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III. Chapter 1: Introduction 

Laura Schoenlaub 

 

Coxiella burnetii: The Organism 

Coxiella burnetii is an obligate intracellular Gram negative bacterial pathogen responsible for 

causing the zoonotic disease Q fever in humans. Q fever occurs most often in Australia and parts 

of Europe, but is found worldwide. The bacteria is commonly found in ruminants, where it can 

spread to humans through aerosols from infected urine, feces, and most typically birthing 

products. It can also be spread by the consumption of unpasteurized milk, though this is rare in 

humans (1). Q fever is considered an occupational hazard for livestock workers, slaughterhouse 

workers, veterinarians, and research laboratory personnel (2-4). It is also a significant problem in 

United States soldiers returning from the war in the Middle East (5, 6). C. burnetii is highly 

resistant to desiccation and disinfectants and can live for more than a year outside of the host. 

The infectious dose for this organism in humans is very low, as few as one organism (7), making 

C. burnetii highly infectious (8). Due to its infectivity and ability to survive in the environment, 

C. burnetii is classified as a category B select agent by the Centers for Disease Control and must 

be handled under Biosafety Level 3 (BSL3) conditions. 

C. burnetii can be found in a variety of environmental reservoirs. Although infection in humans 

is typically spread by exposure to aerosols from ruminants, C. burnetii can also be found in a 

number of household pets. One study suggests that domestic cats are an important reservoir for Q 

fever in Nova Scotia (9).  Infection has also been documented in dogs, birds, fish, snakes, and 

even moths (10-12). It is believed that ticks are an important reservoir for C. burnetii in the 

environment and that they are capable of spreading infection to a variety of animals (12). Though 

ticks are suspected to be capable of passing C. burnetii to humans, this has never been proven. It 
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is still unclear what role ticks and other arthropods play in the spread of C. burnetii in the 

environment. 

History: Q fever was initially described in 1937 by Edward Holbrook Derrick as a febrile illness 

found in abattoir workers in Brisbane, Queensland, Australia (13). Due to its intracellular nature, 

Derrick was unable to culture or visualize the infectious bacterium and he speculated that it may 

be a virus. Frank Macfarlane Burnet and Mavis Freeman were able to reproduce the illness in 

guinea pigs using samples from Derrick, and they were able to visualize the bacteria in infected 

host cells (14). Based on visual findings, the bacteria was classified as a Rickettsia.  

Another group, working independently, discovered an agent in 1935 in ticks that produced a 

febrile illness in guinea pigs that they named the Nine Mile agent. H. R. Cox and Gordon Davis 

were unable to culture the pathogenic agent in axenic media, but Cox discovered a revolutionary 

way to grow the bacteria in embryonated chicken eggs (15). A laboratory acquired infection 

revealed that Cox and Davis were studying the same agent as Burnet and Freeman, and the name 

of the organism was established as C. burnetii to credit both groups (1).  

Bacteriology: C. burnetii is a small bacterium, with sizes ranging from 0.2-0.4 µm wide and 0.4-

1 µm long. Though originally classified in the Rickettsiales order due to its presence in ticks and 

intracellular morphology, recent genomic sequencing studies have revealed that C. burnetii is 

actually a member of the γ-proteobacteria family, closely related to Legionella pneumophila and 

Francisella tularensis (16). Though C. burnetii is Gram negative, it is not easily stained using 

the Gram staining method. Typically the bacteria is stained using the Gimenez method.  

In a manner similar to Chlamydia, C. burnetii has two morphological forms (15). The first form 

is a small cell variant (SCV), typically 0.2-0.5µm long, which is rod shaped and metabolically 
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inactive. The SCV is able to survive well outside of host cells, and is resistant to a variety of 

environmental and chemical conditions such as desiccation and disinfectants (17). In this form, 

C. burnetii can survive in the environment for a long period of time. The metabolically active, 

replicative form of C. burnetii is the large cell variant (LCV). The LCV is larger, as its name 

implies, typically measuring around 1µm long and possesses a thinner cell wall than the SCV. 

Inside of infected cells, SCVs convert to LCVs within 16 hours due to the lower pH within the 

Coxiella containing vacuole (CCV) (16). Within LCVs small spore-like structures are often 

found. It is thought that these structures are SCVs developing, but this has yet to be proven. 

C. burnetii possesses a type 4B secretion system (T4SS) which is similar to the dot/icm system 

found in Legionella pneumophila (11). The function of the T4SS is critical to the formation of 

the large replicative vacuole inside of infected cells. Effectors delivered by this system interact 

with a variety of host factors, many of which are involved in the regulation of host cell death. 

Luhrmann et al have found that one effector, known as AnkG, interacts with mammalian cell p32 

to prevent host cell apoptosis (18). However, though a variety of effectors have been described, 

the precise function of most C. burnetii T4SS components and secreted compounds are still not 

understood. 

Multiple strains of C. burnetii have been described. These are categorized in groups I, IV, V, and 

VI depending on the source and plasmid content. Some strains appear to be more common in 

chronic infection cases, while others seem more likely to cause acute infections (19). However, 

this is still a matter of debate, as some scientists in the field believe that the development of 

chronic or acute Q fever has more to do with host factors such as preexisting heart valve damage, 

pregnancy, and being immunocompromised. 
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Life Cycle: Within the environment, C. burnetii survives in arthropod hosts, such as ticks. From 

these hosts it can spread, and it primarily spreads into ruminants, most commonly goats, sheep, 

and cattle (1, 20). In ruminants, C. burnetii doesn’t typically cause disease. Some animals will 

experience spontaneous abortion following C. burnetii infection, and the organism is highly 

concentrated in the placental tissue. Concentrations can be as high as 109 bacteria per gram of 

placental tissue (16). C. burnetii is also shed in urine, feces, and milk products from infected 

ruminants. Humans are most commonly infected when handling animals during the birthing 

process, making Q fever an occupational hazard for farmers and veterinarians (3, 21). C. burnetii 

can survive for long periods in the environment, and it is common for aerosols from infected 

herds to be carried by the wind and cause infection in humans. A study by Tissot-Dupont et al 

found that Q fever outbreaks could be directly connected to the speed and frequency of the wind 

(22). This study also found that it is common for birthing products to be left on the ground, 

allowing them to desiccate and potentially spread infection. This makes Q fever common in 

locations where ruminant populations are dense.  

Phase variation: C. burnetii is capable of undergoing phase variation which corresponds to 

smooth and rough LPS phases (23-25). Phase I (NMI) is the fully virulent form of the bacteria 

that is found naturally and corresponds to smooth LPS. Phase II (NMII) is an avirulent form that 

is only found in laboratories and corresponds to the rough LPS form. Phase II only arises after 

phase I has been serially passaged through cell lines and nonimmunocompetent hosts. Its LPS is 

truncated, a result of the loss of an LPS biosynthesis gene. Phase II LPS lacks O-antigen, and 

does not contain the terminal sugars L-virenose, dihydrohydroxystreptose, and some protein 

surface determinants that are found in Phase I LPS (23). Interestingly, studies have found that 

NMII is more readily taken up than NMI. Phase I bacteria are endocytosed by cells and survive 
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to replicate within CCVs, while Phase II bacteria are readily degraded by the phagolysosomal 

pathway (26, 27). The structure of phase I LPS likely masks its immunogenic properties, 

particularly when it comes to components that stimulate Toll-Like Receptor 2 (TLR-2) (28). 

Laboratory model: C. burnetii causes only transient symptoms in mice following infection. 

These sometimes include hunched appearance and ruffled fur, though this differs between mouse 

strains. The use of the mouse model in the laboratory to evaluate disease severity has been 

established in the field. Symptoms typically peak at day 14 and are reduced after this point. 

Disease severity is measured by looking at splenomegaly, bacterial burden, and histopathology. 

Splenomegaly is measured as the ratio between spleen weight and body weight in the mouse. It 

has been previously demonstrated that splenomegaly correlates with infectious dose of C. 

burnetii in this model (29). Bacterial burden is evaluated by examining levels of com1 gene copy 

numbers in infected tissues. Com1 is a 27-kDa outer membrane protein, and the use of this 

model has been evaluated as described previously (30)  

Human disease, Q fever: In humans, Q fever has two distinct disease states. Acute Q fever 

typically arises 1-3 weeks following exposure to C. burnetii. The symptoms of acute infection 

are diverse, but commonly include malaise, headache, fever, hepatitis, and atypical pneumonia 

(31-34). These symptoms usually resolve within two weeks and can be treated effectively with 

antibiotics such as doxycycline. Chronic infections can develop in about 5% of cases, typically in 

immunocompromised patients, pregnant women, or patients with preexisting heart valve damage 

(35). Chronic Q fever commonly manifests as culture negative endocarditis, though it can also 

cause osteoarticular infections and aneurysm development (15, 36-38). This form of Q fever 

infection is severe and can have devastating results. Patients must be treated with a dual therapy 

of antibiotics such as doxycycline and hydroxychloroquine for a period of 2-4 years (37). This 
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treatment also typically involves surgery to remove infected tissue. Even with treatment, Q fever 

endocarditis is fatal in 26-60% of cases (38). In patients with pre-existing heart valve damage, 

30-50% will develop chronic infection following acute infection (15). Due to its intracellular 

nature, it is difficult to completely remove infection with C. burnetii, and some patients require 

lifelong treatment with antibiotics following infection. In patients receiving antibiotic treatment 

for C. burnetii, the risks of drug toxicity and antibiotic resistance are high (39). New treatments 

for the prevention and elimination of Q fever are necessary.  

Vaccine: An effective vaccine has been developed against Q fever and is currently licensed for 

use in Australia (40, 41). Branded under the name of Q-Vax, it is a whole cell formalin 

inactivated vaccine made using the Henzerling strain of C. burnetii. This vaccine provides 100% 

protection that is effective for at least 5 years (42). Despite its effectiveness, the vaccine is not 

FDA approved due to potential severe side effects. This typically occurs in individuals who have 

previously been exposed to C. burnetii, and it causes site specific and systemic responses 

resulting in severe complications (43). In Australia, vaccine candidates must be tested for 

preexisting antibodies against C. burnetii. Only when these tests are negative for prior exposure 

are patients allowed to be vaccinated. There is an urgent need for the development of an 

effective, safer alternative to the current vaccine against Q fever. 

Distribution:  Q fever infections can be found worldwide. Cases are most common in the 

Middle East, Europe, and Australia (16). A recent outbreak in the Netherlands caused nearly 

4000 reported cases, and was linked to extensive goat farming in the country (44). When these 

animals gave birth during the birthing season, aerosols were created that were carried downwind 

to residential areas, resulting in massive human infections. One study found a close link between 

abortion waves in goat herds and waves of human infection (44). This likely played a major role 
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in the 2007-2010 outbreak of Q fever in the Netherlands. Large outbreaks have also been 

documented in Spain, the Southern part of France, Iraq, and the United States (3, 8, 45). In the 

United States, 150-200 cases of Q fever are typically reported to the CDC each year (3). 

Although C. burnetii can cause severe disease, most cases of Q fever likely go unreported. Up to 

60% of patients develop asymptomatic infections, and it is estimated that 75% of cases are 

unreported (45). In many countries Q fever is not a notifiable disease, so the worldwide 

distribution of C. burnetii can only be measured in these countries by serological testing.  For 

these reasons, the exact distribution of C. burnetii is still unknown. 

Intracellular cycle: Following initial exposure, the bacteria primarily target alveolar 

macrophages and epithelial cells (46, 47). They first interact with αvβ3 integrin on the cell 

surface, leading to phagocytosis. Uptake via this integrin is typically reserved for the removal of 

apoptotic cells, and using this method of uptake may allow C. burnetii to evade the immune 

system (17).  Toll-Like receptor 4 (TLR-4) may also play a role in the binding and initial uptake 

of C. burnetii. The bacteria are taken up into a phagosome, which then begins to mature via the 

phagolysosomal pathway. The process of phagolysosomal maturation is similar to that naturally 

found in the cell, with the compartment taking up lysosomal enzymes and dropping to a pH of 

around 4.5 (26). Unlike many other intracellular pathogens, phagosome-lysosome fusion is not 

prevented during C. burnetii infection.  At this stage, the compartment is called a CCV. The 

outside of this compartment is marked with the lysosomal markers such as LAMP-1 and CD63 

(27). This compartment also acquires lysosomal enzymes such as cathepsin D and lysosomal 

acid phosphatase (42, 48, 49). Within the CCV, C. burnetii switch from the SCV to the 

metabolically active LCV and begin to replicate. This compartment enlarges, often taking up a 

large portion of the cytoplasm. The doubling time for the bacteria is roughly 8-12 hours 
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depending on cell type, and as the bacteria replicate the compartment enlarges further, often 

becoming larger than the nucleus (Figure 1-1). At some point, the bacteria are released from the 

infected cell by a mechanism that is still unknown to spread into adjacent cells.  
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Figure 1-1: The intracellular life cycle of C. burnetii. Upon contact with macrophages, C. 

burnetii is taken up through binding with αvβ3 integrin in actin-dependent phagocytosis. 

Following uptake, the nascent CCV fuses with autophagosomes, maturing and causing a pH 

reduction in the CCV. The maturing CCV fuses with cellular lysosomes, dropping the pH to 4.5 

in the mature CCV. Within this compartment, C. burnetii converts from the SCV to the 

metabolically active LCV and begins to replicate. (Van Shaik, E. J. et al (2013). Nat Rev 

Microbiol) 
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The effect of infection on cell type following replication becomes a matter of debate. One paper 

has demonstrated that C. burnetii NMII inhibits caspase 3/7-dependent host cell apoptosis after 

cells are exposed to apoptotic stimuli such as staurosporine and UV light in HeLa cells (50-52). 

In contrast, other studies have demonstrated that C. burnetii NMII induces apoptosis in a manner 

independent of caspase 3/7 activation in undifferentiated THP-1 monocytes (53). This effect 

seems to be dependent on cell type and the maturation state of the cells. It seems that the bacteria 

may prolong host cell survival upon initial infection to maintain the cell as a replicative site. 

Later in infection, when the bacteria is ready to spread to other cells, it may induce cell death in a 

cytochrome c mediated process of apoptosis. Following replication, C. burnetii exits the host cell 

in a manner that has still not been determined in order to spread to other cells.  

The ability of C. burnetii to induce or inhibit apoptosis may also be a determining factor in acute 

and chronic infections. During acute infection, the bacteria induce cell death in order to spread 

rapidly. During chronic infection, C. burnetii may inhibit host cell death in order to remain 

intracellular and avoid inducing an inflammatory response. 

The immune response to C. burnetii 

Innate response: The initial response to virulent NMI infection depends largely on the innate 

immune system and neutrophil activation. A recent paper from our lab by Elliott et al 

demonstrated that depletion of neutrophils using the depletion antibody RB6-8C5 results in more 

severe infection in mice (54). These cells are initially recruited to the lungs during early stages of 

infection due to cytokine production by infected macrophages. It is likely that neutrophils act as 

first responders to infection, destroying some of the bacteria via generation of reactive oxygen 

and nitrogen species (ROS and RNS, respectively), along with attracting immune cells by 

producing cytokines (48). Neutrophils can also enhance the ability of macrophages to kill 



 

11 
 

phagocytosed bacteria, and this may also play a role during C. burnetii infection. The production 

of reactive oxygen intermediates is critical for the elimination of intracellular C. burnetii, but one 

study has demonstrated that C. burnetii has the ability to prevent the translocation of proteins 

necessary for ROS production to the CCV (52). This is likely due to C. burnetii’s production of 

an acid phosphatase (55). Interestingly, Elliott et al has also shown that neutrophils can take up 

C. burnetii, though the bacteria do not appear to replicate within these cells (54). Instead, it 

appears that neutrophil infection may facilitate macrophage infection, as apoptotic neutrophils 

containing C. burnetii are taken up by macrophages. It is still unclear what role this uptake plays 

in dissemination of the bacteria during systemic infection. 

Following uptake by resident macrophages, C. burnetii has demonstrated the ability to polarize 

macrophage phenotypes to an anti-inflammatory program (56). This program is similar to the M2 

macrophage phenotype, resulting up-regulation of genes such as TGF-β1, IL-1ra, CCL18, and 

mannose receptor. However, this M2 program is atypical, because it results in the up-regulation 

of IL-6 and CXCL8. It is likely this altered macrophage phenotype that allows C. burnetii to 

remain in the cells without being cleared and without alerting other immune cells to the presence 

of infection. This polarization also inhibits the production of inducible nitric oxide synthase, 

which helps to impair bacterial clearance. 

Toll-like receptor signaling: Interestingly, studies have demonstrated that C. burnetii signaling 

in cells is dependent in part on the stimulation of TLR-2 and TLR-4. TLR-2 is promiscuous and 

can recognize multiple bacterial products such as lipopeptides and peptidoglycan. TLR-4 is very 

specific, and can only respond to the lipid A moiety of gram negative LPS (57). Work by 

Honsettre et al has shown that TLR-4 plays a role in cellular uptake of C. burnetii, but ultimately 

does not impact its intracellular fate (58). This group also demonstrated that TLR-4 may play a 
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role in granuloma formation and cytokine production during primary infection. However, it has 

also been demonstrated that C. burnetii’s tetracylated LPS is a weak endotoxin compared to 

enteric bacteria, and Honsettre’s study found that wild-type and TLR-4 knockout mice and 

macrophages had the same ability to control infection. 

In contrast to Honsettre’s findings, another study by Zamboni et al showed that purified C. 

burnetii lipid A is actually an antagonist to TLR-4 (59). When added to peripheral blood 

mononuclear cell (PBMC) cultures, C. burnetii’s lipid A inhibited TLR-4 responses against E. 

coli LPS. This group found that C. burnetii lipid A signals through TLR-2 and that TLR-2 is 

essential to the production of inflammatory cytokines following infection. In addition, this study 

also demonstrated that TLR-2 knockout macrophages were highly susceptible and permissive to 

infection by C. burnetii. This effect was not seen in TLR-4 knockout macrophages. In support of 

this data, a study by Ochoa-Reparez et al showed that TLR-2 knockout mice develop febrile 

illness when exposed to phase II C. burnetii, which normally does not cause disease in 

immunocompetent hosts (28). This data together suggests that the immune response against C. 

burnetii depends on signaling through TLR-2, and that TLR-4 may act as an immune regulator 

during infection. 

Cytokines: Multiple cytokines play a key role in the immune response to C. burnetii infection. 

In particular interferon gamma (IFNγ) is critical for defense against primary infection. A 

publication by Andoh et al found that mice lacking IFNγ developed a severe and often fatal 

infection (60). This is a striking finding, given that C. burnetii infection in mice typically results 

in a mild, transient disease that resolves after about two weeks. This paper also demonstrated an 

important role for tumor necrosis factor α (TNF-α) during primary infection. Following infection 

in macrophages, C. burnetii stimulates the production of tumor necrosis factor. This in turn 
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increases the number of receptors on the cell surface, potentially leading to increased 

phagocytosis of C. burnetii by host cells. In combination with IFNγ expression, these cytokines 

boost the ability of monocytes to take up and kill internalized bacteria (48, 50). 

