL-1b did not result in a lower bacterial (Fig. 15B).  

Since treating primary ASC-/- BMM with rIL-1beta had no effect, perhaps due to lack of 

IL-1R, we next infected RAW macrophages with R. australis and treated them with rIL-

1b. RAW macrophages lack the ASC protein, and do not secrete active IL-1b when 

infected with R. australis (unpublished data, Walker lab).  When RAW macrophages are 

infected with R. australis and rIL-1b is added at a concentration of 10 ng/ml, the bacterial 

burden decreases significantly (Fig. 16), indicating that rIL-1b plays a role in decreasing 

the bacterial burden in vitro.  

To investigate if priming with inflammasome-independent cytokines might have an effect 

on bacterial burden in ASC-/- BMM, cells were primed overnight with IFN-g, as previously 

described (Hagar 2011). ASC-/- BMM had significantly decreased bacterial burden at 48 

hpi when primed overnight with 40 ng/ml IFN-g compared to unprimed ASC-/- BMM (Fig. 

Figure 14. Upregulation of pro- IL-1β. ASC-/- BMM lysates from cells that were 
untreated, infected with MOI 6 of R. australis, or treated with 100 ng Sm LPS and 5 
mM ATP for 24 h.  
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15C).  Both WT B6 and ASC-/- BMM primed with IFN-g had significantly decreased  

bacterial burdens compared to their unprimed counterparts; however, primed WT B6 and 

primed ASC BMM bacterial burdens were not significantly different from each other, 

suggesting that rickettsial clearance by IFN-g is an ASC-independent mechanism (Fig. 17).  

Additional studies in WT B6 BMMs using IFN-g priming revealed increases in cytotoxicity 

at early stages on infection (Fig. 18). When primed with IFN-g, cytotoxicity increased 

significantly compared to unprimed cells or cells primed with Type II Interferon (IFN-b). 

IFN-g has been shown to upregulate pro-caspase-11 (Aachoui 2015) as well as upregulate 

Figure 15. Bacterial Burden in WT B6 and ASC-/- BMM 48 hpi. Bacterial burden at 
48h post-infection in BMM determined by qPCR. A.) BMM were infected with MOI 2 
of R. australis.  B.) Cells were untreated, or treated with 10 ng r IL-1β upon infection C.) 
Cells were untreated, or primed with 40 ng IFN-g for 16h prior to infection. All cells were 
washed with PBS, and DNA was extracted using DNeasy Kit (Qiagen). qPCR was done 
using probe for R. australis CS gene. *, p<0.05; ns, not significantly different 
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other cell defense mechanisms including ROS production, pro-IL-1b and pro-IL-18 

(Rakshit 2014, Hayes 1995, Sodhi 1992). In this rickettsial infection model, IFN-g likely 

promotes synthesis of pro-caspase-11 and other pro-inflammasome components, and upon 

infection with rickettsiae, the cell is able to mount an immune response faster and more 

efficiently. These data underscore the importance of IFN-g during infection, and raises the 

possibility that macrophages need IFN-g priming to reach their full inflammatory potential 

during early stages of infection.  

 

 

 

 

Figure 16. rIL-1𝛃 reduces Bacterial Burden in RAW Macrophages. Bacterial 
burden at 48h post-infection in BMM determined by qPCR. BMM were infected with 
MOI 2 of R. australis.  rIL-1𝛃 (10ng/ml-R&D Systems) was added upon infection, and 
medium was changed every 24h. Cells were washed with PBS, and DNA was extracted 
using DNeasy Kit (Qiagen). qPCR was done using probe for R. australis CS gene. *, 
p<0.05 
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Discussion 

ASC is protective in vivo during rickettsial infection, indicating that the inflammasome or 

cytokines secreted by inflammasome activation play a role in developing a sterilizing 

immune response.  Because ASC-/- mice die by day 7 post-infection (Fig. 11A), it is likely 

that during the adaptive immune response, CD4+ and CD8 + T-cells are not 

activated/primed at the optimal level, leading to defective development of effector T- cells.  

Several studies have reported the importance of ASC in sterilizing immunity (Pedra 2007, 

Abdelziz 2010).  

At day 4 post infection, ASC-/- mice have significantly lower serum IFN-gamma (Fig. 

13C), and, as expected, lower IL-18 and IL-1b in their serum than WT B6 mice (Fig. 13A 

Figure 17. ASC contributes to bacterial clearance in BMM. Bacterial burden at 48h post-
infection in BMM determined by qPCR. IFN-g (40 ng/ml- R&D Systems) was used to prime 
16h prior to infection. BMM were infected with MOI 2 of R. australis.  Cells were washed 
with PBS, and DNA was extracted using DNeasy Kit (Qiagen). qPCR was done using probe 
for R. australis CS gene. ns, not significantly different  
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and 13B.  ASC-/- mice also display slightly, though not significantly, elevated IL-10 levels 

(Fig. 13D). IL-10, a potent anti-inflammatory cytokine, has been shown by a number of 

researchers to be an important cytokine in rickettsial infection (Walker 2000, Vitale 2001, 

deSousa 2007).  IL-10 is present in large quantities in a mouse model of rickettsioses after 

the immune control of the infection, but before convalescence (Walker 2000). In human 

infections, there are high levels of IL-10 in sera of patients with Mediterranean spotted 

fever (MSF) (Milano 2000).  

ASC-/- mice have higher bacterial burden in all organs (lung, liver, and spleen), and have 

significantly larger lesions in liver than B6 mice (Fig. 11B). These results suggest that 

ASC-/- mice have a stunted innate immune response at a crucial time point in rickettsial 

infection: the point when CD4 and CD8 T-cell responses are initiated. 

At this time point, day 4 post-infection, NK cells are the most significant producers of IFN-

g  (Fang 2012).  Since ASC-/- mice have very low IFN-g at day 4 post-infection, it is likely 

Figure 18. Kinetic IFN-priming in WT B6 BMM. WT B6 BMM were primed with 
either IFN-γ (40ng/ml- R&D Systems) or IFN-β (200 u/ml- PBL) for 16 hr prior to 
rickettsial infection with MOI 6 of R. australis. *, p<0.05 
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that the lack of IL-18 and IL-1b result in subpar activation of NK cells, leading to lower 

levels of IFN-g. Macrophage production of these two cytokines has been linked to effective 

NK activation and sustained NK cell responses (Mattiola 2015). Although NK cells have 

been reported to express low levels of IL-1RI compared to ILCs, there is evidence to 

suggest that NK cells upregulate detectable levels of IL-1RI, and that IL-1b has a biological 

effect on NK cells, especially when combined with IL-12, IL-15, and IL-23 (Hughes 2010, 

Cooper 2001, van de Wetering 2009). IL-18, however, is more commonly associated with 

NK cell activation. These phenomena have been described in multiple models of bacterial 

infection, including anaplasmosis and Burkholderia pseudomallei infection (Pedra 2007, 

Weirsinga 2007).  IL-18 has been shown to be a prominent activator of IFN-g secretion in 

NK cells via a positive feedback loop.  Pedra et al have described, in a model of 

anaplasmosis, that IL-18-/- mice show the same level of mortality as ASC-/- mice, due to 

the lack of activation of NK cells and the subsequent lack of IFN-g (Pedra 2007).  

While ASC-/- mice in our model have significantly decreased IL-18 production (Fig. 13B), 

previous unpublished data have shown that rickettsia-infected IL-18R-/- mice have 25% 

mortality, compared with mice with ASC deficiency infected with the same dose of 

rickettsia, which is 90-100% lethal.  Therefore, IFN-g deficiency from the IL-18 positive 

feedback loop in NK cells is not entirely responsible for the level of mortality seen in ASC-

/- mice. Given the low level of IL-1RI receptors on NK cells and the relatively smaller role 

of IL-1b priming in NK cells, it is unlikely that IL-1b deficiency alone results in decreased 

IFN-g production. Thus, we looked to the role of IL-1b as potentially having some 

bactericidal activity in vitro using BMM.  
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ASC is clearly essential for IL-1b production in BMM (Fig. 5A). Previous data also 

indicate a lack of caspase-1 activation in the absence of ASC, indicating that 

inflammasome activation that is dependent on the ASC-caspase-1 axis. These data exclude 

the possibility that caspase-11 directly activates caspase-1, as ASC is necessary for 

caspase-1 activation.  The possibility remains that activation of caspase-11 destabilizes the 

cellular membrane, leading to inflammasome activation through a yet unknown NLR-

ASC-caspase-1 pathway.  It is also possible that caspase-11 is responsible for pyroptosis.  

The role of caspase-11 in rickettsial infection will be more fully explored in Chapter 6. 

In RAW macrophages, which naturally lack ASC protein, there is also a deficiency in IL-

1b secretion (Fig. 16). When infected with rickettsia, RAW macrophages do not secrete 

IL-1b into the supernatant (Unpublished data, Walker Lab).  When RAW macrophages 

were infected with rickettsia and then supplemented with recombinant IL-1b for 48 hours 

(Fig. 16), there was a significant decrease in bacterial burden compared to untreated RAW 

macrophages.  This indicates that IL-1beta stimulates a rickettsicidal response in 

macrophages.  The role of IL-1b as a defense mechanism against invading pathogens has 

been noted previously in the literature, especially in models of M. tuberculosis (Mtb).  

Jayaraman et al (Jayaraman 2013) have shown that IL-1b kills Mtb through the recruitment 

of ROS and NOS, through TNF receptor upregulation and caspase-3 activation.   

While the ASC-/- BMM did not show reduced bacterial burden in response to rIL-1b added 

to the medium, it remains possible that this effect is explained by the previous report that 

primary derived BMM do not upregulate IL-1R.  It is likely that the effect noticed by 

adding rIL-1b in RAW macrophages is the true effect of IL-1b on rickettsial infection in 

macrophages, as RAW macrophages remain IL-1R competent. The mechanisms that lead 
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to rickettsial clearance mediated by IL-1b have yet to be uncovered. It is possible that ROS 

and NOS account for the rickettsicidal mechanisms. Feng et al have demonstrated that NOS 

is a potent rickettsial killing mechanism in endothelial cells (Feng 2000), and likely in 

macrophages. Mechanistic studies with ROS and NOS inhibitors would clarify these links 

between IL-1b and rickettsial killing mechanisms. 

While rIL-1b only showed significant effects in RAW macrophages, priming with IFN-g 

led to dramatic effects on bacterial burden. IFN-g, as mentioned previously, is a potent 

effector of macrophage activation and innate cellular pathogen killing pathways.  Both WT 

B6 and ASC-/- BMM had significant decreases in bacterial burden at 48 hpi after IFN-g 

priming (Fig. 15C). This mechanism of killing is ASC independent, and probably 

represents the ability of IFN-g to prime caspase-11 and other pro-inflammasome 

components. Other data (Fig. 18) show that priming with IFN-g before infecting with 

rickettsiae significantly increases LDH activity in the first 12 hours following rickettsial 

infection, even more so than priming with IFN-b.  Increases in LDH activity suggest the 

involvement of caspase-11 and its ability to induce pyroptosis. By 12 hpi, cytotoxicity had 

increased to ~20% in IFN-g primed cells compared with ~5% in unprimed cells. These data 

correlate with bacterial burden data at 48 hpi. Part of the decrease in bacterial burden at 48 

hpi could due to increased pyroptosis. IFN-induced pyroptosis has never before been 

shown to be protective in rickettsial infection. Other possibilities in regard to decreased 

bacterial burden are increases in ROS and NOS production in IFN-g primed macrophages.  

Previous studies have revealed increases in iNOS activity in cells exposed to IFN-g, and 

previous studies have established NOS as a mechanism of rickettsial killing in endothelial 

cells and macrophages.  It is likely that the increased levels of reactive oxygen species 
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resulting from IFN-g stimulation are partially responsible for the decreased bacterial 

burden in BMM in our in vitro model. Altogether, these data underscore the importance of 

the inflammasome, particularly ASC, in rickettsial infection. 

ASC has been broadly implicated as an important link between the innate and adaptive 

arms of the host response to pathogens (Schroder 2010).  ASC appears to have the same 

function during rickettsial infection.  A lack of ASC in vivo leads to decreased 

inflammasome associated cytokines, IL-1b and IL-18.  The lack of IL-18 likely reduces 

the expansion and proliferation of NK cells in response to the lack of IFN-g, which limits 

the expansion and proliferation of IFN-g dependent TH1 CD4+ T-cells. Decreased IFN-g 

levels likely impair expansion, proliferation, and cytotoxicity of CD8+ T-cells.  This, 

together with slightly, though not significantly, elevated IL-10, further dampens any pro-

inflammatory immune responses. The lack of IL-1b contributes to the dampened CD8+ T-

cell response. 

Additionally, ASC deficiency, leading to decreased IFN-g, likely inhibits any cellular 

innate immune processes that are also dependent on IFN-g, such as the priming of 

macrophages and MHC I/II expression in dendritic cells. Decreased macrophage priming 

could result in lower levels of ROS and NOS and a lack of pro-inflammasome components, 

leading to higher bacterial burdens.  

Given the downstream importance of ASC in host defense, more studies are justified in 

fully investigating the repercussions of this inflammasome adaptor protein. 
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Chapter 6 

Role of caspase-11 in inflammasome activation 

 

Introduction 

Since we have elucidated the role of ASC in rickettsial infection, we sought to investigate 

the downstream signaling driven by ASC in mediating the activation of caspase-1/caspase-

11 axis.  Caspase-1 and caspase-11 are closely related inflammatory caspases. They reside 

very close to each other in the genome (Kayagaki 2011), so much so that attempts at 

creating a caspase-1 single knockout animal model has been elusive. Currently, the only 

available caspase-1 single knockout mouse is a caspase-1/11 double knockout with a 

caspase-11 transgene added into the genome, utilized in a private lab and not commercially 

available. This makes studying caspase-1 difficult, and due to these constraints, we chose 

to investigate the respective roles of caspase-1 and caspase-11 using caspase-1/11 double 

knockout mice as well as caspase-11 single knockout mice. The caspase-11 knockout 

mouse on the C57Bl/6 background was generated by backcrossing C57Bl/6J wild-type 

mice with 129x1SvJ mice, which naturally lack caspase-11. These animals, while useful 

as a screen, have increased bactericidal capabilities in terms of enhanced NK cell activation 

(Sellers 2012, Man 2017) and are not an ideal model for studying the role of caspase-11 

during infection. 

