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FIRST CONTACT: POTENTIAL CONSEQUENCES OF EXPOSURE OF 

MACROPHAGE-LIKE CELLS TO DIVERGENT BACTERIA 

 

Carla Bermudez 

Dr. Roger W. Stich, Thesis Supervisor 

ABSTRACT 

The innate immune system must react to a wide variety of foreign stimuli, only a 

relatively small proportion of which may be classified as harmful. The goal of this thesis 

was to investigate interactions between macrophages and divergent bacteria with a broad 

range of adaptation to these mammalian cells that serve a central role at the interface of 

the innate and adaptive immune responses. The first study aimed to model innate 

macrophage responses to inactivated Bacillus spores, a proposed vaccine platform. This 

was done through in vitro cell culture of the stable macrophage-like cell line, J774, 

exposed to UV-irradiated Bacillus thuringiensis spores and molecules with known 

pathogen associated molecular patterns (PAMPs). Results indicated that B. thuringiensis 

spores activated J774 cells. J774 cells secreted cytokines TNF-α, IL-6 and IL-10 in 

response to these spores. IL-1β, a pro-inflammatory cytokine, was only detected in J774 

culture supernatant after exposure to viable Bacillus spores, or in the presence of UV-

irradiated spores and an adjunct PAMP-containing molecule. The second study in this 

thesis concerned the interaction of monocytotropic Ehrlichia spp. with different 

mammalian host cell lines. Ehrlichia canis and E. chaffeensis, which are considered 

pathogenic and nonpathogenic to dogs, respectively, were chosen to begin work to test 

the posited role of this host-pathogen interface in the development of severe acute 

ehrlichiosis. The pathogenic pairing used was E. canis infecting the canine macrophage-

like cell line, DH82. The non-pathogenic pairings were E. canis grown in the murine cell 

line, J774, and E. chaffeensis in the canine DH82 cell line. In both cases of comparison, 

the Ehrlichia grew more robustly when part of a pathogenic pairing. 
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CHAPTER 1  

 

INTRODUCTION 

 

1.1.  The Innate Immune System 

The immune system is a complex, multilayered network of tissues, cells and 

signaling pathways. Beyond the physical and chemical barriers of skin and mucosa, the 

cells of the immune system are themselves organized in ranks of defense. The broadest 

categories break the system into two main components: the innate immune system, which 

recognizes general patterns common to pathogens as well as other sources of trauma, and 

the adaptive, or anamnestic, immune response, which responds to specific epitopes (also 

known as antigenic determinants).  

The adaptive immune response relies on B and T lymphocytes. These cell types 

take their names from the organs where they develop, B lymphocytes from the bursa 

equivalent, or bone marrow, and T lymphocytes from the thymus. B lymphocytes 

produce immunoglobulins (Ig), also known as antibodies, that bind to epitopes specific to 

pathogen molecules. There are several Ig types, and the Ig type secreted by a B 

lymphocyte-derived plasma cell depends on its activation state and the signals it receives 

during an event known as class switching. The most common known T lymphocyte types 

are recognized through the expression of cluster determinants (CD), CD4 and CD8, 

which are co-receptors to the T-cell (lymphocyte) receptor. The CD4+ helper T 

lymphocytes activate other immune cells, including macrophages, and help determine the 

type of adaptive immune response produced through a dynamic system of intercellular 
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signals that primarily rely on small protein hormones known as cytokines. Conversely, 

CD8+ cytotoxic T lymphocytes often act as immune effectors that seek out and destroy 

host cells, such as those infected with parasites that include viruses, certain bacteria and 

intracellular protozoa. B and T lymphocytes give the immune system the ability to 

respond with great efficiency to specific pathogens and, by means of long-lived memory 

cells, to recall these encounters for rapid response to the same pathogen upon subsequent 

exposure. 

The innate immune system forms the first wave of defense against invading 

pathogens. Granulocytes and macrophages rally chemical defenses to ensnare and destroy 

invaders and natural killer cells directly attack infected host cells, which can mitigate or 

perhaps eliminate the infection while the adaptive immune system is still accelerating in 

response to exposure to the infection. As professional antigen-presenting cells, dendritic 

cells and macrophages ferry pieces of pathogen (antigens) to lymphoid tissues, where the 

B and T lymphocytes of the adaptive immune system are then alerted to the presence of 

non-self epitopes, thus setting up further defenses should infection persist. 

Macrophages are versatile and important cells at the interface of the innate and 

adaptive immune systems. First described in the late 19
th

 century as phagocytic cells 

responsible for pathogen elimination, tissue development and wound repair (Stefater et 

al., 2011), their role has since been expanded to include regulation of innate and adaptive 

immune responses, presentation of antigen to helper T lymphocytes and mediation of 

metabolism, hematopoesis, apoptosis, malignancy and even reproduction (Tugal et al., 

2013). Macrophages express most of the ten Toll-like receptors (TLRs), which react to a 

wide range of structural and chemical motifs associated with pathogens (Kasraie and 

Werfel, 2013).  

Macrophages are found in different tissues throughout the body. With a few 

exceptions, monocytes and macrophages do not appear to proliferate under normal 

conditions. Monocyte progenitors proliferate in the bone marrow before they enter the 
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peripheral blood as monocytes, and then are distributed to various tissues via the blood. 

Macrophages are derived from monocytes that cross the vascular endothelium to enter 

various tissues, and there are recognizable macrophage subsets based on their locations in 

the body (Hu and Pasare, 2013; Kasraie and Werfel, 2013), which allows for tissue- and 

location-specific responses. As part of these responses, macrophages may fulfill the role 

of antigen-presenting cells (Hume, 2008). Cytokines produced by macrophages can affect 

T lymphocytes, and in turn B lymphocytes, to some degree (Dayer, 2002; Kasraie and 

Werfel, 2013). Thus, in addition to a role as an antigen-presenting cell, macrophages can 

actively direct T lymphocyte development to different subtypes. 

With a wide range of variation in macrophages in general, the study of these cells 

and their functions is carried out with many different tools. Primary cell cultures used for 

such studies are usually isolated from lymphoid tissues such as the thymus or spleen or 

differentiated from monocytes in peripheral blood or the hematopoietic stem cells found 

in the bone marrow (Andreesen et al., 1990; Jacome-Galarza et al., 2013).  

 

1.1.1. Continuous cell lines 

Primary cultures of bone marrow- and monocyte-derived macrophages can be 

challenging to maintain. However, continuous macrophage-like cell lines, such the 

murine J774 cells (Ralph et al., 1975), canine DH82 (Wellman et al., 1988) and human 

THP-1 (Tsuchiya et al., 1980) are relatively convenient tools that are often used for in 

vitro cultures of obligate intracellular monocytotropic parasites and for characterization 

of innate facets of macrophage biology. Continuous cell lines have been developed from 

many types of animals (Lee et al., 2010; Ralph et al., 1975; Rebello et al., 2013). J774 

cells, originally derived from a murine reticulum cell sarcoma in 1975, have been tested 

and closely resemble macrophages in numerous respects; like macrophages, they are 

adherent to plastic, phagocytic, have a similar staining pattern to macrophages and 
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possess Fc gamma receptors that bind to the IgG antibody heavy chain (Ralph et al., 

1975). However, J774 cells differ from primary macrophages by lower levels of antibody 

dependent cytotoxicity and lower response to lymphocyte-derived chemotactic factor, 

although the chemotactic response to activated mouse serum was comparable to that of 

an non-stimulated peritoneal macrophages (Snyderman et al., 1977). 

 

1.1.2. Cytokines of the innate immune system 

As a decentralized network of multiple cell types, the immune system has many 

ways of communicating throughout the body. Cell-to-cell contact between antigen-

presenting cells and helper T lymphocytes helps to activate T lymphocytes and 

differentiate them into a plethora of subtypes (Alatery et al., 2010; De Becker et al., 

1998; Rimaniol et al., 2004; Rothoeft et al., 2003). Chemokines, cytokines that attract are 

chemotactic immune cells, are released at injury sites to direct various cell types to their 

destinations (Bajoghli, 2013; Ratajczak and Kim, 2012; Zimmermann and Tacke, 2011). 

Cytokines can also provide paracrine and autocrine signals for specific systemic 

responses, as well as contributing to the programming of T lymphocyte subtypes (Elo et 

al., 2010; Lan et al., 2008; Xiao et al., 2009). Some of these cytokine signals are 

significant to innate immune responses and to the interface between innate and adaptive 

immune cells (Table 1.1).  

Two of the pro-inflammatory cytokines, tumor necrosis factor-α (TNF-α) and 

interleukin-1β (IL-1β), work on a systemic level to produce the classic signs of 

inflammation: cachexia, heat, redness, swelling pain and, ultimately, loss of function 

(Rather, 1971; Sethi et al., 2008). They raise the homeostatic temperature, dilate blood 

vessels, and put the rest of the immune system on alert (Ferrero-Miliani et al., 2007). IL-

6, another pro-inflammatory cytokine, is involved with B lymphocyte class switching and 

antibody production (Dienz et al., 2009; Kaneda et al., 2012). IL-10, an anti-
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inflammatory cytokine, works to reduce excessive damage from the immune response, 

mainly by polarizing innate and adaptive immune cells toward quiescent or non-

inflammatory phenotypes (Elenkov et al., 2000; Guo et al., 2013; Redford et al., 2011). 

Of particular interest is the proinflammatory cytokine, IL-1β. Unlike most other 

cytokines, IL-1β is produced via a two-signal system (Figure 1.1). PAMP receptors, 

usually one of the TLR group, signal through MyD88-dependant signal transduction 

pathways that result in IL-1β gene expression followed by translation of IL-1β mRNA 

into the nascent, 34 kDa, inactive form of the cytokine, known as proIL-1β (Kuida et al., 

1995). Conversion of the pro-protein to an active cytokine is carried out by an enzyme, 

caspase-1, also known as IL-1 converting enzyme (ICE) (Lamkanfi et al., 2007). A 

second signal, a  danger  signal, is needed to elicit the aggregation of a protein complex, 

known as the inflammasome, to activate the caspase-1 that in turn catalytically cleaves 

proIL-1β into biologically active IL-1 β (Lamkanfi et al., 2007; Latz et al., 2013). This 

danger associated molecular pattern (DAMP) is not necessarily microbial in origin. For 

instance, extracellular adenosine triphosphate (ATP) can also act as a danger signal, thus 

contributing to inflammatory properties of aluminum salt (Alum), uric acid and silica 

crystals (Riteau et al., 2012). IL-1β is not secreted from the cell until proIL-1β is 

catalytically cleaved into the active form by caspase-1.  