Interleukin-10 (IL-10) is another cytokine with an important role during C. burnetii infection. IL-

10 is an anti-inflammatory cytokine that helps dampen the immune response (57). Though it has 

been speculated that anti-inflammatory cytokines play a role during acute infection, this cytokine 

in particular plays a role during chronic C. burnetii infection. Patients with chronic infection 

have elevated levels of IL-10 in their blood, but the contribution of this cytokine to the outcome 

of chronic C. burnetii infection is not clear (61, 62). TGF-β may play a role in the development 

and maintenance of chronic infection, as patients also have elevated levels of this anti-

inflammatory cytokine in their blood. 

Humoral response: Humoral responses against C. burnetii infection have been less well 

characterized. As the bacteria is intracellular, it was previously believed that B cells played little 

or no role during primary infection. Passive transfer of antibody against C. burnetii does protect 

wild-type mice from challenge (63), however, and our recent work suggests that antibodies work 

by neutralizing C. burnetii (64, 65). This may play a major role in preventing the spread of 

infection. However, although antibodies can be beneficial, antibody production by B cells is 

likely harmful during chronic infection, contributing to pathology (66).  However, Andoh et al 

did find a potential beneficial role for B cells in acute infection, as B cell deficient mice 

developed more severe histopathological damage in their livers and spleens than mice with intact 

B cells (60). This indicates a potential novel role for B cells during the primary immune 

response.  
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The humoral immune response is critical for protection mediated by the C. burnetii vaccine. A 

study from our lab found that B cell deficient mice were not protected by phase I vaccine (PIV) 

(67). Interestingly, this protection can develop even in the absence of CD4+ helper T cell 

responses. Mice deficient in CD4+ T cells had similar protection following PIV compared to 

wild-type mice. This protection is mediated by production of protective IgM and IgG. Protective 

IgM production can occur independently of T cell help, but protective IgG production requires 

CD4+ T cell activity. It is likely that both B cell and T cell activity contribute to the overall 

protective immune response in humans. 

Cell-mediated immune response: T cells play a critical role in host defense during infection 

with C. burnetii. Nude mice and SCID mice, both of which lack T cells, develop severe 

infections that are often fatal (68). If CD4+ or CD8+ T cells are adoptively transferred to SCID 

mice, they protect the animals from fatal infection. Interestingly, in the intraperitoneal challenge 

model, it appears that only one T cell subtype is needed to resolve infection. Either CD4+ or 

CD8+ T cells, if present, are protective (60). However, this is not the case in a model of lung 

infection with C. burnetii. Read at al demonstrated that mice infected intratracheally with C. 

burnetii had better protection if their CD8+ T cell populations remained intact. CD4+ T cells 

afforded some protection, but CD8+ T cell depleted mice had significantly higher splenomegaly 

and bacterial burdens compared to CD4+ T cell depleted mice (69).  

During infection, T cell stimulation of macrophages has demonstrated an important role in 

clearing intracellular C. burnetii. Stimulation by IFNγ is particularly effective at improving 

clearance in infected cells (47, 60). It induces the production of NADPH oxidase and reactive 

oxygen and nitrogen intermediates. This effect has been observed in both J774 and THP-1 cell 
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lines, which are macrophage cell lines from mice and humans, respectively (48).  The precise 

contribution of T cells to the clearance of infection has not been fully characterized. 

This body of work represents studies regarding the immune response to primary C. burnetii 

infection. The data presented herein demonstrates the role of B cells and T cells in the primary 

immune response to C. burnetii infection. This data is represents an important contribution to our 

understanding of C. burnetii. These studies are important to the development of novel, safe, and 

effective treatments for both acute and chronic infection. 
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IV: Chapter 2: Materials and Methods 

Laura Schoenlaub 

Materials 

Bacteria 

Coxiella burnetii Nine Mile phase I (NMI) clone 7 (RSA 493) and Nine Mile phase II (NMII) 

clone 4 (RSA 439) were propagated in L929 cells and purified by density gradient centrifugation 

as previously described (20). All work handling NMI was performed at BSL3 conditions in the 

University of Missouri Laboratory for Infectious disease research (MU-LIDR) 

 

Name Description Source 

Stock 

No 
C57BL/6 Wild-type Jackson 000664 

Balb/c Wild-type Jackson 000651 

C3H Wild-type Jackson 000659 

β2m-/- 

Deficient in β2 microglobulin, 
reduced CD8+ T cells and dysfunction of MHC Ia 

pathway Jackson 002087 
MHC II-/- Deficient in MHC II, reduced CD4+ T cells Jackson 003584 

Cbysmn.CB17-

prkdcSCID/J Deficient in B cells, T cells, and NK cells Jackson 001803 

BTKxid 

Bruton's Tyrosine Kinase deficiency, X-linked. 

Reduction in all B cell subsets, lack of B1a B cells Jackson 001011 

µMT B cell deficient, all subsets Jackson 002288 
IFNγ-/- Interferon gamma deficient Jackson 002287 

Rag1-/- B cell and T cell deficient Jackson 002216 

TLR-2-/- Lack of Toll-like receptor 2 signaling Jackson 004650 

CB6F1 F1 progeny of Balb/c and C57BL/6, wild-type Jackson 100007 

HLA-A2.1 Mouse expressing human MHC I HLA-A2.1 Taconic 9659 

HLA-B44 Mouse expressing human MHC I HLA-B44 Taconic 9664 

HLA-DR4 Mouse expressing human MHC II HLA-DR4 Taconic 4149 

Caspase-
1/caspase-11-/-  

Dysfunction in both caspase-1 and caspase-11 
signaling 

Skyberg 
Lab N/A 
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Table 2-1: Identity, description, and source for all knockout mice used in the following 

studies  

Animals  

Specific pathogen free 6-8 week old female C57BL/6, Balb/c, C3H, β2m-/-, MHC II-/-, BTKxid, 

Cbysmn.CB17-prkdcSCID/J, µMT, IFNγ-/-, Rag1-/-, CB6F1, and TLR-2-/- mice were purchased 

from The Jackson Laboratory (Bar Harbor, ME). HLA-A2.1, HLA-B4, and HLA-DR4 mice 

were purchased from Taconic (Hudson, NY). Caspase-1/caspase-11-/- mice were donated by Dr. 

J. Skyberg (University of Missouri, Columbia, MO). All mouse strains used in these studies are 

described in Table 2-1. Mice were housed in sterile microisolator cages at the University of 

Missouri and in the MU-LIDR. All knockout mice were given autoclaved food and water. Mice 

were provided food and water ad libitum. All animal research was conducted in accordance with 

the Animal Care and Use Guidelines and all protocols involving animals were approved by the 

Animal Care and Use Committee at the University of Missouri.  

Methods 

Animal Infection 

For NMI infection, mice were injected intraperitoneally with 1x107 NMI in 200µL of sterile PBS 

(pH 7.2). Weights were measured in individual mice every other day throughout the course of 

infection and expressed as a ratio to body weight on day 0 of infection. At the desired timepoints, 

mice were sacrificed by CO2 suffocation and cervical dislocation. Spleens were removed and 

their weight was measured to determine splenomegaly. Spleen pieces were cut to analyze 

bacterial burden by real-time PCR (RT-PCR) and the remaining spleen was placed in 10% 

formalin for at least 72 hours prior to histological staining. Blood was also removed by heart 
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stick immediately following sacrifice. Samples were incubated at room temperature for one hour, 

then centrifuged at 1500 g for 15 minutes. Serum was separated and removed from the samples 

and immediately stored at -80°C. 

Vaccination 

Purified NMI organisms were inactivated using 1% formaldehyde for 72 hours and quantified 

using the Pierce BSA protein assay kit (Thermo Scientific) according to manufacturer 

specifications. Purified inactivated NMI was used as killed C. burnetii phase I antigen in 

vaccination (PIV). C57BL/6, β2m-/-, and MHC II-/- mice were vaccinated using PIV antigen at a 

concentration of 4 µg plus adjuvant. The vaccines were delivered subcutaneously four weeks 

prior to challenge with virulent NMI. 

Peritoneal cell isolation 

Peritoneal cells were harvested as previously described (70). Briefly, mice were sacrificed by 

CO2 suffocation and cervical dislocation. Mice were then soaked for 30 seconds in 70% ethanol 

and mounted on their backs with mounting pins. The outer skin was cut and removed to expose 

the peritoneal cavity. 5 mL of 4°C RMPI 1640 + 10% FBS was injected slowly into the 

peritoneal cavity with a 5 mL syringe and a 25 gauge needle. The cavity was massaged 

vigorously for 30 seconds, then the fluid was removed with a second clean syringe and needle. 

Peritoneal washout was repeated twice, then the cavity was cut open and the excess fluid was 

removed using a sterile plastic Pasteur pipet. Cells were pelleted at 300xg for 10 minutes at 4°C 

and pellets from the same mouse groups were resuspended in 1 mL RPMI 1640 + 10% FBS and 

combined. Cells were then counted using a hemocytometer.  

B cell purification 
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B cells were purified from peritoneal washout cells using MACS microbead kits with MS and LS 

columns (Miltenyi) according to manufacturer specifications. For total B cells, the CD19 

microbead kit was used. For B1a B cells, the B1a B cell isolation kit was used.  Briefly, cells 

were pelleted at 300 g for 10 minutes, then resuspended in 4° C MACS buffer (1X PBS + 0.5% 

BSA + 12mM EDTA). For the CD19 microbead kit, cells were resuspended in 90µL of MACS 

buffer and 10µL of microbeads per 1x107 cells and incubated at 4°C for 15 minutes. B cells were 

purified as the adherent fraction in an LS column after initial binding and three washes with 

MACS buffer. For B1a B cell isolation, peritoneal washout cells were resuspended in 40µL of 

MACS buffer and 10µL of the B-1a cell biotin antibody cocktail per 107 cells and incubated at 

4°C for 5 minutes. 30µL of MACS buffer and 20µL of anti-biotin microbeads per 107 cells were 

then added and the cells were incubated at 4°C for an additional 10 minutes. Non B cells were 

then magnetically separated using an LS column. The flow-through fraction was saved from the 

column and pelleted, then resuspended in 40µL of MACS buffer plus 10µL of anti-APC 

microbeads per 107 cells and incubated at 4°C for 15 minutes. Cells were then washed once with 

500-1000µL of MACS buffer per 107 cells. B1a B cells were separated as the adherent fraction 

on an MS column following three washes with 500µL of MACS buffer. Purified cells were 

resuspended in RPMI 1640 + 2.5% FBS prior to flow cytometry and culture. Purities of these 

populations were confirmed using flow cytometry on a Beckman-Coulter CyAN ADP with 

Summit v5.2 software. Total B cell purities were >95%, while B1a B cell purities were >90%.   

Intracellular staining 

Cells were plated at on a poly-D-lysine coated cover slip in RPMI 1640 + 2.5% FBS and allowed 

to adhere to the slip for 15 minutes prior to infection with NMI or NMII. At 24 hours post 

infection, supernatant was removed and replaced with fresh RPMI 1640 + 2.5% FBS. At the 
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desired time points following infection, supernatants were removed and cover slips were washed 

with FACS buffer (1X PBS + 0.5% BSA + 12mM EDTA + 0.1% sodium azide, pH 7.2). Fc 

receptors were blocked using mouse BD Fc block (BD Biosciences) for 15 minutes at 4°C. Cells 

were then stained with antibodies against CD19 conjugated to PE (BD Biosciences) or to Alexa 

Fluor 647 (Biolegend) and incubated at 4°C for one hour. Cells were washed twice with FACS 

buffer, then fixed and permeabilized with the fixation solution provided in the BD 

Cytofix/cytoperm kit (BD Biosciences) for 15 minutes at 4°C according to manufacturer 

specifications. Cells were then stained with rabbit anti-C. burnetii IgG at a 1:500 dilution in 

cytoperm buffer (BD Biosciences) for one hour at 4°C. Cells were again washed, then stained 

with goat anti-rabbit IgG-FITC at a 1:500 dilution in cytoperm buffer for another hour at 4°C. 

Nuclei were stained with a 1:500 dilution of (4,6-diamidino-2-phenylindole) (DAPI) for 5 

minutes at 4°C in cytoperm buffer. Cells were washed three time with FACS buffer and cover 

slips were mounted face down in 8µL of Prolong Diamond antifade reagent (Invitrogen). Cover 

slips were allowed to cure overnight at room temperature, then the edges were sealed using clear 

nail polish. Imaging was performed using an Olympus IX70 inverted wide field microscope and 

Metamorph software at the MU Molecular Cytology Core.  

Indirect Immunofluorescence assay (IFA) 

Cells were plated on a poly-D-lysine coated cover slip in RPMI 1640 + 2.5% FBS and allowed 

to adhere to the slip for 15 minutes prior to infection with NMI or NMII. At 24 hours post 

infection, supernatant was removed and replaced with fresh RPMI 1640 + 2.5% FBS. At the 

indicated time points following infection, cells were washed once with PBS and then fixed with 

2% paraformaldehyde, then cells were permeabilized using -20°C methanol. Cells were blocked 

with a solution of 5% normal goat serum in PBS. To visualize C. burnetii, cells were stained first 
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with a primary antibody of rabbit anti-C. burnetii.. Cells were then stained with goat anti-rabbit 

IgG-FITC, along with LAMP-1-PE. DAPI was added in a 1:500 dilution for the last five 

minutes. Cells were washed three time with PBS and cover slips were mounted face down in 

8µL of Prolong Diamond antifade reagent (Invitrogen). Cover slips were allowed to cure 

overnight at room temperature, then the edges were sealed using clear nail polish. Wide field 

microscopy was performed using the Olympus IX70 inverted wide field microscope and 

metamorph software. Confocal microscopy was performed using the Leica TCP SP8 inverted 

spectral confocal microscope and metamorph software at the MU Molecular Cytology Core. For 

infection rates, 200 cells were counted per coverslip. 

Flow cytometry for NMII infection 

Peritoneal washout cells were placed in a 24 well plate (5x105 cells/well) in 500µL RPMI 1640 + 

5% FBS prior to infection with NMII. At the time points indicated, adherent cells were scraped 

and adherent and suspended cells were combined and pelleted in a 96 well round bottom plate. 

Cells were incubated with mouse BD Fc Block for 15 minutes at 4°C. Cells were then stained 

with CD19-PE, CD11b-FITC, and CD5-PECy5 for 40 minutes at 4°C. Cells were washed twice 

with FACS buffer, then fixed and permeabilized with the fixation solution provided in the BD 

Cytofix/cytoperm kit (BD Biosciences) for 15 minutes at 4°C according to manufacturer 

specifications. Cells were then stained with rabbit anti-C. burnetii IgG at a 1:500 dilution in 

cytoperm buffer. Cells were again washed, then stained with goat anti-rabbit IgG-FITC at a 

1:500 dilution in cytoperm buffer. Cells were washed three times with FACS buffer and 

resuspended in FACS buffer for analysis. Flow cytometry was performed on the Beckman 

Coulter CyAN ADP using Summit v4.2 software at the MU Cell and Immunobiology Core 

facility. 



 

22 
 

B cell adoptive transfer 

Peritoneal B cells were isolated and purified from C57BL/6 or Balb/c mice as described above. 

Splenic B cells were also purified from C57BL/6 mice. Briefly, spleens were removed and 

homogenized using a glass tissue homogenizer. The cell suspension was passed through a 70µM 

nylon mesh and red blood cells were lysed using ACK lysis buffer for 5 minutes at room 

temperature. B cells were purified from the suspension as described above using CD19 

microbeads (Miltenyi). Purified cells were injected IP at 1x106 into µMT or SCID mice. Control 

mice were injected IP with sterile PBS. 

CD8+ T cell adoptive transfer 

Spleens were harvested from either wild-type C57BL/6 or IFNγ-/- mice as described above. To 

purify CD8+ T cells, we used the CD8+ T cell isolation kit (Miltenyi) and LS columns according 

to manufacturer specifications. Purified T cells were adoptively transferred to Rag1 gene 

knockout mice at 5x106 cells IP 24 hours prior to infection with NMI. 

DNA Purification 

To obtain DNA from infected cells, cells were scraped and lysed using 200µL lysis buffer (1M 

Tris, 0.5M EDTA, 7 mg/ml glucose, 28 mg/ml lysozyme) and 10µL proteinase K overnight at 

60°C. For spleen sections, spleen pieces were homogenized in lysis buffer with proteinase K and 

incubated overnight at 60°C. 21µL of 10% SDS was then added to samples and allowed to 

incubate for one hour at room temperature. DNA was purified using the Roche High Pure PCR 

Template Preparation Kit (Roche) according to manufacturer specifications. 

Quantitative Real-time PCR 
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The Com1 copy number was quantified using a standard curve with SYBR green (Applied 

Biosciences) on an Applied Biosystems 7300 real-time PCR system.  Recombinant plasmid 

DNA (com1 gene ligated into PET23a vector) was used as standard to quantify com1 gene copy 

numbers as previously described (30). Each sample was run in duplicate and trials were repeated 

3 times. 

Histology 

Harvested organs were fixed in 10% formalin (3.7% formaldehyde) for 48 hours at room 

temperature. Spleens were embedded in paraffin and stained with hematoxylin and eosin at the 

MU Veterinary Medical Diagnostic Laboratory (VMDL). Scores were assigned in a blind 

fashion by a trained pathologist. Scored for histiocytic inflammation in red pulp of spleen using 

the following scale: 0 = none (no accumulations of macrophages); 1 = few small accumulations 

of macrophages; 2 = few small to moderate accumulations of macrophages; 3 = large numbers of 

moderate to large accumulations of macrophages 

ELISA 

Cell supernatant from NMI infected B cells was analyzed for interleukin-10 (IL-10), tumor 

necrosis factor alpha (TNFα), and interferon gamma (IFNγ) using the mouse IL-10 ELISA 

Ready-SET-Go! 2nd generation kit, mouse TNF-α ELISA Ready-SET-Go! Kit, and the mouse 

IFNγ ELISA Ready-SET-Go! Kit. (eBioscience) according to manufacturer specifications. 

ELISAs for detection of C. burnetii specific antibodies were performed as described previously 

(65). Briefly, plates were coated with 100 µL of formalin inactivated NMI antigen at 0.5 mg/mL 

in 0.05M carbonate/bicarbonate coating buffer (pH 9.6) for 48 hours at 4°C. For the standard 

curve, wells were coated with unconjugated goat anti-mouse IgG or IgM for 24 hours at 4°C. 
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Plates were blocked with 1% BSA in PBS-T buffer (0.05% Tween-20 in PBS), then incubated 

with either one hundred microliters of diluted sample serum or purified mouse IgM or IgG for 

two hours at 37°C. Plates were washed five times with PBS-T buffer and then incubated with 

one hundred microliters of HRP-conjugated goat anti-mouse IgM or IgG at 37°C for one hour. 

Plates were again washed five times with PBS-T, then the Sigma Fast O-Phenylenediamine 

Dihydrochloride Tablet set (Sigma) was used as a substrate. The absorbance was measured at 

492 nm using the Tecan F50 and Magellan software. 

TUNEL assay 

Cells were fixed and prepared for indirect immunofluorescence assay as described above. 