Caspase-11 has relatively recently been clarified as an intracellular sensor of LPS 

(Kayagaki 2011, Hagar 2011). One of the ways caspase-11 is upregulated is upon binding 
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of TLR4 by LPS. TLR4 recruits the adaptor molecules TRIF and TRAM, which activate 

IRF3 for the production of Type I IFNa and IFN-b. Autocrine signaling from secreted 

Type I IFN engages the IFNAR, stimulating STAT1 and IRF9 pathways leading to 

caspase-11 upregulation. MyD88 has been shown, in some cases, to contribute once TLR4 

is engaged by LPS (Broz 2012). Alternatively, caspase-11 can be upregulated by binding 

of Type II IFN, IFN-g, by IFNR binding (Aachoui 2015). Because of the involvement of 

MyD88 in inflammasome activation in both DC and macrophages during rickettsial 

infection, we considered this as a possible mechanism for caspase-11 upregulation during 

rickettsial infection. Given the importance of IFN-g in rickettsial infection, the possibility 

remains that IFN-g plays a strong role in priming caspase-11 prior to inflammasome 

activation. 

Following priming, caspase-11 binds intracellular LPS directly with the help of guanylate 

binding proteins, GBPs. GBPs have been implicated in lysing the vacuoles that some 

intracellular bacteria use as a replicative niche (Finethy 2015). Because rickettsiae escape 

the phagosome almost immediately upon entry into the host cell and replicate freely in the 

cytosol, we did not consider GBP involvement in this model. Caspase-11 is then activated 

by LPS of the invading Gram-negative organisms. As described in previous chapters, 

rickettsiae produce an atypical LPS in very small quantities. The ability of rickettsiae to 

grow and replicate in the intracellular space undetected for relatively long periods of time, 

as discussed in Chapter 3, is remarkable given the constant presence of caspase-11.  

Caspase-11 can induce pyroptosis through activation and cleavage of Gasdermin D in order 

to expose the pathogen to the extracellular space. Pyroptosis, as an important mechanism 

of cell death in response to invading pathogens, is an intriguing idea for rickettsial 
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infection. In models of endothelial cell rickettsial infection, endothelial cells show little to 

no inflammatory cell death in response to infection as measured by LDH release and 

corresponding caspase-1/11 activation (unpublished data, Walker lab). While rickettsiae 

target mainly endothelial cells and it is possible that they have evolved specifically for the 

endothelial cell niche, we considered the possibility that rickettsiae do not induce 

pyroptosis through caspase-11 or even inhibit pyroptosis in order to maintain their 

intracellular niche.  

In other circumstances, caspase-11 will destabilize the cellular membrane, resulting in ion 

flux and canonical inflammasome activation through NLRP3 (Yang 2015) and subsequent 

caspase-1 activation, IL-1b secretion, and IL-18 secretion. Given the involvement of 

caspase-11 in multiple pathways of inflammasome activation, we sought to understand the 

role of caspase-11 in activating the pathways leading to IL-1b and IL-18 secretion during 

rickettsial infection. Caspase-11 directly detects LPS in the cytosol of the cell, resulting in 

pyroptosis and inflammasome activation. 

In the present studies, we sought to identify the contribution of rickettsial LPS to priming 

or activation of caspase-11 in regard to inflammasome activation. The hypothesis is that 

caspase-11 is partially required for IL-1b secretion and pyroptosis in BMM, and rickettsial 

LPS can directly activate caspase-11 when transfected to the host cytosol. 
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Results 

To determine if caspase-11 deficiency would cause a dramatic increase in susceptibility to 

rickettsial infection, we infected 129X1SvJ mice with 0.5 LD50 R. australis egg stock. After 

15 days infection, all mice had survived (Fig. 19A). Some mice became hunched and 

ruffled at day 4 post-infection; however, they recovered quickly and remained healthy until 

the end of the experiment. These results suggest that caspase-11 deficiency in rickettsial 

infection does not induce a significant and dramatic phenotype.  In a caspase-11 single 

knockout strain, rickettsial infection may result in some mortality, but likely would not 

induce a dramatic phenotype similar to ASC-/-.  

To investigate the bacterial burden in 129X1SvJ mice, samples of lung, liver, and spleen 

were harvested at day 4 post-infection (Fig. 19B). All specimens were assayed by qPCR, 

Figure 19. Survival and Organ Bacterial Burden in 129x1SvJ Mice. A.)Survival 
curve of 10-12 week old  C57BL/6J and 129x1SvJ mice infected I.V. with 0.5 LD50 R. 
australis from egg culture. B.) Bacterial burden at day 4 post-infection was measured by 
qPCR using CS gene in WT B6 and 129x1SvJ organs. ns, not significantly different 
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and bacterial burdens in liver, lung and spleen were not significantly different from those 

in WT B6 mice. These data are consistent with the survival data.  

Liver, lung, and spleen samples were also collected on day 4 for histology. Liver histology 

showed significantly fewer lesions in the liver than in B6 mice (Fig. 20A). There were no 

significant differences between lung histology samples (Fig. 20B), and spleen histology 

showed expansion of the white pulp at day 4 post-infection (Fig. 20C); however, this does 

not seem to be clinically relevant as the levels of bacterial burden remained low at the same 

time point. Taken together, these data all matched survival and bacterial burden data. The 

data showed that 129x1SvJ mice have remarkable control over rickettsial infection, and 

therefore do not exhibit the same pathology that susceptible WT B6 mice show during 

infection. Serum cytokines IL-1b, IFN-g, and IL-10 are all significantly decreased in 

Figure 20A. Liver Histology in WT B6 and 129x1SvJ Mice. A.) Liver samples 
were taken 4 days post-infection, embedded in paraffin, and stained with H&E for 
histological analysis.  
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129x1SvJ mice compared to WT B6 mice at day 4 post-infection, indicating resistance to 

rickettsial infection (Fig. 21 A-C). 

 To investigate the role of caspase-11 in inflammasome activation in vitro, caspase-11 

single knockout BMM were infected with MOI 6 of R. australis for 24 h (Fig. 22). 

Caspase11-/- BMM produced significantly lower levels of IL-1b upon infection compared 

to WT B6 BMM (Fig. 22A). Levels of TNF-a as a preliminary surrogate marker for cell-

death in both genotypes are similar (Fig. 22B). 

To determine whether IL-1b secretion is caspase-1 dependent, we also infected caspase 

1/11-double KO BMM and compared them with caspase-11 single knockout BMM. In 

caspase-1/11- double KO BMM, inflammasome activation as measured by IL-1b secretion 

was completely ablated (Fig 23A). These data have been described previously (Chapter 3), 

but the experiment had not been done in the context of separating the respective 

contributions of caspase-1 and caspase-11. In this experiment, stimulation with LPS and 

ATP also resulted in no production of IL-1b, as expected. Levels of TNF-a in cell 

Figure 20 B and C. Histology of Lung and Spleen in WT B6 and 129x1SvJ Mice. 
Organ samples were taken 4 days post-infection, embedded in paraffin, and stained 
with H&E for histological analysis. A.) Lung samples from WT B6 and 129x1SvJ mice 
B.) Spleen samples from WT B6 and 129x1SvJ mice.  
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supernatant were not significantly different from WT B6, showing that cell function is 

normal (Fig.23B).  

Next, we sought to investigate the roles that caspase-11 and caspase-1 play in host 

immunity by measuring the bacterial burdens in BMM. Caspase-11- single KO BMM had 

significantly higher bacterial burden than WT B6 BMM (Fig 24), and caspase-1/11- double 

KO BMM did not have significantly different bacterial burden compared with  WT B6 

BMM (Fig. 25). Because caspase-11- single KO BMM have high bacterial burdens, and 

caspase-1/11- double KO BMM are also caspase-11 deficient, these results show an 

inconsistency between these two genotypes, and could be due to decreased internalization 

of rickettsiae in caspase-1/11-double KO BMM.  

Figure 21. Serum Cytokine Levels in WT B6 and 129x1SvJ Mice. Serum was tested 
for cytokines by ELISA 4 days post-infection A.) IL-1β levels B.) IFN-g levels C.) IL-
10 levels. *, p<0.05 
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To investigate whether rickettsial LPS could directly activate caspase-11 when transfected 

to the cytosol of BMM, rickettsial LPS was first isolated and quantified as discussed in  

Chapter 4. Rickettsial and Salmonella LPS were then transfected to primary B6 BMM 

using Lipofectamine. Cytotoxity assays (Fig. 26A) and caspase-1 immunoblots (Fig. 26B) 

showed that caspase-11 was activated by rickettsial LPS, with prior IFN-g priming.  The 

lack of in vivo activation of caspase-11, therefore, is likely explained by rickettsial evasion 

tactics, either by limiting the level of LPS freed in the cytosol, or by altering the structure 

of LPS. It is possible that rickettsiae alter the structure of LPS in a temperature-dependent 

manner, similar to other arthropod-borne gram-negative bacteria such as Yersinia. Further 

tests are necessary to determine if LPS structure is temperature and cell-type dependent.  

Gasdermin D (GSDMD) is the downstream substrate of caspase-11. To see if GSDMD 

deficiency affected host defense in response to rickettsial infection, BMM were infected 

for 48h with MOI of 2 of R. australis (Fig. 27). GSDMD-deficient BMM have significantly 

higher bacterial burden than WT B6 BMM, suggesting that GSDMD plays a role in host 

defense against rickettsiae. 

Figure 22. Caspase-11 is partially involved in IL-1β secretion. WT B6 BMM and 
caspase-11-/- BMM were infected MOI 6 of R. australis. Supernatants were collected 
and tested for A.) IL-1β secretion B.) TNF-a secretion. *, p<0.05; ns, not significantly 
different 
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 To determine if rickettsiae inhibit inflammasome activation, THP-1 derived macrophages 

were infected with MOI of 2 of R. australis for 24 hours after priming with multiple stimuli 

(Fig. 28). THP-1 derived macrophages were either infected with MOI of 2 R. australis, 

primed with Salmonella LPS for 19 hours then infected with MOI 2 of R. australis and 

stimulated with ATP 1 hr before collection, infected with MOI 2 of R. australis and 

stimulated with Salmonella LPS for 24 hrs and 1hr ATP stimulation, Salmonella LPS for 

24 hours and ATP for 1 hr, or infected with MOI 2 of R. australis and stimulated with ATP 

for 1 hour. Infection with R. australis alone shows low cytoxicity (~10%) and moderate 

IL-1b production (~200 pg/ml). Classical inflammasome stimulation of Salmonella LPS 

and ATP show higher cytoxicity (~45%) and high IL-1b production (~600 pg/ml). With 

classical inflammasome stimulation of Salmonella LPS and ATP plus rickettsial infection, 

however, there is a significant decrease in both cytotoxicity and IL-1b production. These 

data suggest that rickettsiae have the ability to suppress or interfere with inflammasome 

activation. Also of note is that R. australis infection plus ATP stimulation do not result in 

Figure 23. Caspase-1/11 is required for IL-1β secretion. WT B6 BMM and caspase-
1/11-/- BMM were infected MOI 6 of R. australis. Supernatants were collected and 
tested for A.) IL-1β secretion B.) TNF-a secretion. *, p<0.05; ns, not significantly 
different 
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an increase in cytotoxicity or IL-1b production, again suggesting that rickettsia interfere 

with or suppress inflammasome activation.  
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Discussion 

Taken together, these results indicate that although caspase-11 is partially involved in 

inflammasome activation, caspase-11 deficiency did not increase host susceptibility in 

vivo. This could be due to the background of the 129x1SvJ strain: they are markedly more 

resistant to infection than C57BL/6J mice (Fig. 19A). A dramatic phenotype in 129x1SvJ, 

such as extremely high mortality, might indicate that caspase-11 is heavily involved in 

inflammasome signaling and the downstream signaling of inflammasome related 

cytokines. The lack of a dramatic phenotype, however, suggests a subtle phenotype in 

caspase-11 deficiency. Either caspase-11 is not involved in protection during rickettsial 

infection, or on the appropriate C57BL/6J background, caspase-11 deficiency might cause 

a slight increase in mortality.  Since caspase-11 does play a role in IL-1b secretion, it is 

likely that caspase-11 does play a role, albeit not as dramatic a role as ASC-/-, in 

inflammasome activation.  

Figure 24. Caspase-11 contributes to host defense in BMM. WT B6 and caspase-
11-/- BMM were infected with MOI 2 of R. australis for 48 hrs. Bacterial burden was 
determined by qPCR using CS gene as a standard. *, p<0.05 
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All data related to 129x1SvJ in vivo work correlates well with the survival data. Bacterial 

burden in lung, liver, and spleen in 129x1SvJ show no significant differences from WT B6 

mice (Fig. 19B). Interestingly, serum cytokine levels of IL-1b and IFN-g of 129x1SvJ were 

significantly lower than in WT B6 mice, at levels similar to ASC-/- mice (Fig. 21). This 

indicates that 129x1SvJ did not mount a large pro-inflammatory response against 

rickettsiae, confirming that they are resistant to rickettsial infection. A number of 

possibilities exist as to why these mice are more resistant than WT B6. Some studies show 

that 129x1SvJ mice have differential NK cell responses against pathogens (Sellers 2012), 

and other studies that show differences in phagocytosis (Sun 2011) between 129 and B6 

genotypes. These differences may play a role in the ability of rickettsiae to enter and infect 

host cells. Sun et al demonstrated that differences in internalization between 129Sv 

alveolar macrophages and B6 alveolar macrophages were due to 129Sv macrophages 

expressing high levels of class A scavenger receptor MARCO, which is responsible for the 

Figure 25. Bacterial burden in Caspase-1/11-/- BMM. WT B6 and caspase-1/11-/- 
BMM were infected with MOI 2 of R. australis for 48 hrs. Bacterial burden was 
determined by qPCR using CS gene as a standard. ns, not significantly different 
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in vivo recognition of unopsonized bacteria and differences in internalization of bacteria 

(Sun 2011). This study, which was performed in a Streptococcus model, may have 

relevance in our model because of the reported involvement of MARCO with TLR4 (Chen 

2010). TLR4 engagement with LPS leads to upregulation of MARCO in a MyD88-

dependent and independent manner (Chen 2010). The upregulation of this receptor led to 

increased microbial capture and clearance before the bacteria can enter host cells in vivo; 

therefore, increased expression of MARCO may result in decreased levels of bacteria being 

internalized into the macrophage. 

