
 

 

Abstract 

ORTIZ, ALEXANDER CHARLES. The Role of MyD88 in the Host Defense and 

Inflammatory Response Following Leptospira interrogans Infection of the Heart. (Under the 

direction of Dr. Jennifer C. Miller).  

Leptospira interrogans is a worldwide zoonotic pathogen responsible for a reported 

half million severe human infections per year. The pathogen is secreted into the environment 

via the urine of its host reservoir, the mouse, where it is able to infect its targets by entering 

their hosts through broken skin, eyes, and mucous membranes, causing symptoms ranging 

from asymptomatic to febrile to organ failure and death. The spread of the bacteria in the 

environment is further exacerbated during major weather events. As the occurrence of these 

events increases making the disease more widespread, it becomes more necessary to 

investigate the host’s defense to Leptospira infection in the search for a vaccine candidate. 

Though carditis is a prevalent clinical symptom of leptospirosis, it has not been well 

studied. Leptospira infection triggers the host’s inflammatory response by interacting with 

Toll-like Receptors 2 and 4, signaling the adaptor protein MyD88 to produce NFκB and pro-

inflammatory cytokines. Over-induction of these cytokines can lead to septic shock, which 

directly affects the contractility and compliance of the heart. Studies have implicated MyD88 

as a potential target for addressing patients with sepsis. 

In this study we sought to determine the role of MyD88 in both the host defense and 

inflammatory response to L. interrogans infection of the heart in the murine model. 

Specifically, we infected C57BL/6 and MyD88-deficient mice with L. interrogans and 

sacrificed them at 1 or 3 days post-infection to determine their bacterial burden and measure 

their cytokine production. Our results indicate that dysregulated kinetic induction of Type I 

and Type II interferons at 1 day post-infection are responsible for a reduced early Leptospira 



 

 

burden in MyD88-deficent mice compared to their B6 counterparts. Increases in interferon 

signaling molecules along with interferon-inducible genes suggest that compensatory 

signaling through the MyD88-independent TRIF pathway may allow for the induction of 

these interferons. These experiments establish the framework for further studies to elucidate 

the immunological mechanisms that are necessary to develop a further understanding of 

leptospirosis pathogenesis and treatment. 
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Chapter 1 – Introduction/Literature Review 

1.1:  Leptospirosis 

 Leptospirosis is a worldwide zoonosis present on every continent, except Antarctica, 

and is estimated at half a million severe human cases per year (Adler & de la Peña 

Moctezuma, 2010; Hartskeerl, Collares-Pereira, & Ellis, 2011; Levett, 2001). The disease’s 

prevalence is thought to be severely underestimated and widespread in the human population, 

and estimates of the disease are unknown in the animal population, as many mammalian 

species have been shown to be natural carriers of the disease (Hartskeerl et al., 2011).  

Pathogenic leptospires are shed in the urine and blood of livestock, feral animals, and 

pets; thus, contact with these reservoirs is associated with an increased risk of developing 

leptospirosis (Adler & de la Peña Moctezuma, 2010). This makes leptospirosis an important 

occupational infectious disease, with farm workers, slaughterhouse workers, hunters, and 

veterinarians at increased risk. Additionally, rodent carriers of the disease shed leptospires 

contained in their urine into water reservoirs, increasing the risk of infection as a result of 

recreational activities such as water sports and swimming, along with increasing risk in 

fishermen, rice farmers, and people who bathe in these water reservoirs (Levett, 2001; 

Utzinger et al., 2012). Leptospires can be transmitted from person to person, as well as from 

animals and the environment, by entering their hosts through broken skin, eyes, and mucous 

membranes (Adler & de la Peña Moctezuma, 2010). 

Leptospirosis is present globally, and several outbreaks have been well documented 

since the mid to late 1990s. More recently, outbreaks have been reported in India in 2002 
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(Karande et al., 2005), Nicaragua in 2007 (World Health Organization (WHO) and 

International Leptospirosis Society (ILS), 2007), Sri Lanka in 2008 (Agampodi, Peacock, & 

Thevanesam, 2009; Koizumi et al., 2009), and the Philippines in 2009 (McCurry, 2009), 

where thousands of people were infected and hundreds perished (Hartskeerl et al., 2011). 

Additionally, small outbreaks and individual human cases have been noted around the globe 

from Tanzania (Biggs et al., 2013) to Ecuador and Portugal (Pappas, Papadimitriou, 

Siozopoulou, Christou, & Akritidis, 2008). Domestically in the United States, leptospirosis 

was first noted in Hawaii in 1907 and first surveyed there in 1974. Hawaii is the only state in 

the United States where leptospirsosis is a nationally notifiable disease. A more recent survey 

of the disease in 2008 found 345 reported cases over a ten year period, with 198 confirmed 

by laboratory testing (Katz, Buchholz, Hinson, Park, & Effler, 2011). 