 

1.1.3.  Vaccines and the innate immune System 

The innate immune system is the gateway through which vaccines function, and 

rational vaccine design requires a thorough understanding of both innate and adaptive 

immune responses responsible for host protection from the infectious disease of interest. 

While T and B lymphocyte responses are, justifiably, important facets of rational vaccine 

design, the contribution of innate immune cells to the success of a vaccine cannot be 

ignored.  
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A subunit vaccine, one that is composed of defined components rather than entire 

killed or attenuated pathogens, can be divided into three main parts: the antigen, the 

adjuvant and the platform. First, an antigen is a pathogen molecule that is recognized by 

the anamnestic adaptive immune response. An antigen will typically contain multiple 

epitopes, the molecular structures that are actually bound by immune effectors such as 

antibodies or T-cell receptors. Second, an adjuvant is one or more additional ingredients 

that are included to elicit a protective immune response. Although defined antigens in a 

subunit vaccine are targeted by protective anamnestic responses, the adaptive immune 

response is often potentiated by gradual, long-term exposure to antigens, in a manner 

analogous to an infection, and because these defined, ‘protective’ antigens may not be 

highly immunogenic by themselves (i.e. in a highly purified state). Third, the platform for 

a vaccine is the method of delivery for the antigen and, usually, the adjuvant. All three of 

these components interact in various ways with the immune system to invoke recognition 

of the antigen by adaptive immune responses. It is the adjuvant in particular which relies 

most heavily on the innate immune system for its mode of action (Awate et al., 2013). 

Certain inflammatory responses are required for activation of immune cells and their 

recruitment to the vaccination site. Without this activation and recruitment, suboptimal 

amounts of antigen may be transported to lymphoid tissues for presentation to the 

adaptive immune system. 

 

1.2.  Bacillus Spores 

Bacillus species are aerobic, Gram-positive spore-forming rods that form a single 

endospore per cell (Maughan and Van der Auwera, 2011). Bacillus anthracis, the 

etiologic agent of anthrax, has been extensively studied due to its relevance to animal 

agriculture, medicine and bioterrorism (Egan et al., 2010; Hicks et al., 2012; Moayeri et 

al., 2012; Siamudaala et al., 2006). Bacillus thuringiensis, which is closely related to B. 
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anthracis, is used as a biological control agent for several different insect species (Aly, 

1985; Khawaled et al., 1992; Nishiura, 1988; Rosas-Garcia, 2009; Sanahuja et al., 2011; 

Smith and Barry, 1998). Bacillus cereus is another closely related species and an agent of 

food poisoning (Vilas-Boas et al., 2007) 

Spores produced by different Bacillus spp. have been investigated as potential 

platforms for defined vaccines (Aloni-Grinstein et al., 2005; Cutting et al., 2009; Huang 

et al., 2010; Oggioni et al., 2003; Zhou et al., 2008). This vaccine platform takes 

advantage of the natural ability of Bacillus spores to invoke strong innate immune 

responses (Basu et al., 2007). Thus, with this vaccine platform, spores would also as 

adjuvants. Oddly enough, this response to Bacillus spores occurs even though none of the 

TLRs, important pattern recognition receptors (PRRs) of the immune system, have been 

shown to recognize these spores (Cutting et al., 2009).  

The strength of the mucosal response to spore exposure also suggests potential for 

a needleless vaccine, one that may require little to no medical training to administer. 

Combined with the heat stability of Bacillus spores, this vaccine platform would be 

adaptable to mass production and global distribution of a vaccine, especially to resource-

constrained countries where medical and storage facilities could be less than ideal.  

Most of the work to develop a Bacillus spore-based vaccine platform has focused 

on altering live spores by expression of recombinant surface proteins (Amuguni and 

Tzipori, 2012; Knecht et al., 2011; Oggioni et al., 2003). However, this approach has 

several drawbacks. First, recombination limits the size of the antigen expressed, thus 

limiting the number of epitopes that can be presented to the immune system. Second, 

these antigens must be synthesized by the bacteria and then expressed, which limits the 

potential repertoire to proteinaceous antigens. Third, expression of antigens in a foreign 

bacterial environment can result in the loss of native conformation and post-translational 

modifications, particularly glycosylation, which in turn can be necessary for recognition 

of an epitope by neutralizing antibodies (Wright et al., 1989).  
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One approach to circumvent the drawbacks of recombinant expression and 

localization to the spore surface is to directly link vaccine candidate molecules to the 

surface of Bacillus spores. Because this method does not require recombinant antigen 

expression by the spore-forming bacteria, there are fewer limits to the size and type of 

vaccine candidate molecules to be used. A simple method used for this approach is to use 

molecules with high avidity, such as biotin and streptavidin, to attach antigen to the spore 

surface. UV irradiation can also be used to prevent the spores from germinating and thus 

shedding their antigen coating. 

 

1.3.  Ehrlichia 

Members of the alpha-proteobacterial order Rickettsiales are obligate intracellular 

prokaryotic parasites that utilize invertebrate hosts at some point in their life cycle. The 

order contains two families: Rickettsiaceae, which proliferate freely within the cytoplasm 

of host cells, and the Anaplasmataceae that are found in parasitophorous vacuoles of their 

host cells (Dumler et al., 2001). The family Anaplasmataceae contains at least four 

genera: Ehrlichia, Anaplasma, Wolbachia and Neorickettsia. Members of Ehrlichia and 

Anaplasma spp. utilize ticks (class Arachnida, subclass Acarina, order Ixodida) as 

invertebrate hosts and as biological vectors among vertebrate hosts. Most members of 

these genera are known to infect ticks of the family Ixodidae. Neorickettsia spp. infect 

digeneic trematodes (phylum Platyhelminthes, class Trematoda, order Digenea), while 

Wolbachia spp. are infect a divergent range of arthropods and nematodes. Although they 

parasitize a broad range of invertebrate species, and although vertebrate immune 

responses to Wolbachia antigens are thought by some to be associated with inflammatory 

disease, Wolbachia spp. have not to our knowledge been reported to infect a vertebrate 

host (Zug and Hammerstein, 2012). 
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Transmitted through various tick vectors, Ehrlichia and Anaplasma spp. can cause 

medically and economically important diseases among people and companion animals 

(Amusategui et al., 2006; Ismail et al., 2010; Pritt et al., 2011; Rikihisa et al., 1990). 

Among these are E. chaffeensis, the etiologic agent of human monocytic ehrlichiosis 

(HME), and E. canis, the etiologic agent of canine monocytic ehrlichiosis (CME).  

In dogs, E. canis establishes a persistent infection with distinct acute, subclinical 

and chronic phases of the disease (de Castro et al., 2004; Mylonakis et al., 2011). The 

chronic phase of CME is characterized by recurring fever and flu-like symptoms 

(Skotarczak, 2003). Common effects of acute clinical ehrlichiosis also include 

hematological changes such as leukopenia, thrombocytopenia and increased liver enzyme 

activities (Rikihisa, 1999). However, the severity of disease can vary widely in 

ehrlichiosis from asymptomatic infection to life-threatening outcomes such as multiple 

organ failure (Yachoui, 2013) and toxic-shock-like syndrome (Pandey et al., 2013). The 

titer of ehrlichial organisms in patient blood is generally extremely low, such that a 

clinical case may be reported as confirmed to the Centers for Disease Control without any 

visual confirmation of bacterial growth in patient cells or even a positive PCR-based 

diagnostic test (CSTE, 2007). One of the most intriguing questions regarding ehrlichiosis 

is how such low infection levels, presumably limited to peripheral blood, can result in 

severe disease. Immunopathogenesis has been suggested, but, to the best of our 

knowledge, thorough in-depth tests of this hypothesis are lacking. 

Comparable host cell innate immune reactions were observed with different in 

vitro ehrlichial infection models. In response to infection by Neorickettsia (formerly 

Ehrlichia) risticii, mouse peritoneal macrophages produce very little of the 

proinflammatory cytokine, TNF-α, certainly less than was induced by the positive 

control, lipopolysaccharide (LPS). There was, however, significant production of another 

proinflammatory cytokine, IL-1α (van Heeckeren et al., 1993). In another model, the 

human macrophage-like cell line, THP-1, produced proinflammatory IL-1β and anti-
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inflammatory IL-10 when infected with E. chaffeensis, but infected host cell lines did not 

have higher transcript levels of TNF-α or IL-6 (Lee and Rikihisa, 1996).  

Reported results with canine peripheral blood mononuclear cells (PBMCs) are 

contradictory. While dogs infected with the Oklahoma strain of E. canis had higher levels 

of TNF-α mRNA but not IL-1β mRNA (Tajima and Rikihisa, 2005), dogs suffering from 

acute severe ehrlichiosis caused by infection with the New Mexico strain of E. canis had 

higher transcript levels for IL-1β and IL-8 but not for TNF-α or IL-6 (Unver et al., 2006). 

The contradictions may be the result of different time points between the two studies, 

because cytokine expression is dynamic.  

Although the above examples describe three different host species and three 

distinct pathogen species, all of which are arguably monocytotropic etiologic agents of 

ehrlichiosis, the trend displayed suggests that a certain set of cytokine responses, 

particularly the suppression of TNF-α and/or the induction of IL-1 (α/β), might be of 

importance to the course of these infections and the disease. Anti-E. chaffeensis immune 

serum is able to induce both TNF-α and IL-6 in THP-1 cells exposed to E. chaffeensis 

(Lee and Rikihisa, 1997). TNF-α suppression takes on a further role in ehrlichiosis as 

TNF-α and TNF-α receptor knockout mice have a higher mortality than TNF-α sufficient 

animals (Bitsaktsis et al., 2004). 

The canine macrophage-like cell line, DH82, is commonly used to isolate and 

culture monocytotropic Ehrlichia species. While the general immune properties of the 

cell line itself have been characterized (Barnes et al., 2000), to the best of my knowledge, 

no experiment has been conducted to evaluate cytokine production in DH82 cells infected 

with Ehrlichia. A canine model is not always adaptable to studies of host immune 

response because of the paucity and expense of immunological tools. In the absence of 

tools to study the immune reactions of the natural host, other model organisms, such as 

mice and human cell lines, have been utilized to model ehrlichial infections in 

mammalian cells. Although tools of study for the canine immune system are still rare, 
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there has been effort made to develop antibodies against canine TNF-α and IL-1β 

(Baggio et al., 2005), and cross reactivity with antibodies developed for other species is 

always a possibility. With these and other resources, it might now be possible to quantify 

secreted cytokines in addition to intracellular cytokine transcripts (mRNA). 