These differences in infectivity in our model, however, were not only seen in vivo; in vitro 

experiments using 129x1SvJ BMM show significant decreases in bacterial burden 

compared to WT B6 BMM (unpublished data). This result may also be due to differential 

internalization of rickettsiae in these cells compared to WT B6 BMM. Lower infectivity 

could account for a lack of inflammasome activation in 129x1SvJ BMM, as measured by 

secreted IL-1b and caspase-1 activation (unpublished data).  Further studies are warranted 

Figure 26. Rickettsial LPS transfection to the cytosol activates caspase-11. WT B6 
BMM and 129x1SvJ BMM were primed for 16 hours with 40 ng of IFN-g, then 
transfected with 100 ng of R. australis LPS or Salmonella LPS for 24 hours using 
Lipofectamine. Supernatant was collected after 24 hours A) Percent cytotoxicity was 
determined by LDH assay. B) Cell supernatant was concentrated and added to lysates. 
Immunoblot using anti-caspase-1 antibody from Adipogen (Casper-1). *, p<0.05 
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to investigate the role of autophagosomes in 129x1SvJ BMM, which may contribute to the 

low levels of inflammasome activation and bacterial burden in vivo and in vitro. 

Our data in caspase-11- single KO BMM suggest that caspase-11 does play a partial role 

in inflammasome activation as measured by IL-1b secretion during rickettsial infection 

(Fig. 22A). When infected for 24 hours with MOI of 6, there was a significant difference 

in the levels of IL-1b between caspase-11- single KO BMM and WT B6 BMM. While 

significant, this difference is relatively small, indicating that caspase-11 does play a partial 

role in IL-1b secretion. These data indicate that the involvement of caspase-11 in IL-1b 

secretion is mediated via an unknown NLR with some NLRP3 involvement-ASC-caspase-

1 pathway. Caspase-11 probably contributes to this pathway by inducing ion flux leading 

to activation of an unknown NLR, in concert with NLRP3, at the early stages of infection. 

Another reason for partial involvement could be the relatively low abundance of rickettsial 

LPS. Chapter 4 briefly discussed the condition that rickettsial LPS accounts for a low 

Figure 27. Gasdermin D is Involved in Host Defense in BMM. WT B6 and 
GSDMD

-/- 
BMM were infected with MOI 2 of R. australis for 48 hrs. Bacterial burden 

was determined by qPCR using CS gene as a standard. *, p<0.05 
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percentage of biomass in purified rickettsial pellets. The possibility remains that rickettsia 

shed such little LPS that caspase-11 isn’t activated in sufficient levels to fully activate 

inflammasome-mediated secretion of IL-1b and IL-18. Another point of interest is that, as 

discussed in Chapter 3, IL-1b and IL-18 production in rickettsia-infected BMM begin to 

rise between 8-12 hpi, and peak at 24 hpi. Rickettsiae complete replication around 10-12 

hours post-infection, and inflammasome activation could coincide with LPS shedding 

during replication. 

 

Partial involvement of caspase-11 could also stem from rickettsia’s atypical LPS. Previous 

studies report that both TLR4 and caspase-11 recognize similar epitopes on lipid A: 

hexacylated lipid A species.  Rickettsial LPS is recognized by TLR4 as measured by IL-

1b secretion and increases in cytotoxicity, but this recognition of rickettsial LPS is always 

Figure 29. Rickettsial infection reduces cytoxicity and IL-1β production. THP-1 
monocytes were differentiated into macrophages by PMA. THP-1 macrophages were 
infected with R. australis (MOI 2) for 24 hours. Cells were either treated with  100 ng Sm 
(Salmonella minnesota) LPS for 24h and 5 mM ATP for 1 hr (Sm LPS + ATP or rickettsial 
LPS +ATP), 100 ng Sm LPS for 24 h, R. australis MOI 2 infection for 5 hr, and 5 mM ATP 
for 1 hr (LPS+Ra+ATP), R. australis MOI 2 infection for 24 hr, 500 ng LPS for 5 hr, 5 
mM ATP for 1 hr (Ra+LPS+ATP), or R. australis MOI 2 for 24 hr and 5 mM ATP for 1 hr 
(Ra+ATP). *, p<0.05 
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lower than recognition of Salmonella or E. coli LPS (Fig 8).  The variation in rickettsial 

LPS acylation, hexacylated with a significant minority of lipid A tri- and tetra-acylated, 

suggests that levels of recognition by both TLR4 and caspase-11 could be due to the 

relatively lower amount of rickettsial LPS that is hexacylated.  

Regardless of lipid A acylations, rickettsial LPS seems to be recognized by caspase-11 

upon transfection to the cytosol of BMM (Fig 26). Recognition of ~100 ng of rickettsial 

LPS by cytosolic caspase-11 implies that 1) rickettsial LPS is present in too low a quantity 

during infection to appropriately activate caspase-11 and 2) rickettsiae may alter LPS 

during infection to better evade host detection.  The evidence for the former (Fig. 28) shows 

that rickettsial infection, together with classical inflammasome stimuli, results in a 

reduction of cytotoxicity and inflammasome activation as measured by IL-1b secretion. 

These data are interesting, and perhaps unsurprising. Rickettsiae reside solely in the host 

cytosol-recognition by the host via caspase-11 detection of LPS would certainly result in 

pyroptosis and the elimination of the intracellular replicative niche. Evasion of host 

detection mechanisms is paramount and favors survival of the organism. Although still 

unknown and its existence still needs to be tested, it is likely that rickettsiae encode some 

mechanism for inflammasome evasion, either through evading LPS recognition, 

production of an NLR analog, or a protein that inhibits inflammasome signaling. Many 

intracellular bacterial pathogens encode some form of virulence factor that contributes to 

evasion of host innate cellular immune mechanisms such as the inflammasome.  

Caspase-11, while contributing partially to IL-1b secretion, also plays a role in rickettsial 

clearance in macrophages at 48 hpi (Fig 24). The bacterial burden in BMMs from caspase-

11-single KO is significantly higher than in WT B6 BMM. Gasdermin D also plays a role 
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in limiting the bacterial burden, as bacterial burden in GSDMD-/- BMM is higher at 48 hpi 

as well (Fig. 27).  It is likely that both caspase-11 and GSDMD restrict bacterial growth, 

presumably through their respective roles in inflammasome activation, or in mediating 

pyroptosis at later stages of infection (beyond 48 hpi). Interestingly, caspase-11 is known 

to have other roles besides that of noncanonical inflammasome activation, particularly that 

of modulating actin polymerization (Li 2007) and lysosome trafficking (Ahkter 2012). 

There may be unknown functions of caspase-11 during rickettsial infection that deserve 

greater study using actin polymerization-deficient R. parkeri strains. 

Altogether, these data demonstrate a partial role for caspase-11 during rickettsial infection. 

Full activation of caspase-11 may be restricted by availability of rickettsial LPS, or by the 

structure of rickettsial LPS. Other roles of caspase-11 action, such as its function in actin 

polymerization independent of its inflammatory enzymatic activity, would be interesting 

subjects to pursue in the future. 
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Chapter 7 

Discussion 

 

Altogether, these data show the importance of the inflammasome for host immunity against 

rickettsiae. Rickettsiae activate inflammasome production of IL-1b and IL-18 beginning 

8-12 hpi and peaking at 24 hpi. TLR4 is essential for inflammasome priming and 

subsequent activation; previous studies confirm that TLR4 is a critical component of host 

immunity (Jordan 2008). NLRP3 was not protective in vivo, but was found to be involved 

in time- and tissue-specific manner for inflammasome activation, suggesting that there are 

multiple NLRs that may cooperate in a time-dependent manner.  ASC is a critical 

component of host innate immunity, discovered to be essential for both in vivo and in vitro 

protection against rickettsial infection. Caspase-1 is crucial for inflammasome activation 

in vitro, and caspase-11 is partially involved in inflammasome activation in vitro. 

Rickettsial LPS is likely the ligand for caspase-11 activation; however, the amount of 

ligand and the structure of the ligand may contribute to the minor involvement of caspase-

11 in this model.   

Overall, there are important differences in this model from other Gram-negative organisms, 

and different from other Rickettsiales.  The TLR4-caspase-11-ASC-caspase-1 axis has 

been described in other infectious disease models; however, NLRP3 is generally 

considered a part of this pathway. The involvement of more than one NLR in caspase-1 

dependent non-canonical inflammasome activation would be unique. Additionally, 

caspase-11 only plays a partial role in activation of this axis, further complicating the 
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caspase-1 dependent non-canonical pathway. Further studies are necessary to confirm the 

additional NLR(s) involved in these pathways. 

The strong phenotype of ASC in vivo and in vitro indicates that ASC is protective during 

rickettsial infection. ASC protection is likely due to inflammasome-associated cytokines 

IL-1b and IL-18 protective downstream effects.  IL-1b is potently pro-inflammatory, 

recruiting nearby immune cells to the site of infection and polarizing CD8+T-cells. IL-18 

has a well described role in promoting production of IFN-g through NK and TH1 CD4+ T-

cells, which polarize CD8+ T-cells and promote cytoxicity. Caspase-1 is required for IL-

1b and IL-18 processing, and is likely a component of this pathway as well. Further 

experiments utilizing ASC-deficient mice would answer several ongoing questions in 

rickettsiology, including the role of the inflammasome in dendritic cell mediated immunity, 

as well as the respective contributions of IL-1b and IL-18 to host defense during rickettsial 

infection. 

Caspase-11 does play a partial role in inflammasome mediated secretion of IL-1b and IL-

18, though the low abundance of rickettsial LPS and the atypical structure of rickettsial 

LPS make the contribution of caspase-11 less clear.  Further studies investigating the 

involvement of caspase-11 in actin polymerization during rickettsial infection would be an 

interesting avenue to explore. One strain of rickettsia, R. parkeri RickA mutant, cannot 

polymerize actin for cell-to-cell spread, making it a perfect candidate to investigate this 

question.  

Overall, this work begins to bridge a gap in rickettsiology between the role of the innate 

immune system and the role of the adaptive immune system. Here, we have laid the 

foundation for understanding how cellular innate immunology, the inflammasome, 
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contributes to downstream host protection during rickettsial infection. Though this work is 

instructive, many questions remain to be answered. 

One of the most interesting questions, perhaps, is how rickettsiae are able to evade 

inflammasome activation for a relatively extended period of time. Many other Gram-

negative organisms are identified and activate the inflammasome within hours post-

infection. The finding that the peak of inflammasome activation in BMM is 24 hpi suggests 

that rickettsiae possess mechanisms for inhibiting inflammasome activation. Additionally, 

rickettsiae reside and replicate directly in the cytosol, without the “protection” afforded by 

residing in vacuoles like some other Rickettsiales (Moumene 2016). These are common 

mechanisms amongst other pathogens: viruses, fungi, and bacteria have been shown to 

encode protein inhibitors that directly block inflammasome activation until the pathogen 

burden becomes too high (Brodsky 2010, Gregory 2011, Dotson 2013). Rickettsiae are 

Illustration 1. Rickettsial Activation of the Inflammasome. Rickettsia prime 
inflammasome components through TLR4 interaction. Upon entering the cell, rickettsia 
activate the inflammasome via a partial NLRP3-ASC-Caspase-1-partial caspase-1-
dependent pathway.  
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genetically intractable, making the identification and confirmation of a ligand for 

inflammasome inhibition difficult. The increasing availability and decreasing cost of 

CRISPR/Cas9 technology is a promising avenue for studying individual rickettsial proteins 

(McClure 2017). Nevertheless, rickettsiae are unique organisms that are useful for 

examining the basics of inflammasome biology. 

 

  

 

 

 



 

 

References  

 

Aachoui, Y., Kajiwara, Y., Leaf, I. A., Mao, D., Ting, J. P.-Y., Coers, J., … Miao, E. A. 

(2015). Canonical inflammasomes drive IFN-γ to prime caspase-11 in defense 

against a cytosol-invasive bacterium. Cell Host & Microbe, 18(3), 320–332.  

Aachoui, Y., Leaf, I. A., Hagar, J. A., Fontana, M. F., Campos, C. G., Zak, D. E., … 

Miao, E. A. (2013). Caspase-11 protects against bacteria that escape the vacuole. 

Science (New York, N.Y.), 339(6122), 975–8.  

Akhter, A., Caution, K., Abu Khweek, A., Tazi, M., Abdulrahman, B. A., Abdelaziz, D. 

H. A., … Amer, A. O. (2012). Caspase-11 promotes the fusion of phagosomes 

harboring pathogenic bacteria with lysosomes by modulating actin polymerization. 

Immunity, 37(1), 35–47.  

Albiger, B., Dahlberg, S., Sandgren, A., Wartha, F., Beiter, K., Katsuragi, H., … 

Henriques-Normark, B. (2007). Toll-like receptor 9 acts at an early stage in host 

defense against pneumococcal infection. Cellular Microbiology, 9(3), 633–44.  

Alexander, C., & Rietschel, E. T. (2001). Bacterial lipopolysaccharides and innate 

immunity. Journal of Endotoxin Research, 7(3), 167–202.  

Amano, K. I., Williams, J. C., & Dasch, G. A. (1998). Structural properties of 

lipopolysaccharides from Rickettsia typhi and Rickettsia prowazekii and their 



 

129 

chemical similarity to the lipopolysaccharide from Proteus vulgaris OX19 used in 

the Weil-Felix test. Infection and Immunity, 66(3), 923–6.  

Amano, K., Fujita, M., & Suto, T. (1993). Chemical properties of lipopolysaccharides 

from spotted fever group rickettsiae and their common antigenicity with 

lipopolysaccharides from Proteus species. Infection and Immunity, 61(10), 4350–5.  