Diagnosis of leptospirosis remains difficult due to its wide range of symptoms and a 

lack of accurate and accessible diagnostic tests and testing centers worldwide (Hartskeerl et 

al., 2011). Clinical symptoms range from asymptomatic to febrile to organ failure and death. 

Specifically, notable symptoms include jaundice, uveitis, pulmonary hemorrhage, renal 

failure, liver failure, and myocarditis (Levett, 2001). Interestingly, while myocarditis has 

been discussed as a significant symptom in multiple clinical papers (de Brito et al., 1987; 

Dixon, 1991; Shah, Amonkar, Kamat, & Deshpande, 2010), very few studies have been done 

on Leptospira-induced myocarditis in animals or cellular models, and none have been 

conducted in the murine model. Leptospirosis is relatively simple to treat if caught early. 

Antibiotics such as doxycycline and penicillin have been shown to be effective against early 
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infection, but once patients reach the point of organ failure these drugs are no longer 

effective (Levett, 2001). 

 The causative agent of leptospirosis is a pathogenic form of the spirochete bacterial 

species Leptospira. Using genetic techniques, there are 21 species and hundreds of serovars 

of Leptospira, many of which are pathogenic. Previously, Leptospira was classified 

phenotypically into two species, with all nonpathogenic serovars grouped under L. biflexa 

and all pathogenic serovars grouped under L. interrogans (Levett, 2001). Leptospira 

interrogans remains a prevalent pathogenic species in clinical settings, and it is because of 

this that we chose it, specifically the serovar Copenhageni, to study in the subsequent 

chapters. 

 

1.2:  Leptospira interrogans 

 Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130, a clinical isolate 

from a fatal case of leptospirosis in Brazil (Ko, Reis, Dourado, Johnson Jr, & Riley, 1999), is 

an ideal candidate for studying the pathogenesis of leptospirosis. It belongs to a distinct and 

unique phylum of bacteria known as spirochetes. Spirochetes are responsible for a plethora of 

diseases such as Lyme disease (caused by Borrelia burgdorferi), syphilis (caused by 

Treponema pallidum), and relapsing fever (caused by Borrelia recurrentis), among others. 

This phylum of bacteria is very diverse but is united by its distinct double-membrane 

structure and unique flagellar arrangement. Their flagella, often referred to as axial filaments, 

are located in the periplasmic space between the inner and outer cellular membranes and run 
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along the entire length of the bacteria. This flagellar arrangement allows for the distinctive 

twisting motility characteristic of spirochetes (Ryan, Ray, Ahmad, Drew, & Plorde, 2010). 

 L. interrogans shares many of the general characteristics of spirochetes, including the 

double membrane structure and axial filaments but also has its own unique qualities. 

Morphologically, Leptospira has a distinct hook at either or both ends of the cells when 

engaging in nontranslational motion, while these hooks are not visible during translational 

motion (Barton, 2005; Levett, 2001). The axial filaments, two periplasmic flagella with polar 

insertions, of the bacteria allow translational motion to occur and facilitate Leptospira 

movement through various types of fluids including mucosal, rumen, and genital during host 

infection (Barton, 2005). Once inside their hosts, leptospires disseminate through the host’s 

circulatory system and invade host cells (Ko, Goarant, & Picardeau, 2009). In addition to a 

means of infection, motility allows Leptospira to undergo chemotaxis. It has been shown that 

Leptospira have an affinity for hemoglobin, palmitic acid, and sucrose, among other fatty 

acids, vitamins, and amino acids (Lambert, Takahashi, Charon, & Picardeau, 2012; Yuri et 

al., 1993). 

 Leptospires are obligate aerobes and mesophiles, growing ideally at a temperature 

between 28 and 30 ºC (Levett, 2001). While the growth of leptospires in the laboratory 

proved difficult in the early 1960s and many different growth media were formulated, 

research leading to the development of Ellinghausen-McCullough-Johnson-Harris (EMJH) 

medium provided the most dependable growth medium for the bacteria (Ellinghausen & 

McCullough, 1965; Johnson & Harris, 1967). Additional supplementation of the medium 
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with 1% rabbit serum and 100 µg/mL 5-Fluorouracil allows for ideal growth of L. 

interrogans serovar Copenhageni (Lourdault et al., 2014). This medium provides the 

necessary vitamins B2 and B12, ammonium salts, and long-chain fatty acids, which are 

metabolized as a carbon source via β-oxidation, for the bacteria’s growth (Levett, 2001). 