Following fixation and permeabilization, cells were blocked using 5% normal goat serum in PBS 

on a rocker at room temperature for 1 hour. Cells were then stained with a primary rabbit anti-C. 

burnetii antibody on a rocker at room temperature for another hour. A secondary antibody of 

goat anti-rabbit IgG-FITC was added along with the in situ death detection kit-TMR red (Roche) 

and the plate was incubated at 37˚ C for one hour. DNA was stained using DAPI for 5 minutes at 

room temperature. Cells were imaged using an Olympus IX70 inverted microscope and 

Metamorph software. Dead cells were counted, with 200 cells total counted per cover slip. 

Protein extraction 

Cells were infected with NMII and protein was extracted using the M-PER Mammalian Protein 

Extraction Reagent with HALT protease inhibitor cocktail (Thermo Fisher scientific, Grand Island, 

NY) according to manufacturer specifications. 

Western blotting 
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Cell lysates were prepared as described above and used for protein quantification using the 

Pierce BCA protein assay kit (Thermo Scientific, Rockford, IL). Equal amounts of protein (20-

30 ug per gel lane) were separated by 8%, 12%, and 15% acrylamide gels and transferred to a 

nitrocellulose membrane. Membranes were then blocked using 5% nonfat dry milk prepared in 

Tris buffered saline with Tween 20 (200mM Tris (pH7.6), 1.38M NaCl, 0.1% Tween 20) 

(TBST) and incubated overnight at 4o C with primary antibodies against PARP-1, Caspase-3, 

Caspase-1, and β-Actin in 5% nonfat dry milk made in TBST. Then the membranes were 

incubated with corresponding secondary antibodies coupled with HRP for 2 hours at room 

temperature or overnight at 4oC. Bands were visualized using the ECL Western blot detection kit 

(Thermo Scientific). The intensities of protein bands were captured on autoradiography film.  

MTS assay 

Purified B cells (1.5x105) were infected at MOI 100 with either NMI or NMII in 96 well plate. 

Before infection cells were treated for 1 hour with a TNF alpha neutralizing antibody or the caspase 

1 inhibitor Ac-YVAD-cmk (Sigma).  Floating cells and adherent cells were separated after 24 

hours and 72 hours of incubation. Viable cell numbers were measured using the CellTiter 96 

Aqueous One Solution (Promega, Madison,WI) according to manufacturer specifications. Briefly, 

floating cells were removed and adherent cells were washed twice with RPMI 2% FBS and 100ul 

of RPMI 2% FBS was added to each well. Then CellTiter solution was added to cells and allowed 

to incubate at 37°C for 1-4 hours for color development. Absorbance was measured at 490nm and 

percent cell viability was calculated. 
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Statistics 

Statistical significance was analyzed using a student’s t test unless otherwise indicated with 

Graphpad Prism software. As indicated, one-way and two-way ANOVAs were also performed 

using Graphpad Prism, significant ANOVA results are indicated in figure legends. Results were 

considered significant if P≤0.05. 
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V: Chapter 3:  MHC I and MHC II are essential for defense against primary C. 

burnetii infection and for protective immunity to vaccination 

Laura Schoenlaub, Lindsey Ledbetter, William J. Mitchell, and Guoquan Zhang 

Abstract 

Coxiella burnetii is an obligate intracellular pathogen that causes the zoonotic disease Q fever in 

humans. Previous studies have found important roles for CD4+ and CD8+ T cells in the immune 

response to primary infection with this pathogen. However, the precise role for these cells in 

infection is still unknown. In the present study, we examined the role of CD4+ and CD8+ T cells 

in primary infection using MHC I and MHC II knockout mice. Our data indicates that mice 

lacking MHC I and CD8+ T cells have more severe disease than wild-type mice, and these mice 

have persistent infections. CD4+ T cells and MHC II also play a role in primary infection 

protection, and this pathway also plays a role in vaccine protection. Our results utilizing Tap1 

knockout mice suggest that the MHC Ia pathway is involved in the protective response against 

primary infection. In terms of CD8+ T cell function, we found that IFNγ production by these 

cells may help reduce bacterial burden, but that other cells are producing this proinflammatory 

cytokine during infection. We also utilized granzyme B and perforin knockout mice and 

discovered that CD8+ T cell cytotoxic T cell lysis (CTL) is critical in the primary immune 

response to C. burnetii infection. This data indicates that MHC I and CD8+ T cell CTL are 

important during primary infection and that MHC II and CD4+ T cells are important during both 

primary infection and during the vaccine response against C. burnetii. 
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Introduction 

During primary infection with C. burnetii, in the absence of preexisting immunity, the cell-

mediated immune response is critical. Mice lacking both CD4+ and CD8+ T-cells develop 

severe infections, and SCID mice typically develop fatal infections with C. burnetii (68). The 

proinflammatory cytokine interferon gamma (IFNγ) is also critical for primary defense against 

infection. Strikingly, Andoh et al have demonstrated that mice lacking IFNγ production develop 

a fatal infection with C. burnetii (60). Typically, mice develop an acute disease that resolves 

within three weeks, so this finding shows a fundamental role for IFNγ in the primary immune 

response, although its source is unknown. Potential sources for IFNγ during infection include 

CD8+ T cells, CD4+ T cells, and monocytes (57). Mice that have one subset of either CD4+ or 

CD8+ T cells intact survive the infection similar to wild-type mice, although CD8+ T cell 

knockout mice have more severe disease than CD4+ T cell knockouts (69). It is unclear what 

role CD8+ T cells play that make them important to primary infection response, though cytotoxic 

T cell lysis (CTL) is a likely contributor. CTL involves killing of infected target host cells 

expressing non-self-antigens on MHC receptors via the production of perforin and granzymes 

such as granzyme B (71). These lead to apoptosis of target cells, and this process is important for 

the elimination of intracellular pathogens such as viruses. CD8+ T cells also are capable of 

producing pro-inflammatory cytokines such as IFNγ. IFNγ can boost the ability of infected cells 

to kill internalized bacteria (72). These data demonstrate that T cells and Th1 responses are 

important during primary infection. 

Antigen presentation in the context of C. burnetii infection has not been well studied. Previously, 

antigen presentation through major histocompatibility complex class I (MHC I) has shown an 

important role during infections with intracellular bacteria and viruses (73, 74). MHC I marks all 
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nucleated cells in the body, and presents peptides derived from the cytoplasm that have been 

processed by the proteasome. These peptides are moved into the endoplasmic reticulum (ER) by 

the transporter associated with antigen processing (TAP) complex to be loaded onto empty MHC 

I molecules (75). This is known as the classical MHC I pathway, also called the MHC Ia 

pathway. Antigens can also be loaded independently of TAP by pathways such as the CD1d 

pathway (76). CD1d recognizes lipid antigens as opposed to peptides, and is critical for natural 

killer cell responses. The classical TAP dependent MHC I pathway has demonstrated a critical 

role in host defense against other pathogens, such as Mycobacterium tuberculosis (77).  TAP-

independent pathways also play important roles in disease during infection with pathogens such 

as Toxoplasma gondii and influenza virus (78). 

Previous work has demonstrated an important role for MHC I in infection with intracellular 

pathogens. M. tuberculosis defense requires a functional MHC I pathway, as MHC I deficient 

β2m-/- mice have much more severe infection than their wild-type counterparts (79). β2m is part 

of the MHC I chain, and mice lacking it cannot stably present antigens on the surface of their 

cells. As a result, these animals also have a severely reduced CD8+ T cell population, as positive 

selection can no longer occur in the thymus (57, 80). Using this β2m model, MHC I antigen 

presentation and CD8+ T cell responses have demonstrated a crucial role during infection with 

other intracellular pathogens such as Listeria and Chlamydia (80-82). Although CD8+ T cells 

have demonstrated an important role in the primary immune response to C. burnetii, the role of 

the classical MHC I pathway and its cell responses has not been investigated. 

Unlike MHC I, MHC class II (MHC II) is not found in all nucleated cells. It is exclusive to 

antigen presenting cells of the immune system such as dendritic cells, B cells, and macrophages. 

MHC II presents antigens from extracellular phagocytosed compounds (83). In the immune 
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response, MHC II is critical for the expansion and function of CD4+ T cells (84). MHC II is 

particularly important to sustain a long-term immune response, such as that induced by vaccines. 

Experimental vaccines against malaria, influenza, and Helicobacter pylori have demonstrated a 

requirement for the MHC II antigen presenting pathway (85-87).  

An effective vaccine has been developed against C. burnetii, under the name Q-vax. This 

vaccine is a whole cell formalin inactivated vaccine which has been shown to provide full 

protection against Q fever in excess of 5 years (42, 88). However, Q-vax can cause both site-

specific and systemic reactions that make it dangerous for use in humans who have previously 

been exposed to C. burnetii (8). For this reason, Q-vax is not FDA approved for use in the 

United States. The mechanism of this vaccine’s protection is still not fully understood. Previous 

work in our laboratory has demonstrated that the Q fever vaccine response relies on B cell 

production of protective IgM and IgG (67). Without B cells present, the vaccine is not protective. 

Interestingly, this protection is maintained even in the absence of CD4+ T cell help, indicating a 

role for B cell independent T cell responses. However, protective IgG is only made in the 

presence of CD4+ T cells, and these T cells likely contribute to a stable and long-lasting immune 

response to the vaccine. A clearer understanding of the mechanisms by which this vaccine 

induces an immune response could lead to the development of an effective, safer alternative to 

the current vaccine. 

This study represents work examining the role of MHC class I and class II antigen presentation 

and CD8+ T cells in primary infection and vaccination with C. burnetii. Further study of T cell 

responses and primary and vaccine immune responses to C. burnetii could lead to more effective 

treatments against this potentially deadly pathogen.  
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RESULTS 

Mice deficient in MHC I are highly susceptible to primary infection with NMI 

It has been demonstrated previously that T cells, particularly CD8+ T cells, are important for 

resistance against primary infection with NMI (65, 69). However, the mechanism for antigen 

presentation during infection has not been examined. To learn more about the role of MHC I and 

MHC II during primary infection, we infected MHC II-/-, β2m-/- or wild-type B6 mice 

intraperitoneally with virulent NMI. Animals were weighed every other day throughout 

infection. Mice were sacrificed at 7, 14, and 28 days post infection. As shown in Figure 3-1A, 

β2m-/- mice had significantly more weight loss during early stages of infection compared to 

control mice. As early as day 7, β2m mice had significantly higher bacterial burdens in their 

spleens compared to wild-type controls (Figure 3-1C). At day 14 and day 28, both splenomegaly 

and bacterial burden in the spleen was significantly higher in knockout mice versus control mice, 

as shown in Figure 3-1B and 3-1C. Histology scores for these mice were also significantly higher 

than wild-type mice at both day 14 and day 28 post infection, as shown in Figure 3-1D and 3-1E. 

Interestingly, infection in β2m knockout mice was not reduced by day 28 as it was in wild-type 

and MHC II knockout mice. MHC II knockout mice also had increased splenomegaly compared 

to their wild-type counterparts, as shown in Figure 3-1B, but only at day 14 following infection. 

Histology scores for these mice were not significantly different from wild-type mice, as shown in 

figure 3-1D and 3-1E. This data indicates that antigen presentation through the MHC I pathway, 

and likely CD8+ T cell activity, is critical for defense against primary infection. This data also 

demonstrates that CD4+ T cells and the MHC II pathway play a role in defense against primary 

infection, but mice deficient in these ultimately have reduced bacterial burdens at day 28. 
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Figure 3-1: MHC I deficient β2m mice have more severe infection with NMI. Deficient mice 

and wild-type mice were infected IP with 1x107 NMI. Disease severity was assessed at 14 and 28 

days post infection. N=4 and ≥2 trials were performed for each timepoint A: Weight was 

measured throughout infection to monitor clinical disease during primary infection. Statistical 

analysis was performed post-hoc with two-way ANOVA. P=0.0055. B: Splenomegaly was 

assessed at days 7, 14, and 28 post infection. Statistical analysis was performed post-hoc with 

two-way ANOVA. P=0.0043 C: Bacterial burden in the spleen was measured by real-time qPCR 

at days 7, 14, and 28 following infection. Statistical analysis was performed post-hoc with two-

way ANOVA. P=0.0001 D: Spleen sections from wild-type and knockout mice at day 14 (top) 

and day 28 (bottom). Circles are added around macrophage accumulations in the splenic red 

pulp. E: Spleens (1 section per mouse) for above groups were scored for histiocytic inflammation 

in red pulp of spleen using the following scale: 0 = none (no accumulations of macrophages); 1 = 



 

33 
 

few small accumulations of macrophages; 2 = few small to moderate accumulations of 

macrophages; 3 = large numbers of moderate to large accumulations of macrophages. Much of 

the increase in volumes of spleens in all groups was a result of extramedullary hematopoiesis. 

Data analysis was performed using a t-test to compare MHC I knockout mice to normal mice at 

each time point. These data demonstrate that both MHC I knockout and MHC II knockout mice 

had more severe disease at day 14 compared to wild-type mice and that MHC I knockout mice 

are not able to reduce infection by day 28.  
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MHC class II deficient mice are not protected by PIV 

Our previous work has demonstrated that B cells are critical for vaccine protection against NMI, 

as PIV B cell deficient µMT mice had higher splenomegaly and bacterial burden than wild-type 

PIV mice (67). Nude mice, which lack functional T cells, also were not protected as well by PIV 

as wild-type mice. This indicates a role for either CD4+ or CD8+ T cells during PIV protection. 

To determine the role of MHC I and MHC II antigen presentation in PIV immunity, we 

vaccinated MHC II-/-, β2m-/-, and WT mice with PIV or adjuvant only four weeks prior to IP 

challenge with NMI. Figures 3-2A and 3-2B demonstrate that splenomegaly and bacterial 

burdens are similar between MHC I knockout and wild type PIV mice, however, there was a 

slight, but significant, difference in splenomegaly between wild-type PIV and MHC I knockout 

PIV mice. We also examined the role of MHC II antigen presentation and in vaccine protection. 

As shown in Figure 3-2A and 3-2B, PIV MHC II knockout mice had higher splenomegaly and 

bacterial burdens during infection compared to PIV wild-type and MHC I knockout mice. Figure 

3-2A also demonstrates a significant difference in relative body weight between PIV MHC II 

knockout mice and PIV wild-type and MHC I knockout mice. Together, these data indicate that 

MHC II antigen presentation plays a critical role in vaccine protection and MHC I antigen 

presentation plays a critical role in defense against primary infection. 
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Figure 3-2:  MHC II KO mice are not protected by PIV. Wild type, β2m-/-, and MHC II 

knockout mice were vaccinated subcutaneously with PIV four weeks prior to IP challenge with 

1x107 NMI. One group of wild-type mice was left unvaccinated. N=4 and 3 trials were 

performed. A: Splenomegaly was measured as a ratio between spleen weight and body weight at 

day 14 post-infection. Statistical analysis was done post-hoc using one-way ANOVA. P=0.0006 

B: Bacterial burden was measured by qPCR at 14 days post infection. Statistical analysis was 

done post-hoc using one-way ANOVA. P=0.02 These data indicate that MHC II knockout mice 

are not protected by PIV. 
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Antigen processing of NMI is partially dependent on Tap1 

β2m is important in multiple components of antigen presentation. These include molecules such 

as Qa-2, CD1d, and H2-M3, along with the classical MHC class I pathway (89, 90). We wanted 

to confirm whether the more severe infection phenotype observed in β2m knockout mice was 

due to defects in the class I restricted CD8+ T cell pathway. To examine this, we utilized Tap1 

knockout mice. Tap1 is an important component of the MHC I pathway, as it facilitates transport 

of peptides from the cytosol to the endoplasmic reticulum, where they are loaded onto MHC I 

molecules. As demonstrated in Figure 3-3, Tap1 knockout mice had more severe splenomegaly 

and bacterial burden than their wild type counterparts at day 14. This confirms the need for T 

cells that recognize antigens restricted to the classical MHC pathway during primary infection. 

However, TAP knockout mice were able to reduce infection loads by day 28, which may indicate 

that TAP knockout mice have another way of clearing primary infection. This data indicates that 

the MHC I pathway is important in resistance to primary infection, but it also indicates that other 

antigen processing pathways may be involved.  
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Figure 3-3: Antigen presentation of NMI is partially dependent on Tap1. Deficient mice and 

wild-type mice were infected IP with 1x107 NMI. Disease severity was assessed at day 14 and 

day 28 post infection. N=4 and ≥2 trials were performed per time point. A: Weight was measured 

throughout infection to monitor clinical disease symptoms. Statistical analysis was performed 

post-hoc with two-way ANOVA. P=0.0001. B: Splenomegaly was assessed at day 14 and day 28 

post infection. C: Bacterial burden in the spleen was assessed at day 14 and day 28 post 

infection. These data indicate that Tap1 deficient mice had more severe disease following 

infection with NMI at 14 days post infection. 
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Humanized MHC I mice have similar disease compared to wild-type mice during primary 

NMI infection 

Our accumulated evidence suggests that CD8+ T cells are important in host defense against 

NMI. We have also determined that antigen presentation through the MHC I pathway is 

important for clearing infection. To better examine the importance of MHC class I antigen 

presentation in people, we utilized MHC I humanized mice. Wild-type CB6F1, HLA-A2.1, and 

HLA-B44 mice were infected intraperitoneally with NMI. MHC I knockout mice were used as a 

positive control. In Figure 3-4A, HLA-B44 mice had the highest body weights throughout 

infection, indicating less severe clinical disease. However, splenomegaly and bacterial burden 

did not differ between the wild type and both strains of humanized HLA mice (Figure 3-4B, C). 

Splenomegaly and bacterial burdens remained high in MHC I knockout mice. This indicates that 

people with MHC I HLA-A2.1 and HLA-B44 are both protected during primary infection with 

NMI. These data, along with the data shown in Figures 1 and 2, show that MHC I antigen 

presentation is critical for defense against NMI. As with the data seen with Tap1 knockout mice, 

this may suggest that more than one antigen presentation pathway is responsible for host defense 

against NMI, and that this MHC I data is relevant to human C. burnetii.  
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Figure 3-4: Humanized MHC I HLA-A2.1 and HLA-B44 mice have similar phenotypes to 

wild-type mice during NMI infection. Wild-type CB6F1 and humanized mice were infected IP 

with 1x107 NMI. Disease severity was assessed at day 14 post infection, which is the peak of 

NMI infectious inflammation in mice. N=4 A: Weight was measured throughout infection to 

monitor clinical disease symptoms. Statistical analysis was performed post-hoc with two-way 

ANOVA. P=0.0001. B: Splenomegaly was assessed at day 14 post infection. C: Bacterial burden 

in the spleen was measured at day 14 post infection by real-time qPCR. These data indicate that 

humanized MHC I mice have similar disease to their CB6F1 wild-type counterparts following 

infection with NMI. 
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Humanized MHC class II mice are protected by PIV 

In order to further investigate the role of MHC II antigen presentation during the vaccine 

response, we utilized humanized HLA-DR4 mice. HLA-DR4 mice and WT mice were 

vaccinated with PIV. One control group of WT mice was given a PBS mock. Four weeks 

following vaccination, mice were infected IP with NMI. Body weight measurements in Figure 3-

5A showed that both vaccinated WT and HLA-DR4 mice had higher body weights at day 5 and 

day 7 compared to unvaccinated controls. Splenomegaly and bacterial burden taken at day 14 

indicated that HLA-DR4 mice were protected by PIV similar to WT controls (Figure 3-5B, C). 