Andersson, S. G. (1998). Bioenergetics of the obligate intracellular parasite Rickettsia 

prowazekii. Biochimica et Biophysica Acta, 1365(1–2), 105–11.  

Archibald, L. K., & Sexton, D. J. (1995). Long-term sequelae of Rocky Mountain spotted 

fever. Clinical Infectious Diseases : An Official Publication of the Infectious 

Diseases Society of America, 20(5), 1122–5.  

Arunachalam, B., Phan, U. T., Geuze, H. J., & Cresswell, P. (2000). Enzymatic reduction 

of disulfide bonds in lysosomes: characterization of a gamma-interferon-inducible 

lysosomal thiol reductase (GILT). Proceedings of the National Academy of Sciences 

of the United States of America, 97(2), 745–50.  

Austin, F. E., Turco, J., & Winkler, H. H. (1987). Rickettsia prowazekii requires host cell 

serine and glycine for growth. Infection and Immunity, 55(1), 240–4.  

Azad, A. F. (1990). Epidemiology of murine typhus. Annual Review of Entomology, 35, 

553–69.  



 

130 

Azad, A. F., Radulovic, S., Higgins, J. A., Noden, B. H., & Troyer, J. M. (n.d.). Flea-

borne rickettsioses: ecologic considerations. Emerging Infectious Diseases, 3(3), 

319–27.  

Barry, A. O., Boucherit, N., Mottola, G., Vadovic, P., Trouplin, V., Soubeyran, P., … 

Ghigo, E. (2012). Impaired stimulation of p38α-MAPK/Vps41-HOPS by LPS from 

pathogenic Coxiella burnetii pevents trafficking to microbicidal phagolysosomes. 

Cell Host & Microbe, 12(6), 751–763.  

Bechah, Y., Capo, C., Raoult, D., & Mege, J.-L. (2008). Infection of endothelial cells 

with virulent Rickettsia prowazekii increases the transmigration of leukocytes. The 

Journal of Infectious Diseases, 197(1), 142–7.  

Bechelli, J., Smalley, C., Zhao, X., Judy, B., Valdes, P., Walker, D. H., & Fang, R. 

(2016). MyD88 mediates instructive signaling in dendritic cells and protective 

inflammatory response during rickettsial infection. Infection and Immunity.  

Bedoya, F., Sandler, L. L., & Harton, J. A. (2007). Pyrin-only protein 2 modulates NF-

kappaB and disrupts ASC:CLR interactions. Journal of Immunology (Baltimore, 

Md. : 1950), 178(6), 3837–45.  

Bell, E. J., & Pickens, E. G. (1953). A toxic substance associated with the rickettsias of 

the spotted fever group. Journal of Immunology (Baltimore, Md. : 1950), 70(5), 

461–72.  



 

131 

Ben-Sasson, S. Z., Wang, K., Cohen, J., & Paul, W. E. (2013). IL-1β strikingly enhances 

antigen-driven CD4 and CD8 T-cell responses. Cold Spring Harbor Symposia on 

Quantitative Biology, 78(0), 117–24.  

Biggs, H. M., Behravesh, C. B., Bradley, K. K., Dahlgren, F. S., Drexler, N. A., Dumler, 

J. S., … Traeger, M. S. (2016). Diagnosis and management of tickborne rickettsial 

diseases: rocky mountain spotted fever and other spotted fever group rickettsioses, 

ehrlichioses, and anaplasmosis — United States. MMWR. Recommendations and 

Reports, 65(2), 1–44.  

Blanc, G., Ngwamidiba, M., Ogata, H., Fournier, P.-E., Claverie, J.-M., & Raoult, D. 

(2005). Molecular evolution of rickettsia surface antigens: evidence of positive 

selection. Molecular Biology and Evolution, 22(10), 2073–2083.  

 

Billings, A. N., Feng, H.-M., Olano, J. P., & Walker, D. H. (2001). Rickettsial infection 

in murine models activates an early anti-rickettsial effect mediated by NK cells and 

associated with production of gamma interferon. Am. J. Trop. Med. Hyg, 65(1), 52–

56. 

Bovarnick, M. R., & Snyder, J. C. (1949). Respiration of typhus rickettsiae. The Journal 

of Experimental Medicine, 89(6), 561–5.  

Brodsky, I. E., Palm, N. W., Sadanand, S., Ryndak, M. B., Sutterwala, F. S., Flavell, R. 

A., … Medzhitov, R. (2010). A Yersinia Effector Protein Promotes Virulence by 



 

132 

Preventing Inflammasome Recognition of the Type III Secretion System. Cell Host 

& Microbe, 7(5), 376–387.  

Broz, P., Ruby, T., Belhocine, K., Bouley, D. M., Kayagaki, N., Dixit, V. M., & Monack, 

D. M. (2012). Caspase-11 increases susceptibility to Salmonella infection in the 

absence of caspase-1. Nature, 490(7419), 288–91.  

Bürckstümmer, T., Baumann, C., Blüml, S., Dixit, E., Dürnberger, G., Jahn, H., … 

Superti-Furga, G. (2009). An orthogonal proteomic-genomic screen identifies AIM2 

as a cytoplasmic DNA sensor for the inflammasome. Nature Immunology, 10(3), 

266–72.  

Burgdorfer, W. (1975). A review of Rocky Mountain spotted fever (tick-borne typhus), 

its agent, and its tick vectors in the United States. Journal of Medical Entomology, 

12(3), 269–78.  

Burgdorfer, W., Friedhoff, K. T., & Lancaster, J. L. (1966). Natural history of tick-borne 

spotted fever in the USA. Susceptibility of small mammals to virulent Rickettsia 

rickettsii. Bulletin of the World Health Organization, 35(2), 149–53.  

Burgdorfer, W., Newhouse, V. F., Pickens, E. G., & Lackman, D. B. (1962). Ecology of 

rocky mountain spotted fever in Western Montana. I. Isolation of Rickettsia 

rickettsii from wild mammals. American Journal of Hygiene, 76, 293–301.  

Cai, S., Batra, S., Wakamatsu, N., Pacher, P., & Jeyaseelan, S. (2012). NLRC4 

inflammasome-mediated production of IL-1β modulates mucosal immunity in the 



 

133 

lung against gram-negative bacterial infection. Journal of Immunology (Baltimore, 

Md. : 1950), 188(11), 5623–35.  

Cardwell, M. M., & Martinez, J. J. (2009). The Sca2 autotransporter protein from 

Rickettsia conorii is sufficient to mediate adherence to and invasion of cultured 

mammalian cells. Infection and Immunity, 77(12), 5272–80.  

Casson, C. N., & Shin, S. (2013). Inflammasome-mediated cell death in response to 

bacterial pathogens that access the host cell cytosol: lessons from Legionella 

pneumophila. Frontiers in Cellular and Infection Microbiology, 3, 111.  

Casson, C. N., Yu, J., Reyes, V. M., Taschuk, F. O., Yadav, A., Copenhaver, A. M., … 

Shin, S. (2015). Human caspase-4 mediates noncanonical inflammasome activation 

against gram-negative bacterial pathogens. Proceedings of the National Academy of 

Sciences of the United States of America, 112(21), 6688–93.  

Cavassani, K. A., Aliberti, J. C., Dias, A. R. V, Silva, J. S., & Ferreira, B. R. (2005). Tick 

saliva inhibits differentiation, maturation and function of murine bone-marrow-

derived dendritic cells. Immunology, 114(2), 235–45.  

Ceballos-Olvera, I., Sahoo, M., Miller, M. A., Del Barrio, L., & Re, F. (2011). 

Inflammasome-dependent pyroptosis and IL-18 protect against Burkholderia 

pseudomallei lung infection while IL-1β is deleterious. PLoS Pathogens, 7(12), 

e1002452.  



 

134 

Chan, Y. G. Y., Cardwell, M. M., Hermanas, T. M., Uchiyama, T., & Martinez, J. J. 

(2009). Rickettsial outer-membrane protein B (rOmpB) mediates bacterial invasion 

through Ku70 in an actin, c-Cbl, clathrin and caveolin 2-dependent manner. Cellular 

Microbiology, 11(4), 629–44.  

Chapuis, A. G., Thompson, J. A., Margolin, K. A., Rodmyre, R., Lai, I. P., Dowdy, K., 

… Yee, C. (2012). Transferred melanoma-specific CD8+ T cells persist, mediate 

tumor regression, and acquire central memory phenotype. Proceedings of the 

National Academy of Sciences of the United States of America, 109(12), 4592–7.  

Chattoraj, P., Yang, Q., Khandai, A., Al-Hendy, O., & Ismail, N. (2013). TLR2 and Nod2 

mediate resistance or susceptibility to fatal intracellular Ehrlichia infection in 

murine models of ehrlichiosis. PloS One, 8(3), e58514.  

Chen, Y., Wermeling, F., Sundqvist, J., Jonsson, A.-B., Tryggvason, K., Pikkarainen, T., 

& Karlsson, M. C. I. (2010). A regulatory role for macrophage class A scavenger 

receptors in TLR4-mediated LPS responses. European Journal of Immunology, 

40(5), 1451–1460.  

Chilton, P. M., Embry, C. A., & Mitchell, T. C. (2012). Effects of differences in lipid A 

structure on TLR4 pro-inflammatory signaling and inflammasome activation. 

Frontiers in Immunology, 3, 154.  

Clifton, D. R., Rydkina, E., Freeman, R. S., & Sahni, S. K. (2005). NF- � B Activation 

during Rickettsia rickettsii Infection of Endothelial Cells Involves the Activation of 



 

135 

Catalytic I � B Kinases IKK ␣ and IKK ␤ and Phosphorylation-Proteolysis of the 

Inhibitor Protein I � B ␣, 73(1), 155–165. 

Clifton, D. R., Rydkina, E., Huyck, H., Pryhuber, G., Freeman, R. S., Silverman, D. J., & 

Sahni, S. K. (2005). Expression and secretion of chemotactic cytokines IL-8 and 

MCP-1 by human endothelial cells after Rickettsia rickettsii infection: regulation by 

nuclear transcription factor NF-kappaB. International Journal of Medical 

Microbiology : IJMM, 295(4), 267–78.  

Cooper, M. A., Fehniger, T. A., Ponnappan, A., Mehta, V., Wewers, M. D., & Caligiuri, 

M. A. (2001). Interleukin-1beta costimulates interferon-gamma production by 

human natural killer cells. European Journal of Immunology, 31(3), 792–801. 

Costa, A., Gupta, R., Signorino, G., Malara, A., Cardile, F., Biondo, C., … Beninati, C. 

(2012). Activation of the NLRP3 inflammasome by group B streptococci. Journal of 

Immunology (Baltimore, Md. : 1950), 188(4), 1953–60.  

Cragun, W. C., Bartlett, B. L., Ellis, M. W., Hoover, A. Z., Tyring, S. K., Mendoza, N., 

… Paddock, C. D. (2010). The expanding spectrum of eschar-associated 

rickettsioses in the United States. Archives of Dermatology, 146(6), 641–8.  

Cunha, L. D., Ribeiro, J. M., Fernandes, T. D., Massis, L. M., Khoo, C. A., Moffatt, J. H., 

… Zamboni, D. S. (2015). Inhibition of inflammasome activation by Coxiella 

burnetii type IV secretion system effector IcaA. Nature Communications, 6, 10205.  



 

136 

Curtis, M. A., Percival, R. S., Devine, D., Darveau, R. P., Coats, S. R., Rangarajan, M., 

… Marsh, P. D. (2011). Temperature-dependent modulation of Porphyromonas 

gingivalis lipid A structure and interaction with the innate host defenses. Infection 

and Immunity, 79(3), 1187–93.  

Curto, P., Simões, I., Riley, S. P., & Martinez, J. J. (2016). Differences in Intracellular 

Fate of Two Spotted Fever Group Rickettsia in Macrophage-Like Cells. Frontiers in 

Cellular and Infection Microbiology, 6, 80.  

Dantas-Torres, F. (2007). Rocky Mountain spotted fever. The Lancet. Infectious 

Diseases, 7(11), 724–32.  

de Sousa, R., Ismail, N., Dória-Nóbrega, S., Costa, P., Abreu, T., França, A., … Walker, 

D. (2005). The presence of eschars, but not greater severity, in Portuguese patients 

infected with Israeli spotted fever. Annals of the New York Academy of Sciences, 

1063, 197–202.  

de Sousa, R., Ismail, N., Nobrega, S. D., França, A., Amaro, M., Anes, M., … Walker, D. 

H. (2007). Intralesional expression of mRNA of interferon- gamma , tumor necrosis 

factor- alpha , interleukin-10, nitric oxide synthase, indoleamine-2,3-dioxygenase, 

and RANTES is a major immune effector in Mediterranean spotted fever 

rickettsiosis. The Journal of Infectious Diseases, 196(5), 770–81. 

Dey, N., Sinha, M., Gupta, S., Gonzalez, M. N., Fang, R., Endsley, J. J., … Garg, N. J. 

(2014). Caspase-1/ASC inflammasome-mediated activation of IL-1β-ROS-NF-κB 



 

137 

pathway for control of Trypanosoma cruzi replication and survival is dispensable in 

NLRP3-/- macrophages. PloS One, 9(11), e111539.  

Dignat-George, F., Teysseire, N., Mutin, M., Bardin, N., Lesaule, G., Raoult, D., & 

Sampol, J. (1997). Rickettsia conorii infection enhances vascular cell adhesion 

molecule-1- and intercellular adhesion molecule-1-dependent mononuclear cell 

adherence to endothelial cells. The Journal of Infectious Diseases, 175(5), 1142–52.  

Dinarello, C. A., & Fantuzzi, G. (2003). Interleukin-18 and Host Defense against 

Infection. The Journal of Infectious Diseases, 187(s2), S370–S384.  

Ding, Z., Xiong, K., & Issekutz, T. B. (2000). Regulation of chemokine-induced 

transendothelial migration of T lymphocytes by endothelial activation: differential 

effects on naive and memory T cells. Journal of Leukocyte Biology, 67(6), 825–33.  