 Sequencing of the L. interrogans serovar Cophenageni genome has led to many 

insights into the metabolism, survival, and regulatory systems of the bacteria, but most 

importantly it has led to the discovery of many of the bacteria’s virulence factors (Ko et al., 

2009; Nascimento et al., 2004). To date, genetic studies have revealed that the majority of 

virulence factors discovered in L. interrogans are surface proteins. These surface proteins are 

thought to be critical in the interaction between the bacteria and the host (Ko et al., 2009). 

The leptospires attach to the host cells by using these surface proteins to bind to various parts 

of the host’s extracellular matrix (Ko et al., 2009; Merien, Truccolo, Baranton, & Perolat, 

2000; Stevenson et al., 2007). While leptospires have been imaged inside host cells’ 

cytoplasm and phagosomal compartments, the mechanism by which they enter the cells is not 

yet known, but it is hypothesized that they only pass through transiently on their way to their 

target organs (Ko et al., 2009). 

 Of all of the virulence factors discovered thus far, one of the most important to 

understanding the host’s response to Leptospira infection is the presence of 

lipopolysaccharides (LPS) on the leptospiral outer membrane. LPS distinguishes Leptospira 

from other pathogenic spirochetes, as none of the other spirochetes possess LPS, and it is 

commonly only produced by Gram-negative bacteria (Nascimento et al., 2004). 
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Lipopolysaccharides usually consist of a hydrophobic lipid A end anchored to the outer 

membrane, an inner and outer core made up of oligosaccharide, and an O antigen repeating 

structure that comes into contact with the host cells (Raetz & Whitfield, 2002). Interestingly, 

the O antigen of leptospiral LPS has been shown to differ, depending on whether the 

bacterial infection is chronic or acute, with acute infection (as seen in humans and the 

hamster model) having markedly reduced O antigen expression, and chronic infection (as 

seen in rats and the murine model) showing similar O antigen levels to in vitro cultivated 

leptospires (Nally, Chow, Fishbein, Blanco, & Lovett, 2005). Leptospiral LPS elicits a strong 

innate immune response in animals by binding to both Toll-Like Receptors (TLR) 2 and 4, as 

opposed to Gram-negative bacterial LPS that signals only through TLR4. This dual signaling 

has played an important role in vaccine development and understanding the host's immune 

response to L. interrogans (Raetz & Whitfield, 2002; Werts et al., 2001). 

 

1.3:  The innate immune response elicited by L. interrogans lipopolysaccharides through 

toll-like receptors 2 and 4  

 In Gram-negative bacteria, lipopolysaccharides are recognized by the host cells due to 

the highly conserved lipid A portion of the structure, also known as endotoxin. The lipid A 

moiety is the key pathogen-associated molecular pattern (PAMP) in Gram-negative LPS, 

specifically recognized by the pattern recognition receptor (PRR) TLR4, part of the 

CD14/TLR4/MD2 complex, activating a variety of innate immune responses in the host 

(Qian & Cao, 2013; Werts, 2010). While TLR4 recognizes Gram-negative bacterial 
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endotoxin PAMPs almost universally, leptospiral endotoxin PAMPs are recognized 

differently in humans versus the mouse model, although both lead to similar immune 

responses. In humans, leptospiral LPS still requires CD14, but instead of TLR4, it is 

recognized by TLR2 (Werts et al., 2001). In contrast, in the murine model, leptospiral lipid A 

is recognized by murine TLR4, while highly purified LPS signals through both TLR2 and 

TLR4 (Nahori et al., 2005). This differential recognition of leotospiral LPS compared to 

other Gram-negative bacteria is due to biochemical structural and functional differences 

between the L. interrogans lipid A, compared to its E. coli counterpart (Que-Gewirth et al., 

2004). 

 In the mouse model, TLR4 has been shown to be essential in the defense against 

Leptospira interrogans infection (Viriyakosol, Matthias, Swancutt, Kirkland, & Vinetz, 

2006a). TLR4 activation leads to two separate signaling cascades located downstream of 

different adaptor proteins. One of the cascades utilizes the myeloid differentiation primary 

response protein 88 (MyD88), and the other activates the TIR-domain-containing adapter-

inducing interferon-β (TRIF) protein (Qian & Cao, 2013). TLR2 forms heterodimers with 

TLR1 and TLR6 and directly activates the MyD88-dependent signaling cascade (Qian & 

Cao, 2013). Popular dogma has described only TLR4 and TLR3 as capable of activating the 

TRIF pathway in humans, but it has been shown in the related spirochete, Borrelia 

burgorferi, that TLR2 signaling can activate TRIF through a MyD88-dependent process 

(Petnicki-Ocwieja et al., 2013). Thus, it is likely that both the MyD88-dependent pathway 
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and the MyD88-independent (TRIF) pathway are important when considering the host’s 

immunological response to L. interrogans infection, in both the human or murine host. 