These data indicate that HLA-DR4 is protective against NMI following vaccine. This data also 

suggests that humanized mouse vaccine data is useful for studying the immune response in 

humans.  
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Figure 3-5: MHC Class II humanized mice are protected by PIV. Humanized HLA-DR4 

mice and their wild-type counterparts were vaccinated IP with killed NMI antigen in alum or a 

PBS mock. Four weeks following vaccination, mice were challenged IP with virulent NMI. N=4. 

A: Body weight was measured throughout the course of infection. B: Splenomegaly was 

compared between groups at day 14 post infection. C: Bacterial burden was compared between 

groups at day 14 post infection. These data indicate that HLA-DR4 mice were protected similar 

to wild-type vaccinated controls. 
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Tap1 and MHC class I knockout mice have high levels of serum IFNγ during infection with 

NMI 

Our data up to this point indicates that MHC I antigen presentation, and likely CD8+ T cell 

responses, play a critical role in clearance of primary infection. CD8+ T cells can play multiple 

roles in the immune response, such as cytotoxic T cell lysis and interferon gamma production 

(91). Because it has been demonstrated that CD8+ T cells are important in the infection response 

to NMI, and our data shows that class I CD8+ T cell deficient β2m-/- mice have severe disease, 

we wanted to examine what role CD8+ T cells play during primary infection. We first examined 

serum levels of the pro-inflammatory cytokine interferon gamma in MHC class I knockout mice 

and Tap1 knockout mice. We know that these animals lack most CD8+ T cells, which could be a 

potential source for IFNγ production during infection. In both knockout mice, IFNγ levels were 

significantly higher in the serum at day 14 than in infected wild-type mice (Figure 3-6A, B). This 

indicates that these animals have a more severe inflammatory response during infection. 

However, this also indicates that CD8+ T cells are not the main source of IFNγ during primary 

infection, as these mice with absent CD8+ T cells still have elevated levels of IFNγ. CD4+ T 

cells can also be a major source of IFNγ, and this may be the case for NMI infected mice.  We 

know that IFNγ is critical to host defense against NMI infection, as animals lacking this cytokine 

develop fatal infections. However, its levels do not necessarily correlate directly with 

splenomegaly and bacterial burden. In fact, studies in humans have found that chronically 

infected patients have high levels of circulating IFNγ along with higher bacterial loads 

(Schoffelen T 2014). The higher levels of this proinflammatory cytokine likely reflect higher 

levels of systemic inflammation due to the inability of cells to clear internalized NMI. This data 

indicates that β2m and Tap1 knockout mice have more systemic inflammatory cytokines during 
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infection with NMI, and the source of IFNγ during infection is likely not restricted to CD8+ T 

cells, but may be produced by CD4+ T cells and monocytes. This data also lends weight to the 

idea that CD8+ T cell CTL plays a critical role in reducing bacterial loads. 
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Figure 3-6: MHC I and CD8+ T cell deficient β2m and Tap1 knockout mice had higher 

levels of serum IFNγ following infection with NMI. Serum was taken from knockout mice at 

day 14 post infection and levels of IFNγ in serum were measured by ELISA.  N=4 and two trials 

were performed. A: Serum IFNγ levels from β2m knockout mice at day 14 post infection. B: 

Serum IFNγ levels from Tap1 knockout mice at day 14 post infection. These data indicate that 

serum levels of IFNγ were higher in both β2m and Tap1 knockout mice following infection with 

NMI.  
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IFNγ production by CD8+ T cells plays a role in controlling bacterial burden during 

primary infection. To confirm the importance of IFNγ production by CD8+ T cells during 

primary infection we utilized IFNγ deficient mice. Rag1 knockout mice, which lack functional B 

cells and T cells, were adoptively transferred with 5x106 CD8+ T cells from either wild-type 

mice or from IFNγ knockout mice prior to infection with NMI. As shown in Figure 3-7A, body 

weight differences were not evident until later stages of infection, with both wild-type CD8+ 

transferred and IFNγ CD8+ T cell transferred mice having significantly higher body weights than 

control Rag1 mice by day 12. At day 14, splenomegaly was not different between the three 

groups (Figure 3-7B). However, bacterial burdens were significantly lower in the spleens of mice 

adoptively transferred with wild-type CD8+ T cells, as shown in Figure 3-7C. Mice transferred 

with IFNγ deficient CD8+ T cells had similar bacterial burdens to the Rag1 knockout group. 

However, the bacterial burden in wild-type CD8+ T cell transferred mice was not significantly 

different than mice adoptively transferred with CD8+ T cells from IFNγ knockout mice. This 

data indicates that CD8+ T cell derived IFNγ may play a minor role during NMI infection in 

clearing intracellular bacteria. However, this data also supports our previous data that 

demonstrated that MHC I knockout and Tap knockout mice had high levels of serum IFNγ even 

in the absence of CD8+ T cells. Our adoptively transferred mice did not have significant 

differences in splenomegaly, indicating again that CD8+ T cell derived IFNγ may only play a 

minor role during infection. 
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Figure 3-7: Adoptive transfer of wild-type but not IFNγ deficient CD8+ T cells lessens 

bacterial burden in Rag1 knockout mice following NMI infection. Rag1 knockout mice 

received 5x106 CD8+ T cells from WT or IFNγ knockout mice 24 hours prior to IP infection with 

NMI. Disease severity was assessed at day 14 post infection. N=4 and two trials were performed 

A: Weight was measured throughout infection to assess clinical disease. Statistical analysis was 

performed post-hoc with two-way ANOVA. P=0.0002. B: Splenomegaly was measured at day 

14 post infection. C: Bacterial burden in the spleen was measured by real-time qPCR at day 14 
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post infection. Statistical analysis was performed post-hoc with one-way ANOVA. P=0.0003. 

These data indicate that adoptive transfer of wild type, but not IFNγ deficient CD8+ T cells helps 

to control bacterial burden in mice following NMI infection.  
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Perforin mediated CTL is critical for clearance of NMI infection 

Although granzyme B knockout mice showed more weight loss than wild-type mice, their 

splenomegaly and bacterial burden were similar. This may be due in part to the redundancy of 

granzymes. To disable function of CTL, we utilized perforin KO mice. Without perforin, 

granzymes and other components cannot enter and kill target cells, severely reducing CTL 

activity in these mice. Perforin KO mice (Prf-/-) were infected IP with 1x107 NMI and disease 

severity was monitored by measuring body weight. Figure 3-8A demonstrates that weight curves 

for wild-type and Prf-/- mice was similar throughout infection. However, splenomegaly 

differences were clear at day 14 post infection. As shown in Figures 3-8B and 3-8C, both 

splenomegaly and bacterial burden were significantly higher in the Prf-/- mice. This data 

indicates that CTL activity is critical in the clearance of NMI during primary infection. 
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Figure 3-8: Perforin knockout mice have more severe disease following NMI infection than 

wild-type mice. Wild-type and perforin knockout mice were infected IP with 1x107 NMI and 

disease severity was assessed at day 14. N= 4 and two trials were performed. A: Weight was 

measured throughout infection to monitor clinical disease. B: Splenomegaly was assessed at day 

14 post infection. C: Bacterial burden was assessed by real-time qPCR in the spleen at 14 days 

post infection. These data indicate that perforin knockout mice had more severe splenomegaly 

and bacterial burden than wild-type mice following NMI infection. 
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Granzyme B knockout mice have more severe clinical disease than wild type mice  

Granzyme B is an important part of the CTL pathway, another major contributing pathway for 

CD8+ T cells during host defense against infection (71). To examine the role of CTL in defense 

against NMI, we utilized granzyme B knockout mice. These mice lack a granzyme which is 

important in inducing cell death in target cells during the CTL response. As shown in figure 3-

9A, granzyme B deficient mice had lower body weights than their wild-type counterparts 

throughout infection. Body weight loss is an indication of clinical disease severity. However, we 

did not observe any differences in splenomegaly and bacterial burden between wild type and 

granzyme B deficient mice (Figure 3-9B, C). This indicates that CD8+ T cells may play a role in 

improving clinical disease, but granzyme B itself is not required for resistance against primary 

infection. However, this observation may be due to a redundant role for granzymes in the CTL 

response. It is possible that other granzymes are still able to induce cell death in target cells in 

the absence of granzyme B. 
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Figure 3-9: Granzyme B knockout mice have more severe clinical disease following 

infection with NMI. Wild-type and granzyme B knockout mice were infected IP with 1x107 

NMI and disease severity was assessed at day 14 and day 28 post infection. N=4 and two trials of 

each time point were performed. A: Weight was measured throughout infection to monitor 

clinical disease severity. Statistical analysis was performed post-hoc with two-way ANOVA. 

P=0.0012. B: Splenomegaly was measured at day 14 and day 28 post infection. C: Bacterial 

burden in the spleen was measured by real-time qPCR at days 14 and 28 post infection. These 

data indicate that granzyme B knockout mice had more severe clinical disease following NMI 

infection than their wild-type counterparts. 
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Conclusions 

The intracellular nature of C. burnetii makes it an important target for T cells during primary 

infection. In particular, CD8+ T cells seem to play an important role in controlling infection and 

dissemination of bacteria (60, 69). To better understand the interactions between T cells and C. 

burnetii, we first utilized mice deficient in MHC I and MHC II, two critical components of T cell 

responses. We found that CD8+ T cell deficient MHC I knockout mice had more severe infection 

than wild-type animals, and these mice were unable to control infection even by day 28 post 

infection. We also found that CD4+ T cell deficient MHC II knockout mice had more severe 

infection at day 14, but were ultimately able to control NMI infection. These data indicate that 

CD8+ T cells and presentation through the MHC I pathway are critical to the elimination of NMI 

infection. These data also indicate that CD4+ T cells help to control infection, though to a lesser 

extent than CD8+ T cells (69).  

Deficiencies in β2m have demonstrated an important role in mouse models of Mycobacterium 

tuberculosis. Mice deficient in β2m are more susceptible to infection and succumb more quickly 

than wild-type mice. Similar to our findings, studies have also linked this antigen processing 

pathway to Tap1, indicating that antigen presentation through classical MHC Ia pathways is 

important in the immune response to M. tuberculosis (77).  

This study represents the first attempt to examine antigen presentation pathways and direct T cell 

roles during primary infection and vaccine protection with C. burnetii. Our data demonstrates 

that the classical MHC Ia antigen presentation pathway is important for controlling NMI 

infection. This was shown using Tap1 knockout mice, which lack a critical component of the 

MHC Ia antigen presentation pathway (77, 92). However, though disease was more severe at day 

14 post infection, these mice were able to reduce infection loads by day 28. This indicates a 
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possibility that non-canonical MHC Ib antigen presentation pathways may be involved in 

clearing primary infection. Despite being intracellular, a variety of pathogens have demonstrated 

the ability to have their peptides loaded in an MHC I dependent manner. Both M. tuberculosis 

and Chlamydia trachomatis cause more severe infection in cells with impaired proteasomes, a 

critical component of the MHC I pathway (93). However, CD8+ T cell responses are biased 

towards secreted antigens from intracellular pathogens. Ovalbumin (OVA) expressing 

Leishmania major, Trypanosoma cruzi, and Listeria monocytogenes in several studies are only 

recognized by OVA-specific CD8+ T cells when OVA is secreted by these pathogens (73, 79, 

80). C. burnetii does possess a type 4 dot/icm secretion system (17), and it is possible that a 

component of this system may be recognized and presented to activate CD8+ T cells. What 

components of C. burnetii are loaded onto MHC class I and presented to cognate T cells remains 

to be studied. It seems likely that molecules secreted from the Coxiella containing vacuole 

(CCV) into the host cell cytoplasm are supplying material for MHC class I antigen presentation 

during NMI infection. T cells can also be activated in response to IL-2 stimulation independent 

of stimulation through the T cell receptor (TCR). This method of T cell activation may play a 

role in the immune response to C. burnetii, as it, along with IFNγ, as a lack of production of IL-2 

in circulation is an indicator of chronic infection in humans (94). However, the role that the IL-2 

stimulation pathway plays during primary infection is still unknown. 

An effective vaccine exists to combat infection with C. burnetii. However, due to side effects 

this vaccine is currently not licensed for use in the United States. In order to design a better, safer 

vaccine, we must understand the mechanisms underlying its protective response. This study 

found a critical role for MHC II antigen presentation in a protective response following PIV. 

Interestingly, our previous study found that PIV protection depends on B cell production of 
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protective antibodies (67). We found that this protection can occur in the absence of CD4+ T cell 

help, indicating a role for T cell independent B cell responses to PIV. However, our data from 

this study demonstrates that CD4+ T cells likely do assist in the response to PIV, but ultimately 

antigen presentation by immune cells is critical for vaccine protection. This is novel, because no 

T cell independent B cell response pathways have been described that rely on antigen 

presentation by MHC II-expressing cells. Yet, we have clearly demonstrated that both T 

independent B cell responses and MHC II antigen presentation are critical for protection 

following PIV. This information may help to shed more light on the mechanism of protection 

following vaccination. 

Human patients with chronic C. burnetii infections typically require treatment with antibiotics 

for a period of 2-4 years (33). A more effective treatment for these patients is needed. However, 

chronic infection with C. burnetii is difficult to study due to the lack of a suitable animal model. 

The current model for chronic Q fever is a mouse model that overexpresses IL-10 in the 

macrophage compartment (95). These mice develop long-term persistent infections and cannot 

clear NMI. This may be due to the inability of IL-10 overexpressing macrophages to kill 

internalized C. burnetii following uptake. Our data suggest β2m-/- mice may also serve as a 

potential model for chronic infection. Even at day 28, splenomegaly and bacterial burdens in 

these animals were much higher than wild-type mice, demonstrating that β2m-/- mice cannot 

ultimately clear infection. Future studies are needed to determine whether this results in damage 

to the heart and lungs that is seen in human patients and to determine how long infection can 

persist in these animals. 

Although mouse models can provide useful data regarding primary infection and vaccine 

immunity, it is difficult to say that these models are accurate to the responses in humans (96). In 
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order to investigate human immunity to primary infection and PIV, we utilized MHC I and MHC 

II humanized mice. We found that mice with humanized HLA-A2.1 and HLA-B44 had similar 

immune responses to wild-type mice to primary infection. This data indicates that multiple 

epitopes may be responsible for primary infection immunity. MHC II humanized HLA-DR4 

mice were also fully protected by PIV, similar to wild-type vaccinated mice. These data together 

suggest that human HLAs recognize epitopes similarly to mouse HLAs, verifying that this model 

is useful for the study of human immune responses both to primary NMI infection and to PIV. 

In addition to their defect in MHC class I presentation, β2m-/- mice have a severe deficiency in 

MHC I restricted α/β CD8+ T cells (80, 97). Previous studies have demonstrated a vital role for 

T cells during primary infection with C. burnetii.  Read et al determined that depletion of T cells 

during infection in the lung resulted in more severe disease than in wild-type mice (69). In 

particular, this study demonstrated that CD8+ T cell depletion led to markedly worsened disease, 

while CD4+ T cell depleted animals had similar disease compared to wild-type mice. The 

authors of this paper hypothesized that CD8+ T cells may be more important than CD4+ T cells 

in preventing bacterial trafficking from the lungs to the spleen. Our data supports this, showing 

that mice deficient in MHC class I restricted CD8+ T cells had more severe disease than wild-

type animals. CD8+ T cells help to control infection by two different mechanisms. The first 

mechanism of defense is cytotoxic T cell lysis, in which CD8+ T cells can directly kill infected 

host cells via cytotoxic granule release or by Fas/FasL interaction (98-100). Our data indicated 

that MHC I, and CD8+ T cell immunity, are critical to defense and clearance of bacteria 

following infection with NMI. CD8+ T cells can play multiple roles in the primary immune 

response, including production of IFNγ and CTL of infected cells. ELISA data from Tap1 and 

β2m knockout mice, which are also deficient in CD8+ T Cells, indicated that these cells may not 
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be a significant source of IFNγ during infection. Even without a full CD8+ T cell repertoire, 

these mice had significantly higher levels of serum IFNγ during NMI infection compared to 

wild-type mice. Interestingly, however, we found that adoptive transfer of CD8+ T cells from 

wild-type mice into Rag1 knockout mice resulted in a decrease in bacterial burden in the spleen. 

This was not seen when the CD8+ T cells were transferred from IFNγ knockout mice, indicating 

that IFNγ production by CD8+ T cells may play a role in bacterial clearance.  

In order to fully investigate the role of CD8+ T cells in primary immunity to NMI, we utilized 

granzyme B and perforin knockout mice to look at the importance of CTL. Granzyme B 

knockout mice had significantly worsened weight loss throughout infection compared to wild-

type mice. However, their splenomegaly and splenic bacterial burdens were similar to wild-type 

mice. This is likely due in part to the redundancy of granzymes (99, 100). To fully disable the 

CTL pathway, we utilized perforin knockout mice. Without perforin, granzymes cannot enter 

target cells, as perforin creates the pores through which granzymes enter target cells. Perforin 

knockout mice had significantly worsened splenomegaly and bacterial burden compared to wild-

type mice, confirming that CD8+ T cell CTL is critical for elimination of intracellular NMI. 

CD8+ T cells also have the ability to kill target cells through FasL/Fas interactions. FasL on the 

surface of the CD8+ T cell activates Fas on target cells, inducing apoptosis through the extrinsic 

pathway. This has demonstrated an important role in the host response to viruses such as simian 

immunodeficiency virus (101). Whether FasL/Fas plays a role in eliminating infected cells 

during C. burnetii infection remains to be investigated. 

T cells have an important role in elimination of primary NMI infection. Current treatment of 

infection relies on antibiotics, but in some cases C. burnetii can persistently infect host cells even 

long after treatment with antimicrobial drugs. Better understanding of how T cells clear infection 
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in the lungs and systemically could lead to the development of novel treatments to fully clear 

infection for both acutely and chronically infected patients. 
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Abstract 

Although Coxiella burnetii is an obligate intracellular bacterial pathogen, our recent study 

demonstrated that B cells play a critical role by producing protective antibodies in vaccine 

induced protective immunity. However, the role of B cells in host defense against primary C. 

burnetii infection remains unclear. In the present study, we investigated if B cells play an 

important role in host defense against primary C. burnetii infection. The results that peritoneal B 

cells were able to phagocytose virulent C. burnetii and form Coxiella containing vacuoles 

(CCVs) and that C. burnetii can infect and replicate in both peritoneal B1a and B1b subset B 

cells in vitro demonstrate a potential role for peritoneal B cells in host defense against C. burnetii 

infection in vivo. In addition, the result that both peritoneal B cells and B1a cells secreted a high 

level of IL-10 in response to C. burnetii infection in vitro suggests B1a cells may play an 

important role in inhibiting C. burnetii infection induced inflammatory response. The 

observation that adoptive transfer of peritoneal B cells did not significantly affect the severity of 

C. burnetii infection-induced diseases in both SCID and µMT mice indicates peritoneal B cells 

may not play a major role in controlling C. burnetii infection. In contrast, the finding that C. 
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burnetii infection induced more severe splenomegaly and higher bacterial burden in the spleen in 

B1a cell deficient BTKxid mice than their wild-type counterparts suggests B1a cells play an 

important role in host defense against C. burnetii infection.   