The ability to study immune reactions in dogs is a great benefit to the study of 

ehrlichiosis. Dogs are susceptible to infection by numerous Ehrlichia and Anaplasma 

spp. (Chapes and Ganta, 2008). Yet how would a canine model of ehrlichiosis compare to 

a more convenient mouse model? It has been reported that the host cell in which 

E. chaffeensis is cultured has an effect on the outcome of an experimental infection 

(Ganta et al., 2007). It is therefore reasonable to posit that the species of host infected 

might have a similar influence on immune responses. Although multiple model systems 

are in place, direct comparisons of different host cell lines infected with the same or 

different Ehrlichia spp. have not been reported. For example, while E. chaffeensis has 

been studied in both mouse and human cells, hosts that are respectively refractory and 

susceptible to ehrlichiosis chaffeensis, a direct comparison of the innate responses of 

these hosts to this infection has not been reported (Lee and Rikihisa, 1996; Lin and 

Rikihisa, 2004; Miura et al., 2011). It was also reported that E. canis can be grown in the 

mouse macrophage-like cell line, J774 (Keysary et al., 2001). E. canis, like E. 

chaffeensis, is not known to cause disease in normal mice, and yet the response of mouse 

cells to E. canis has not been compared to that of the cells from the susceptible canine 

host. Any differences or similarities in response between a host-Ehrlichia pairing across 

species could suggest innate factors that make a particular host-Ehrlichia pairing 

detrimental to either organism. 
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1.4.  Research Problem and Rationale 

1.4.1.  Modeling the innate macrophage response to Bacillus spores 

Macrophages are at the hub of the mammalian innate immune response and cell-

mediated adaptive immunity. Spores from B. thuringiensis have been reported to invoke 

innate and adaptive immunity in mice, suggesting that killed may function as a possible 

vaccine platform to target specific antigens. Protective antigens and modulatory 

molecules can be selectively linked to Bacillus spores with avadin-biotin complexes. 

However, viable spores can germinate, which in turn leads to shedding of attached 

molecules, potential opportunistic infections of susceptible hosts and development of 

more effective adaptive immune responses against the Bacillus species used, hampering 

efforts to use the same spore platform for vaccine administration on more than a single 

occasion. Killing the Bacillus spores (e.g. by UV-irradiation) is one approach to 

circumvent this potential pitfall. The objective of this study was to determine if UV-

irradiated Bacillus spores remain capable of inducing innate macrophage responses. The 

rationale for this objective was that this potential vaccine platform could also act as an 

adjuvant, possibly in the context of adjunct molecules containing defined PAMPs, could 

be useful for modulating innate responses in the context of antigen presentation and in 

turn modulating the adaptive response that would follow. To achieve this objective, we 

tested the working hypothesis that UV-irradiated and viable Bacillus spores will similarly 

induce production of nitric oxide (measured as nitrite), pro-inflammatory and 

immunoregulatory cytokines, TNF-α, IL-1β, IL-6 and IL-12, and the immunoregulatory 

and anti-inflammatory cytokine, IL-10, in the murine macrophage-like cell line J774. 

 

1.4.2. Pathogenic and nonpathogenic pairings of Ehrlichia and host species 

Monocytic ehrlichiosis is an enigmatic disease with a wide range of nondescript 

clinical outcomes. Although dogs are susceptible to infection with the closely related 
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monocytotropic species, E. canis and E. chaffeensis, only E. canis has been consistently 

shown to cause severe acute experimental ehrlichiosis. Similarly, although E. canis is not 

reported to cause experimental ehrlichiosis in mice, it was reported that E. canis can be 

grown in the mouse macrophage-like cell line, J774 (Keysary et al., 2001). Several host-

pathogen model systems have been investigated to understand the mechanisms 

responsible for ehrlichiosis. Although clinical outcomes and pathology of the disease are 

well established in mice and dogs, the mechanisms responsible for the wide range of 

subclinical to fatal sequelae have remained elusive. Direct comparisons of pathogenic and 

non-pathogenic pairings of host and Ehrlichia species, such as same or different host cell 

lines infected with the same or different Ehrlichia species, is expected to reveal factors 

unique to pathogenic infections. Of the many factors that make up the immune response 

to ehrlichial infection, the effect of host species is a critical knowledge gap. The objective 

of this study was to determine if pathogenic and non-pathogenic Ehrlichia spp. interact 

differently with cells derived from hosts with different susceptibilities to the disease, 

ehrlichiosis. The rationale for this objective is that differences observed in pathogenic 

versus non-pathogenic host-Ehrlichia pairings will help to identify factors critical to 

development of clinically severe versus mild ehrlichiosis, respectively. To achieve this 

objective, we tested the working hypothesis that different monocytotropic Ehrlichia spp. 

undergo similar growth patterns in cells derived from disease-resistant versus disease-

susceptible hosts.  
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 Table 1.1 Cytokines important to the innate immune system 

Cytokine Function(s) References 

IL-10 

Anti-inflammatory, pro-

resolution 

(Guo et al., 2013; Ng et 

al., 2013) 

IL-1β Pro-inflammatory 

(Ben-Sasson et al., 

2013; Mercer et al., 

2010; Nakamura et al., 

2002) 

IL-6 Promotes antibody production 

(Dienz et al., 2009; 

Kaneda et al., 2012) 

TNF-α 

Pro-inflammatory, may cause 

toxic shock 

(Mercer et al., 2010) 
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Figure 1.1. IL-1β production and maturation. 

IL-1β is produced by means of a two-signal system. The Pathogen Associated Molecular 

Pattern receptor signals for the production of inactive pro-IL-1β through myeloid 

differentiation primary response 88 (MyD88) and interleukin-1 receptor-associated 

kinase (IRAK). Other molecular pattern receptors, such as ATP receptor P2X7 

(illustrated here), that result in a drop in cytosolic potassium levels, then precipitate the 

aggregation of an inflammasome protein complex (shown here shown as the NALP3 

protein and linker protein ASC). The inflammasome causes cleavage of pro-caspase-1 to 

its active form. Caspase-1 then cleaves pro-IL-1β, and the mature cytokine is secreted 

from the cell. 
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CHAPTER 2   

 

ACTIVATION OF THE J774 MACROPHAGE-LIKE CELL 

LINE WITH IRRADIATED BACILLUS THURINGIENSIS 

SPORES 

 

2.1.  ABSTRACT 

Bacillus spores are immunogenic and are under consideration as a potential 

vaccine platform and adjuvant. The objective of this study was to test the innate immune 

response of J774 cells to irradiated Bacillus thuringiensis spores. Cells of the murine 

monocytic cell line J774 were exposed to irradiated B. thuringiensis spores alone and in 

the presence of adjunct molecules with the pathogen-associated molecular patterns 

(PAMPs), CpG and Poly I:C. In the presence of irradiated spores alone, J774 cells had an 

activated phenotype, decreased proliferation and increased survival. Increased nitrite 

levels were detected in culture supernatants of J774 cells incubated with irradiated 

spores, indicated that these spores primed the cells for nitric oxide production. Spores 

also elicited IL-6, TNF-α and IL-10 secretion in dose- and time-dependent manners. IL-6 

secretion was not potentiated from J774 cells incubated with spores and adjunct PAMPs. 

Conversely, Poly I:C potentiated TNF-α secretion, and CpG potentiated IL-10 secretion. 

Addition of either PAMP to irradiated spores resulted in release of IL-1β, but this 

cytokine was not detected in response to either PAMP or the irradiated spores alone. 

However, IL-1β secretion was detected in culture supernatants of J774 cells incubated 
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with either viable, non-irradiated spores or irradiate spores in the presence of exogenous 

ATP. The J774 cell activation and proinflammatory secretion induced by irradiated 

Bacillus spores, together with differential IL-1β release and potentiation of cytokine 

secretion by spores and different adjunct molecules, collectively suggests that these 

spores can be used as both a platform and an adjuvant to modulate the desired adaptive 

response to vaccine candidate antigens. 

 

2.2.  INTRODUCTION 

A subunit vaccine is typically comprised of three functional components: the 

antigens targeted by protective immune effectors, the adjuvant that facilitates the 

protective anamnestic immune response and the platform for delivery of the antigen and 

the adjuvant. Rational vaccine design requires a thorough understanding of both innate 

and adaptive immune responses responsible for host protection from an infectious 

disease, and the innate immune system is the gateway through which vaccines function. 

Vaccine platforms and adjuvants that invoke innate responses to facilitate immune cell 

activation and vaccine antigen presentation in the right context to direct a protective 

adaptive immune response has posed an important challenge. Thus, spores produced by 

different Bacillus spp. have been investigated as potential vaccine platforms, in order to 

capitalize on the innate immune responses that these spores typically invoke (Aloni-

Grinstein et al., 2005; Basu et al., 2007; Cutting et al., 2009; Huang et al., 2010; Oggioni 

et al., 2003; Zhou et al., 2008).  

The Antigen Display On Bacillus Endospores (ADOBE) system is a versatile 

vaccine platform in which antigens are linked to irradiated (i.e., killed) Bacillus spores by 

means of biotin and streptavidin. This vaccine platform takes advantage of the natural 

ability of killed Bacillus spores to invoke strong innate immune responses. Thus, these 

spores act as immunostimulatory adjuvants in addition to their function as a platform for 
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antigen delivery (Yu and Cutting, 2009). However, the exact nature of this stimulation is 

not completely understood. The objective of this study was to measure several facets of 

the innate response of the macrophage-like J774 cell line to the irradiated Bacillus 

thuringiensis spore component of the ADOBE platform. 

Partially optimized B. thuringiensis spore to J774 cell ratios were used to measure 

J774 responses to viable and irradiated spores, including nitric oxide (NO2
-
) and cytokine 

production, cell survival and replication, and cell surface markers. Increased levels of 

NO2
-
, IL-6, TNF-α and IL-10 were detected in culture supernatant. Although normal 

spores also elicited a potent IL-1β response, addition of ATP was required to detect 

secreted IL-1β from irradiated spore stimulated cells. The molecular adjuvants CpG-

ODN and Poly I:C synergized with irradiated spores for detection of secreted IL-1β and 

potentiated secretion of TNF-α and IL-10.  