 MyD88 is a universal adaptor protein that activates the transcription factor NF-κB. As 

seen in Figure 1.1, MyD88 is recruited to TLR2 or TLR4 through the Mal, also known as 

TIRAP, protein and then signals through IRAKs and TRAF6 to activate NF-κB (Qian & Cao, 

2013). NF-κB controls the transcription of specific pro-inflammatory genes by rapidly 

binding to their promoters upon activation to induce their production. Genes from the 

interleukin family such as IL-1β, IL-6, and IL-12, along with other genes such as the tumor 

necrosis factor-α (TNF-α) are activated through the NF-κB response (Sun & Andersson, 

2002). It is through the MyD88 pathway and NF-κB activation that the inflammatory 

response is initiated.  

The inflammatory response is a critical part of innate immunity, as inflammation 

attempts to remove the harmful stimuli (in this case L. interrogans) by increasing blood flow 

to the infected area (Ashley, Weil, & Nelson, 2012; Beutler, 2004). This increase in blood 

results in the heat, redness, swelling, and pain associated with acute inflammation. The pro-

inflammatory response is regulated through multiple mechanisms, but of particular interest 

are induced anti-inflammatory genes such as IL-4, IL-10, and IL-13, that are important in 

keeping the inflammatory response in check (Medzhitov & Horng, 2009). If inflammation 

goes unregulated, it can lead to the potentially fatal syndrome known as sepsis, where full-

body inflammation leads to organ failure and death (Ashley et al., 2012). 
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The TRIF pathway gives rise to the immune system’s interferon response. As seen in 

Figure 1.1, TRIF is recruited to TLR4 through the adaptor protein TRAM, and then signals 

through TBK1 and TRAF3 to phosphorylate IRF3, inducing type I interferon (IFN and/or 

IFN) gene stimulation. Interestingly, TRIF is also capable of activating NF-κB through 

TRAF6 (Qian & Cao, 2013). NF-κB is then able to signal type II interferon (IFN), thus both 

type I and type II interferons are stimulated through TRIF. Once induced, interferons 

upregulate themselves through a positive feedback loop by binding to their cell-surface 

receptors, IFNAR in the case of type I interferons, and IFNGR in the case of type II 

interferons (Platanias, 2005). While the classical JAK (Janus activated kinase)-STAT (signal 

transducer and activator of transcription) pathway of signaling interferons, as seen in Figure 

1.1, has often been shown to be the key pathway to interferon production, it has more 

recently been shown that there are a multitude of distinct signaling pathways (Platanias, 

2005). As the amount of interferons increases, the transcription of interferon-inducible genes 

is activated, leading to the host’s interferon response. 

The interferon response is critical for the host’s defense to all viral and a growing 

number of bacterial infections, along with fighting against tumors (Monroe, McWhirter, & 

Vance, 2010; Platanias, 2005). As seen in Figure 1.1, many genes, such as the chemokines 

CXCL9 and CXCL10, and the proteins Gbp2, Oasl2, and IFIT1, are induced through the 

interferon response. Type I interferons stimulate macrophages and natural killer cells to 

eliminate the pathogen. Type II interferons recruit leukocytes to the site of infection and 

stimulate the macrophages induced by type I interferons to kill the engulfed bacteria 
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(Kearney, Delgado, & Lenz, 2013). While the two types of interferons can work in tandem, 

they have been shown to be antagonistic to certain pathogenic bacteria (Rayamajhi, Humann, 

Kearney, Hill, & Lenz, 2010) though this antagonistic crosstalk has not yet been observed in 

response to Leptospira infection. 

The interplay of the pro-inflammatory, anti-inflammatory, and interferon responses is 

critical to understanding the host innate immune response to Leptospira infection. When 

modeling these responses it is important to have a complete understanding of the various 

animal models and how they each respond immunologically following L. interrogans 

infection.   
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FIGURE 1.1:  TLR4 Signaling Schematic.  
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1.4:  Leptospira interrogans in the animal model 

 Leptospira interrogans pathogenesis has been modeled in various animals, each with 

its distinct benefits and drawbacks. While understanding the immunological effects of 

Leptospira infection in the human is critical to the treatment of patients who have developed 

leptospirosis, understanding the immunological effects of the asymptomatic host reservoir to 

infection may prove critical to vaccine development for high risk populations to prevent 

infection. Thus, the hamster, guinea pig, and immunodeficient mouse models are preferred 

for studying acute leptospirosis, while the wildtype mouse or rat are preferred choices for 

understanding chronic leptospirosis. 