Introduction 

The primary immune response to C. burnetii infection is most commonly thought to rely on cell 

mediated immune responses. Humphres et al found that treating athymic mice with immune 

serum prior to challenge had no effect on C. burnetii numbers in the spleen (63). This data 

suggested that T cell mediated immunity is critical for defense against primary infection. This 

was built upon further by Read et al and Andoh et al, who demonstrated that CD4+ and CD8+ T 

cells play important roles in the response to C. burnetii (60, 69). In particular, interferon gamma 

production is critical for elimination of infection. Interestingly, the study by Read et al noted that 

mice deficient in only one type of T cell, either CD4+ or CD8+ deficient animals, were capable 

of clearing infection, while mice completely devoid of T cells succumbed to C. burnetii infection 

(69). This suggests an important role for T cells in the immune response, but it also suggests that 

only one subset of T cells is required. Therefore, T cells may play a redundant role in clearing 

primary infection. 

In terms of the humoral immune response to C. burnetii, less is known. C. burnetii is an 

intracellular pathogen, and it was believed that B cell antibody production is not critical during 

primary infection. Interestingly, our previous data documented a critical role for B cells in the 

vaccine response against C. burnetii (67). Still, during primary infection this role is less clear. 

Two recent studies have shown that antibody production plays a role in primary infection (65, 

102) Andoh et al also found that B cell deficient mice had more severe histopathological changes 

in response to primary infection (60). In particular, these mice had more granulomatous lesions 
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in the liver and higher amounts of inflammatory infiltration in the spleen. It was hypothesized 

that B cells may play a role in regulating the immune response, but this was not investigated 

further. Further investigation of the role of B cells and protective antibodies during primary 

infection could lead to the development of new, more effective treatments. 

A variety of B cell populations have been discovered in the mouse model, with a wide range of 

roles during infection. Primarily, B cells can be separated into B1 cells and B2 cells (103). B1 

cells are generated in the fetal liver early in life, and they reside primarily within the peritoneal 

and pleural cavities. These cells are capable of responding to stimulus independently of T cell 

help. These responses are known as T cell independent type 1 and T cell independent type 2 

responses, and they rely on stimulation through toll-like receptors (TLRs) and/or the B cell 

receptor (BCR) (104-106). B1 cells are also capable of producing antibodies constitutively, 

providing much of the natural IgA found in the intestinal tract. B2 cells are the more 

conventional B cell type. These cells are generated in the bone marrow and are found primarily 

in the spleen, lymph nodes, and circulatory system (57). B2 cells require T cell stimulation for 

maximal activation, and typically produce more complex antibodies such as IgG.  

Interestingly, recent papers have discovered novel roles for B cells beyond antibody production. 

These roles are primarily performed by B1 cells, which are more of an innate cell type. These 

cells have demonstrated the ability to phagocytose bacteria and particles, and can even kill 

bacteria upon uptake (107). Additionally, these cells can also produce anti-inflammatory 

cytokines such as Interleukin-10 (IL-10) (108). B1 cells can be further divided into two subsets 

based on the expression of CD5, B1a cells are CD5+ while B1b cells are CD5-. B1b cells can be 

phagocytic, but primarily these cells produce antibodies. B1a cells, on the other hand, are highly 

phagocytic and can produce massive amounts of IL-10 upon stimulation (109). These IL-10 
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producing B1a cells are known as B10 cells, and have shown a critical role in the immune 

response against Listeria monocytogenes by suppressing innate and adaptive immune responses 

and preventing excessive inflammation (110). On the other hand, these regulatory cells can play 

a harmful role. Other studies with Brugia pahangi and Schistosoma mansoni have demonstrated 

that B cell IL-10 production can dampen the immune response, hampering the ability to clear 

infection (111, 112). Though it has so far been unclear what role these cells play during infection 

with C. burnetii, data from Andoh et al suggested a potential regulatory role for B cells during 

infection. In the present study, we sought to further understand the role that B cells play during 

infection using both in vitro and in vivo assays. 
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Results 

C. burnetii NMI can infect peritoneal B cells  

We first sought to determine whether peritoneal B1 cells are capable of phagocytosing virulent 

NMI. To examine this, we utilized IFA. Peritoneal B cells were purified and infected with NMI 

at MOI 100 for either 1 day or 3 days. At each time point, cells were fixed and stained with 

antibodies against NMI and CD19, a universal B cell maker. Figure 4-1A demonstrates 

colocalization between CD19 and NMI, indicating that B cells are taking up C. burnetii. Infected 

cells were counted, and Figure 4-1B demonstrates infection rates in purified B cells. At day one, 

the infection rate is approximately 12.5%. By day three, the infection rate has increased to 

39.6%. These results indicate that NMI can infect peritoneal B cells and that C. burnetii is 

capable of replicating within these cells. 
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Figure 4-1: C. burnetii NMI is taken up by CD19+ peritoneal B cells. Peritoneal cells were 

infected at MOI 100 with NMI. At 1 day and 3 days post infection, cells were stained with 

CD19, fixed, permeabilized with saponin, and then stained with rabbit anti-NMI IgG. The NMI 

IgG was stained with goat anti-rabbit IgG-FITC and the nuclei were stained with DAPI. A: 

Microscopic analysis shows NMI in CD19+ cells. B: Infection rates in B cells were 10-15% at 

one day post infection and 30-40% at three days post infection. This data indicates that NMI is 

taken up by CD19+ B cells. *, P<0.05, **, P<0.01. N=3. 3 control slides and 3 treated slides 

were stained per time point, 200 cells were counted per cover slip. The experiment was repeated 

3 times total. 
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Peritoneal B cells can take up NMI into LAMP-1 positive vacuoles 

Upon infection within a cell, it has been demonstrated that NMI replicates within a CCV, which 

can be visualized using the marker LAMP-1 (17). To determine whether NMI is capable of being 

taken up into a CCV for replication, we again utilized IFA and confocal microscopy. Purified 

peritoneal B cells were first stained with antibodies against NMI and LAMP-1 and visualized 

using confocal microscopy. As shown in Figure 4-2A, colocalization is visible between NMI and 

LAMP-1 at day 1 post-infection. Figure 4-2B expands on this, showing that infected LAMP-1 

positive vacuoles are found within CD19+ B cells, confirming that infection indeed occurs 

within B cells. Using confocal microscopy, figure 4-2C shows a deconvoluted slice of an 

infected B cell from 2 microns within the cell, and shows that NMI (green) is found inside of a 

CD19 positive cell (red). Individual bacterial cells can be seen in Figure 4-2C and they appear to 

be clustered together within a vacuole. These data together demonstrate that CD19+ peritoneal B 

cells take up NMI into a replicative CCV. 
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Figure 4-2: C. burnetii NMI is taken up into LAMP-1 positive vacuoles in purified 

peritoneal B cells . Peritoneal B cells were purified using MACS and infected at MOI 100 with 

NMI. Cells were then fixed and stained with anti-C. burnetii IgG-FITC and LAMP-1-PE. A: At 

one day post-infection, NMI is visible inside of LAMP-1 positive vacuoles in B cells. B: Purified 

peritoneal B cells were stained with CD19-Alexa Fluor 647, LAMP-1-PE, anti-C. burnetii IgG-

FITC, and DAPI. C: Cells for confocal microscopy were stained with CD19-PE and anti-C. 

burnetii IgG-FITC. A deconvolved image is shown of a CD19 (red) positive B cell containing 

NMI (green). This image is a slice taken 2 microns into the cell. These data indicate that 

peritoneal B cells take up NMI into LAMP-1 positive vacuoles. N=3. 3 control slides and 3 

treated slides were stained per time point, 200 cells were counted per cover slip. The experiment 

was repeated 3 times total. 
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C. burnetii NMI can replicate within peritoneal B cells and B1a cells  

Following uptake into a CCV, we wanted to determine whether NMI was able to replicate within 

purified B cells. To examine this, we utilized quantitative real-time PCR to measure the genomic 

copies of NMI within infected B cells at day 1 and day 5 following infection. Figure 4-3A shows 

that the com1 copy number of NMI was significantly higher at day 5 post infection compared to 

day 1 post infection. This indicates that bacteria are replicating within these cells. We next 

wanted to examine NMI infection in B1 subset B cells. These cells have demonstrated both 

phagocytic and microbicidal abilities. We purified B1a B cells from naïve mice and infected 

them with NMI at MOI 100, again for 1 day and 5 days. At day 5 post infection, a significant 

increase in NMI com1 copies can be seen compared to 1 day post infection, as shown in figure 4-

3B. To confirm that B1a B cells can take up NMI, we stained infected purified B cells with 

antibodies against NMI, CD5, and CD19. Figure 4-3C shows NMI visible within CD19+ CD5+ 

cells, which are B1a B cells.  

  



 

67 
 

 

 

Figure 4-3: NMI replicates in peritoneal B cells and B cell subsets. Peritoneal B cells and B 

cell subsets were infected with MOI 100 NMI. At 1 and 5 days post infection, cells were lysed 

and DNA was purified to enumerate C. burnetii com1 gene copy numbers. A: Purified peritoneal 

B cells were infected at MOI 100 with NMI. B: Purified peritoneal B1a B cells were infected at 

MOI 100 with NMI. C: Purified peritoneal B1a cells were stained with CD5-Alexa Fluor 647, 

CD19-PE, anti-C. burnetii IgG-FITC, and DAPI at three days post infection. *, P<0.05, **, 

P<0.01, ***, P<0.001. These data indicate that NMI is taken up by peritoneal B cells and B cell 

subsets and replicates in these cells. N=3. 3 control slides and 3 treated slides were stained per 

time point, 200 cells were counted per cover slip. For Rt-PCR, three wells were done per time 

point (3 control and 3 infected) for total B cells and for purified B1a B cells. During PCR, each 

of the samples was run in duplicate.  The overall experiment was repeated 3 times total. 
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Adoptive transfer of purified peritoneal B cells does not impact disease progression in NMI 

infected SCID mice  

Our observation that peritoneal B cells can take up NMI in vitro suggests a possible role for 

these cells in controlling bacterial replication in vivo. To examine this possibility, we utilized 

SCID mice, which are devoid of both T cells and B cells (113). SCID mice were adoptively 

transferred IP with purified peritoneal B cells from wild-type Balb/c mice 24 hours prior to IP 

infection with NMI. We confirmed the purity of B cells prior to transfer by flow cytometry and 

determined that our purity was >95%, as shown in Figure 4-4A. To evaluate disease severity in 

mice, we compared body weight, splenomegaly, and spleen bacterial burden between adoptively 

transferred and control mice. Despite adoptive transfer, Figure 4-4B demonstrates that infected 

mice started losing weight by day 7 following infection at the same rate as infected control mice. 

We also saw no difference in splenomegaly or spleen bacterial burden at day 14 post infection, 

as shown in Figures 4-4C and 4-4D. These results demonstrate that B cells alone cannot protect 

against NMI infection. This data also suggests that B cells likely do not play an essential 

function in controlling bacterial replication during primary infection. 
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Figure 4-4: B cell adoptive transfer does not improve disease during infection with NMI in 

SCID mice. A: Purity of peritoneal B cells before and after MACS separation. B cell purity was 

>95% when measured by flow cytometry following purification. B: Relative body weight as a 

ratio vs day 0. At 14 days post infection, mice were necropsied. C: Splenomegaly in mice that 

received adoptively transferred B cells vs. mice that were not adoptively transferred. D: Bacterial 

burden in the spleens of infected animals.  These data indicate that B cells alone do not improve 

disease in SCID mice. 
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B cell adoptive transfer protects B cell deficient µMT mice from weight loss and reduces 

serum levels of IFNγ  during infection with NMI 

Andoh et al previously demonstrated that B cell deficient mice had more severe 

histopathological changes during NMI infection (60). This data, coupled with our previous 

finding that B cells alone cannot protect against NMI infection suggested a role for B cells in 

regulating the immune response in the presence of T cells. To examine this hypothesis, we 

adoptively transferred µMT mice, which are devoid of B cells but have intact T cells (114), with 

purified B cells harvested from either the spleen or the peritoneal cavity of naïve wild-type mice. 

Figure 4-5A demonstrates that mice adoptively transferred with peritoneal B cells had 

significantly higher body weights than spleen cell transferred or PBS control mice. This suggests 

that peritoneal B cells play an important role in controlling clinical disease during the early 

stages of NMI infection. We did not observe any difference between adoptively transferred mice 

and control mice in terms of splenomegaly or bacterial burden by day 14 and day 28, as shown in 

Figure 4-5B and 4-5C.  
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Figure 4-5: Adoptive transfer of peritoneal B cells protects µMT mice from transient 

weight loss during infection with NMI and reduces serum IFNγ levels. µMT mice were 

adoptively transferred IP with 1x106 of either purified splenic or peritoneal B cells. PBS was 

injected as a control. 24 hours following transfer, mice were challenged IP with 1x107 NMI. A: 

Body weight was measured throughout the course of infection. B: Splenomegaly was measured 

at 14 and 28 days post infection. C: Bacterial burden was measured at 14 and 28 days post 

infection. D: C. burnetii specific IgG responses were measured at day 14 and day 28. E: Serum 
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IFNγ levels were measured using ELISA at day 14 post-infection. *, P<0.05, **, P<0.01. These 

data indicate that µMT mice adoptively transferred with peritoneal B cells were protected from 

weight loss during early infection and that adoptive transfer of B cells reduces circulating IFNγ 

levels in NMI infected mice. This indicates a role for B cells in the early infection response and 

in controlling inflammation levels during infection. Per group N=4, this experiment was repeated 

2 times. 

  



 

73 
 

C. burnetii infected B1a B cells can produce both pro-inflammatory and anti-inflammatory 

cytokines in vitro 

We next wanted to determine whether B1a cells secrete cytokines in response to NMI infection, 

potentially to regulate the immune response. To do this, we looked at production of the pro-

inflammatory cytokine TNFα and the anti-inflammatory cytokine, IL-10. Figure 4-6A 

demonstrates that high levels of IL-10 are produced by whole peritoneal B cells following 

exposure to NMI at both one and five days post infection. To further examine the contribution of 

B1a B cells, we purified these cells and infected them with NMI, then looked at cytokine 

production. Figure 4-6B shows that NMI infected B1a cells produce significantly higher levels of 

IL-10 than uninfected controls. Figure 4-6C also demonstrates that B1a cells produce the pro-

inflammatory TNFα when infected with NMI. These results indicate that B cells, and particularly 

B1a B cells, are capable of producing both pro and anti-inflammatory cytokines in response to C. 

burnetii and that these cells may play an important regulatory role during infection with NMI. 
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Figure 4-6: Infection with C. burnetii NMI induces production of IL-10 and TNFα by 

peritoneal B cells. A: Purified peritoneal B cells were infected with NMI. At one day and five 

days post infection, supernatant was collected and IL-10 levels were measured by ELISA. B: 

Purified peritoneal B1a B cells were infected with NMI. At one day post infection, supernatant 

was collected. IL-10 production was measured by ELISA in NMI infected cells. C: Purified 

peritoneal B1a B cells were also measured for TNFα production after NMI infection for 24 

hours.*, P<0.05, **, P<0.01, ***, P<0.001. These data indicate that peritoneal B cells and B1a B 

cells can produce anti-inflammatory and pro-inflammatory cytokines when exposed to NMI. 3 

wells per treatment were used for each time point. ELISA wells were run in duplicate and the 

experiment overall was repeated 3 times. 
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B1a B cells play an important role in host defense against C. burnetii infection 

Our previous data indicates that B1a B cells may play a role in regulating immune responses 

during infection. To examine this further, we utilized Bruton’s tyrosine kinase X-linked immune 

deficient mice (BTKxid). These mice are specifically deficient in the B1a B cell subset, but their 

other B cell subsets remain intact (115). Following infection with NMI, we examined disease 

susceptibility by examining total body weight loss, splenomegaly, bacterial burden, and 

histopathology at day 14 post-infection. BTKxid mice had significantly lower relative body 

weights compared to wild-type mice at days 4, 7, and 11 post-infection, as shown in Figure 4-

7A. This suggests that B1a cells may play an important role in preventing clinical disease in 

mice, particularly during early stages of infection. Our data also demonstrated that BTKxid mice 

had significantly higher splenomegaly and spleen bacterial burdens at day 14 post infection, as 

demonstrated in Figure 4-7B&C. This suggests that B1a cells may play a role in controlling the 

infection response and may also play a role in controlling replication in vivo. Significant 

differences were also noted in spleen pathology at day 14 post infection. Figure 4-7D shows that 

large numbers of moderate to large accumulations of macrophages (circled by black borders) 

were seen in BTKxid mouse spleens, compared to a few small to moderate accumulations of 

macrophages in the wild-type mouse spleens. Histopathology scores were significantly different 

between these groups, as shown in Figure 4-7E. Interestingly, we also noted a significantly lower 

level of TNFα in the serum of BTKxid mice than wild-type CBA mice. This is consistent with 

Figure 4-6C, which showed that B1a B cells produce TNFα when exposed to NMI. This 

indicates that B1a B cell production of TNFα may play a critical role during primary infection. 

Finally, we examined anti-C. burnetii IgM levels in the serum and noted that BTKxid mice had 

significantly lower levels of antibodies in their serum compared to wild-type mice, as shown in 
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Figure 4-7F. This data indicates that antibody production may play an important role during 

primary infection. Together, this data suggests a critical role for B1a cells during NMI infection, 

both in cytokine production and in antibody production. 
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Figure 4-7: B1a B cell deficient Bruton’s tyrosine kinase X-linked immune deficient mice 

have more severe disease during NMI infection than wild-type mice. Wild type (CBA) mice 

and Bruton’s tyrosine kinase X-linked immune deficient (BTKxid) mice were challenged IP with 

1x107 NMI. A: Body weight was measured throughout infection and compared to the weight at 

day 0. Statistical analysis was done by post-hoc two-way ANOVA. P<0.0001. B: Splenomegaly 

was measured at 14 days post infection. C: Bacterial burden in the spleen was measured at 14 

days post infection by real-time PCR. D: Histopathology in the spleen shows more severe 

inflammation in BTKxid mice than wild-type CBA mice. E: Pathology scores from spleens 
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demonstrate more inflammatory infiltrates in BTKxid spleens than wild-type CBA mouse spleens. 

One section of spleen was evaluated for each mouse. Spleens for groups were scored for 

histiocytic inflammation in red pulp of spleen using the following scale: 0 = none (no 

accumulations of macrophages); 1 = few small accumulations of macrophages; 2 = few small to 

moderate accumulations of macrophages; 3 = large numbers of moderate to large accumulations 

of macrophages F: Anti-C. burnetii specific IgM titers were significantly higher in wild-type 

CBA mice than BTKxid mice. G: Serum levels of TNFα were significantly higher in wild-type 

CBA mice than BTKxid mice. *, P<0.05, **, P<0.01, ***, P<0.001. These data indicate that B1a 

B cell deficient BTKxid mice have more severe disease during NMI infection than CBA mice.  