 

2.3.  MATERIALS AND METHODS 

2.3.1. Cytokine secretion by J774 cells exposed to UV-irradiated B. thuringiensis 

spores 

A plasmid-negative strain of B. thuringiensis (strain israelensis) was used in all 

experiments, and was prepared as previously described elsewhere (Pritzl, 2011). The 

bacteria were maintained on brain-heart infusion (BHI) agar plates or as glycerol stocks 

at -80 
o
C. To prepare spores, a single colony of B. thuringiensis was inoculated into 5 ml 

of BHI broth and grown with agitation at 37 
o
C overnight. The stationary phase bacteria 

were diluted in BHI broth and plated on nutrient agar plates at 30 
o
C. Bacteria were 

allowed to undergo sporulation for 4 days, after which free spores were swabbed from the 

surface of the plates and suspended in distilled water. Spores were purified from 

vegetative cell debris by three successive rounds of centrifugation (10,000 xg for 10 

minutes, each) followed by washes in phosphate buffered saline (PBS, pH 7.2). The final 
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spore preparations were examined microscopically for the absence of vegetative cells and 

stored at 4
o
C in ddH2O. Prior to use, spores were diluted in sterile PBS to a concentration 

of 1 x 10
9
 spores per ml and inactivated by exposure to ultraviolet (UV) radiation at 2 x 

10
7
 mJ/cm

2
 in an HL-2000 HybriLinker (UVP LLC, Upland, CA). Following irradiation, 

the spores were again washed in ddH2O and stored at 4 
o
C until use. Inactivation of these 

spore preparations was confirmed by absence of colony formation after plating 100 µl 

aliquots of UV-irradiated spores onto BHI agar plates followed by incubation at 37 
o
C for 

48 hours. Spores were enumerated with a hemocytometer. 

J774A.1 cells (ATCC TIB-67) were grown in complete media (RPMI with 10% 

fetal bovine serum (FBS)) at 37 
o
C and 5% CO2 (in air). For in vitro stimulation 

experiments, J774 cells were seeded onto 24 well plates (2.5 x 10
5 

cells/well), centrifuged 

at 260 xg for 8 minutes and allowed to adhere to the plate for 30 minutes before adding 

spores or Escherichia coli lipopolysaccharide (LPS, 1 µg/ml). Supernatants were 

harvested at the indicated time points and stored at -80 
o
C until analyzed. Cytokine 

concentrations in cell culture supernatants were determined with commercial ELISAs 

according to the manufacturer’s protocols (eBioscience, San Diego, CA).  

 

2.3.2. Proliferation and cell death of J774 cells exposed to UV-irradiated 

B. thuringiensis spores. 

J774 cell proliferation was measured with a carboxyfluorescin succinimidyl ester 

(CFSE) staining intensity assay. Cells were washed twice in warm Hank’s Balanced Salt 

Solution (HBSS), resuspended at 2 x 10
7
 cells/ml in HBSS with CFSE (5 µM) and 

allowed to incubate for 10 minutes in a 37 ºC water bath, vortexing every 2 minutes. 

After incubation, staining was quenched with 5-10 ml of warm FBS, and cells were 

washed three times in complete media. Cells were then plated in triplicate on 6-well 

plates at a density of 1 x 10
6
 cells/well and stimulated for 6, 24 or 48 hours prior to 
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harvest and fixation. Cells cultured with media alone or with LPS served as negative and 

positive controls, respectively. For harvest and fixation, culture supernatants were 

replaced with 1 ml of PBS and 5% FBS, and the wells were scraped to remove the cells. 

Well contents were transferred to 5 ml round bottom tubes and washed twice with 200 µl 

PBS (5% FBS) before fixation and storage in 200 µl of 2% formaldehyde in PBS until 

analysis by flow cytometry. A sample of stained cells at 0 hours was also fixed as a 

control. The cells were gated by forward and side scatter profiles. Each sample was 

assayed three times by flow cytometry. The percentage of cells below the mean 

fluorescence of the 0 hour sample was used to calculate cell proliferation for each well. 

All sample data were acquired on a BD FACScan and analyzed with Summit software (v. 

5.0 Dako). 

J774 cell death was determined by flow cytometry using 7-amino-actinomycin D 

(7-AAD, Sigma Aldrich, St. Louis, MO). Cells were incubated as above with irradiated 

Bacillus spores at 2.5, 5 or 10 spores/cell. Cells cultured with media alone or with LPS 

served as negative and positive controls, respectively. After 48 hours, triplicate wells 

were harvested and cells were resuspended in PBS (5% FBS) with 7-AAD (5 µg/ml) 

before fluorescence was measured with flow cytometry. Cells positive for 7-AAD were 

considered dead. 

 

2.3.3. Cell surface marker detection on J774 cells exposed to UV-irradiated 

B. thuringiensis spores 

J774 cells were plated in 6-well plates at 1 x 10
6
 cells/well and stimulated with 10 

Bacillus spores/J774 cell as described above. Cultures in media alone or stimulated with 

LPS (1 µg/ml) served as negative or positive controls, respectively. Wells were harvested 

after 48 hours incubation at 37 °C and 5% CO2 (in air). Culture supernatants were 

replaced with 1 ml PBS (5% FBS) and the wells were scraped to remove the cells. Well 



21 

 

contents were transferred to 5 ml round bottom tubes and washed twice with 200 µL PBS 

(5% FBS) before staining with rat monoclonal antibody to mouse MCH II (I-A/I-E) 

conjugated to fluorescein isothiocyanate (FITC) (clone M5/114.15.2; eBioscience, San 

Diego, CA) and rat monoclonal antibody to murine CD86, conjugated to phycoerythrin-

cyanin 5 tandem dye (PE-Cy5) (clone GL1; eBioscience). Cells stimulated with LPS and 

left unstained or only stained with a single antibody served as autofluorescence controls. 

 

2.3.4. Nitrite production from J774 cells exposed to UV-irradiated 

B. thuringiensis spores 

Nitrite concentration was measured in the culture supernatants with the Griess 

reagent at a ratio of 2:1 (v:v) (Sigma, St. Louis, MO), and incubated at room temperature 

for 15 minutes before measurement of the OD570. Nitrite levels were calculated with a 

standard curve of OD570 values for known sodium nitrite solutions (0-35 mM) run in 

parallel for each assay. 

 

2.3.5. Cytokine secretion by J774 cells exposed to irradiated Bacillus spores 

combined with adjunct PAMP molecules 

J774 cells were plated on 24 well plates as described above, and stimulated with 5 

spores per cell in the presence or absence of either CpG oligonucleotide 1826 (5 µg/ml; 

5’-TCCATGACGTTCATGACG-3’) or Poly I:C (10 µg/ml, a kind gift from Dr. David 

Lee). Cultures stimulated with media alone or with LPS served as negative or positive 

controls, respectively. 

 

2.3.6. Cytokine secretion by J774 cells exposed to non-irradiated Bacillus spores  

In experiments with live spores, J774 cultures were stimulated for one hour in 

media without antibiotic, followed by addition of gentamicin (20 µg/ml) to prevent 
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bacterial overgrowth. Adenosine triphosphate (ATP; 5 mM), was added 1 hour before 

supernatant harvest. 

 

2.3.7. Statistical Analysis 

Statistical analyses of multiple group means was performed with one-way 

analysis of variance, followed by the Holm-Sidak post hoc analysis where appropriate, 

using SigmaPlot software. P values < 0.05 were considered statistically significant. 

 

2.4.  RESULTS 

2.4.1.  Cytokine secretion by J774 cells exposed to UV-irradiated B. thuringiensis 

spores 

J774 cells were cultured with UV-irradiated B. thuringiensis spores at a ratio of 

2.5:1, 5:1 or 10:1 spores per cell, and supernatants were harvested at 0, 24, 48 and 72 

hours, in order to partially optimize the conditions needed to compare treatment groups. 

TNF-α, IL-1β, IL-6, IL-10 and IL-12 concentrations were measured with ELISAs. 

Neither IL-1β nor IL-12 were detected in the presence or absence of irradiated spores, 

but standard curves were produced for both ELISAs, confirming that these tests were 

functional (data not shown). All other cytokines assayed were readily detected at 

concentrations that increased with both time and spore to cell ratio. The most dynamic 

ranges in the observed values appeared with 5-10 spores per cell incubated for 24-48 

hours (Figure 0.2). 
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2.4.2.  Proliferation and cell death of J774 cells exposed to UV-irradiated 

B. thuringiensis spores 

Cultures treated with spores or LPS appeared to have fewer cells than untreated 

cultures, which could be due to lack of J774 cell proliferation. To test this hypothesis, the 

cells were stained with CFSE, cultured as before, and evaluated with flow cytometry to 

measure decreased fluorescence intensity relative to cells fixed immediately after 

staining. Decreased fluorescence intensity is indicative of cells that have divided since 

they were stained, and the percentage of cells to do so was determined by comparison of 

the histograms of treated groups to the time 0 control. The percentages of J774 cells with 

decreased fluorescence intensities were lower than the media control after 48 hours 

(Figure 2.2), indicating that a reduction in J774 cell proliferation was observed when the 

cells were cultured with irradiated spores. Even earlier, more profound reduction of 

proliferation after exposure to the LPS control suggested that this observation was a 

reflection of cell activation.  

Cell death is another possible explanation for the apparent reduction in cell 

numbers after incubation with spores or LPS, which would in turn imply that Bacillus 

spores could be problematic as a vaccine platform. To test this hypothesis, cells were 

treated with the viable stain, 7-AAD, after a 48-hour incubation period with different 

spore to cell ratios. 7-AAD binds to DNA, and is excluded by intact cell membranes,  so 

cells labeled by the dye (i.e. with fluorescence above that of unstained control) were 

considered apoptotic. Interestingly, fewer apoptotic cells were found in cultures treated 

with spores than in untreated controls (Figure 2.3), indicating that cell death was not 

increases and suggesting that J774 cell survival was increased.  
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2.4.3.  Cell surface marker detection on J774 cells exposed to UV-irradiated 

B. thuringiensis spores 

Macrophage activation is expected to enhance protective immunity to antigens 

displayed on Bacillus spores (Kathania et al., 2013). To test the ability of irradiated 

Bacillus spores to activate macrophages, MHCII and CD86 expression were measured on 

J774 cells cultured for 48 hours with 10 spores/cell. A general increase in fluorescence 

intensity was indicated by histograms of spore-stimulated J774 cells relative to media-

only controls (Figure 0.5), showing that both cell surface markers were increased on both 

the spore-stimulated cells and the LPS-stimulated controls, and indicating an activated 

phenotype of the stimulated J774 cells. 