 The hamster model is the gold standard for studying acute leptospirosis since they 

mimic severe human disease symptoms (Haake, 2006; Silva et al., 2008). Similar to humans, 

hamsters infected with Leptospira experience a variety of symptoms from mild to severe, 

with the most severe including acute renal failure, pulmonary hemorrhage, sepsis, and death 

(Haake, 2006). Hamsters exhibit high early bacterial burdens in the blood, liver, lungs, and 

kidneys, and by 3 days post-infection, many begin to experience severe symptoms resulting 

in mortality by 5 days post-infection. Recent studies using the hamster model have sought to 

examine variations in gene expression profiles for infected animals. Comparisons of infected 

hamsters (acute) to infected mice (chronic) showed a massive upregulation of pro-

inflammatory genes in the acutely infected hamsters (Matsui, Rouleau, Bruyere-Ostells, & 

Goarant, 2011). Comparisons of gene expression profiles of hamsters with fatal outcomes to 

those who survived the duration of the experiment, revealed a marked increase in bacterial 
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burden and upregulation of pro- and anti-inflammatory genes in the animals that perished 

(Vernel-Pauillac & Goarant, 2010). This differential gene expression may prove useful in 

determining the immunological pathways used by infected hosts to avoid organ failure and 

death. 

 The mouse model allows for more flexibility in experiment design thanks to the wide 

variety of molecular knockout mice available, and it provides the ideal model for 

investigating chronic leptospirosis. In contrast to wildtype hamsters, wildtype mice are not 

susceptible to acute leptospirosis, as they are natural host reservoirs in the wild. Instead, mice 

become chronically infected in their kidneys and shed leptospires into the environment 

(Levett, 2001). Also the use of knockout mice allows scientists to investigate the effects of 

specific immunological pathways. Indeed, the use of knockout and double knockout mice has 

allowed scientists to elucidate the role that B cells play in the clearance of L. interrogans 

following the activation of TLR4 and TLR2 signaling pathways (Chassin et al., 2009). Acute 

leptospirosis can be modeled in mice through the use of immunodeficient strains (TLR2
-/-

 

and TLR4
-/-

 single, or TLR2
-/-

TLR4
-/-

 double knock-out mice), although it does not lead to 

the same hemorrhagic events that take place within the hamster (Nally, Fishbein, Blanco, & 

Lovett, 2005). However, the immunological mechanism(s) by which mice remain 

asymptomatic is of particular interest, as it can be a potential lead in vaccine development. 

For all these reasons, studying Leptospira infection in the murine model is advantageous and 

relevant. One of the most critical and understudied symptoms as a result of Leptospira 

infection is carditis. 
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1.5:  The effects of the TLR adaptor protein, MyD88, in the heart 

 MyD88, as described in Section 1.3, is a critical adaptor protein in the host’s 

inflammatory response to infection (Qian & Cao, 2013). An uncontrolled inflammatory 

response leads to whole-body systemic inflammation, septic shock, and eventually death. 

Studies have found that both TLR- and major histocompatibility complex (MHC)-mediated 

responses activate MyD88, therefore increasing inflammation and leading researchers to 

view MyD88 as a potential therapeutic target for treating patients with sepsis (Saikh, 2011). 

 Septic shock, and often sepsis, always affects the cardiovascular system (Merx & 

Weber, 2007). The host’s inflammatory response leads to vasodilation and increased blood 

flow systemically, thus directly affecting the ventricular activity of the heart. Myocardial 

dysfunction due to septic shock has been well documented since the early 1950s and remains 

an active area of research, primarily due to the highly increased mortality rate (70 to 90%) 

for sepsis patients experiencing cardiovascular issues (Parrillo et al., 1990). The contractility 

and compliance of the heart are impaired as a result of sepsis, as shown through cellular, 

animal, and human studies (Merx & Weber, 2007). Since carditis is a leading factor 

associated with patient morbidity and mortality, it is absolutely critical to elucidate the role 

of specific immunological pathways that result in sepsis. 