Dotson, R. J., Rabadi, S. M., Westcott, E. L., Bradley, S., Catlett, S. V., Banik, S., … 

Malik, M. (2013). Repression of Inflammasome by Francisella tularensis during 

Early Stages of Infection. Journal of Biological Chemistry, 288(33), 23844–23857.  

Drage, L. A. (1999). Life-threatening rashes: dermatologic signs of four infectious 

diseases. Mayo Clinic Proceedings, 74(1), 68–72.  

Drancourt, M., Alessi, M. C., Levy, P. Y., Juhan-Vague, I., & Raoult, D. (1990). 

Secretion of tissue-type plasminogen activator and plasminogen activator inhibitor 

by Rickettsia conorii- and Rickettsia rickettsii-infected cultured endothelial cells. 

Infection and Immunity, 58(8), 2459–63.  



 

138 

Eisemann, C. S., & Osterman, J. V. (1976). Proteins of typhus and spotted fever group 

rickettsiae. Infection and Immunity, 14(1), 155–62.  

Fang, R., Ismail, N., Shelite, T., & Walker, D. H. (2009). CD4+ CD25+ Foxp3- T-

regulatory cells produce both gamma interferon and interleukin-10 during acute 

severe murine spotted fever rickettsiosis. Infection and Immunity, 77(9), 3838–49.  

Fang, R., Ismail, N., Soong, L., Popov, V. L., Whitworth, T., Bouyer, D. H., & Walker, 

D. H. (2007). Differential interaction of dendritic cells with Rickettsia conorii: 

Impact on host susceptibility to murine spotted fever rickettsiosis. Infection and 

Immunity, 75(6), 3112–3123.  

Fang, R., Ismail, N., & Walker, D. H. (2012). Contribution of NK cells to the innate 

phase of host protection against an intracellular bacterium targeting systemic 

endothelium. American Journal of Pathology, 181(1), 185–195.  

Farhang-Azad, A., Traub, R., & Baqar, S. (1985). Transovarial transmission of murine 

typhus rickettsiae in Xenopsylla cheopis fleas. Science (New York, N.Y.), 227(4686), 

543–5.  

Feng, H. M., Popov, V. L., & Walker, D. H. (1994). Depletion of gamma interferon and 

tumor necrosis factor alpha in mice with Rickettsia conorii-infected endothelium: 

impairment of rickettsicidal nitric oxide production resulting in fatal, overwhelming 

rickettsial disease. Infection and Immunity, 62(5), 1952–60.  



 

139 

Feng, H. M., & Walker, D. H. (2000). Mechanisms of intracellular killing of Rickettsia 

conorii in infected human endothelial cells, hepatocytes, and macrophages. Infection 

and Immunity, 68(12), 6729–36.  

Feng, H. M., Wen, J., & Walker, D. H. (1993). Rickettsia australis infection: a murine 

model of a highly invasive vasculopathic rickettsiosis. The American Journal of 

Pathology, 142(5), 1471–82.  

Feng, H., Popov, V. L., Yuoh, G., & Walker, D. H. (1997). Role of T lymphocyte subsets 

in immunity to spotted fever group Rickettsiae. Journal of Immunology (Baltimore, 

Md. : 1950), 158(11), 5314–20.  

Feng, H.-M., Whitworth, T., Olano, J. P., Popov, V. L., & Walker, D. H. (2004). Fc-

dependent polyclonal antibodies and antibodies to outer membrane proteins A and 

B, but not to lipopolysaccharide, protect SCID mice against fatal Rickettsia conorii 

infection. Infection and Immunity, 72(4), 2222–8.  

Feng, H.-M., Whitworth, T., Popov, V., & Walker, D. H. (2004). Effect of antibody on 

the rickettsia-host cell interaction. Infection and Immunity, 72(6), 3524–30.  

Finethy, R., Jorgensen, I., Haldar, A. K., de Zoete, M. R., Strowig, T., Flavell, R. A., … 

Coers, J. (2015). Guanylate binding proteins enable rapid activation of canonical and 

noncanonical inflammasomes in Chlamydia-infected macrophages. Infection and 

Immunity, 83(12), 4740–9.  



 

140 

Fodorová, M., Vadovič, P., & Toman, R. (2011). Structural features of lipid A of 

Rickettsia typhi. Acta Virologica, 55(1), 31–44.  

Fodorova, M., Vadovic, P., Skultety, L., Slaba, K., & Toman, R. (2005). Structural 

features of lipopolysaccharide from Rickettsia typhi: the causative agent of endemic 

typhus. Annals of the New York Academy of Sciences, 1063, 259–60.  

Fomsgaard, A., Freudenberg, M. A., & Galanos, C. (1990). Modification of the Silver 

Staining Technique To Detect Lipopolysaccharide in Polyacrylamide Gels. Journal 

Of Clinical Microbiology, 28(12), 2627–2631.  

Franchi, L., Eigenbrod, T., Muñoz-Planillo, R., Ozkurede, U., Kim, Y.-G., Arindam, C., 

… Núñez, G. (2014). Cytosolic double-stranded RNA activates the NLRP3 

inflammasome via MAVS-induced membrane permeabilization and K+ efflux. 

Journal of Immunology (Baltimore, Md. : 1950), 193(8), 4214–4222.  

Fumarola, D., Munno, I., Monno, R., & Miragliotta, G. (n.d.). [Lipopolysaccharides of 

Rickettsiaceae and the Limulus endotoxin assay]. Giornale Di Batteriologia, 

Virologia Ed Immunologia, 72(1–6), 40–3.  

Gaddy, J. A., Radin, J. N., Cullen, T. W., Chazin, W. J., Skaar, E. P., Trent, M. S., & 

Algood, H. M. S. (2015). Helicobacter pylori resists the antimicrobial activity of 

calprotectin via lipid a modification and associated biofilm formation. mBio, 6(6), 

e01349-15.  



 

141 

Galanos, C., & Freudenberg, M. A. (1993). Mechanisms of endotoxin shock and 

endotoxin hypersensitivity. Immunobiology, 187(3–5), 346–56.  

George, F., Brouqui, P., Boffa, M. C., Mutin, M., Drancourt, M., Brisson, C., … Sampol, 

J. (1993). Demonstration of Rickettsia conorii-induced endothelial injury in vivo by 

measuring circulating endothelial cells, thrombomodulin, and von Willebrand factor 

in patients with Mediterranean spotted fever. Blood, 82(7), 2109–16.  

Gillespie, J. J., Williams, K., Shukla, M., Snyder, E. E., Nordberg, E. K., Ceraul, S. M., 

… Sobral, B. S. (2008). Rickettsia Phylogenomics: Unwinding the Intricacies of 

Obligate Intracellular Life. PLoS ONE, 3(4), e2018.  

Gorfu, G., Cirelli, K. M., Melo, M. B., Mayer-Barber, K., Crown, D., Koller, B. H., … 

Grigg, M. E. (2014). Dual role for inflammasome sensors NLRP1 and NLRP3 in 

murine resistance to Toxoplasma gondii. mBio, 5(1), e01117-13-e01117-13.  

Gouin, E., Egile, C., Dehoux, P., Villiers, V., Adams, J., Gertler, F., … Cossart, P. 

(2004). The RickA protein of Rickettsia conorii activates the Arp2/3 complex. 

Nature, 427(6973), 457–461.  

Graves, S., & Stenos, J. (2009). Rickettsioses in Australia. Annals of the New York 

Academy of Sciences, 1166(1), 151–5.  

Gregory, S. M., Davis, B. K., West, J. A., Taxman, D. J., Matsuzawa, S. -i., Reed, J. C., 

… Damania, B. (2011). Discovery of a Viral NLR Homolog that Inhibits the 

Inflammasome. Science, 331(6015), 330–334.  



 

142 

Gurung, P., Karki, R., Vogel, P., Watanabe, M., Bix, M., Lamkanfi, M., & Kanneganti, 

T.-D. (2015). An NLRP3 inflammasome-triggered Th2-biased adaptive immune 

response promotes leishmaniasis. The Journal of Clinical Investigation, 125(3), 

1329–38.  

Hagar, J. A., Powell, D. A., Aachoui, Y., Ernst, R. K., & Miao, E. A. (2013). 

Cytoplasmic LPS activates caspase-11: implications in TLR4-independent endotoxic 

shock. Science (New York, N.Y.), 341(6151), 1250–3.  

Haglund, C. M., Choe, J. E., Skau, C. T., Kovar, D. R., & Welch, M. D. (2010). 

Rickettsia Sca2 is a bacterial formin-like mediator of actin-based motility. Nature 

Cell Biology, 12(11), 1057–63.  

Hanamsagar, R., Aldrich, A., & Kielian, T. (2014). Critical role for the AIM2 

inflammasome during acute CNS bacterial infection. Journal of Neurochemistry, 

129(4), 704–11.  

Hayes, M. P., Freeman, S. L., & Donnelly, R. P. (1995). IFN-γ priming of monocytes 

enhances LPS-induced TNF production by augmenting both transcription and 

mRNA stability. Cytokine, 7(5), 427–435.  

He, W., Wan, H., Hu, L., Chen, P., Wang, X., Huang, Z., … Han, J. (2015). Gasdermin D 

is an executor of pyroptosis and required for interleukin-1β secretion. Cell Research, 

25(12), 1285–1298.  



 

143 

Heinzen, R. A. (2003). Rickettsial actin-based motility: behavior and involvement of 

cytoskeletal regulators. Annals of the New York Academy of Sciences, 990, 535–47.  

Hise, A. G., Tomalka, J., Ganesan, S., Patel, K., Hall, B. A., Brown, G. D., & Fitzgerald, 

K. A. (2009). An essential role for the NLRP3 inflammasome in host defense 

against the human fungal pathogen Candida albicans. Cell Host & Microbe, 5(5), 

487–97.  

Hornung, V., & Latz, E. (2010). Critical functions of priming and lysosomal damage for 

NLRP3 activation. European Journal of Immunology, 40(3), 620–3.  

Hornung, V., & Latz, E. (2010). Intracellular DNA recognition. Nature Reviews. 

Immunology, 10(2), 123–30.  

Hsu, L.-C., Ali, S. R., McGillivray, S., Tseng, P.-H., Mariathasan, S., Humke, E. W., … 

Karin, M. (2008). A NOD2-NALP1 complex mediates caspase-1-dependent IL-

1beta secretion in response to Bacillus anthracis infection and muramyl dipeptide. 

Proceedings of the National Academy of Sciences of the United States of America, 

105(22), 7803–8.  

Hughes, T., Becknell, B., Freud, A. G., McClory, S., Briercheck, E., Yu, J., … Caligiuri, 

M. A. (2010). Interleukin-1β Selectively Expands and Sustains Interleukin-22+ 

Immature Human Natural Killer Cells in Secondary Lymphoid Tissue. Immunity, 

32(6), 803–814.  



 

144 

Jayaraman, P., Sada-Ovalle, I., Nishimura, T., Anderson, A. C., Kuchroo, V. K., Remold, 

H. G., & Behar, S. M. (2013). IL-1β promotes antimicrobial immunity in 

macrophages by regulating TNFR signaling and caspase-3 activation. Journal of 

Immunology (Baltimore, Md. : 1950), 190(8), 4196–204.  

Jeng, R. L., Goley, E. D., D’Alessio, J. A., Chaga, O. Y., Svitkina, T. M., Borisy, G. G., 

… Welch, M. D. (2004). A Rickettsia WASP-like protein activates the Arp2/3 

complex and mediates actin-based motility. Cellular Microbiology, 6(8), 761–769.  

Johnston, L., Harding, S. A., & La Flamme, A. C. (2015). Comparing methods for ex 

vivo characterization of human monocyte phenotypes and in vitro responses. 

Immunobiology, 220(12), 1305–10.  

Jones, J. W., Kayagaki, N., Broz, P., Henry, T., Newton, K., O’Rourke, K., … Monack, 

D. M. (2010). Absent in melanoma 2 is required for innate immune recognition of 

Francisella tularensis. Proceedings of the National Academy of Sciences of the 

United States of America, 107(21), 9771–6.  

Jordan, J. M., Woods, M. E., Feng, H.-M., Soong, L., & Walker, D. H. (2007). 

Rickettsiae-stimulated dendritic cells mediate protection against lethal rickettsial 

challenge in an animal model of spotted fever rickettsiosis. The Journal of Infectious 

Diseases, 196(4), 629–38.  

Jordan, J. M., Woods, M. E., Olano, J., & Walker, D. H. (2008). The absence of toll-like 

receptor 4 signaling in C3H/HeJ mice predisposes them to overwhelming rickettsial 



 

145 

infection and decreased protective Th1 responses. Infection and Immunity, 76(8), 

3717–3724.  

Jordan, J. M., Woods, M. E., Soong, L., & Walker, D. H. (2009). Rickettsiae Stimulate 

Dendritic Cells through Toll-Like Receptor 4, Leading to Enhanced NK Cell 

Activation In Vivo. The Journal of Infectious Diseases, 199(2), 236–242.  

Jorgensen, I., Lopez, J. P., Laufer, S. A., & Miao, E. A. (2016). IL-1β, IL-18, and 

eicosanoids promote neutrophil recruitment to pore-induced intracellular traps 

following pyroptosis. European Journal of Immunology, 46(12), 2761–2766.  

Joshi, S. G., Francis, C. W., Silverman, D. J., & Sahni, S. K. (2003). Nuclear factor kappa 

B protects against host cell apoptosis during Rickettsia rickettsii infection by 

inhibiting activation of apical and effector caspases and maintaining mitochondrial 

integrity. Infection and Immunity, 71(7), 4127–36.  

Joshi, S. G., Francis, C. W., Silverman, D. J., & Sahni, S. K. (2004). NF- j B activation 

suppresses host cell apoptosis during Rickettsia rickettsii infection via regulatory 

effects on intracellular localization or levels of apoptogenic and anti-apoptotic 

proteins, 234, 333–341.  

Kanda, T., Yamawaki, M., Ariga, T., & Yu, R. K. (1995). Interleukin 1 beta up-regulates 

the expression of sulfoglucuronosyl paragloboside, a ligand for L-selectin, in brain 

microvascular endothelial cells. Proceedings of the National Academy of Sciences of 

the United States of America, 92(17), 7897–901.  