 

2.4.4. Nitrite production from J774 cells exposed to UV-irradiated 

B. thuringiensis spores. 

Inducible nitric oxide synthase production of nitric oxide (NO) is a sign of 

activated macrophages, which produce NO in response to microbial PAMPs and 

interferon-gamma (IFN-γ). NO production is reflective of NO2
-
 concentrations in 

macrophage culture media (Li et al., 2002). We hypothesized that irradiated Bacillus 

spores activate J774 cells, resulting in NO production that could be detected as NO2
-
 in 

the culture supernatant. J774 macrophages were cultured at ratios of 0, 10, 5, or 2.5 killed 

B. thuringiensis spores per cell for 24 hours in the absence or presence of 10 units/ml of 

murine rIFN-γ, followed by NO2
-
 detection with the Griess reagent. While there was 

some accumulation of nitrite in the culture supernatant when J774 cells were stimulated 

with 10 spores per cell, for the most part, increased levels of NO2
-
 were not observed in 

culture supernatants of J774 cells incubated with either irradiated spores or rIFN-γ alone 

(Figure 2.5). However, significantly higher NO2
- 

levels were measured in culture 

supernatants from J774 cells incubated with both irradiated spores and rIFN-γ. 
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2.4.5.  Cytokine secretion by J774 cells exposed to irradiated Bacillus spores 

combined with adjunct PAMP molecules. 

Several immunostimulatory PAMPs reportedly potentiate protective immunity 

invoked by defined vaccines (Zom et al., 2012). Thus, PAMPs may serve as adjuncts to 

increase the efficacy of Bacillus spore-based vaccines. For instance, antibody titers were 

significantly increased to Yersinia pestis antigen LcrV when oligodeoxynucleotides 

containing the unmethylated CpG motif were added to a spore-based platform to deliver 

this vaccine candidate in mice (Pritzl, 2011). We therefore hypothesized that PAMP-

based adjuvants would potentiate stimulation by irradiated spores. J774 cells were 

cultured for 24 hours in the presence of 5 spores per cell in combination with either a 

CpG-containing oligonucleotide (5’-TCCATGACGTTCATGACG-3’) or the double 

stranded RNA analogue, Poly I:C, before ELISAs were used to measure culture 

supernatant cytokine levels. The only clear evidence of synergy was in detection of IL-

1β, in which irradiated spores and either adjuvant resulted in detectable IL-1β (Figure 

0.7). Poly I:C also appeared to potentiate TNF-α secretion by spore-stimulated J774 cells. 

IL-12 was not detected among any of the groups. 

Caspase-1 converts pro-IL-1β into its active secreted form (Lamkanfi et al., 

2007), suggesting that irradiated spores alone did not provide all the necessary stimuli for 

release of IL-1β into the culture media. Exogenous ATP reportedly elicits IL-1β release 

from macrophages (Hewinson et al., 2008; Mehta et al., 2001), thus, ATP (5 mM) was 

added to J774 cells that had been cultured in the presence or absence of irradiated 

Bacillus spores, 1 hour prior to measurement of IL-1β levels. Addition of ATP resulted in 

detection of higher levels of IL-1β in cultured J774 cells (Figure 2.7).  
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2.4.6. Cytokine production by J774 cells exposed to normal, non-irradiated 

Bacillus spores 

It is possible that the inactivation of Bacillus spores by irradiation affects their 

ability to stimulate immune cells. Thus, J774 cells were stimulated with B. thuringiensis 

spores that had not undergone irradiation. These live spores stimulated the release of 

IL-1β from J774 cultures without the need for an adjunct PAMP-containing molecule 

(Figure 2.8). The cultures stimulated with live spores produced greater amounts of all 

detectable cytokines assayed, and the inclusion of ATP did not affect cytokine levels 

except as previously noted for IL-1β secretion after exposure to irradiated spores. 

 

2.5.  DISCUSSION 

The results of this study collectively indicate that irradiated Bacillus spores can 

activate J774 cells in vitro. This continuous macrophage-like cell line produces IL-6, 

TNF-α, and IL-10 in dose- and time-dependant manners upon stimulation with irradiated 

spores. Exposure of J774 cell cultures to spores promoted cell survival while decreasing 

replication, primed NO2
-
 detection, promoted the development of an activated 

macrophage phenotype and induced cytokine secretion. Although activated, J774 cells 

did not release detectible IL-1β into their culture media in response to irradiated spores 

alone. However, irradiated spores may synergize with PAMP signals to induce secretion 

of active IL-1β. Interestingly, normal, viable spores did not require additional adjuvant 

stimulation to elicit secretion of IL-1β from J774 cells. 

Understanding the innate immune response to irradiated Bacillus spores is 

expected to lead to greater accuracy in predicting the adaptive response to vaccines. 

Although the adaptive immune response of B and T lymphocytes are responsible for the 

protective memory responses that are the goal of vaccine design, the reaction of the 

innate immune response is responsible for  programming  the adaptive response (De 
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Becker et al., 1998). Thus, rational vaccine design requires a thorough understanding of 

both innate and adaptive immune responses. The results of this study were similar to 

those of others that investigated the efficacy of microparticles as vaccine platforms 

(Bachelder et al., 2010). The proinflammatory cytokine responses and the activation of 

the macrophage-like J774 cells collectively indicated that even irradiated Bacillus spores 

may act as adjuvants in a vaccine formulation. 

One of the shortcomings of using an ELISA to detect cytokines such as IL-1β, 

which must undergo a processing step before release into extracellular media, is that the 

production of the cytokine by the cell does not register unless both the processing and 

release steps are signaled. If ELISA were to be combined with another technique, such as 

intracellular cytokine staining, a more precise picture may be gathered concerning the 

state of this cytokine. Conversely, an advantage to this approach was that only the active 

form of this cytokine was detected, thus corroborating the relevance of these data. 

The discrepancy between irradiated and non-irradiated spores with regard to 

IL-1β release is interesting, and this phenomenon warrants further investigation to test 

for a loss of signal due to irradiation versus stimulation attributable to sporulation. 

B. anthracis spore capsules reportedly elicit IL-1β release through activation of caspase-1 

(Cho et al., 2010). However, this is not the only pathway by which IL-1β may be elicited 

and processed (Kang et al., 2008). There are several different configurations of the 

inflammasome protein complex, and more than one of these configurations is capable of 

activating caspase-1 and thus, IL-1β (Lamkanfi et al., 2007). The readouts from this 

study do not differentiate between various pathways. Identification of the exact pathways 

triggered by B. thuringiensis spores may elucidate how only the viable spores can alone 

induce IL-1β release. 

Further studies are warranted to include more components of the innate immune 

system, because macrophages are a single cell type among many of the innate immune 

system. For instance, while macrophages are capable of acting as antigen-presenting cells 
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(APCs), the dendritic cells are considered the professional APCs. Co-culture of 

macrophages and T lymphocytes should also be considered as a further step toward 

confirming that a vaccine candidate will fulfill its desired function. Overall, Bacillus 

spores show promise as candidates for a vaccine platform, but further work will be 

required to realize the ultimate goal of a rationally designed vaccine. 
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Figure 0.2. Dose- and time-dependence of cytokine release by the macrophage-like 

J774 cell line in the presence of Bacillus thuringiensis spores. 

J774 cells were stimulated for (left to right) 0 (black), 24 (red), 48 (blue), and 72 (grey) 

hours with UV irradiated B. thuringiensis spores at spore to cell ratios of 0:1, 2.5:1, 5:1, 

and 10:1. Secreted cytokine levels in triplicate wells were measured by ELISA for (A) 

TNF-α, (B) IL-6, and (C) IL-10. Values shown represent the means + standard deviations 

of triplicate wells. 
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Figure 0.3. J774 cell proliferation in response to Bacillus spore stimulation. 

Proliferation of J774 macrophages was assessed by flow cytometry with CFSE 

staining. Untreated cells (circles) were compared to cells stimulated with 2.5 

(inverted triangle), 5 (square), or 10 (diamond) spores per cell. LPS (1µg/ml, 

triangle) was used as a positive control. Timepoints were taken at 6, 24 and 48 

hours. Error bars represent the standard deviation of triplicate biological 

measurements. 
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Figure 0.4. J774 cell death at 48 hours following spore 

stimulation. 

J774 cells were incubated for 48 hours with a range of spore to 

cell ratios, then assessed by flow cytometry and 7-AAD staining. 

Untreated cultures and cells treated with 1µg/ml LPS were used 

as negative and positive controls, respectively. Data is shown as 

percentage of cells positive for 7-AAD +/- standard deviation of 

triplicate technical measurements. 

 *= 0.043; **= <0.001 Holm Sidak method  
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Figure 0.5. Activation markers expressed by J774 cells exposed to irradiated spores.  

MHC II (panel A) and CD86 (panel B) expressed on the surface of J774 cells were 

assessed by flow cytometry after 48 hours of stimulation with 10 irradiated spores per 

cell (filled histogram). Unstimulated cultures (striped histogram) and LPS (1µg/ml, open 

histogram) were used as negative and positive controls, respectively. 
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Figure 0.6. NO2
-
 production by irradiated spore-stimulated cultures.  

J774 macrophages were cultured at ratios of 0, 10, 5 or 2.5 UV irradiated B. 

thuringiensis spores per cell for 24 hours in the absence (blue bars) or 

presence (red bars) of 10 units/ml of murine rIFN-γ. Inducible nitric oxide 

synthase enzymatic activity was assessed in the culture supernatants by 

measuring nitrite levels using Griess reagent. Bars represent the average 

concentration from triplicate assays. Error bars represent the standard 

deviation. 
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Figure 0.7. Cytokine levels in cell culture following stimulation with molecular 

PAMPs and irradiated spores. 

J774 cells were cultured in media alone (media), media with a CpG containing 

oligonucleotide (media+CpG) or media containing the double stranded RNA analogue, 

Poly I:C (media+poly I:C). Similar cultures were exposed concurrently to killed B. 

thuringiensis spores alone (Bti, spore to cell ratio of 5) or in combination with CpG 

(Bti+CpG) or Poly I:C (Bti+Poly I:C). Secreted TNF-α (upper left), IL-6 (upper right), 

IL-10 (lower left), and IL-1β (lower right) were measured in culture supernatants at 24 

hours post-stimulation. Bars represent the mean concentration of triplicate wells with 

error bars showing standard deviation. 
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Figure 0.8. IL-1β release in response to exogenous ATP. 