B1a B cells may play a role in regulating immune responses and producing IgM during primary 

infection with NMI. N=4, this experiment was repeated 3 times. 
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Conclusions 

C. burnetii is, by nature, an intracellular pathogen. Because of this, previous studies have 

focused mainly on the role of T cell responses during primary infection, although studies have 

hinted at a role for B cells during infection (65, 67, 102). This has led to a fundamental gap in 

knowledge regarding the role of B cells in NMI infection. We examined the role of B cells in 

NMI infection beyond antibody production. Our data demonstrated that B1a cells produce both 

pro- and anti-inflammatory cytokines in vitro, supporting the hypothesis that these cells may be 

important for regulating the inflammatory response during infection. This was further supported 

with our finding that B1a B cell deficient BTKxid mice had more severe disease during NMI 

infection, as measured by body weight loss, splenomegaly, bacterial burden, and histopathology. 

These data together suggest that B1a B cells play an important role in bacterial clearance and 

immune regulation during primary infection with C. burnetii. 

Multiple roles for B cells have been demonstrated in the immune response beyond production of 

neutralizing antibodies. These include cytokine production, killing of effector cells by Fas/FasL 

interactions, antigen presentation, and even phagocytosis and killing of pathogens such as E. coli 

(116-119). B1 subset B cells are capable of phagocytosing both particles and bacteria, and only 

B1 cells derived from the peritoneal cavity have demonstrated this ability (107). It was 

previously demonstrated by Popi et al that mononuclear cells derived from peritoneal B1 cells 

are able to phagocytose avirulent NMII and form replicative CCVs (120). Popi et al also 

demonstrated that these cells are more permissive to NMII infection than bone marrow derived 

macrophages. However, this finding was only demonstrated with avirulent C. burnetii. It 

remained unknown whether virulent NMI could be taken up by B1 cells. Our results showed that 

fully virulent NMI is taken up by B cells and particularly by B1a B cells. These results indicate 
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that these cells may play a role during primary infection with NMI. To determine whether B1 B 

cells alone can control NMI replication in vivo, we adoptively transferred SCID mice with B 

cells from wild-type mice prior to infection. Examining their splenomegaly, bacterial burden, 

and body weight loss, we demonstrated that B cells alone do not impact disease progression in 

SCID mice. Mice lost weight and had similar splenomegaly and bacterial burden as control mice. 

We also noted that B cells were not capable of producing reactive nitrogen species in response to 

NMI infection, even after stimulation with exogenous IFNγ (data not shown).  

Our data from SCID mice along with data from Andoh et al suggested that the role B cells play 

during infection with NMI may depend on an intact T cell response (60). To examine this, we 

adoptively transferred splenic or peritoneal B cells from wild-type mice into B cell deficient 

µMT mice. Our results indicated that peritoneal B cell transfer protects mice from body weight 

loss early during infection, suggesting that these cells play a role in the progression of clinical 

disease in these mice. Splenomegaly and bacterial burden were not different between control and 

adoptively transferred mice at day 14 post infection, however. This data indicates that B cells 

may not play a major role controlling bacterial replication during infection. It is possible, 

however, that insufficient B cell subset numbers were transferred to these animals. Mice were 

transferred with whole peritoneal or splenic B cells, not purified subsets. These subsets, in the 

case of B1 cells, only make up a small fraction of the whole B cell compartment. It is possible 

that the amount of subset cells transferred was not sufficient to impact disease. 

A study by Andoh et al showed that µMT mice did not exhibit more severe splenomegaly or 

bacterial burden than wild-type mice (60), which our data supports. They did see a significant 

difference in histopathological changes of mouse spleens and livers, which still supports a role 

for B cells in regulating inflammatory responses. A number of regulatory B cell subsets have 
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been described recently. One subset, known as B10 cells, are capable of secreting high amounts 

of the anti-inflammatory cytokine IL-10, and these cells have shown the ability to regulate 

disease outcomes even with a small number of cells (108, 121). These IL-10 producing B10 cells 

are a part of the B1a subset of B cells, as they are CD19+ CD11b+ and CD5+. Sindhava et al 

showed in another study that B1 cells from the peritoneal cavity produce high levels of IL-10 and 

play an important role during infection with Borellia hermsii (122). To examine whether our B 

cells were playing a role in cytokine production during infection, we infected purified peritoneal 

B cells and peritoneal B1a B cells. Our data found that these cells secrete high amounts of IL-10 

following infection. In µMT mice we also demonstrated that B cell adoptive transfer resulted in a 

significant reduction in IFNγ levels in serum, which further supports a role for these cells in 

regulating the inflammatory response. Interestingly, this was demonstrated for both peritoneal B 

cell and spleen B cell transferred mice, suggesting that B cells from the spleen may also play a 

role in regulating the immune response to NMI. IL-10 producing B cells have also been found in 

the spleen. These cells are primarily B1a cells, which represent a small fraction of the splenic B 

cell compartment, or they are a type of cell known as transitional marginal zone precursor cells. 

At this point, we cannot differentiate which B cell subsets are primarily responsible for 

regulating inflammation. 

It has been shown that B1a cells can play both helpful and harmful roles during infection. Crane 

et al. demonstrated that B1a cells enhance disease susceptibility in mice infected with 

Francisella tularensis by producing IL-10 and suppressing NK/NKT cell function (123). 

However, Culkin et al. found that total B cell deficiency had a negative impact on the immune 

response to F. tularensis (124). Given our finding that B1a cells produce anti-inflammatory IL-

10 following infection, we wanted to investigate the effect of a B1a B cell deficiency on disease 
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outcome in NMI infected mice. To examine this, we utilized BTKxid mice. These mice have a 

mutation in the BTK gene, resulting in a depletion of B1a B cells, as has previously been 

demonstrated (115). Interestingly, we found that these mice had more severe disease than their 

wild type counterparts following NMI infection. BTKxid mice had more severe splenomegaly, 

higher bacterial burdens, lower relative body weight, and more severe pathology scores in their 

spleens than wild-type mice. Interestingly, we found that serum levels of the pro-inflammatory 

cytokine TNFα were significantly reduced in BTKxid mice compared to control mice. This may 

also demonstrate a significant role for these cells in producing pro-inflammatory cytokines 

during infection. TNFα has demonstrated an important role during NMI infection, and B1a  cells 

may in fact be a significant source of this cytokine. We also found that B1a cells produce 

significant levels of TNFα after infection with NMI in vitro, which further supports this finding.  

In addition to their role in cytokine production, B1a B cells have the ability to produce antibodies 

rapidly following infection, and this production does not require help from T cells. This antibody 

response is known as a T-independent response, and results from stimulation through TLRs and 

the B cell receptor (BCR) (105, 125). When we examined serum levels of IgM, an antibody 

produced in the t-independent immune response, we found a significantly lower amount of anti-

C. burnetii IgM in BTKxid mice compared to wild-type controls. This suggests yet another role 

for these cells in protective antibody production during infection. Though T cells are needed to 

ultimately clear infection, protective antibodies also likely play a role in preventing the spread of 

bacteria during NMI infection. 

Collectively, our data suggests a critical role for B1a B cells in the immune response to primary 

NMI infection. This response is likely due to multiple functions of these cells including 
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phagocytosis, cytokine production, and antibody generation. The role that these individual 

functions play during the course of NMI infection remains to be further investigated. 
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VII: Chapter 5: Coxiella burnetii avirulent Nine Mile phase II induces caspase-1 

dependent pyroptosis in murine peritoneal B1a B cells 

Laura Schoenlaub, Rama Cherla, Yan Zhang, and Guoquan Zhang 

Abstract 

Coxiella burnetii is an obligate intracellular gram-negative bacterium that causes acute Q fever 

and chronic infections in humans. Our recent study demonstrated that virulent C. burnetii Nine 

Mile phase I (NMI) is capable of infecting and replicating within peritoneal B1a subset B cells and 

that B1a cells are involved in host defense against C. burnetii infection in mice. However, it 

remains unknown if avirulent Nine Mile phase II (NMII) can infect and replicate in B1a cells and 

whether NMI and NMII can differentially interact with B1a cells. In this study, we examined if 

there is a difference between NMI and NMII in modulating host cell apoptotic signaling in B1a 

cells. The results showed that NMII induced a dose dependent cell death in murine peritoneal B1a 

cells but NMI did not, suggesting NMI and NMII may differentially activate host cell apoptotic 

signaling in B1a cells. Western blotting indicated that NMII induced B1a cell death was not 

dependent on either caspase-3 or PARP-1 cleavage, but cleavage of caspase-1 was detected in 

NMII infected B1a cells. In addition, inhibition or deficiency of caspase-1 activity blocked NMII 

induced B1a cell death. These results suggest that NMII induces a caspase-1 dependent pyroptosis 

in murine peritoneal B1a cells. We also found that heat killed NMII and type 4 secretion system 

(T4SS) mutant NMII were unable to induce B1a cell death and that NMII infection did not induce 

cell death in peritoneal B1a cells from Toll-Like Receptor 2 (TLR-2) or NLRP3 inflammasome 

deficient mice. These data suggest that NMII induced caspase-1 dependent pyroptosis may depend 

on its T4SS by activating the TLR-2 and NLRP3 signaling pathways.  
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Introduction 

C. burnetii undergoes a lipopolysaccharide (LPS) phase variation, similar to that found in enteric 

bacteria. In this variation, “smooth” virulent NMI converts to “rough” avirulent Nine Mile phase 

II (NMII). This typically occurs in the laboratory following serial passage in non-

immunocompetent hosts (23). While NMI retains the ability to cause disease, NMII no longer 

can cause disease in humans or animals (126). Both NMI and NMII are taken up into replicative 

CCVs by cells, where they can proliferate. However, it has been hypothesized that this uptake is 

different between the two variants. NMII is quickly degraded in the phagolysosomal pathway, 

unlike NMI (26, 27, 48, 49). The mechanisms of intracellular survival are likely related to the 

ability of NMI to modulate host responses and subvert microbicidal functions in cells. This 

change is still not fully understood. Better understanding of the mechanisms by which virulent 

NMI avoids degradation could lead to the development of more effective therapies against NMI 

infection. 

In eukaryotic cells, various forms of programmed and non-programmed cell death have been 

described. These have various distinct forms and can lead to pro-inflammatory or anti-

inflammatory responses depending on the type of cell death. The first well-studied form of 

programmed cell death in mammalian cells is apoptosis. Apoptosis is characterized by cleavage 

of caspase 3, 6, and 7 and leads to DNA fragmentation, chromatin condensation, and to the 

packaging of cellular contents into small membrane bound bodies that are released for 

phagocytosis by nearby cells (127). Other forms of cell death that have been described include 

oncosis, necroptosis, autophagy, and caspase-1 dependent pyroptosis (127, 128). Pyroptosis is a 

more recently described form of cell death and plays a role during infections with Salmonella, 

Francisella, and Legionella (129-132). Pyroptosis is a pro-inflammatory form of cell death that 
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is characterized by cleavage of caspase-1, which leads to the release of pro-inflammatory 

cytokines TNFα, IL-1β, and IL-18 (127). This form of cell death also leads to DNA 

fragmentation and the swelling and lysis of cells, causing the release of cellular contents. 

Pyroptosis is important for the clearance of some intracellular pathogens such as L. pneumophila 

(133). Other intracellular pathogens, such as L. monocytogenes, have developed the ability to 

subvert pyroptosis induction and promote their intracellular survival. In particular, L. 

monocytogenes avoids pyroptosis initiation by suppressing the expression of flagellin, which 

activates the NLRC4 inflammasome (134). 

Cells infected with C. burnetii have demonstrated different susceptibilities to programmed cell 

death depending on the type and differentiation state of the cell lines. In differentiated THP-1 

cells and monkey primary alveolar macrophages, both NMI and NMII can prevent exogenously 

induced apoptosis (51, 55). A similar finding was reported by Luhrmann et al, showing that 

NMII can inhibit exogenously induced apoptosis in Chinese hamster ovary and HeLa cells 

during late-stage infection (52). In contrast, another study found that avirulent NMII induces 

apoptosis in undifferentiated THP-1 cells during early stages of infection in a pathway that is 

independent of caspase-3 (53). These studies show conflicting evidence, with some suggesting 

that NMII subverts cell death to preserve its replicative niche and other studies showing NMII 

directly killing cells. This conflict suggests that the sensitivity of host cells to cell death in 

response to NMII are likely varied based on the state of cellular maturation, cell type, and 

differential expression of surface receptors. 

Our data from chapter 2 suggests that B cells play a role in primary infection with C. burnetii. In 

particular, we demonstrated that CD19+ B cells can take up NMI into replicative CCVs. We also 

demonstrated that B1a B cells play an important role in primary infection, as mice lacking these 



 

87 
 

cells have more severe disease following infection with NMI (135). Our goal in the following 

studies was to characterize the cellular interaction between B cell subsets and both virulent NMI 

and avirulent NMII. This data demonstrates the novel finding that NMII can induce dose-

dependent cell death in peritoneal B1a B cells through caspase-1 activation and that signaling 

depends on NMII’s type 4 secretion system (T4SS) activation of toll-like receptor 2 (TLR-2) and 

NLRP3 signaling. 

RESULTS 

C. burnetii NMII infects and replicates within peritoneal B cells  

In this study, we utilized IFA to determine whether NMII is taken up by peritoneal B cells as we 

observed with NMI in chapter 2. Purified peritoneal B cells were infected at MOI 100 with NMII 

for a period of one day and three days. These cells were then stained with the B cell marker 

CD19 and with antibodies against NMI. As shown in Figure 5-1A, colocalization can be seen 

between cells expressing CD19 and NMII at both one and three days following infection. To 

further examine this, we wanted to know if NMII is taken up into replicative CCVs, which can 

be stained with antibodies against LAMP1. In Figure 5-1B, confocal microscopy demonstrates 

infected purified B cells with NMII inside of LAMP-1 positive CCVs. To further characterize 

this interaction, we utilized flow cytometry. Purified peritoneal B cells were stained with 

antibodies against CD19 and NMII prior to analysis by flow cytometry at one and three days post 

infection. Figure 5-1C shows flow cytometry scatter plots of B cells (CD19+) infected with 

NMII. The infection rate is significantly increased between one day and three days of infection 

(Figure 5-1D). To confirm whether NMII replicates in peritoneal B cells, we utilized real-time 

qPCR to look at genome copy numbers. As is shown in Figure 5-1E, the genome copy number of 

NMII was significantly increased in B cells at three days post infection. Collectively, this data 
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suggests that peritoneal B cells take up NMII into replicative CCVs, similar to our observations 

from chapter 2. 
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Figure 5-1: Primary peritoneal B cells take up C. burnetii NMII. Primary peritoneal B cells 

were harvested by lavage and purified using CD19 MACS beads. A: Following infection with 

NMII, cells were stained with antibodies against CD19 and NMII, DNA was visualized with DAPI. 

B: Following infection with NMII, cells were stained with antibodies against NMII and LAMP-1 

and visualized by confocal microscopy. C: Flow cytometry plots of NMII infected B cells at day 

three post infection.  D: Infection rates observed in IFA at one and three days post infection. 200 
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cells were counted per slide. E: Real-time PCR measured at day one and day three in infected 

purified B cells. *, P<0.05. These data indicate that primary peritoneal B cells are infected by 

NMII and that the bacteria is taken up into LAMP-1 positive vacuoles. 

  



 

91 
 

Avirulent NMII can infect both B1a and B1b subsets of B cells and infection leads to a 

reduction of B1a B cell numbers  

To further examine NMII’s ability to infect peritoneal B cells, we infected purified B cells prior 

to staining with antibodies against CD19, CD11b, CD5, and NMI to examine B cell subsets 

infection. Figure 5-2A shows flow cytometry scatter plots of anti-NMII and anti-CD5 double 

stained uninfected or infected B cells (gated on live CD19+ CD11b+ B1 cells). In these plots, 

both B1a and B1b cells infected with NMII can be seen. Within these subsets, we see an increase 

of infected cells from day one to day three of infection, suggesting replication (Figure 5-2B). 

These results indicate that NMII can infect both B1a and B1b subset B cells. Interestingly, when 

absolute cell numbers were enumerated, we noticed a significant change. Within NMII infected 

B cells, the B1a subset of B cells is decreased by day three compared to uninfected B cell 

absolute numbers (Figure 5-2C). This indicates the possibility that NMII infection can induce 

cell death in B1a subset B cells. 
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Figure 5-2: NMII infects peritoneal B1a and B1b subsets and causes a reduction in B1a B 

cells. NMII infected B cells were visualized and examined using flow cytometry. Cells were 

purified using CD19 beads and infected with NMII. Cells were then stained with antibodies against 

CD19 and NMII. A: Infected peritoneal B cells are visible using flow cytometry at day three post 

infection. Gated on live cells. B: The quantity of infected B cell subsets was measured at day one 

and day three post infection. C: The absolute number of B cell subsets at day one and day three 

post infection *, P<0.05. These data indicate that NMII infection rates peak at day three post 

infection.  
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DNA fragmentation is detected in NMII-infected peritoneal B cells 

In order to examine the possibility that NMII induces B cell death, we infected purified 

peritoneal B cells and stained with the TUNEL reaction, which makes fragmented DNA visible. 

As shown in Figure 5-3A, fragmented DNA is visible in NMII infected B cells at three days post 

infection. When compared to uninfected cells, a significantly higher number of TUNEL positive 

cells was detected in NMII infected cells (Figure 5-3B). This further supports the hypothesis that 

NMII is inducing cell death in peritoneal B cells. 
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Figure 5-3: NMII infected B cells undergo DNA fragmentation. Purified peritoneal B cells 

were allowed to adhere to poly-D-lysine coated cover slips and infected at MOI 100 with NMII, 

PBS, or treated with staurosporine (positive control). At one day and three days post infection, 

cells were fixed, permeabilized, and stained with antibodies against NMII and with the TUNEL 

reaction kit. A: DNA fragmentation is visible within NMII infected and staurosporine treated cells 

at three days post infection. B: The number of cells with fragmented DNA were counted. 200 cells 

were counted per coverslip on three separate slips for each time point. These data indicate that 

NMII infection induces DNA fragmentation in peritoneal B cells. 
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Avirulent NMII induces B1a subset B cell death in a dose-dependent manner but virulent 

NMI does not 

When culturing purified peritoneal B cells, we noted that two populations of cells existed. One 

population was highly adherent to the culture plate, while the other population remained floating 

in solution. To examine which population undergoes cell death, we utilized the MTS assay. In 

this reaction, soluble formazan is converted to an insoluble compound by the mitochondria found 

in living cells. Only live cells can convert this substance, making MTS useful for enumerating 

live cell numbers in culture. We started by infecting our floating or adherent cells with different 

doses of NMII (MOI 5, 50, and 100) for three days. As shown in Figure 5-4A, only the adherent 

population of cells underwent cell death following infection, and this cell death was dose-

dependent. To identify these adherent B cells we utilized flow cytometry. Antibody staining 

indicated that ~90% of these adherent cells were CD19+ CD11b+ CD5+, marking them as B1a 

subset B cells (Figure 5-4B). This is consistent with our previous data that showed a reduction in 

the absolute numbers of B1a cells following NMII infection.  