 

146 

Kanneganti, T.-D., Lamkanfi, M., Kim, Y.-G., Chen, G., Park, J.-H., Franchi, L., … 

Núñez, G. (2007). Pannexin-1-mediated recognition of bacterial molecules activates 

the cryopyrin inflammasome independent of Toll-like receptor signaling. Immunity, 

26(4), 433–43.  

Kaplanski, G., Teysseire, N., Farnarier, C., Kaplanski, S., Lissitzky, J. C., Durand, J. M., 

… Bongrand, P. (1995). IL-6 and IL-8 production from cultured human endothelial 

cells stimulated by infection with Rickettsia conorii via a cell-associated IL-1 alpha-

dependent pathway. The Journal of Clinical Investigation, 96(6), 2839–44.  

Karki, R., Man, S. M., Malireddi, R. K. S., Gurung, P., Vogel, P., Lamkanfi, M., & 

Kanneganti, T.-D. (2015). Concerted activation of the AIM2 and NLRP3 

inflammasomes orchestrates host protection against Aspergillus infection. Cell Host 

& Microbe, 17(3), 357–68.  

Kawai, T., Adachi, O., Ogawa, T., Takeda, K., & Akira, S. (1999). Unresponsiveness of 

MyD88-deficient mice to endotoxin. Immunity, 11(1), 115–22.  

Kayagaki, N., Stowe, I. B., Lee, B. L., O’Rourke, K., Anderson, K., Warming, S., … 

Dixit, V. M. (2015). Caspase-11 cleaves gasdermin D for non-canonical 

inflammasome signalling. Nature, 526(7575), 666–71.  

Kayagaki, N., Stowe, I. B., Lee, B. L., O’Rourke, K., Anderson, K., Warming, S., … 

Dixit, V. M. (2015). Caspase-11 cleaves gasdermin D for non-canonical 

inflammasome signalling. Nature, 526(7575), 666–71.  



 

147 

Kayagaki, N., Warming, S., Lamkanfi, M., Vande Walle, L., Louie, S., Dong, J., … 

Dixit, V. M. (2011). Non-canonical inflammasome activation targets caspase-11. 

Nature, 479(7371), 117–21.  

Kayagaki, N., Wong, M. T., Stowe, I. B., Ramani, S. R., Gonzalez, L. C., Akashi-

Takamura, S., … Dixit, V. M. (2013). Noncanonical inflammasome activation by 

intracellular LPS independent of TLR4. Science (New York, N.Y.), 341(6151), 1246–

9.  

Kenneth, N. S., Younger, J. M., Hughes, E. D., Marcotte, D., Barker, P. A., Saunders, T. 

L., & Duckett, C. S. (2012). An inactivating caspase 11 passenger mutation 

originating from the 129 murine strain in mice targeted for c-IAP1. The Biochemical 

Journal, 443(2), 355–9.  

Ketelut-Carneiro, N., Silva, G. K., Rocha, F. A., Milanezi, C. M., Cavalcanti-Neto, F. F., 

Zamboni, D. S., & Silva, J. S. (2015). IL-18 triggered by the Nlrp3 inflammasome 

induces host innate resistance in a pulmonary model of fungal infection. Journal of 

Immunology (Baltimore, Md. : 1950), 194(9), 4507–17.  

Kim, S., Kaiser, V., Beier, E., Bechheim, M., Guenthner-Biller, M., Ablasser, A., … 

Hornung, V. (2014). Self-priming determines high type I IFN production by 

plasmacytoid dendritic cells. European Journal of Immunology, 44(3), 807–818.  

Knirel, Y. A., Lindner, B., Vinogradov, E. V, Kocharova, N. A., Senchenkova, S. N., 

Shaikhutdinova, R. Z., … Anisimov, A. P. (2005). Temperature-dependent 



 

148 

variations and intraspecies diversity of the structure of the lipopolysaccharide of 

Yersinia pestis. Biochemistry, 44(5), 1731–43.  

Kofoed, E. M., & Vance, R. E. (2011). Innate immune recognition of bacterial ligands by 

NAIPs determines inflammasome specificity. Nature, 477(7366), 592–5.  

Kotsyfakis, M., Sá-Nunes, A., Francischetti, I. M. B., Mather, T. N., Andersen, J. F., & 

Ribeiro, J. M. C. (2006). Antiinflammatory and immunosuppressive activity of 

sialostatin L, a salivary cystatin from the tick Ixodes scapularis. The Journal of 

Biological Chemistry, 281(36), 26298–307.  

Kovár, L. (2004). Tick saliva in anti-tick immunity and pathogen transmission. Folia 

Microbiologica, 49(3), 327–36.  

Kubes, M., Fuchsberger, N., Labuda, M., Zuffová, E., & Nuttall, P. A. (1994). Salivary 

gland extracts of partially fed Dermacentor reticulatus ticks decrease natural killer 

cell activity in vitro. Immunology, 82(1), 113–6.  

Li, H., Willingham, S. B., Ting, J. P.-Y., & Re, F. (2008). Cutting edge: inflammasome 

activation by alum and alum’s adjuvant effect are mediated by NLRP3. Journal of 

Immunology (Baltimore, Md. : 1950), 181(1), 17–21.  

Li, J., Brieher, W. M., Scimone, M. L., Kang, S. J., Zhu, H., Yin, H., … Yuan, J. (2007). 

Caspase-11 regulates cell migration by promoting Aip1–Cofilin-mediated actin 

depolymerization. Nature Cell Biology, 9(3), 276–286.  



 

149 

Lima-Junior, D. S., Costa, D. L., Carregaro, V., Cunha, L. D., Silva, A. L. N., Mineo, T. 

W. P., … Zamboni, D. S. (2013). Inflammasome-derived IL-1β production induces 

nitric oxide-mediated resistance to Leishmania. Nature Medicine, 19(7), 909–15.  

Liu, X., Zhang, Z., Ruan, J., Pan, Y., Magupalli, V. G., Wu, H., & Lieberman, J. (2016). 

Inflammasome-activated gasdermin D causes pyroptosis by forming membrane 

pores. Nature, 535(7610), 153–158.  

Livak, K. J., & Schmittgen, T. D. (2001). Analysis of relative gene expression data using 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods (San 

Diego, Calif.), 25(4), 402–8.  

Macaluso, K. R., Sonenshine, D. E., Ceraul, S. M., & Azad, A. F. (2002). Rickettsial 

infection in Dermacentor variabilis (Acari: Ixodidae) inhibits transovarial 

transmission of a second Rickettsia. Journal of Medical Entomology, 39(6), 809–13.  

Maltez, V. I., & Miao, E. A. (2016). Reassessing the Evolutionary Importance of 

Inflammasomes. Journal of Immunology (Baltimore, Md. : 1950), 196(3), 956–62.  

Man, S. M., Karki, R., Briard, B., Burton, A., Gingras, S., Pelletier, S., & Kanneganti, T.-

D. (2017). Differential roles of caspase-1 and caspase-11 in infection and 

inflammation. Scientific Reports, 7, 45126.  

Man, S. M., Karki, R., & Kanneganti, T.-D. (2017). Molecular mechanisms and functions 

of pyroptosis, inflammatory caspases and inflammasomes in infectious diseases. 

Immunological Reviews, 277(1), 61–75.  



 

150 

Mansueto, P., Vitale, G., Cascio, A., Seidita, A., Pepe, I., Carroccio, A., … Walker, D. H. 

(2012). New insight into immunity and immunopathology of Rickettsial diseases. 

Clinical & Developmental Immunology, 2012, 967852.  

Mariathasan, S., Newton, K., Monack, D. M., Vucic, D., French, D. M., Lee, W. P., … 

Dixit, V. M. (2004). Differential activation of the inflammasome by caspase-1 

adaptors ASC and Ipaf. Nature, 430(6996), 213–8.  

Mariathasan, S., Weiss, D. S., Newton, K., McBride, J., O’Rourke, K., Roose-Girma, M., 

… Dixit, V. M. (2006). Cryopyrin activates the inflammasome in response to toxins 

and ATP. Nature, 440(7081), 228–32.  

Marin-Garcia, J., & Mirvis, D. M. (n.d.). Myocardial disease in Rocky Mountain spotted 

fever: clinical, functional, and pathologic findings. Pediatric Cardiology, 5(2), 149–

54.  

Martinez, J. J., & Cossart, P. (2004). Early signaling events involved in the entry of 

Rickettsia conorii into mammalian cells. Journal of Cell Science, 117(Pt 21), 5097–

106.  

Martinez, J. J., Seveau, S., Veiga, E., Matsuyama, S., & Cossart, P. (2005). Ku70, a 

Component of DNA-Dependent Protein Kinase, Is a Mammalian Receptor for 

Rickettsia conorii. Cell, 123(6), 1013–1023.  

Matsuo, J., Nakamura, S., Takeda, S., Ishida, K., Yamazaki, T., Yoshida, M., … 

Yamaguchi, H. (2015). Synergistic Costimulatory Effect of Chlamydia pneumoniae 



 

151 

with Carbon Nanoparticles on NLRP3 Inflammasome-Mediated Interleukin-1β 

Secretion in Macrophages. Infection and Immunity, 83(7), 2917–25.  

Mattiola, I., Pesant, M., Tentorio, P. F., Molgora, M., Marcenaro, E., Lugli, E., … 

Mavilio, D. (2015). Priming of Human Resting NK Cells by Autologous M1 

Macrophages via the Engagement of IL-1β, IFN-β, and IL-15 Pathways. The 

Journal of Immunology, 195(6), 2818–2828.  

McAleer, J. P., Zammit, D. J., Lefrançois, L., Rossi, R. J., & Vella, A. T. (2007). The 

lipopolysaccharide adjuvant effect on T cells relies on nonoverlapping contributions 

from the MyD88 pathway and CD11c+ cells. Journal of Immunology (Baltimore, 

Md. : 1950), 179(10), 6524–35.  

McClure, E. E., Chávez, A. S. O., Shaw, D. K., Carlyon, J. A., Ganta, R. R., Noh, S. M., 

… Pedra, J. H. F. (2017). Engineering of obligate intracellular bacteria: progress, 

challenges and paradigms. Nature Reviews. Microbiology.  

McDade, J. E. (1991). Diagnosis of rickettsial diseases: a perspective. European Journal 

of Epidemiology, 7(3), 270–5.  

McGinley-Smith, D. E., & Tsao, S. S. (2003). Dermatoses from ticks. Journal of the 

American Academy of Dermatology, 49(3), 363-92–6.  

Mcleod, M. P., Qin, X., Karpathy, S. E., Gioia, J., Highlander, S. K., Fox, G. E., … 

Weinstock, G. M. (2004). Complete Genome Sequence of Rickettsia typhi and 



 

152 

Comparison with Sequences of Other Rickettsiae. JOURNAL OF BACTERIOLOGY, 

186(17), 5842–5855.  

Medzhitov, R., Preston-Hurlburt, P., Kopp, E., Stadlen, A., Chen, C., Ghosh, S., & 

Janeway, C. A. (1998). MyD88 is an adaptor protein in the hToll/IL-1 receptor 

family signaling pathways. Molecular Cell, 2(2), 253–8.  

Melehani, J. H., James, D. B. A., DuMont, A. L., Torres, V. J., & Duncan, J. A. (2015). 

Staphylococcus aureus Leukocidin A/B (LukAB) Kills Human Monocytes via Host 

NLRP3 and ASC when Extracellular, but Not Intracellular. PLoS Pathogens, 11(6), 

e1004970.  

Miao, E. A., Alpuche-Aranda, C. M., Dors, M., Clark, A. E., Bader, M. W., Miller, S. I., 

& Aderem, A. (2006). Cytoplasmic flagellin activates caspase-1 and secretion of 

interleukin 1beta via Ipaf. Nature Immunology, 7(6), 569–75.  

Miao, E. A., & Rajan, J. V. (2011). Salmonella and Caspase-1: A complex Interplay of 

Detection and Evasion. Frontiers in Microbiology, 2, 85.  

Miragliotta, G., Fumarola, D., Colucci, M., & Semeraro, N. (1981). Platelet aggregation 

and stimulation of leucocyte procoagulant activity by rickettsial lipopolysaccharides 

in rabbits and in man. Experientia, 37(1), 47–9.  

Miyake, K. (2006). Roles for accessory molecules in microbial recognition by Toll-like 

receptors. Journal of Endotoxin Research, 12(4), 195–204.  



 

153 

Moayeri, M., Crown, D., Newman, Z. L., Okugawa, S., Eckhaus, M., Cataisson, C., … 

Leppla, S. H. (2010). Inflammasome sensor Nlrp1b-dependent resistance to anthrax 

is mediated by caspase-1, IL-1 signaling and neutrophil recruitment. PLoS 

Pathogens, 6(12), e1001222.  

Monferran, S., Muller, C., Mourey, L., Frit, P., & Salles, B. (2004). The Membrane-

associated Form of the DNA Repair Protein Ku is Involved in Cell Adhesion to 

Fibronectin. Journal of Molecular Biology, 337(3), 503–511.  

Moumène, A., & Meyer, D. F. (2016). Ehrlichia’s molecular tricks to manipulate their 

host cells. Microbes and Infection, 18(3), 172–179.  

Muñoz-Espin, T., López-Parés, P., Espejo-Arenas, E., Font-Creus, B., Martinez-Vila, I., 

Travería-Casanova, J., … Bella-Cueto, F. (1986). Erythromycin versus tetracycline 

for treatment of Mediterranean spotted fever. Archives of Disease in Childhood, 

61(10), 1027–9.  

Murray, P. J., & Wynn, T. A. (2011). Protective and pathogenic functions of macrophage 

subsets. Nature Reviews Immunology, 11(11), 723–737.  

Netea, M. G., van de Veerdonk, F. L., van der Meer, J. W. M., Dinarello, C. A., & 

Joosten, L. A. B. (2015). Inflammasome-independent regulation of IL-1-family 

cytokines. Annual Review of Immunology, 33(1), 49–77.  