J774 macrophages were cultured in media alone, with LPS (1µg/ml), or with irradiated B. 

thuringiensis spores (10 per cell) for 24 hours. One hour prior to supernatant collection, 

exogenous ATP (5 mM) was added to half of the samples. IL-1β concentrations in the 

supernatant were then determined by ELISA. Columns are the average concentrations from 

triplicate wells with standard deviation. 
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Figure 0.9. Cytokine secretion by J774 cells in response to irradiated and non-

irradiated Bacillus spores. 

J774 cells were cultured in media alone (media), or with LPS (1 µg/ml, LPS), UV-

irradiated spores (Irradiated Spores), or non-irradiated spores (Normal Spores) at a 

ratio of 10 spores per cell. Gentamicin (20 µg/ml) was added 1 hour post stimulation 

to prevent the growth of vegetative bacteria. 1 hour prior to harvest, ATP was added 

to half the cultures. Supernatants were harvested at 24 hours. Secreted TNF-α, IL-6, 

IL-10, and IL-1β were determined by ELISA. Columns represent the mean 

concentration of triplicate wells. Error bars indicate standard deviation. 
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CHAPTER 3  

 

GROWTH KINETICS OF MONOCYTOTROPIC 

EHRLICHIA IN MURINE AND CANINE CELL LINES 

 

3.1.  ABSTRACT 

Ehrlichiosis is a tick-borne disease of medical and economic importance among 

human and animal populations. Several Ehrlichia spp. that infect animals and are 

etiologic agents of ehrlichiosis, and all known agents of human ehrlichiosis are zoonotic. 

Clinical outcomes of these infections range from subclinical to severe disease with life-

threatening consequences. Two closely related monocytotropic Ehrlichia spp., E. canis 

and E. chaffeensis, are both infective to dogs, but only E. canis causes severe acute 

experimental canine monocytic ehrlichiosis. Similarly, although E. canis has not been 

reported to cause disease in mice, this organism was recently reported to infect a murine 

cell line. The objective of this study was to directly compare in vitro growth kinetics of 

pathogenic and non-pathogenic Ehrlichia-host species pairings, in order to better 

understand the microbe-host cell interactions that could be responsible for host-specific 

pathogenesis. The murine and canine cell lines were infected with E. canis, and the same 

canine cell line was simultaneously infected with canine-pathogenic E. canis or canine-

non-pathogenic E. chaffeensis. In both cases, the pathogenic pairing produced greater 

numbers of Ehrlichia and higher percentages of infected host cells. However, 
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experiments with inoculum controls suggested that mouse cell lines were not inoculated 

with  host-cell free  E. canis. 

 

3.2.  INTRODUCTION 

Ehrlichia spp. are tick-borne rickettsial pathogens of medical and economic 

importance. The clinical severity of the acute phase of ehrlichiosis varies widely from 

subclinical to life threatening. However, the exact mechanisms responsible for these 

divergent outcomes are unknown. Ehrlichia chaffeensis is the etiologic agent of human 

monocytic ehrlichiosis (HME), and E. canis is the primary etiologic agent of canine 

monocytic ehrlichiosis (CME). Although E. chaffeensis and E. canis are i) closely 

related, ii) obligate intracellular parasites of peripheral mononuclear cells and iii) 

infective to dogs, only E. chaffeensis is a confirmed etiologic agent of HME while only 

E. canis has been shown to cause severe experimental CME (i.e., although attempted by 

several groups, severe experimental CME has not been produced with E. chaffeensis).  

Although E. chaffeensis has been studied in both mouse and human cells, the 

reactions of the two species to infection have not been directly compared. It was also 

reported that E. canis can be grown in the mouse macrophage-like cell line, J774 

(Keysary et al., 2001). E. canis, like E. chaffeensis, is not known to naturally infect mice, 

and the response of mouse cells to the pathogen could well be different than that of cells 

of natural canine hosts. Of the many factors that make up the immune response to 

Ehrlichia infection, to the best of our knowledge, the effect of host species has not been 

directly studied. Direct comparison of DH82 cell responses to pathogenic E. canis and 

non-pathogenic E. chaffeensis is expected to elucidate innate host cell responses that 

could be responsible for the onset of the acute phase of clinical CME. 
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The purpose of this study was to compare in vitro growth kinetics of the 

pathogenic pairing of E. canis in the canine DH82 cell line with (1) the nonpathogenic 

pairing of E. chaffeensis in DH82 cells and (2) the posited nonpathogenic pairing of 

E. canis in the murine J774 cell line. In both comparisons, higher copy numbers and 

percentages of infected cells were measured for the E. canis-DH82 cell pairing. 

Furthermore, experiments with an inoculum control elucidate a potential flaw in the 

methodology of preparing  host-cell free  Ehrlichia. 

 

3.3.  MATERIALS AND METHODS 

3.3.1.  Growth kinetics of E. canis in DH82 and J774 cell lines 

A canine macrophage-like cell line, DH82, was maintained with complete media 

(RPMI (Gibco, Grand Island, NY) with 5% FBS (Hyclone, Tauranga, New Zealand)). 

Cells of the murine macrophage-like cell line, J774 (kindly provided by Dr. Zhang), were 

maintained in the same media. Both cell lines were grown at 37ºC with 5% CO2 (in air). 

Ehrlichia canis (Ebony strain) and E. chaffeensis (St. Vincent strain) were grown and 

maintained in DH82 cells using the same conditions described for the uninfected cells, 

except that infected cells were grown at 37ºC with 8% CO2 unless otherwise noted. The 

level of infection was monitored by light microscopy and quantitative PCR of culture 

supernatants. 

Flasks of growing cells were scraped, pooled into suspensions of 1 x 10
6
 cells/ml 

and plated into 12-well plates (500 µl/well). To infect the cells, a T75 flask of infected 

DH82 cells was scraped, the contents centrifuged at 260 xg for 10 minutes in a 50 ml 

conical tube, and 500 µl of infected DH82 supernatant was added to the culture 

supernatant (500 µl) in each well. Cells were incubated at 37 ºC with 5% CO2 for the 

J774 and half of the DH82 samples. The other half of the DH82 samples were incubated 
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with 8% CO2. Duplicate samples were collected once per day for 6 days. For each 

sample, 200 µl of culture supernatant was used for cytospin preparation (1000 rpm, 

4min). Wells were then scraped and the contents collected in a 1.5 ml microcentrifuge 

tube. 200 µl of the scraped cell suspension was used for another cytospin preparation, and 

the remaining cell suspension overlaid with oil and heat-denatured for PCR (105°C, 30 

minutes). Quantitative PCR (qPCR) was used to measure ehrlichial infection levels. 

Cytospin slides were stained with HEMA 3, and cells were then examined under a 60x 

objective lens for the presence of morulae. A minimum of 300 cells was counted per 

slide, and the percentage of cells infected was determined. 

J774 and DH82 cells were seeded onto 12-well plates (5 x 10
5 

cells/well) in 0.5 

ml of complete RPMI. A T75 flask of infected DH82 cells was scraped, centrifuged (260 

xg, 10 minutes), and 0.5 ml of supernatant was added to each well of uninfected host 

cells. Two wells were harvested every 24 hours for each treatment. Briefly, 200 µl of 

culture supernatant was collected from each well for cytospin preparations (Shandon 

Cytospin 3, Thermo Scientific; 1000 rpm, 4 minutes), then the wells were scraped and the 

contents collected, and 100 µl/well was used for a second cytospin preparation. The 

remaining cell suspensions were heat inactivated for PCR assay by overlay with 

approximately 100 µl of mineral oil (Applied Biosystems) prior to heating to 105 °C for 

30 minutes followed by storage at -20 °C. 

 

3.3.2.  Exposure of murine bone marrow-derived macrophages to E. canis 

Bone marrow-derived macrophages (BMMs) were prepared from two Balb/c 

mice (cells harvested and provided by Dr. Alexandra Eliot in Dr. Zhang’s lab). Briefly,  

marrow from the long bones of mouse limbs was flushed with HBSS, and the suspended 

cells were centrifuged at 300 xg for 7 minutes and resuspended in DMEM with 10% FBS 

and 15% L929 conditioned media. Bone marrow cells were incubated at 37 °C with 5% 
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CO2 for 7 days, and the macrophages adhered to the plastic flasks. Flasks were washed, 

scraped and the cells plated separately in 12-well plates at a density of 4-5 x 10
5
 

cells/well. Uninfected J774 and DH82 cells were also plated at the same density as 

controls. Supernatant was collected from a DH82 culture infected with E. canis, 

centrifuged at 260 x g for 10 minutes to remove host cells, and the centrifugation 

supernatant was used to inoculate half of the wells while the remaining wells served as 

uninfected controls. Inoculum (1 ml), both before and after centrifugation, was plated 

into two empty wells to serve as a control. The cultures were incubated for 4 days at 37 

ºC in 5% CO2, and then 200 µl aliquots of culture supernatants were used for cytospin 

while the remainder was heat-denatured for PCR analysis. Wells were then washed with 

1 ml of fresh media to remove remaining culture supernatant, and 1 ml of media was 

added to each well before it was scraped and its contents collected for another cytospin 

(100 µl/well for J774 and DH82, 300 µl/well for innoculum controls or 200 µl/well for 

BMMs). The remaining sample was heat-denatured for PCR analysis. A repeat of this 

experiment had enough cells for a second timepoint at day 6. For this timepoint, media 

was changed in the wells on day 3. This repeat also used the two-spin protocol that is 

described below for the inoculum. 

 

3.3.3. Comparison of differential centrifugation methods for preparation of a host 

cell-free E. canis inoculum 

Two confluent T75 flasks each of uninfected DH82 and J774 cells were scraped 

and cells of the same line were pooled. The following conditions were tested: (1) 

centrifugation once at 260 xg for 10 minutes, (2) recentrifugation of decanted supernatant 

from condition 1 at 260 xg for 10 minutes, (3) centrifugation at 500 xg for 5 minutes (Lee 

and Rikihisa, 1997), (4) centrifugation at 500 xg for 10 minutes (Ganta et al., 2007), and 

(5) centrifugation at 600 xg for 20 minutes (Luce-Fedrow et al., 2008). 1 ml of 
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supernatant was plated in duplicate wells for each condition. 1 ml of the cell suspension 

prior to centrifugation was also plated in duplicate wells for each cell line. Plates were 

incubated at 37 ºC with 5% CO2 and monitored for cell growth. This experiment was 

repeated for a total of two trials. 