We also sought to examine whether virulent NMI induces cell death as observed with avirulent 

NMII. To examine this, we purified B1a subset B cells and infected them at MOI 100 with NMI.  

As shown in Figure 5-4C, MTS assay shows no significant induction of cell death in B1a B cells 

infected with NMI compared to control cells. A low percentage of cell death is visible, but it is 

not statistically significant compared to uninfected B1a B cells. This data suggests that only 

avirulent NMII can induce cell death in B1a subset B cells, while virulent NMI cannot. 
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Figure 5-4: NMII induces cell death in peritoneal B1a B cells in a dose dependent manner, 

but virulent NMI does not. Purified B cells were infected with either NMI or NMII for one and 

three days post infection. At each timepoint, an MTS assay was utilized to assay for cell death. A: 

Different doses of NMII infection were evaluated for cell death using MTS assays. B: Cells that 
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were positive in MTS assays and TUNEL staining were adherent following purification. Flow 

cytometry staining indicates that these cells are mostly CD19+ CD11b+ CD5+ B1a B cells. C: 

MTS assays were performed on cells infected with either NMI or NMII for three days. These data 

indicate that NMII induces cell death in adherent peritoneal B1a B cells in a dose dependent 

manner, but NMI does not. 
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NMII-induced B1a B cell death depends on the  activation of caspase-1 

To understand the intracellular signaling pathway of NMII-induced B1a B cell death, we first 

examined whether activation of the apoptosis executioner caspase-3 was occurring in infected 

cells by Western blotting. As shown in Figure 5-5A, both cleaved caspase-3 and PARP were not 

detected in NMI infected B1a B cells. This suggests that the form of cell death induced by NMII 

is not caspase-3 dependent apoptosis. Other intracellular pathogens, such as Francisella, 

Legionella, and Salmonella have demonstrated the ability to induce caspase-1 dependent 

programmed cell death. Therefore, we examined whether NMII infection induced caspase-1 

cleavage in purified B1a B cells. As shown in Figure 5-5B, cleaved caspase-1 is visible in NMII 

infected B1a B cells at both day one and day three post infection. We also examined the 

production of the pro-inflammatory cytokine IL-1β, which is cleaved into its active form by 

activated caspase-1. As shown in Figure 5-5C, NMII infected B1a B cells produced significantly 

higher levels of IL-1β compared to uninfected controls. This data suggests that NMII induces 

caspase-1 dependent cell death in B1a B cells. 
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Figure 5-5: NMII induced B1a B cell death is dependent on caspase -1 cleavage. Protein was 

extracted from purified B1a B cells at day one and day three post infection. A: Caspase-3 and 

PARP-1 cleavage were measured in infected B1a B cells by Western blotting. B: Caspase-1 

cleavage was measured in infected B1a cells by Western blotting. C: IL-1β levels in infected and 

uninfected cell supernatant were measured using ELISA. D: MTS assay was used to measure cell 

death at day three post infection following treatment with NMII with or without a caspase-1 

inhibitor. These data indicate that NMII-induced cell death in B1a B cells is dependent on cleavage 

of caspase-1 and causes secretion of the pro-inflammatory cytokine IL-1β. 
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To test the hypothesis that NMII induces caspase-1 dependent death in peritoneal B1a B cells, we 

utilized the caspase-1 inhibitor Ac-YVAD-cmk. Purified B1a B cells were treated with the 

inhibitor one hour prior to infection with NMII or treated with DMSO control. As demonstrated 

in Figure 5-5D, the percentage of dead cells in the caspase inhibitor treated group infected with 

NMII was significantly lower than untreated NMII infected cells. To further confirm this 

observation, we utilized caspase-1 knockout mice. B1a cells were harvested from naïve female 

wild-type or caspase-1 deficient mice and infected with NMII. As shown in Figure 5-6, caspase-1 

deficient B1a cells did not undergo significant levels of cell death following NMII infection, as 

shown by TUNEL staining and MTS assay. Interestingly, we also observed a higher rate of 

infection by NMII in caspase-1 deficient B1a cells (Figure 5-6B), suggesting that this deficiency 

makes these cells more permissive to infection. This data suggests that NMII infection in B1a B 

cells induces capase-1 dependent pyroptosis, leading to the production of IL-1β. 
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Figure 5-6: NMII does not induce death in caspase 1 deficient B1a B cells. B1a B cells were 

harvested and purified from either wild-type or caspase-1 deficient mice and infected with NMII. 

A: TUNEL staining was used to visualize DNA fragmentation following NMII infection. B: 

Infected cell numbers were counted at three days post infection. C: MTS assay was used to measure 

cell viability numbers in caspase-1 or wild-type B1a B cells infected with NMII at day three post 

infection. This data indicates that caspase-1 is required for B1a cell death induction and that 

caspase-1 deficient cells are more permissive to infection with NMII. 
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NMII-infected B1a B cells secrete TNF-α, but this does not impact NMII-induced 

pyroptosis 

TNFα is a proinflammatory cytokine that can induce cell death in many types of cells by binding 

to the TNFα receptor on the surface of cells. A previous study indicated that TNFα secretion 

contributes to NMII-induced apoptosis in undifferentiated THP-1 cells (53). Our previous data 

from Chapter 2 also suggests that NMI induces the production of TNFα by B1a cells. To 

determine whether NMII induces TNFα secretion in B1a cells, we utilized ELISA. As shown in 

Figure 5-7A, NMII infected B1a cells produce significantly higher levels of TNFα than 

uninfected B1a cells. To determine whether this contributes to NMII-induced apoptosis, we 

neutralized TNFα in NMII infected B1a cells with anti-TNFα neutralizing antibody. As shown in 

Figure 5-7B, there is no difference in cell death rates following NMII infection after addition of 

neutralizing antibodies. This data indicates that NMII-induced pyroptosis leads to the secretion 

of TNFα, but this cytokine does not induce cell death in NMII-infected B1a B cells. 
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Figure 5-7: NMII infected purified B1a B cells secrete the pro-inflammatory cytokine TNFα, 

but this does not impact pyroptosis . A: B1a B cells were purified by MACS and evaluated for 

TNFα secretion at day one post infection using ELISA. B: Purified B1a B cells were infected with 

NMII and treated with an anti-TNFα antibody prior to MTS assay. These data indicate that NMII 

induces secretion of TNFα by B1a B cells, but this does not contribute significantly to cell death 
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NMII-induced B1a cell death depends on bacterial replication 

To determine whether bacterial replication is responsible for NMII-induced B1a B cell death, we 

examined whether inhibition of NMII replication could prevent cell death in NMII-infected B1a 

B cells. Rifampicin has been shown to be the most effective antibiotic to inhibit C. burnetii 

replication in a cell culture system (136), so we utilized this antibiotic at a concentration of 10 

µg/mL. Infected cells treated with rifampicin had significantly lower rates of DNA fragmentation 

as measured by TUNEL assay, as shown in Figures 5-8A and 5-8B. These results suggest that 

NMII-induced B1a cell death may be dependent on bacterial replication.   

To further test the hypothesis that NMII-induced B1a cell death depends on bacterial replication, 

we used MTS assay to test whether heat-killed NMII were able to induce cell death. We found 

that heat-killed NMII was taken up by B1a cells, but this bacteria was unable to induce cell death 

(Figure 5-8C). This provides further support that NMII-induced B1a cell pyroptosis depends on 

bacterial replication. 

C. burnetii possesses a type 4B dot/icm secretion system (T4SS), similar to the one found in L. 

pneumophila. C. burnetii utilizes this system to manipulate host cells and favor their survival, 

and it is considered that T4SS secreted factors are able to modulate cell death signaling (17). To 

determine whether these factors were responsible for B1a cell pyroptosis, we utilized a dotA 

mutant of NMII. This mutant lacks an essential component of the T4SS, rendering its T4SS non-

functional. Our results in Figure 5-8C indicate that dotA mutant NMII was not able to induce cell 

death in B1a cells. This suggests that NMII-induced B1a cell pyroptosis is dependent on secreted 

factors. 
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Figure 5-8: NMII induction of B1a B cell death is dependent on bacterial replication and a 

functional T4SS. A: TUNEL staining was measured in B1a B cells infected with NMII and treated 

with rifampicin or PBS mock. B: The number of cells with positive DNA fragmentation by 

TUNEL were counted at day one and day three post infection. C: MTS assay was used to measure 

cell viability following infection with NMII, heat-killed NMII, and dotA deficient NMII. These 

data indicate that NMII must be replicating and have a functional T4SS in order to induce B1a B 

cell death.  
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NMII does not induce cell death in peritoneal B1a B cells harvested from TLR-2 deficient 

mice 

It has previously been shown that bacterial lipoproteins can induce apoptosis through the TLR-2 

signaling pathway (137). To examine whether this signaling pathway plays a role in NMII-

induced B1a cell pyroptosis, we utilized TLR-2 deficient mice. As shown in Figure 5-9A, NMII 

infected B1a B cells from TLR-2 deficient mice did not undergo DNA fragmentation as 

measured by TUNEL staining. This suggests that the induction of B1a cell pyroptosis by NMII 

may be through the TLR-2 signaling pathway. To further confirm this observation, we utilized 

the MTS assay to measure the percentage of dead cells in NMII infected TLR-2 deficient B1a 

cells. As shown in Figure 5-9B, when compared to uninfected control cells, a significantly higher 

rate of cell death was found in NMII-infected B1a B cells. This provides additional support for 

the hypothesis that NMII-induced B1a cell pyroptosis signals through the TLR-2 signaling 

pathway. Additionally, we utilized IFA and real-time qPCR to examine differences in NMII 

infection and replication between wild-type and TLR-2 deficient B1a cells. As demonstrated in 

Figure 5-9C, infection with NMII in TLR-2 deficient B1a B cells is significantly higher than the 

infection rate found in wild-type B1a cells at three days post infection. Also, compared to wild-

type B1a cells, a significantly higher level of NMII com1 copy numbers was detected in TLR-2 

deficient B1a cells (Figure 5-9D), suggesting that a deficiency in TLR-2 renders B1a cells more 

permissive to infection and replication. However, regardless of the higher infection and 

replication rate, this data shows that cell death does not occur following infection in NMII 

infected TLR-2 deficient B1a B cells.  
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Figure 5-9: TLR-2 deficient peritoneal B1a B cells do not undergo death following NMII 

infection and are more permissive to infection. A: Peritoneal B cells were adhered to poly-D-

lysine coated coverslips and infected with NMII.  At day one and day three post infection, cells 

were stained with the TUNEL reaction and anti-NMII antibodies. B: The percentage of dead cells 

in TLR-2 knockout B1a cells was measured by MTS assay. C: The number of infected cells in 

TLR-2 and WT mouse B1a cells was counted microscopically at day three post infection. D: At 

day one and day three post infection, DNA was extracted from cells and evaluated for bacterial 

replication by examining the amount of com1 copy numbers by real-time PCR. This data indicates 
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that cell death is induced by TLR-2 signaling and that, in the absence of this signaling, TLR-2 

knockout B cells are more permissive to NMII infection. 
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Signaling through the NLRP3 inflammasome is involved in NMII-induced B1a cell 

pyroptosis 

Multiple types of inflammasome have been described in the mouse that have the ability to 

activate caspase-1. These include NLRP3, NLRC4, and AIM2 (138). The NLRP3 inflammasome 

is very well studied and can be activated by a variety of factors including damage associated 

molecular patterns (DAMPs) and pathogen associated molecular patterns (PAMPs) (139, 140). 

To examine the role of the NLRP3 inflammasome in NMII-induced B1a cell pyroptosis, we 

utilized cells isolated from NLRP3 deficient mice. As shown in Figure 5-10A, DNA 

fragmentation was detected in NMII-infected wild-type B1a cells, but not in NLRP3 deficient 

B1a cells. MTS assay also showed that the rate of cell death in NLRP3 deficient NMII infected 

B1a B cells was significantly lower than the cell death rate found in wild-type B1a cells (Figure 

5-10B). This data indicates that signaling through the NLRP3 inflammasome is required for the 

induction of NMII-induced pyroptosis in B1a cells, suggesting that NMII bacteria are able to 

stimulate the NLRP3 inflammasome during infection in murine B1a cells. This stimulation leads 

to caspase-1 activation and ultimately to pyroptosis. 
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Figure 5-10: NLRP-3 knockout B1a B cells do not undergo cell death following NMII 

infection. B1a cells were harvested and purified from NLRP-3 knockout mice. A: TUNEL assay 

was used to measure DNA fragmentation in infected NLRP-3 knockout B1a B cells. B: MTS assay 

was used to measure viability of wild-type cells infected with NMII and NLRP-3 knockout cells 

infected with NMII. This data indicates that stimulation of the NLRP-3 inflammasome is critical 

for NMII induced cell death in purified B1a B cells. 
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Conclusions 

Although C. burnetii is an intracellular pathogen, our data from chapter 2 suggests that peritoneal 

B1a cells are able to phagocytose virulent NMI and that these cells play an important role in 

controlling C. burnetii replication in vivo and in regulating the immune response during infection 

(135). In this chapter, we wanted to further investigate the mechanisms of cellular interactions 

between murine B1a cells and NMII and NMI. Our results indicate that avirulent NMII induces a 

dose dependent cell death in murine B1a cells but virulent NMI does not, suggesting that these 

different phases can differentially activate cell death signaling in B1a cells. Western blotting 

demonstrated that this NMII-induced cell death was not dependent on caspase-3 and did not lead 

to the cleavage of PARP-1, which is downstream from caspase-3. However, cleavage of caspase-

1 was detected in NMII-infected B1a cells. The involvement of caspase-1 in this cell death 

process was further confirmed using caspase-1 inhibition or caspase-1 deficient cells. Inhibition 

of and deficiency in caspase-1 activity blocked NMII-induced B1a cell death, suggesting that this 

form of cell death is caspase-1 dependent pyroptosis. Further investigation also showed that heat-

killed and T4SS deficient dotA mutant NMII did not have the ability to induce B1a cell death. 

We also found that NMII was unable to induce cell death in B1a cells from mice deficient in 

TLR-2 and NLRP3, suggesting that NMII-induced pyroptosis is initiated by a T4SS secreted 

compound that activates TLR-2 and NLRP3 signaling (Figure 5-11) 
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Figure 5-11: A model for NMII-induced pyroptosis in peritoneal B1a B cells. Infection with 

replicating NMII induces activation of TLR-2. Signaling through this receptor leads to the 

expression of inflammatory cytokines and the activation of the NLRP3 inflammasome. 

Inflammasome activation causes cleavage of pro-caspase 1 into active caspase 1. Caspase 1 

cleaves pro-IL-1β into active IL-1β and induces pyroptotic cell death. Pyroptotic cell death leads 

to lysis of infected cells, releasing their inflammatory contents. 
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It has been reported previously that avirulent NMII can either inhibit or induce cell death in 

different cell types, but this data provides the first evidence that demonstrates virulent NMI and 

avirulent NMII can differentially modulate cell death signaling. We also showed that NMII 

infection was unable to induce cell death in B1a cells deficient in TLR-2. This suggests that 

NMII may be binding with the TLR-2 receptor and activating the TLR-2 signaling pathway and 

that this pathway is required for NMII-induced B1a cell pyroptosis. The difference between NMI 

and NMII in the induction of B1a cell pyroptosis may be explained by NMI and NMII 

differentially activating the TLR-2 signaling pathway. As NMI can cause disease and NMII 

cannot, this suggests that the difference in establishing a persistent infection between NMI and 

NMII may be related to the ability of the bacteria to modulate host cell death signaling. This may 

play an important role in host defense against primary C. burnetii infection. 

Pyroptosis is an inflammatory process of cell death mediated by caspase-1. This form of cell 

death is important during infection, particularly during infection with intracellular pathogens 

(129). Pyroptosis leads to the production of pro-inflammatory cytokines and rapid cell death with 

the rupture of the plasma membrane, which leads to the release of pro-inflammatory intracellular 

contents. This also leads to the release of IL-1β and TNFα, stimulating an immune response 

which eliminates the intracellular replicative niche and alerts nearby cells of the infectious threat 

(141). Our observations demonstrate that cleavage of caspase-1 was detected in NMII infected 

B1a cells, infected cells secrete a significantly higher level of IL-1β compared to control cells, 

and that the inhibition or deficiency in caspase-1 signaling supports the hypothesis that this form 

of cell death is indeed pyroptosis. As of this time, it is still unknown whether NMII can induce 

pyroptosis in other cell types, such as macrophages and neutrophils. The differential ability to 

induce pyroptosis may be responsible for the ability of NMI to establish a persistent infection in 
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vivo. During infection with Shigella flexneri, it has been reported that the bacteria can induce 

caspase-1 dependent host cell death that leads to the release of IL-1β, induces inflammation, and 

helps to clear infection (142). In contrast, Salmonella-induced apoptosis correlated with the 

severity of disease in vivo, suggesting that this apoptosis is important for bacterial escape and 

spread to more host cells (143). Based on our findings, NMII-induced B1a cell pyroptosis may 

lead to the more efficient clearance of NMII in vivo, while the lack of pyroptosis induction by 

NMI may lead to its ability to produce infection and disease in animals. Future work is needed to 

determine whether caspase-1 deficient mice have more severe disease during infection with 

either avirulent NMII or virulent NMI.  

TNFα has demonstrated the ability to induce cell death in many different cell types through 

binding with the TNFα receptor on the cell surface (144). A previous study found that 

neutralization of TNFα in undifferentiated THP-1 macrophages infected with NMII blocked 

PARP-1 cleavage and cell death, suggesting that this inflammatory cytokine may play an 

important role in NMII-induced caspase-independent death (53). To examine whether TNFα 

plays a role in NMII-induced B1a cell pyroptosis, we neutralized TNFα during NMII infection in 

cells, and we found that this neutralization did not impact cell death in vitro. This suggests that, 

although it induces the production of TNFα, this pro-inflammatory cytokine may not be an 

important upstream factor involved in NMII-induced B1a cell pyroptosis. This is also supported 

by our data in Chapter 2, which showed NMI infected B1a cells secrete TNFα, but these cells do 

not undergo cell death during infection 

In undifferentiated THP-1 cells, a previous study has shown that NMII-induced apoptosis 

depends on the ability of C. burnetii to replicate intracellularly (53). We also wanted to 

investigate the role of bacterial replication in NMII-induced B1a cell pyroptosis. To examine 
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this, we first utilized antibiotics to inhibit bacterial replication. Our observations found that 

antibiotic treatment with rifampicin was able to inhibit NMII-induced B1a cell pyroptosis at 

three days post infection. This was further supported by the finding that heat-killed NMII were 

unable to induce cell death in B1a cells, despite being phagocytosed by these cells. During 

infection with L. pneumophila, which is closely related to C. burnetii, it has been observed that 

pyroptosis is induced via L. pneumophila’s T4SS, which causes the expression of flagellin in 

host macrophage cells (145). The T4SS of C. burnetii closely resembles that of L. pneumophila 

(146), and components of the T4SS in C. burnetii have already demonstrated the ability to 

modulate host cell death signaling (17). In light of this information, we examined the 

contribution of C. burnetii’s T4SS in B1a cell pyroptosis using the T4SS deficient dotA mutant. 