Osterman, J. V, & Eisemann, C. S. (1978). Surface proteins of typhus and spotted fever 

group rickettsiae. Infection and Immunity, 21(3), 866–73.  



 

154 

Parola, P., Paddock, C. D., Socolovschi, C., Labruna, M. B., Mediannikov, O., Kernif, T., 

… Raoult, D. (2013). Update on tick-borne rickettsioses around the world: a 

geographic approach. Clinical Microbiology Reviews, 26(4), 657–702.  

Pedra, J. H. F., Sutterwala, F. S., Sukumaran, B., Ogura, Y., Qian, F., Montgomery, R. 

R., … Fikrig, E. (2007). ASC/PYCARD and caspase-1 regulate the IL-18/IFN-

gamma axis during Anaplasma phagocytophilum infection. Journal of Immunology 

(Baltimore, Md. : 1950), 179(7), 4783–91.  

Pétrilli, V., Papin, S., Dostert, C., Mayor, A., Martinon, F., & Tschopp, J. (2007). 

Activation of the NALP3 inflammasome is triggered by low intracellular potassium 

concentration. Cell Death and Differentiation, 14(9), 1583–9.  

Peturova, M., Vitiazeva, V., & Toman, R. (2015). Structural features of the O-antigen of 

Rickettsia typhi, the etiological agent of endemic typhus. Acta Virologica, 59(3), 

228–33. Retrieved from http://www.ncbi.nlm.nih.gov/pubmed/26435145 

Pietschmann, P., Cush, J. J., Lipsky, P. E., & Oppenheimer-Marks, N. (1992). 

Identification of subsets of human T cells capable of enhanced transendothelial 

migration. Journal of Immunology (Baltimore, Md. : 1950), 149(4), 1170–8.  

Pilla, D. M., Hagar, J. A., Haldar, A. K., Mason, A. K., Degrandi, D., Pfeffer, K., … 

Coers, J. (2014). Guanylate binding proteins promote caspase-11-dependent 

pyroptosis in response to cytoplasmic LPS. Proceedings of the National Academy of 

Sciences of the United States of America, 111(16), 6046–51.  



 

155 

Poeck, H., Bscheider, M., Gross, O., Finger, K., Roth, S., Rebsamen, M., … Ruland, J. 

(2010). Recognition of RNA virus by RIG-I results in activation of CARD9 and 

inflammasome signaling for interleukin 1 beta production. Nature Immunology, 

11(1), 63–9.  

Portillo, A., de Sousa, R., Santibáñez, S., Duarte, A., Edouard, S., Fonseca, I. P., … Oteo, 

J. A. (2017). Guidelines for the Detection of Rickettsia spp. Vector-Borne and 

Zoonotic Diseases, 17(1), 23–32.  

Purvis, J. J., & Edwards, M. S. (2000). Doxycycline use for rickettsial disease in pediatric 

patients. The Pediatric Infectious Disease Journal, 19(9), 871–4. Retrieved from 

http://www.ncbi.nlm.nih.gov/pubmed/11001111 

Quevedo-Diaz, M. A., Song, C., Xiong, Y., Chen, H., Wahl, L. M., Radulovic, S., & 

Medvedev, A. E. (2010). Involvement of TLR2 and TLR4 in cell responses to 

Rickettsia akari. Journal of Leukocyte Biology, 88(4), 675–85.  

Radulovic, S., Price, P. W., Beier, M. S., Gaywee, J., Macaluso, J. A., & Azad, A. 

(2002). Rickettsia-macrophage interactions: host cell responses to Rickettsia akari 

and Rickettsia typhi. Infection and Immunity, 70(5), 2576–82.  

Raetz, C. R. H., & Whitfield, C. (2002). Lipopolysaccharide endotoxins. Annual Review 

of Biochemistry, 71, 635–700.  



 

156 

Rajan, J. V, Rodriguez, D., Miao, E. A., & Aderem, A. (2011). The NLRP3 

inflammasome detects encephalomyocarditis virus and vesicular stomatitis virus 

infection. Journal of Virology, 85(9), 4167–72.  

Rakshit, S., Chandrasekar, B. S., Saha, B., Victor, E. S., Majumdar, S., & Nandi, D. 

(2014). Interferon-gamma induced cell death: Regulation and contributions of nitric 

oxide, cJun N-terminal kinase, reactive oxygen species and peroxynitrite. 

Biochimica et Biophysica Acta (BBA) - Molecular Cell Research, 1843(11), 2645–

2661.  

Ramm, L. E., & Winkler, H. H. (1976). Identification of cholesterol in the receptor site 

for rickettsiae on sheep erythrocyte membranes. Infection and Immunity, 13(1), 120–

6.  

Ramos, H. J., Lanteri, M. C., Blahnik, G., Negash, A., Suthar, M. S., Brassil, M. M., … 

Gale, M. (2012). IL-1β signaling promotes CNS-intrinsic immune control of West 

Nile virus infection. PLoS Pathogens, 8(11), e1003039.  

Rathinam, V. A. K., Jiang, Z., Waggoner, S. N., Sharma, S., Cole, L. E., Waggoner, L., 

… Fitzgerald, K. A. (2010). The AIM2 inflammasome is essential for host defense 

against cytosolic bacteria and DNA viruses. Nature Immunology, 11(5), 395–402.  

Rathinam, V. A. K., Vanaja, S. K., & Fitzgerald, K. A. (2012). Regulation of 

inflammasome signaling. Nature Immunology, 13(4), 333–42.  



 

157 

Rathinam, V. A. K., Vanaja, S. K., Waggoner, L., Sokolovska, A., Becker, C., Stuart, L. 

M., … Fitzgerald, K. A. (2012). TRIF licenses caspase-11-dependent NLRP3 

inflammasome activation by gram-negative bacteria. Cell, 150(3), 606–19.  

Riley, S. P., Goh, K. C., Hermanas, T. M., Cardwell, M. M., Chan, Y. G. Y., & Martinez, 

J. J. (2010). The Rickettsia conorii autotransporter protein Sca1 promotes adherence 

to nonphagocytic mammalian cells. Infection and Immunity, 78(5), 1895–904.  

Roggli, V. L., Keener, S., Bradford, W. D., Pratt, P. C., & Walker, D. H. (1985). 

Pulmonary pathology of Rocky Mountain spotted fever (RMSF) in children. 

Pediatric Pathology, 4(1–2), 47–57.  

Rollwagen, F. M., Bakun, A. J., Dorsey, C. H., & Dasch, G. A. (1985). Mechanisms of 

immunity to infection with typhus rickettsiae: infected fibroblasts bear rickettsial 

antigens on their surfaces. Infection and Immunity, 50(3), 911–6.  

Rollwagen, F. M., Dasch, G. A., & Jerrells, T. R. (1986). Mechanisms of immunity to 

rickettsial infection: characterization of a cytotoxic effector cell. Journal of 

Immunology (Baltimore, Md. : 1950), 136(4), 1418–21. Retrieved from  

Rühl, S., & Broz, P. (2015). Caspase-11 activates a canonical NLRP3 inflammasome by 

promoting K(+) efflux. European Journal of Immunology, 45(10), 2927–36.  

Rydkina, E., Sahni, A., Baggs, R. B., Silverman, D. J., & Sahni, S. K. (2006). Infection of 

human endothelial cells with spotted fever group rickettsiae stimulates 



 

158 

cyclooxygenase 2 expression and release of vasoactive prostaglandins. Infection and 

Immunity, 74(9), 5067–74.  

Rydkina, E., Sahni, A., Silverman, D. J., & Sahni, S. K. (2007). Comparative analysis of 

host-cell signalling mechanisms activated in response to infection with Rickettsia 

conorii and Rickettsia typhi. Journal of Medical Microbiology, 56(Pt 7), 896–906.  

Rydkina, E., Sahni, A., Silverman, D. J., & Sahni, S. K. (2002). Rickettsia rickettsii 

infection of cultured human endothelial cells induces heme oxygenase 1 expression. 

Infection and Immunity, 70(8), 4045–52.  

Rydkina, E., Turpin, L. C., & Sahni, S. K. (2010). Rickettsia rickettsii infection of human 

macrovascular and microvascular endothelial cells reveals activation of both 

common and cell type-specific host response mechanisms. Infection and Immunity, 

78(6), 2599–606.  

Sahoo, M., Ceballos-Olvera, I., del Barrio, L., & Re, F. (2011). Role of the 

inflammasome, IL-1β, and IL-18 in bacterial infections. TheScientificWorldJournal, 

11, 2037–50.  

Sarkar, A., Duncan, M., Hart, J., Hertlein, E., Guttridge, D. C., & Wewers, M. D. (2006). 

ASC directs NF-kappaB activation by regulating receptor interacting protein-2 

(RIP2) caspase-1 interactions. Journal of Immunology (Baltimore, Md. : 1950), 

176(8), 4979–86.  



 

159 

Schaechter, M., Bozeman, F. M., & Smadel, J. E. (1957). Study on the growth of 

rickettsiae. Virology, 3(1), 160–172.  

Schramek, S., Brezina, R., & Kazár, J. (1977). Some biological properties of an 

endotoxic lipopolysaccharide from the typhus group rickettsiae. Acta Virologica, 

21(5), 439–41.  

Schroder, K., & Tschopp, J. (2010). The inflammasomes. Cell, 140(6), 821–32.  

Schulz, E. G., Mariani, L., Radbruch, A., & Höfer, T. (2009). Sequential Polarization and 

Imprinting of Type 1 T Helper Lymphocytes by Interferon-γ and Interleukin-12. 

Immunity, 30(5), 673–683.  

Sears, K. T., Ceraul, S. M., Gillespie, J. J., Allen, E. D., Popov, V. L., Ammerman, N. C., 

… Azad, A. F. (2012). Surface proteome analysis and characterization of surface 

cell antigen (Sca) or autotransporter family of Rickettsia typhi. PLoS Pathogens, 

8(8), e1002856.  

Sellers, R. S., Clifford, C. B., Treuting, P. M., & Brayton, C. (2012). Immunological 

Variation Between Inbred Laboratory Mouse Strains. Veterinary Pathology, 49(1), 

32–43.  

Serio, A. W., Jeng, R. L., Haglund, C. M., Reed, S. C., & Welch, M. D. (2010). Defining 

a core set of actin cytoskeletal proteins critical for actin-based motility of Rickettsia. 

Cell Host & Microbe, 7(5), 388–98.  



 

160 

Sexton, D. J., Dwyer, B., Kemp, R., & Graves, S. (n.d.). Spotted fever group rickettsial 

infections in Australia. Reviews of Infectious Diseases, 13(5), 876–86.  

Shannon, J. G., Howe, D., & Heinzen, R. A. (2005). Virulent Coxiella burnetii does not 

activate human dendritic cells: role of lipopolysaccharide as a shielding molecule. 

Proceedings of the National Academy of Sciences of the United States of America, 

102(24), 8722–7.  

Shi, J., Zhao, Y., Wang, K., Shi, X., Wang, Y., Huang, H., … Shao, F. (2015). Cleavage 

of GSDMD by inflammatory caspases determines pyroptotic cell death. Nature, 

526(7575), 660–5.  

Silpapojakul, K., Mitarnun, W., Ovartlarnporn, B., Chamroonkul, N., & Khow-Ean, U. 

(1996). Liver involvement in murine typhus. QJM : Monthly Journal of the 

Association of Physicians, 89(8), 623–9.  

Silva, G. K., Costa, R. S., Silveira, T. N., Caetano, B. C., Horta, C. V., Gutierrez, F. R. 

S., … Silva, J. S. (2013). Apoptosis-associated speck-like protein containing a 

caspase recruitment domain inflammasomes mediate IL-1β response and host 

resistance to Trypanosoma cruzi infection. Journal of Immunology (Baltimore, Md. : 

1950), 191(6), 3373–83.  

Silverman, D. J., & Bond, S. B. (1984). Infection of human vascular endothelial cells by 

Rickettsia rickettsii. The Journal of Infectious Diseases, 149(2), 201–6.  



 

161 

Simser, J. A., Rahman, M. S., Dreher-Lesnick, S. M., & Azad, A. F. (2005). A novel and 

naturally occurring transposon, ISRpe1 in the Rickettsia peacockii genome 

disrupting the rickA gene involved in actin-based motility. Molecular Microbiology, 

58(1), 71–79.  

Smalley, C., Bechelli, J., Rockx-Brouwer, D., Saito, T., Azar, S. R., Ismail, N., … Fang, 

R. (2016). Rickettsia australis activates inflammasome in human and murine 

macrophages. PLOS ONE, 11(6), e0157231.  

Sodhi, A., Singh, R. K., & Singh, S. M. (1992). Effect of interferon-gamma priming on 

the activation of murine peritoneal macrophages to tumouricidal state by cisplatin, 

IL-1, and tumour necrosis factor (TNF): production of IL-1 and TNF. Clinical and 

Experimental Immunology, 88(2), 350–5.  

Sporn, L. A., Haidaris, P. J., Shi, R. J., Nemerson, Y., Silverman, D. J., & Marder, V. J. 

(1994). Rickettsia rickettsii infection of cultured human endothelial cells induces 

tissue factor expression. Blood, 83(6), 1527–34.  

Sporn, L. A., Lawrence, S. O., Silverman, D. J., & Marder, V. J. (1993). E-selectin-

dependent neutrophil adhesion to Rickettsia rickettsii-infected endothelial cells. 

Blood, 81(9), 2406–12.  

Sporn, L. A., & Marder, V. J. (1996). Interleukin-1 alpha production during Rickettsia 

rickettsii infection of cultured endothelial cells: potential role in autocrine cell 

stimulation. Infection and Immunity, 64(5), 1609–13.  



 

162 

Sporn, L. E. E. A. N. N., Sahni, S. K., Lerner, N. B., Marder, V. J., Silverman, D. J., 

Turpin, L. C., & Schwab, A. M. Y. L. (1997). Rickettsia rickettsii infection of 

cultured human endothelial cells induces NF- � B activation, 65(7), 2786–2791. 

Steimle, V., Siegrist, C. A., Mottet, A., Lisowska-Grospierre, B., & Mach, B. (1994). 