 

3.3.4.  Growth kinetics of E. canis and E. chaffeensis in DH82 cells 

DH82 cells were seeded onto 12-well plates (2.5 x 10
5 

cell/well) in 1 ml of media. 

Uninfected cells and cells from infected E. canis (Ebony isolate) or E. chaffeensis (St. 

Vincent isolate) cultures were combined in individual wells so that 5% of the cells (1.25 

x 10
4
) were infected on day 0. Infected cells numbers were initially determined by cell 

counts and staining with Kwik-Diff (Thermo, Kalamazoo, MI). Cultures were grown at 

37 ºC with 5% CO2. Wells were plated in triplicate. Four timepoints, days 1, 3, 5 and 7 

were collected. Media was replaced on day 3 after the harvest of wells for that day. One 

well per triplicate was harvested for cytospin preparations of supernatant and cell 

fractions to determine percent infected adherent and non-adherent host cells.  

 

3.3.5. p30-based PCR assay for E. canis 

The presence of E. canis in culture was verified with a p30-based PCR assay as 

previously described (Stich et al., 2002). The assays each used 2.5 µl of template sample, 

and were carried out in 25 µl reactions consisting of 1X PCR buffer (Invitrogen, 

Carlsbad, CA), 2mM MgCl2 (Invitrogen), 200µM deoxynucleotide triphosphate (dNTP) 

mix (New England Biolabs, Ipswitch, MA), 0.3µM each of forward and reverse primers 

(forward: 5’-ATAAACACGCTGACTTTACTGT-3’, reverse: 5’-GTGATGAGATAGA-

GCGCAGTACC-3’), 2% DMSO and 0.03 units/µl Platinum Taq (Invitrogen). The 

reactions were activated at 93°C for 2 minutes followed by 45 cycles of 94°C for 30 

seconds, 60°C for 30 seconds and 72°C for 30 seconds followed by a final extension of 



43 

 

72°C for 1min. The resultant 200bp amplicons were observed after 1.5% agarose gel 

(with 0.5 µg/ml ethidium bromide) electrophoresis in 1X TBE (89mM Tris, 89 mM boric 

acid 2mM EDTA) at 110 V for 1 hour. A plasmid containing sequences complimentary 

to the primers and yielding a 415 bp amplicon was used as a positive control (Stoffel, 

2011; Yoo-eam, 2012). 

 

3.3.6. 16S rRNA gene-based qPCR of E. canis and E. chaffeensis  

The presence of Ehrlichia in culture was quantified with a 16S rDNA-based real 

time PCR assay that is universal for tick-borne Anaplasmataceae (Yoo-eam, 2012). The 

assays, each using 1 µl of template sample, were carried out in 25 µl reactions consisting 

of 1X Fast Start Universal SYBR Green Master Mix (Roche, Indianapolis, IA), 0.6 µM 

each of forward and reverse primers (forward: 5’-AACACATGCAAGTCGAACGG-3’ 

and 5’-AACACATGCAAGTCGAACGA-3’, reverse: 5’-CCCCCGCAGGGATTATAC-

A-3’ and 5’- CCCCCTCGGGGATTATACA-3’). The reactions were incubated at 95°C 

for 10 minutes followed by 50 cycles of 95°C for 15 seconds and 60°C for 1 minute, 

followed by a dissociation stage (95°C for 15 seconds to 60°C for 30 seconds then return 

to 95°C for 15 seconds) to determine amplicon melting temperatures (Tm) via 

measurement of fluorescence of SYBR Green-stained product in an Applied Biosystems 

7300 Real-Time PCR System. A plasmid containing sequences complimentary to the 

primers and yielding a 427 bp amplicon with a distinct Tm was used in a 10-fold 

dilutions series as a positive control and for a standard curve. 
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3.4.  RESULTS 

3.4.1.  Growth kinetics of E. canis in DH82 and J774 cell lines 

E. canis (Israeli strain) was reported to grow in J774 cells (Keysary et al., 2001). 

The purpose of this experiment was to determine if E. canis (Ebony isolate) can also 

grow in J774 cells, so that growth of E. canis can be compared in canine and murine cell 

lines. J774 samples tested PCR positive for E. canis on day 4 of culture (Figure 0.10) and 

morulae were visible in both J774 and DH82 cell cultures (Figure 0.11). Morulae were 

observed in more cells from DH82 than from J774 cultures, regardless of whether they 

were grown in 5% or 8% CO2 (Figure 0.12). Notably, qPCR threshold cycle (Ct) values 

for E. canis continued to decrease for DH82 cultures over the course of the experiment 

while J774 Ct values increased (Figure 0.13).  

 

3.4.2.  Exposure of murine bone marrow-derived macrophages to E. canis 

Infection of stable cell lines of different host species could be an artifact of the 

immortality of the cell lines and their origins as cancer cells, and reactions of host cells 

may differ between a continuous and primary cell lines. Thus, the susceptibility of 

BMMs from Balb/c mice to infection with E. canis was evaluated. Balb/c mice were 

chosen because this is the mouse strain from which the J774 cell line was derived.  

BMMs from two Balb/c mice, J774 cells and DH82 cells were simultaneously 

exposed to E. canis, and tested for the presence of infection. The controls included 

DH82-derrived inoculum (1ml/well) used to expose murine cell cultures, which was 

plated into empty wells. Importantly, intact cells were observed in the inoculum control 

wells on day 4, indicating that the inoculum contained intact DH82 cells, and these 

control were also PCR positive for E. canis (Figure 0.14). Inoculum that was centrifuged 

twice also tested PCR positive (Figure 0.15).  
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3.4.3.  Comparison of differential centrifugation methods for preparation of a host 

cell-free E. canis inoculum 

Intact cells were growing in the inoculum controls of the previous experiment, 

indicating that infected cells observed after inoculation could include DH82 cells from 

the inoculum itself rather than the host cell line that was inoculated. Therefore, different 

inoculum preparation protocols were compared to identify the best protocol for host cell-

free inoculum. Normal DH82 and J774 cells were subjected to several differential 

centrifugation protocols were tested based on descriptions in the literature. The following 

protocols were tested: (1) supernatant after centrifugation at 260 xg for 10 minutes, (2) 

supernatant after decanting and re-centrifugation of supernatant from protocol 1, at 260 

xg for 10 minutes, (3) supernatant after centrifugation at 500 xg for 5 minutes (Lee and 

Rikihisa, 1997), (4) supernatant after centrifugation at 500 xg for 10 minutes (Ganta et 

al., 2007), and (5) supernatant after centrifugation at 600 xg for 20 minutes (Luce-

Fedrow et al., 2008). Supernatants (1 ml each) were plated in duplicate for each protocol 

and monitored for cell growth. This experiment was repeated twice. 

Most of the protocols tested resulted in visible host cell growth in the wells within 

the first few days (Table 0.2). While the re-centrifugation protocol (#2, above) reduced 

intact host cells below the observable limit until the final timepoint of any repeated 

growth curve, growth was still eventually observed in half of those wells.  

 

3.4.4.  Growth kinetics of E. canis and E. chaffeensis in DH82 cells. 

Understanding the growth kinetics of E. canis and E. chaffeensis in DH82 cells is 

prerequisite to comparing host cell innate responses to these pathogens. Thus, uninfected 

DH82 cells were added to infected cultures calculated to contain 1.25 x 10
4
 infected 

DH82 cells such that the total number of cells was 2.5 x 10
5 

cells/well in 12 well plates. 
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The initial figure of 5% of infected cells was drawn from work by Branger et al. (2004). 

Cultures were grown in triplicate and harvested on days 1, 3, 5 and 7. 

DH82 cells stained cells on day 7 visibly contained more E. canis morulae than E. 

chaffeensis (Figure 0.16), and a higher percentage of E. canis-infected than E. 

chaffeensis-infected cells (Figure 0.17). E. canis was readily detected with qPCR and 

followed an exponential growth curve, but E. chaffeensis was not detected by qPCR until 

day 7, and even then at very low levels (Figure 0.18). 

 

3.5. DISCUSSION 

In comparing E. canis growth in DH82 and J774 cells, the organisms grew better 

in the DH82 cells. Higher percentages of cells were infected for most of the time course. 

Towards day 6, the percent infected cells appeared to be overtaking the DH82 counts. 

However, by that point qPCR values of the DH82 cultures indicated definitively higher 

infection levels than the J774 cultures. The differences in infection levels as early as day 

1 were troubling in that these cultures all received the same innoculum. The initial drop 

in infection levels for the first few days suggested that the qPCR results from days 1 and 

2 were dominated by ehrlichial DNA from the innoculum itself, in which case the 

difference on day 1 may be a technical artifact. Nevertheless, this observation did prompt 

the inclusion of an inoculum control in the following experiment. 

The observation of intact host cells in inoculum preparations was also 

problematic. In half of the trials, the most efficacious centrifugation protocol resulted in 

observed host cell growth, which suggests that any long-term infection of the J774 cell 

line with E. canis from a DH82 culture could run the risk of eventually being overtaken 

by growth of the original DH82 line. This ‘host cell-free’ inoculum control was not 

included in the previous report of cultivation of E. canis in the murine J774 cell line 

(Keysary et al., 2001). The inclusion of a cell-lysis step to the preparation of host cell 
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free Ehrlichia, as many of the published protocols include, would improve the chances of 

inoculum truly being free of viable host cells. However, such a step would flood the 

Ehrlichia preparation with host cell debris, which may prove even more difficult to 

separate from the desired bacteria via centrifugation. A cell-lysis step would also 

necessitate the confirmation of infectious inoculum as whatever method is used to lyse 

the host cells may also damage the bacteria. 