 The role of MyD88 in the heart has not been extensively studied, though there have 

been insights gained from mouse studies. It was previously shown that MyD88, and not 

TRIF, plays an integral role in the control of myocardial dysfunction, whole-body 

inflammation, and mortality during polymicrobial sepsis induced by cecum ligation. 
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Interestingly, septic shock produced by endotoxin required both MyD88 and TRIF (Fengy et 

al., 2011). Another study showed similar effects of MyD88 on sepsis by measuring the levels 

of sepsis-induced apoptosis in MyD88-deficient mice. This study showed sepsis-induced 

apoptosis was significantly decreased in MyD88-deficient mice; however, the mice saw an 

increased mortality (Peck-Palmer et al., 2008). The effects of MyD88 on the heart in regards 

to bacterial infection have not been widely investigated, and there are no animal studies that 

investigate the specific immunological effects and functions of MyD88 on the heart as a 

result of Leptospira interrogans infection. Thus, our study seeks to address the role of 

MyD88 in the host defense and inflammatory response following Leptospira interrogans 

infection of the heart through the specific aims detailed in the next chapter.
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Chapter 2 – Infection of C57BL/6 Hearts with L. interrogans 

2.1:  Introduction and Objectives 

With an estimated 500,000 cases annually, Leptospirosis is one of the most 

understudied and widespread zoonotic bacterial infections worldwide. Although previous 

laboratory studies have shown high early burdens of Leptospira in the lungs, liver, and blood 

of infected mice (Chassin et al., 2009b; Matsui et al., 2011; Viriyakosol, Matthias, Swancutt, 

Kirkland, & Vinetz, 2006b; Werts et al., 2001) and previous clinical studies have noted 

myocarditis and cardiac abnormalities as a symptom of Leptospira infection in humans 

(Abgueguen et al., 2008; Bal, 2005; Ramachandran & Perera, 1977; Salkade et al., 2005), no 

studies have been conducted to assess whether L. interrogans is capable of infecting the 

hearts of C57BL/6 (B6) mice. B6 mouse hearts harvested from previous experiments were 

used to determine whether bacterial burdens are present, and, if so, which pro-inflammatory 

cytokines are detectable following Leptospira infection. 

 

2.2:  Materials & Methods 

2.2.1 in vitro cultivation of Leptospira  

 Leptospira interrogans serovar Copenhageni strain Fiocruz L1-130, a clinical isolate 

from a fatal human infection in Brazil, was grown in EMJH++ medium per the protocol 

developed by the Haake Lab at the University of California Los Angeles. The complete 

medium was made up of 880 mL of basal medium and supplemented on the day of 

preparation with 100 mL of Supplement, 10 mL of rabbit serum, and 10 mL of 5-
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fluorouracil. Basal medium was made of 998 mL distilled H2O, 1.0 g disodium phosphate 

(Na2HPO4), 0.3 g monopotassium phosphate (KH2PO4), 1.0 g sodium chloride (NaCl), 1.0 

mL of 10% v/v glycerol, and 1.0 mL of 25% ammonium chloride (NH4Cl) solution, all 

adjusted to a pH of 7.4 using filtered 10% NaOH. The basal medium was autoclaved after 

being brought to the proper pH. Supplement was made of the following components added, 

in order, to 100 g Bovine Albumin Fraction V (Millipore) dissolved in 500 mL of distilled 

water:  10 mL of 0.5% w/v thiamine chloride, 10 mL of 1% w/v calcium chloride 

(CaCl2·2H2O), 10 mL of 1% w/v magnesium chloride (MgCl2·6H2O), 10 mL of 0.4% w/v 

zinc sulphate (ZnSO4·7H2O), 1 mL of 0.3% w/v manganous sulphate (MnSO4·4H2O), 100 

mL of 0.5% ferrous sulphate (FeSO4·7H2O), 10 mL of 0.02% w/v vitamin B12, and 125 mL 

of 10% Tween 80, all adjusted to a pH of 7.4 using 10% NaOH. Supplement was stored at -

20ºC. Rabbit serum, stored at -20 ºC, was acquired from Pel-Freez and heat inactivated for 30 

minutes at 56ºC prior to use. The stock solution of 5-fluorouracil was made up of 1 g 5-

fluorouracil dissolved in 50 mL of filtered basal medium supplemented with 1.5 mL of 

filtered 2N NaOH. The solution was dissolved overnight in a 56 ºC water bath, and then 

adjusted to a pH of 7.4 using filtered 1N HCl. After reaching proper pH, the 5-fluorouracil 

stock solution was brought up to a final volume of 100 mL using sterile basal medium, filter 

sterilized, and stored at 4 ºC. 

 Cultures were grown in complete liquid medium (filtered sterilized right before use) 

at 37ºC to a final density of 5 x 10
8
/ml.  
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2.2.2 Mouse Strains 

 The C57BL/6 (B6) mice used in the following infections were obtained from Jackson 

Laboratories.  

 

2.2.3 Mouse Infection and Euthanasia 

 All mice used in the experiments, both infected and uninfected, were female. 7-9 

week old mice underwent intraperitoneal injection with 2x10
8
 L. interrogans in a volume of 

500 ul. Uninfected mice were injected with an equal volume of EMJH++ medium. Mice 

were allowed ad libitum access to food and water, and were euthanized via isoflurane 

narcosis at 1, 3, or 7 days post-infection. Mice then underwent post-mortem submandibular 

bleeding and were prepped for necropsy. 