Regulation of MHC class II expression by interferon-gamma mediated by the 

transactivator gene CIITA. Science (New York, N.Y.), 265(5168), 106–9.  

Storek, K. M., & Monack, D. M. (2015). Bacterial recognition pathways that lead to 

inflammasome activation. Immunological Reviews, 265(1), 112–29.  

Sun, K., Gan, Y., & Metzger, D. W. (2011). Analysis of murine genetic predisposition to 

pneumococcal infection reveals a critical role of alveolar macrophages in 

maintaining the sterility of the lower respiratory tract. Infection and Immunity, 79(5), 

1842–1847.  

Sutterwala, F. S., Ogura, Y., Szczepanik, M., Lara-Tejero, M., Lichtenberger, G. S., 

Grant, E. P., … Flavell, R. A. (2006). Critical role for NALP3/CIAS1/Cryopyrin in 

innate and adaptive immunity through its regulation of caspase-1. Immunity, 24(3), 

317–27.  

Taxman, D. J., Holley-Guthrie, E. A., Huang, M. T.-H., Moore, C. B., Bergstralh, D. T., 

Allen, I. C., … Ting, J. P.-Y. (2011). The NLR Adaptor ASC/PYCARD regulates 

DUSP10, Mitogen-activated Protein Kinase (MAPK), and chemokine induction 

independent of the inflammasome. The Journal of Biological Chemistry, 286(22), 

19605.  



 

163 

Tewari, K., Nakayama, Y., & Suresh, M. (2007). Role of direct effects of IFN-gamma on 

T cells in the regulation of CD8 T cell homeostasis. Journal of Immunology 

(Baltimore, Md. : 1950), 179(4), 2115–25.  

Teysseire, N., Arnoux, D., George, F., Sampol, J., & Raoult, D. (1992). von Willebrand 

factor release and thrombomodulin and tissue factor expression in Rickettsia 

conorii-infected endothelial cells. Infection and Immunity, 60(10), 4388–93.  

Thomas, P. G., Dash, P., Aldridge, J. R., Ellebedy, A. H., Reynolds, C., Funk, A. J., … 

Kanneganti, T.-D. (2009). The intracellular sensor NLRP3 mediates key innate and 

healing responses to influenza A virus via the regulation of caspase-1. Immunity, 

30(4), 566–75.  

Tschopp, J., & Schroder, K. (2010). NLRP3 inflammasome activation: The convergence 

of multiple signalling pathways on ROS production? Nature Reviews. Immunology, 

10(3), 210–5.  

Tsuchiya, K., Hara, H., Kawamura, I., Nomura, T., Yamamoto, T., Daim, S., … 

Mitsuyama, M. (2010). Involvement of absent in melanoma 2 in inflammasome 

activation in macrophages infected with Listeria monocytogenes. Journal of 

Immunology (Baltimore, Md. : 1950), 185(2), 1186–95.  

Valbuena, G., Bradford, W., & Walker, D. H. (2003). Expression analysis of the T-Cell-

targeting chemokines CXCL9 and CXCL10 in mice and humans with endothelial 

infections caused by rickettsiae of the spotted fever group. The American Journal of 

Pathology, 163(4), 1357–1369.  



 

164 

Valbuena, G., Jordan, J. M., & Walker, D. H. (2004). T Cells mediate cross-protective 

immunity between spotted fever group rickettsiae and typhus group rickettsiae, 609, 

1221–1227. 

Valbuena, G., & Walker, D. H. (2004). Effect of blocking the CXCL9/10-CXCR3 

chemokine system in the outcome of endothelial-target rickettsial infections. The 

American Journal of Tropical Medicine and Hygiene, 71(4), 393–9.  

van de Wetering, D., de Paus, R. A., van Dissel, J. T., van de Vosse, E., & Sahiratmadja, 

E. (2009). Salmonella Induced IL-23 and IL-1β Allow for IL-12 Production by 

Monocytes and Mφ1 through Induction of IFN-γ in CD56+ NK/NK-Like T Cells. 

PLoS ONE, 4(12), e8396.  

von Rossum, A., Krall, R., Escalante, N. K., & Choy, J. C. (2011). Inflammatory 

cytokines determine the susceptibility of human CD8 T cells to Fas-mediated 

activation-induced cell death through modulation of FasL and c-FLIP(S) expression. 

The Journal of Biological Chemistry, 286(24), 21137–44.  

Walker, D. H. (1989). Rickettsioses of the spotted fever group around the world. The 

Journal of Dermatology, 16(3), 169–77. 

Walker, D. H. (1989). Rocky Mountain spotted fever: a disease in need of 

microbiological concern. Clinical Microbiology Reviews, 2(3), 227–40.  



 

165 

Walker, D. H., Harrison, A., Henderson, F., & Murphy, F. A. (1977). Identification of 

Rickettsia rickettsii in a guinea pig model by immunofluorescent and electron 

microscopic techniques. The American Journal of Pathology, 86(2), 343–58.  

Walker, D. H., Herrero-Herrero, J. I., Ruiz-Beltrán, R., Bullón-Sopelana, A., & Ramos-

Hidalgo, A. (1987). The pathology of fatal Mediterranean spotted fever. American 

Journal of Clinical Pathology, 87(5), 669–72.  

Walker, D. H., Hudnall, S. D., Szaniawski, W. K., & Feng, H. M. (1999). Monoclonal 

antibody-based immunohistochemical diagnosis of rickettsialpox: the macrophage is 

the principal target. Modern Pathology : An Official Journal of the United States and 

Canadian Academy of Pathology, Inc, 12(5), 529–33.  

Walker, D. H., Popov, V. L., Crocquet-Valdes, P. A., Welsh, C. J., & Feng, H. M. (1997). 

Cytokine-induced, nitric oxide-dependent, intracellular antirickettsial activity of 

mouse endothelial cells. Laboratory Investigation; a Journal of Technical Methods 

and Pathology, 76(1), 129–38.  

Walker, D. H., Popov, V. L., & Feng, H. M. (2000). Establishment of a novel endothelial 

target mouse model of a typhus group rickettsiosis: evidence for critical roles for 

gamma interferon and CD8 T lymphocytes. Laboratory Investigation; a Journal of 

Technical Methods and Pathology, 80(9), 1361–72.  

Walker, D. H., Popov, V. L., Wen, J., & Feng, H. M. (1994). Rickettsia conorii infection 

of C3H/HeN mice. A model of endothelial-target rickettsiosis. Laboratory 

Investigation; a Journal of Technical Methods and Pathology, 70(3), 358–68. 



 

166 

Walker, D. H. (2007). Rickettsiae and rickettsial infections: the current state of 

knowledge. Clinical Infectious Diseases : An Official Publication of the Infectious 

Diseases Society of America, 45 Suppl 1, S39-44.  

Walker, D. H., Feng, H., & Popov, V. L. (2001). Rickettsial phospholipase a 2 as a 

pathogenic mechanism in a model of cell injury by typhus and spotted fever group 

rickettsiae, 65(6), 936–942. 

Walker, D. H., Olano, J. P., Feng, H., Al, W. E. T., & Mmun, I. N. I. (2001). Critical role 

of cytotoxic T lymphocytes in immune clearance of rickettsial infection. 69(3), 

1841–1846.  

Walker, T. S., Brown, J. S., Hoover, C. S., & Morgan, D. A. (1990). Endothelial 

prostaglandin secretion: effects of typhus rickettsiae. The Journal of Infectious 

Diseases, 162(5), 1136–44.  

Wang, X., Shaw, D. K., Hammond, H. L., Sutterwala, F. S., Rayamajhi, M., Shirey, K. 

A., … Pedra, J. H. F. (2016). The Prostaglandin E2-EP3 receptor axis regulates 

Anaplasma phagocytophilum-mediated NLRC4 inflammasome activation. PLoS 

Pathogens, 12(8), e1005803.  

Wang, Y. F., Calder, V. L., Greenwood, J., & Lightman, S. L. (n.d.). Lymphocyte 

adhesion to cultured endothelial cells of the blood-retinal barrier. Journal of 

Neuroimmunology, 48(2), 161–8.  



 

167 

Ward, J. R., West, P. W., Ariaans, M. P., Parker, L. C., Francis, S. E., Crossman, D. C., 

… Wilson, H. L. (2010). Temporal interleukin-1beta secretion from primary human 

peripheral blood monocytes by P2X7-independent and P2X7-dependent 

mechanisms. The Journal of Biological Chemistry, 285(30), 23147–58.  

Wei, T. Y., & Baumann, R. J. (1999). Acute disseminated encephalomyelitis after Rocky 

Mountain spotted fever. Pediatric Neurology, 21(1), 503–5.  

Weinert, L. A., Werren, J. H., Aebi, A., Stone, G. N., & Jiggins, F. M. (2009). Evolution 

and diversity of Rickettsia bacteria. BMC Biology, 7, 6.  

Weiss, E. (1973). Growth and physiology of rickettsiae. Bacteriological Reviews, 37(3), 

259–83.  

Weiss, E., Newman, L. W., Grays, R., & Green, A. E. (1972). Metabolism of Rickettsia 

typhi and Rickettsia akari in irradiated L cells. Infection and Immunity, 6(1), 50–7.  

Whitworth, T., Popov, V. L., Yu, X.-J., Walker, D. H., & Bouyer, D. H. (2005). 

Expression of the Rickettsia prowazekii pld or tlyC gene in Salmonella enterica 

serovar Typhimurium mediates phagosomal escape. Infection and Immunity, 73(10), 

6668–73.  

Wiersinga, W. J., Wieland, C. W., van der Windt, G. J. W., de Boer, A., Florquin, S., 

Dondorp, A., … van der Poll, T. (2007). Endogenous interleukin-18 improves the 

early antimicrobial host response in severe melioidosis. Infection and Immunity, 

75(8), 3739–46.  



 

168 

Wolbach, s. B. (1950). Rickettsiae and rickettsial diseases of man: A survey. A.M.A. 

Archives of Pathology, 50(5), 612–22.  

Wolbach, S. B., & Schlesinger, M. J. (1923). The Cultivation of the Micro-Organisms of 

Rocky Mountain spotted Fever (Dermacentroxenus Rickettsi) and of Typhus 

(Rickettsia prowazeki) in Tissue Cultures. The Journal of Medical Research, 44(2), 

231–256.1.  

Wolbach, s. B. (1925). The rickettsiae and their relationship to disease. JAMA: The 

Journal of the American Medical Association, 84(10), 723.  

Wolf, Y. I., Aravind, L., & Koonin, E. V. (1999). Rickettsiae and Chlamydiae: evidence 

of horizontal gene transfer and gene exchange. Trends in Genetics : TIG, 15(5), 

173–5.  

Woods, M. E., & Olano, J. P. (2008). Host defenses to Rickettsia rickettsii infection 

contribute to increased microvascular permeability in human cerebral endothelial 

cells. Journal of Clinical Immunology, 28(2), 174–85. 

Woods, M. E., Wen, G., & Olano, J. P. (2005). Nitric oxide as a mediator of increased 

microvascular permeability during acute rickettsioses. Annals of the New York 

Academy of Sciences, 1063, 239–245.  

Wright, S. D., Ramos, R. A., Tobias, P. S., Ulevitch, R. J., & Mathison, J. C. (1990). 

CD14, a receptor for complexes of lipopolysaccharide (LPS) and LPS binding 

protein. Science (New York, N.Y.), 249(4975), 1431–3.  



 

169 

Wu, J. J., Huang, D. B., Pang, K. R., & Tyring, S. K. (2005). Rickettsial infections 

around the world, part 1: pathophysiology and the spotted fever group. Journal of 

Cutaneous Medicine and Surgery, 9(2), 54–62.  

Wu, J., Fernandes-Alnemri, T., & Alnemri, E. S. (2010). Involvement of the AIM2, 

NLRC4, and NLRP3 inflammasomes in caspase-1 activation by Listeria 

monocytogenes. Journal of Clinical Immunology, 30(5), 693–702.  

Xin, L., Shelite, T. R., Gong, B., Mendell, N. L., Soong, L., Fang, R., & Walker, D. H. 

(2012). Systemic treatment with CpG-B after sublethal rickettsial infection induces 

mouse death through indoleamine 2,3-dioxygenase (IDO). PloS One, 7(3), e34062.  

Yamamoto, M., Sato, S., Hemmi, H., Hoshino, K., Kaisho, T., Sanjo, H., … Akira, S. 

(2003). Role of adaptor TRIF in the MyD88-independent toll-like receptor signaling 

pathway. Science (New York, N.Y.), 301(5633), 640–3.  

Yang, D., He, Y., Muñoz-Planillo, R., Liu, Q., & Núñez, G. (2015). Caspase-11 Requires 

the Pannexin-1 Channel and the Purinergic P2X7 Pore to Mediate Pyroptosis and 

Endotoxic Shock. Immunity, 43(5), 923–32.  

Yang, Q., Stevenson, H. L., Scott, M. J., & Ismail, N. (2015). Type I interferon 

contributes to noncanonical inflammasome activation, mediates immunopathology, 

and impairs protective immunity during fatal infection with lipopolysaccharide-

negative ehrlichiae. The American Journal of Pathology, 185(2), 446–61.  



 

170 

Zhou, F. (2009). Molecular Mechanisms of IFN-γ to Up-Regulate MHC Class I Antigen 

Processing and Presentation. International Reviews of Immunology, 28(3–4), 239–

260.  

 

  



 

171 

Vita  

 

Claire Smalley was born June 1, 1988, in Redding, California to April Smalley and 

Lawrence Smalley. She attended Shasta High School, where she graduated in the top 5% 

of her class. She attended University of California at Davis, where she received a Bachelors 

of Science in Microbiology. She next attended University of Nevada at Reno, where she 

earned her Masters Degree of Science in Cellular and Molecular Biology. Claire was 

named on a patent for a novel method of identifying circulating antigen in human samples 

for her work at UNR. She next attended University of Texas, Medical Branch in Galveston. 

She is named as first or co-author on five manuscripts.  

 

 

 

Permanent address: 15636 Ranchland Drive, Redding CA 96001 

This dissertation was typed by Claire Smalley 

 

 
 

 
 