In the final set of experiments, once again the pathogenic pairing of E. canis in 

canine DH82 cells grew bacteria more robustly than the non-pathogenic E. chaffeensis in 

DH82 cells. The percentages of cells infected with E. canis were consistently higher 

throughout the time course than those infected with E. chaffeensis. By day 7, the numbers 

of morulae per cell were also demonstrably higher for the E. canis infected cultures. The 

results of the qPCR for this pairing are less informative as E. chaffeensis numbers 

remained below the limits of detection until the final day. The fact that PCR was not 

detecting bacteria in morulae that could be seen via light microscopy is another troubling 

outcome, and, although this assay was shown to be as analytically sensitive as a very 

sensitive outer membrane protein gene-based assay (Yoo-Eam, 2012), it might be 

possible that the primers did not anneal efficiently to the E. chaffeensis St. Vincent strain.  

Another possibility is that the small E. chaffeensis St. Vincent strain morulae were 

misidentified with light microscopy. 

Overall, this study shows that care must be taken in all aspects of methodology. 

Differences in copy number would translate into differences in the quantity of signal to 

which host cells react, possibly affecting quantity and quality of the signals they produce. 

But beyond that it seems likely that some factor or factors in the pathogenic pairing of 

E. canis in the canine DH82 cell line allows this pathogen to replicate more rapidly than a 

similar, or even the same, Ehrlichia spp. in a non-pathogenic pairing. 
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Figure 0.10. Detection of E. canis (Ebony isolate) in host cell lines.  

J774 and DH82 cells were cultured for 4 days with supernatant from a DH82 culture 

infected with E. canis. A plasmid (lane 1) complementary to the primer sequences and 

with a unique amplicon length was used as a positive control. A non-template control 

(NTC; lane 2) was used as a negative control for the assay. Infected cultures on day 4 

post-infection were assayed from J774 cells (lanes 3 and 4), and DH82 cells cultured with 

5% CO2 (lanes 5 and 6) or 8% CO2 (lane 7 and 8). Samples taken from the J774 (lane 9) 

and DH82 (lane 10) cultures prior to infection were assayed as negative controls. The 

innoculum is assayed in lane 11. Lane 12 represents a  spiked  control in which 1.5µl 

from the uninfected DH82 culture was combined with 1µl of the .plasmid control. 
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Figure 0.11. Light microscopy of DH82 and J774 cells from culture supernatants on 

day 3 post-inoculation. 

Uninfected DH82 (A) and J774 (B) cells were infected and cultured with E. canis from 

infected DH82 cells. Following harvest of the cultures, cells were fixed on slides and 

stained with HEMA 3. Morulae were visualized in both DH82 (C) and J774 (D) cells, as 

indicated by the arrows. 
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Figure 0.12. Percentages of E. canis-infected DH82 and J774 cells over time. 

J774 (blue diamond) and DH82 (red square-incubated with 5% CO2, green triangle-

incubated at 8% CO2) cells were plated at 5x10
5
cells/ml and infected with E. canis. 

Cytospin was performed on two wells/condition/day. 300 cells were counted per replicate 

and counts pooled for each condition. 
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Figure 0.13. Relative E. canis quantities detected in J774 and DH82 cell lines.  

J774 (blue diamond) and DH82 (red square-incubated with 5% CO2, green triangle-

incubated at 8% CO2) cells were plated at 5x10
5
cells/ml and infected with E. canis from 

an established DH82 culture. At various timepoints (1-6 days), duplicate wells were 

harvested. 1µl of sample was assayed in triplicate by real time PCR. Values are expressed 

as average Ct +/-standard deviation.  
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Figure 0.14. Detection of E. canis in murine BMM cells (trial 1). 

BMDMs from two individual mice were cultured, infected with E. canis, and then 

assessed by PCR 4 days post-infection. Cultures of J774 and DH82 cells inoculated with 

the same innoculum were also assayed. Wells plated with  host cell free  innoculum were 

also harvested with the same procedures as culture supernatant (sup) or cells. All other 

samples were assayed as the cells scraped from the wells following replacement of 

supernatant. A plasmid containing a 415bp amplicon was used as a positive control. 
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Figure 0.15. Detection of E. canis in murine BMM cells (trial 2).   

Two timepoints, day 4 (upper row) and day 6 (lower row) were assayed. All samples 

were assayed as the cell fraction scraped from the wells following replacement of the 

supernatant. BMDMs from two individual mice were cultured, infected with E. canis, and 

then assessed by PCR. Cultures of J774 and DH82 cells infected with the same inoculum 

were also assayed. Wells plated with inoculum alone were also harvested at the same 

time. rs: raw inoculum (i.e. before centrifugation), supernatant fraction; ss: inoculum 

plated after undergoing two spin protocol, supernatant fraction; rc: raw inoculum, cell 

fraction; sc: inoculum following two spin protocol, cell fraction.  
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Table 0.2. Observed growth of DH82 and J774 cells in duplicate wells. 

Protocol 
No. 

Centrifugation 
Speed ( x g)  Duration 

DH82 
Trial 1   2 

J774 
    1          2 

Ref. 

1 260 10 min. d3 d2 none d2  

2 260 10 min. x 2 d18 none none d22  

3 500 5 min. d3 d2 d3 d2 (Lee and Rikihisa, 1997) 

4 500 10 min. d3 d2 d13,none d2 (Ganta et al., 2007) 

5 600 20 min. d3 d2 none d2 

(Luce-Fedrow et al., 

2008) 
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Figure 0.16. E. canis and E. chaffeensis morulae observed in DH82 cells on day 7. 

DH82 cultures were established and plated such that 5% of cells were infected with (a) E. 

canis or (b) E. chaffeensis on day 0. On days 1,3,5, and 7, triplicate wells were harvested. 

Cells from each well harvested were mounted on slides via cytospin and stained with 

Kwik-Diff. Images shown are from day 7. 
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Figure 0.17. Percentages of E. canis- and E. chaffeensis-infected DH82 cells over 

time.  

DH82 cells were plated at 2.5x10
5
cells/ml with 5% of total cells infected with either E. 

canis (circles) or E. chaffeensis (squares) per well on day 0. Cytospin was performed on 

three wells /condition/day and cells were stained with Kwik-Diff. At least 300 cells were 

counted per replicate. Data shown are the average percentage of cells infected +/- the 

standard deviation. 
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Figure 0.18. Relative quantities of E. canis and E. chaffeensis detected in the DH82 

cell line over time.  

DH82 cells were plated at 2.5x10
5
cells/ml with 5% of total cells infected with either E. 

canis (triangles) or E. chaffeensis (squares) per well on day 0. Triplicate wells were 

harvested on days 1,3,5, and 7. 1µl of sample was assayed three times by real time PCR. 

PCR failed to detect E. chaffeensis until day 7. Values are expressed as average Ct +/- 

standard deviation 
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CHAPTER 4  

 

SUMMARY AND CONCLUSIONS 

 

4.1.  Bacillus spores as vaccine platforms 

Studies were conducted using the continuous murine cell line J774 to test the 

effect of irradiated Bacillus thuringiensis spores on cells of the innate immune system. 

Overall, these data show us that irradiated Bacillus spores activated macrophage-like 

J774 cells in vitro. Exposure to spores promoted J774 cell survival while decreasing 

replication, primed the cells for NO production, promoted development of an activated 

phenotype and elicited cytokine secretion. Despite being activated, macrophages did not 

release mature IL-1β in response to irradiated spores alone.  

Because IL-1β plays an important role in linking innate and adaptive immune 

responses, and because spores of the related bacteria, B. anthracis are known to elicit 

IL-1β (Basu et al., 2007), studies were conducted to investigate this lack of IL-1β 

production. The molecular adjuvants CpG-ODN and Poly I:C, which function as bacterial 

DNA or viral RNA analogues respectively, synergized with irradiated spores to elicit 

mature IL-1β from J774 cells. Likewise, the addition of ATP, an exogenous danger 

signal, resulted in detectible IL-1β from spore-stimulated cells. Non-irradiated spores also 

elicited a potent IL-1β response. Collectively, these data suggested that killed spores are 

immunogenic, and that the responses they induced may be modified by the inclusion of 

additional factors. Moreover, killed and live spores displayed slightly distinct adjuvant 
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properties. A better understanding of these phenomena could provide useful information 

for getting the most out of bacterial spores as both adjuvants and as vaccine platforms. 

The proinflammatory cytokine response and the activation of the J774 cells imply 

that even irradiated, Bacillus spores may act as adjuvants in a vaccine formulation. 

Further studies may include more components of the innate immune system. Overall, 

Bacillus spores show promise as candidates for a vaccine platform, but further work will 

be required to realize the ultimate goal of rational vaccine design. 

 

4.2.  Effect of host environment on Ehrlichia growth 

Although some Ehrlichia can infect multiple mammalian host species, the 

subsequent development of the infectious disease, ehrlichiosis, can be host specific. In 

cell culture experiments comparing pathogenic (E. canis in canine DH82) and non-

pathogenic (E. chaffeensis in canine DH82 and E. canis in murine J774) pairings, 

rickettsial copy numbers were higher in the pathogenic pairing, as was the percentage of 

cells infected. These results suggest that the etiology of severe CME may be associated 

with the rickettsial adaptations that facilitate robust replication of E. canis in canine host 

cells. 

The observation of intact host cells present in the inoculums has some 

implications for further work with Ehrlichia, because it emphasizes the necessity of 

controls in infection experiments to verify that only pathogens were viable in any 

inoculum, not host cells. This also has implications for long-term cell culture protocols, 

especially when switching cell lines. The original cell line from which host cell-free 

Ehrlichia were prepared may contaminate the newly infected cell culture, possibly even 

overtaking the new cell line. This possibility must be accounted for in the protocols and 

quality control assays of ehrlichial cell culture and any protocol used for an infection 

experiment should be verified. 
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The greatest benefit to be gained from using continuous cell lines and an in vitro 

cell culture system, as these experiments do, is the chance to directly compare pathogenic 

and nonpathogenic pairings without the confounding factors of different mammalian host 

physiologies. While this can lend itself to situations never to be found in nature (such as 

the infection of a mouse cell line with an Ehrlichia species whose tick host does not feed 

on mice), the chance to control Ehrlichia inoculation dosage without having to account 

for the fact that dogs are significantly larger than mice is another advantage. Of course, 

should the model as set out be continued, primary cells from both mammalian hosts 

would need to be compared. It would also be benefitial to evaluate the cytokine secretion 

and activation status of the mammalian cells in response to Ehrlichia infection. Some 

qualitative difference in the mammalian response would then be expected between 

pathogenic and nonpathogenic pairings. There would be some difficulty in determining 

what quantitative and even qualitative differences might be significant or biologically 

relevant when comparing different mammalian host responses, but no more so than any 

other attempt at comparative immunology. 
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