Our data shows that T4SS deficient dotA NMII was unable to induce pyroptosis in B1a cells. 

This suggests that a secreted factor of the T4SS may play a critical role in the induction of 

pyroptosis in B1a cells. However, although this mutant can be taken up by B1a cells, it is unable 

to replicate and is eliminated from the cells. At this point, we cannot conclude whether a T4SS 

component is involved or whether this lack of cell death is simply due to the inability of dotA 

bacteria to replicate intracellularly. 

The TLR family of pattern recognition receptors (PRRs) has demonstrated the ability to induce 

both pyroptosis and apoptosis (147). M. tuberculosis infection induces a caspase-1 dependent 

cell death through the activation of TLR-2 in macrophages. We observed that cell death is 

undetectable in B1a cells derived from TLR-2 deficient mice when these cells are infected by 

NMII. This suggests an important role for TLR-2 in this form of cell death, providing novel 

evidence that stimulation of this PRR by NMII can induce pyroptosis in B1a cells. Furthermore, 

the observation that TLR-2 deficient B1a B cells are more permissive of infection with NMII 
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suggests that TLR-2 signaling may be important for controlling NMII infection and replication in 

B1a cells in vitro. This hypothesis is also supported by a previous study, which showed that 

TLR-2 deficient mice develop fever responses during infection with NMII. Normally, NMII 

infection induces no disease in animals, so this data suggests that TLR-2 plays a role in host 

defense against infection. 

The inflammasome has been described as various different molecules that induce the cleavage of 

caspase-1 upon activation (148-150). Several forms of the inflammasome have been described in 

mice, such as NLRP3, NLRC4, and AIM2. These are activated by different PAMPs and DAMPs, 

with NLRP3 being the most promiscuous form in response to both host and bacterial factors. Our 

data shows that NLRP3 deficient B1a cells do not undergo cell death following infection with 

NMII. This indicates that the NLRP3 inflammasome plays an important role in NMII-induced 

B1a cell pyroptosis. NLRP3 has demonstrated an important role during infection with multiple 

gram-negative bacterial pathogens in response to activation of TLRs (151). Deng et al 

demonstrated that NLRP3 activation occurs in response to infection with Pseudomonas 

aeruginosa and leads to clearance of internalized bacteria (152). Although the role of NLRP3 in 

host defense against C. burnetii infection is still unknown, this data represents the first evidence 

that NMII can activate the NLRP3 inflammasome during infection. 

Both TLRs and inflammasomes can be activated by infections, but it is unclear how the TLR and 

inflammasome signaling pathways cooperate during microbial infections. The expression of 

NLRP3 following activation of macrophages by TLR ligands and agonists has been 

demonstrated previously (153-155). One study has shown that activation of TLR-2 leads to rapid 

induction of the inflammasome independently of NLRP3 during infection with F. novicida. This 

inflammasome induction leads to caspase-1 activation and host cell death of these macrophages 
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(156). Additionally, macrophages isolated from TLR-2 deficient mice showed a significant delay 

in the inflammasome dependent response following infection with F. novicida. These studies 

suggest that inflammasome and TLR signaling pathways may be connected during the immune 

response to microbial infection. Our data found that NMII did not induce cell death in TLR-2 or 

NLRP3 deficient B1a cells, suggesting that both of these signaling pathways are involved in 

NMII-induced caspase-1 dependent pyroptosis in B1a cells. However, we have not directly 

shown how these pathways are connected during NMII infection. Future studies will be needed 

to determine how these two pathways interact during NMII infection. 

A study by Sarker et al demonstrated that caspase-1 knockout mice are resistant to IP infection 

with Escherichia coli, but wild-type mice succumb to E. coli induced sepsis. This study also 

found that IL-1β/IL-18 dual knockout mice succumbed to infection similar to wild-type mice. 

This suggests a role for pyroptosis in E. coli induced sepsis (157). Interestingly, a direct link to B 

cell apoptosis during sepsis was found after histological staining of the spleen found pyroptotic 

bodies in the white pulp that were positive for the B cell marker CD79 in wild-type and IL-

1β/IL-18 knockout mice. These apoptotic bodies were not found in the spleens of caspase-1 

deficient mice, indicating that B cell pyroptosis, not cytokine production, may be important 

during sepsis in this model. Further studies are needed to investigate the role of B cell pyroptosis 

during in vivo infection with NMI and NMII. 

 

 

 

 



 

118 
 

VIII: Chapter 6: Discussion 

Laura Schoenlaub 

Since its discovery in the 1930s, C. burnetii has proven to be a very unique organism. As the 

causative agent of Q fever, C. burnetii typically resides within a CCV within cells. Interestingly, 

unlike many other bacterial pathogens, C. burnetii resides within a modified phagolysosome with 

harsh conditions including a low pH and the presence of enzymes such as cathepsins and 

hydrolases. Due to its intracellular nature, this organism has proven difficult to work with and 

study, and much remains to be discovered about its pathogenicity inside of human hosts. 

My graduate studies have focused on understanding the complex immunological response to 

infection with C. burnetii. Previous work has shown potential important roles for T cells and B 

cells during infection, but the precise mechanisms by which these cells interact with C. burnetii 

was not well studied. My focus was to examine and unravel these mechanisms. Better 

understanding of C. burnetii pathogenesis and how the immune system responds to C. burnetii 

infection could lead to safer, more effective treatments against Q fever. 

In chapter 1, I focused on the role of T cells and the antigen presentation MHC I and MHC II 

pathways during primary infection and during vaccine response. Initially, our data demonstrated 

that both MHC I and MHC II antigen presentation are important to the control of infection, as 

mice lacking these pathways had more severe disease at the peak of infection. Interestingly, 

MHC I also demonstrated a critical role for clearance of infection, as MHC I deficient mice were 

unable to clear the bacteria even by day 28 post infection. Wild-type mice typically clear 

infection after day 21, so this indicates that these mice may have a persistent infection. The β2m 

mouse model may provide a helpful resource as a model for long-term chronic infections. 
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Humans who develop chronic Q fever are typically immunocompromised. The current mouse 

model for chronic Q fever is an IL-10 overexpressing model. The β2m model may prove to be a 

more accurate tool for the study of chronic disease, as these animals develop infection due to an 

immune defect.  

In the vaccine response, we have found that MHC II antigen presentation is critical. Our previous 

work with the phase I vaccine (PIV) showed that protection depends on B cell production of IgM 

and IgG antibodies. However, these B cell responses were protective even in the absence of 

CD4+ T cell help, making this vaccine response a unique one. In Chapter 1, I also demonstrated 

that MHC II presentation is critical to a protective response following PIV, as MHC II knockout 

mice were no longer protected. This indicates crucial roles for both B cells and MHC II antigen 

presentation in vaccine protection. This is also novel, because T-independent B cell responses 

should be occurring even when MHC II is knocked out, as these responses depend more on the B 

cell receptor (BCR) and TLRs. This data may indicate that another unknown form of antigen 

presentation is responsible for vaccine protection. 

To further confirm that the MHC I pathway is involved during primary infection, we utilized 

Tap-1 knockout mice. These animals lack a component that is critical for loading peptides from 

the cytosol into the ER, where they are then loaded onto empty MHC I molecules. Our Tap-1 

knockout mice demonstrated more severe disease following NMI infection, indicating that 

classical MHC I antigen presentation pathways are likely responsible for the clearance of NMI. 

Although the mouse model gives us the ability to monitor controlled genetic elements against 

disease, mouse and human immune responses are different. We sought to determine whether 

MHC I antigen presentation was important for protection in humans. To investigate this, we 

utilized humanized mice. These mice lack the mouse MHC I alleles and instead express MHC I 
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alleles derived from humans. In particular, we looked at HLA-A2.1 and HLA-B44 expressing 

mice. These MHC I alleles are commonly found in Europe, in countries where Q fever infections 

are common. Following infection, we determined that both HLA-A2.1 and HLA-B44 are 

protective against NMI, similar to wild-type mice. This conclusion demonstrates two points. 1) 

mouse models for MHC I expression and the importance of this pathway during NMI infection 

are helpful for understanding responses in humans; and 2) multiple C. burnetii antigens are likely 

being recognized by MHC I during infection.  

We also wanted to examine whether the humanized mouse model would be accurate for 

monitoring responses with MHC II following PIV. To examine this, we utilized HLA-DR4 mice, 

which express a humanized form of MHC II. We found that these mice are protected against 

NMI infection following vaccination, demonstrating that the mouse model for PIV is useful for 

studying human responses. This data in Chapter 1 proves that animal models are accurate and 

powerful tools for the study of the immune response against C. burnetii. 

It should also be noted that MHC I knockout mice lack CD8+ T cells, which have previously 

shown an important role during aerosol infection in mice. The more severe disease seen in our 

MHC I knockout mice is likely due in part to the lack of CD8+ T cell responses. CD8+ T cells 

can play multiple roles in the infection response. These roles include the production of the pro-

inflammatory cytokine IFNγ and killing of infected cells by CTL. Since it has already been 

determined that IFNγ is important in the primary infection response, we looked at this pathway 

first. In theory, if CD8+ T cells are the main source for IFNγ production during infection, then 

CD8+ T cell deficient β2m and Tap-1 knockout mice should have a lower amount of this 

cytokine in their serum. Our results showed the opposite, that these knockout mice in fact had 
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higher levels of serum IFNγ than their wild-type counterparts. This data indicates that IFNγ 

production is likely not the main role for CD8+ T cells during primary infection. 

To determine the role of CTL in the primary immune response to C. burnetii, we first utilized 

granzyme B deficient mice. These mice lack one subset of granzymes, which are important for 

inducing host cell death during CTL. Although our knockout mice had more severe clinical 

disease as measured by weight curves, their splenomegaly and bacterial burdens were similar to 

those found in wild-type mice. This is likely due to the redundancy of granzymes. In the absence 

of granzyme B, other granzymes can still enter and kill target cells. To disable CTL, we utilized 

perforin knockout mice. Perforin is critical for opening holes on the target cell membrane 

through which granzymes can enter and destroy the cell. Without perforin, granzymes can no 

longer enter target cells to cause death. In these mice, we noted more severe splenomegaly and 

higher bacterial burdens. This data indicates that CD8+ T cell CTL is critical for clearing 

infection by C. burnetii. 

My first chapter indicates an important role for CD8+ T cell CTL and MHC I antigen 

presentation during primary infection with C. burnetii. This data also indicates that MHC II 

antigen presentation is important for protection following vaccination. MHC II also plays a role 

during primary infection, as mice lacking this pathway have higher splenomegaly and bacterial 

burden than their wild-type counterparts. This may also indicate an important role for CD4+ T 

cell responses during primary infection, as was reported previously. 

Despite its intracellular nature, a study by Andoh et al demonstrated that B cells may play an 

important role during primary infection. This study found that B cell deficient µMT mice had 

more severe histopathological changes following infection. My goal in Chapter 2 was to further 

investigate the role of B cells during primary infection.  
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B cells can play a number of roles during an immune response: 1) they can produce antibodies to 

neutralize and help eliminate microbes; 2) they can produce pro-inflammatory and anti-

inflammatory cytokines to regulate immune response; 3) they can present antigen through MHC 

II, and 4) they can directly phagocytose and kill microbes. Because C. burnetii typically targets 

phagocytic cells, I first wanted to determine whether primary B cells can take up C. burnetii 

bacteria. My data shows that peritoneal B1 cells can indeed take up virulent NMI. Following this 

uptake, the bacteria enter the CCV and begin to replicate within these cells. B1 cells alone do not 

appear to have the ability to kill phagocytosed C. burnetii, marking these cells as a potential 

bacterial reservoir during infection. 

Production of pro-inflammatory and anti-inflammatory cytokines is another critical role B cells 

can play during an immune response. In particular, based on Andoh’s findings, we focused on 

the anti-inflammatory cytokine IL-10. B cells have previously demonstrated the ability to secrete 

large amounts of IL-10, which suppresses the immune response. In fact, we did find that B1 

cells, particularly B1a cells, produce IL-10 following exposure to NMI. They also produce the 

pro-inflammatory cytokine TNFα. This supports the hypothesis that B cells are important 

immune regulators during primary infection. 

To confirm the role of B1a cells in primary infection, we utilized B1a deficient BTKxid mice. 

These mice have a total lack of B1a cells, though their other B cell subsets remain intact. 

Interestingly, we found that these mice had more severe disease during primary infection than 

their wild-type counterparts. In particular, they had more body weight loss, higher splenomegaly, 

higher bacterial burdens, and more severe histopathology scores following infection. They also 

had lower serum levels of TNFα and anti-Cb IgM. This data indicates that B1a cells play a role 

during primary infection by producing cytokines and protective antibodies. 
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Although Chapter 2 showed us that B1a B cells play an important role during primary infection, 

we wanted to further examine the cellular and molecular interactions between B cells and C. 

burnetii. To do this, we utilized avirulent NMII. NMII does not cause disease in humans and can 

be handled under BSL2 conditions, allowing more studies to be performed on it. It is a helpful 

model organism for understanding the biology of C. burnetii infection.  

We first started by looking at whether B cells can phagocytose NMII in the same manner as 

NMI. We found that B cells take up NMII bacteria into LAMP-1 positive CCVs and that the 

bacteria replicate within these cells, as was seen with NMI. When we examined these cells using 

flow cytometry, we found that NMII infected both B1a and B1b subset B cells. The subsets are 

infected at similar rates, and the bacteria can replicate within these cells. When we examined 

absolute cell numbers between uninfected and NMII infected B cell wells, we noticed that one 

subset of B cells, B1a cells, was significantly reduced in the NMII containing wells. This 

reduction was not visible in the uninfected B cell wells. We saw this decrease first at day three, 

and it became more pronounced by day 5 and day 7. This observation led us to the hypothesis 

that NMII infection may be inducing death in B1a subset B cells. 

To determine whether NMII induces B cell death, we first used the TUNEL reaction. This 

reaction allows dNTPs to attach to fragmented ends of DNA, a hallmark of apoptosis. TUNEL 

staining was positive at both day one and day three post infection in purified B cells. Death rates 

were 20-30% by three days post infection. When culturing out purified B cells, we noted that one 

population adhered strongly to the culture plate while another remained floating in the 

supernatant. Using MTS assay, we found that only the adhered cells underwent cell death 

following NMII infection, and this death was dose dependent. Adhered cells were scraped and 

stained before analysis using flow cytometry. Flow cytometry analysis showed that these cells 
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were CD19+, CD11b+, and CD5+, marking them as B1a B cells. This is consistent with our 

previous observation that B1a cells were being reduced in infected B cell samples. We also 

discovered that virulent NMI does not induce this cell death in B1a B cells. This difference 

between the two strains indicates that they signal differently following B1a B cell uptake. 

After our finding that NMII induces B1a B cell death, we wanted to characterize this form of cell 

death. Our initial Western blots indicated that caspase-3 and PARP-1 were not cleaved following 

infection, ruling out traditional apoptosis. We did, however, notice caspase-1 cleavage in our 

infected B1a cells. To test whether this form of cell death is indeed dependent on caspase-1 we 

treated our cells with the caspase-1 inhibitor Ac-YVAD-cmk prior to infection with NMII. 

Treatment of B1a cells with the inhibitor blocked cell death. We also found that these cells 

secreted IL-1β at significantly higher levels than uninfected cells. To further prove the form of 

cell death as caspase-1 dependent, we utilized caspase-1 knockout mice. B1a cells were purified 

from these animals and infected with NMII. As observed in both TUNEL staining and MTS 

assay, cell death did not occur in caspase-1 deficient B1a cells. This data together indicates that, 

following NMII infection, B1a cells undergo pyroptosis, the caspase-1 dependent form of cell 

death. We also noted that caspase-1 deficient B1a cells had higher infection levels, indicating 

that these cells are more permissive to NMII infection. This also suggests that caspase-1 

dependent cell death may play an important role in bacterial clearance from B1a cells.  

In chapter 2, we noted that purified B1a cells infected with virulent NMI secreted the pro-

inflammatory cytokine TNFα. Previous studies have shown that TNFα can induce cell death in a 

variety of cell types by binding the TNFα receptor. To examine whether this was contributing to 

our cell death phenotype we first measured whether NMII infected B1a cells secreted TNFα. Our 

data shows that TNFα is secreted following NMII infection. To determine whether this induced 
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cell death, we blocked TNFα in our cultures with anti-TNFα antibodies. Antibody blocking had 

no significant impact on cell death rates, determining that our B1a cell death is not caused by 

TNFα. 

To examine upstream signaling leading to NMII induced B1a cell pyroptosis, we first utilized 

mice deficient in TLR-2. Previous studies have shown that NMII signals through TLR-2. Studies 

have also shown that TLR-2 activation can induce pyroptosis. In our TLR-2 knockout mice, we 

no longer observed cell death in NMII infected B1a cells. Interestingly, these cells also showed 

increased infection levels, similar to those observed in caspase-1 deficient mice.  This data 

suggests that TLR-2 signaling activates signals resulting in pyroptosis, and again shows that 

pyroptosis may be important for clearance. 

Inflammasomes are complexes in cells that are responsible for the cleavage of caspase-1 into its 

active form. Several types of inflammasome have been described in the mouse model. We 

decided to look at the NLRP3 inflammasome, as it responds to a variety of stimuli. We did this 

by using NLRP3 knockout mice. B1a cells were purified from these animals and infected with 

NMII prior to TUNEL and MTS assays. Our data showed that NLRP3 knockout B1a cells 

infected with NMII did not undergo cell death, indicating that this form of cell death signals 

through the NLRP3 inflammasome. 

Overall, the studies represented here shed further light on the complex immune response 

following primary infection with NMI and NMII. Chapter 1 showed novel evidence that MHC I 

antigen presentation and CD8+ T cell CTL are critical to the clearance of NMI. This chapter also 

showed that MHC II antigen presentation is critical for protection following vaccination. In 

chapter 2, we looked at the humoral response to NMI infection. We found that B cells, 

particularly B1a cells, help to regulate the immune response during infection by cytokine 
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production and antibody production. Finally, in chapter 3, we looked at the cellular interaction 

between B1a B cells and both NMI and NMII. We found that NMII infection induces a caspase-

1 dependent pyroptosis in murine B1a B cells. These studies give more detail to the field about 

the humoral and cell mediated immune responses to primary infection with NMI. These details 

build the foundations for future work to develop safer and more effective treatments for patients 

with both acute and chronic forms of Q fever. 

 

Abbreviations 

LPS: Lipopolysaccharide 

NMI: Nine Mile phase I 

NMII: Nine Mile phase II 

CCV: Coxiella containing vacuole 

TLR-2: Toll-like receptor 2 

TLR-4: Toll-like receptor 4 

PAMP: Pathogen associated molecular pattern 

DAMP: Damage associated molecular pattern 

PIV: Phase I vaccine 

TNFα: Tumor necrosis factor alpha 

IFNγ: Interferon gamma 
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CTL: Cytotoxic T cell lysis 
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