 

2.2.4 Necropsy 

 Mice were dissected and hearts were split into halves. One half was flash frozen in a 

1.5 mL Eppendorf tube in a dry ice (solid carbon dioxide) ethanol bath and stored in the -80 

ºC freezer. The other half heart was fixed in 10% formalin and collected for histological 

analysis. 

 

2.2.5 Homogenization of Hearts 

 Half hearts were homogenized in 1 mL of QIAzol Lysis Reagent (Qiagen). Samples 

were moved from the -80 ºC freezer directly into a Styrofoam box filled with dry ice. From 
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the dry ice, samples were dumped directly into 1 mL ice cold QIAzol and immediately 

homogenized with a Pro Scientific Bio-Gen Series PRO200 homogenizer on the MAX 

setting. Upon homogenization, samples were visually verified for proper homogenization, 

placed back on ice, and then moved to the -80 ºC freezer. Between homogenizations, the 

homogenizer was cleaned with 5 mL of 20% SDS, 5 mL of diethylpyrocarbonate (DEPC) 

H2O, and then 5 mL of QIAzol. 

 

2.2.6 RNA Extraction 

 RNA was extracted from the QIAzol phase via a phenol-chloroform extraction and 

ethanol purification, per the QIAzol Lysis Reagent manufacturer’s instructions. QIAzol 

samples were removed from the -80 ºC freezer and placed on ice. After 200 µl of chloroform 

were added to each sample, samples were vortexed for 15 seconds, and then incubated at 

room temperature for 5 minutes. The samples were then centrifuged for 20 minutes at 13,200 

RPM at 4 ºC in a VWR Symphony 2417R refrigerated micro-centrifuge. Samples removed 

from the centrifuge were separated into an aqueous and organic phase. Between 200 and 300 

µl of the aqueous phase was removed and aliquotted to a new 1.5 mL Eppendorf tube. In the 

new tube, 500 µl isopropanol was added to each sample followed by 1 µl of 0.02 µg/µl 

glycogen (Roche). Samples were vortexed and incubated for 10 minutes at room temperature. 

Samples were then spun for 20 minutes at 13,500 RPM (max speed) at 4 ºC in the VWR 

Symphony 2417R centrifuge. After centrifugation, pellets formed at the bottom of the 

Eppendorf tubes. The supernatant was discarded and the samples were allowed to air dry for 
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3 minutes. After drying, 1000 µl of 70-75% ethanol was added as a wash to the sample for 

the purification phase. Samples were centrifuged for 6 minutes at 8,000 RPM at 4 ºC in the 

VWR Symphony 2417R centrifuge. After discarding the supernatant, the samples were air 

dried for 5 minutes, and the pellet was re-suspended in 50 µl of DEPC H2O and placed on a 

heat block at 55 ºC for 10 minutes. After solubilization, samples were quantified using the 

Thermo Scientific Nanodrop 1000 Spectrophotometer. 

 

2.2.7 cDNA Synthesis 

 Five micrograms of RNA sample were added to a 1.5 mL Eppendorf tube and 

brought up to a volume of 36 µl using DEPC H2O. Except where indicated, all reagents were 

from the Affymetrix RT-PCR kit. For each sample, 10 µl of 5X Buffer, 1 µl of dNTP, 2 µl of 

random primers (Promega), and 1 µl of reverse transcriptase were added to create the Master 

Mix. After proper dilution, 14 µl of Master Mix were added to each sample and the samples 

were heated to 37 ºC for 1 hour. The newly formed cDNA was treated with 2 µl of 1 µg/µl 

RNase A (Roche) per sample, heated at 37 ºC for an additional 10 minutes, and stored at        

-20ºC. 

 

2.2.8 Quantitative Real-Time PCR (qRT-PCR) 

 Dilution plates for the cDNA samples were constructed with 10 µl of cDNA and 90 

µl of molecular grade H2O per sample. PCR Master Mix was created using 2.5 µl of 10 µM 

forward primer, 2.5 µl of 10 µM reverse primer (Table 2.2), 6 µl of molecular grade water, 
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and 12.5 µl of Bio-Rad iQ SYBR Green Supermix per sample. In a real-time PCR plate, 5 µl 

of each sample from the dilution plate and 20 µl of the PCR Master Mix were added to each 

corresponding well. Molecular grade water was used as a negative control, while Leptospira-

infected kidney cDNA was used as a positive control. 

 Quantitative Real-Time PCR was conducted with a Bio-Rad MyiQ2 Two Color Real-

Time PCR Detection System linked to a Bio-Rad Icycler. The software used to program the 

PCR reactions was Bio-Rad iQ5.
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TABLE 2.1:  PCR Programs 

Primers Steps Temperature Time Repeat 

β -Actin, IL-

1β, TNF-α,          

IL-10 cd, and 

IFN- γ 

1 95 
O
C 3 min 1x 

2 
95 

O
C 15 sec 40x 

65 
O
C 1 min 1x 

3 95 
O
C 1 min 1x 

4 60 
O
C 1 min 1x 

5 60 
O
C to 95

 O
C 10 sec 

71x (0.5 
O
C/10 

sec) 

6 60 
O
C 30 sec 

∞ 

Lepto 16S 

1 95 
O
C 3 min 1x 

2 
95 

O
C 15 sec 40x 

63 
O
C 1 min 1x 

3 95 
O
C 1 min 1x 

4 60 
O
C 1 min 1x 

5 60 
O
C to 95

 O
C 10 sec 

71x (0.5 
O
C/10 

sec) 

6 60 
O
C 30 sec ∞ 

IL-6, IL-12 

p40 

1 95 
O
C 3 min 1x 

2 
95 

O
C 15 sec 40x 

60 
O
C 1 min 1x 

3 95 
O
C 1 min 1x 

4 60 
O
C 1 min 1x 

5 60 
O
C to 95

 O
C 10 sec 

71x (0.5 
O
C/10 

sec) 

6 60 
O
C 30 sec 

∞ 
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For the β-Actin, IL-1β, TNF-α, IL-10 cd, and IFN- γ transcripts, a 6 cycle program 

was used. The first cycle consisted of a 95 ºC step for 3 minutes. The second cycle consisted 

of 2 steps, repeated 40 times. The first step was a 95 ºC denaturing step, while the second 

step was a 65 ºC annealing step. The third step was a 1 minute 95 ºC denaturing step and the 

fourth cycle was a 1 minute 60 ºC annealing step. The fifth step determines the melting 

temperature of the amplified DNA via a stepwise increase of temperature from 60 ºC to 95 ºC 

with an increase of 0.5 ºC increments over 10 seconds per increment. For the sixth step the 

samples are held at 60 ºC indefinitely. 

 For the Leptospira 16S rRNA transcript, the same 6 cycles were used as outlined 

above, with the only change being to step 2 of cycle 2, where the annealing temperature was 

63 ºC instead of 65 ºC. For the IL-6 and IL-12 p40 transcripts, the same 6 cycles were used as 

outlined above, with the only change being to step 2 of cycle 2, where the annealing 

temperature was 60 ºC instead of 65 ºC (Table 2.1). 
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2.2.9 Primers for qRT-PCR 

 The Leptospira 16S primer sequences were obtained from the Goarant lab (Matsui et al., 2011). 

 

 

TABLE 2.2:  Primers for qRT-PCR 

 

Primers 
Forward Sequence Reverse Sequence 

β-Actin 5’-GTAACAATGCCATGTTCAAT-3’ 5’-CTCCATCGTGGGCCGCTCTAG-3’ 

Lepto 16S 5’-GGCGGCGCGTCTTAAACATG-3’ 5’-TTCCCCCATTGAGCAAGATT-3’ 

IL-1β 5’-TCCCAAGCAATACCCAAAGAGAA-3’ 5’-TGGGGAAGGCATTAGAAACAGT-3’ 

TNF-α 5’-ATGAGCACAGAAAGCATGATC-3’ 5’-TACAGGCTTGTCACTGGAATT-3’ 

IL-6 5’-ACCGCTATGAAGTTCCTCTCTGC-3’ 5’-CCAGAAGACCAGAGGAAATTTTC-3’ 

IL-10 cd 5’-GCTCTTACTGACTGGCATGA-3’ 5’-TTCCGATAAGGCTTGGCAAC-3’ 

IL-12 p40 5’-AGATGACATCACCTGGACCT-3’ 5’-GCCATGAGCACGTGAACCGT-3’ 

IFN-γ 5’-TCTTCAGCAACAGCAAGGCG-3’ 5’-AATCTCTTCCCCACCCCGAATCAG-3’ 
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2.2.10 qRT-PCR Normalization 

 Calculation of copy number for each transcript of interest was done by standardizing 

them to a mouse housekeeping gene, β-actin.  

A standard curve for β-actin was developed by Morrison and colleagues by taking 

advantage of two molecular phenomena: specific products have a higher melting temperature 

than nonspecific and thus double-stranded products will have a higher melting temperature, 

and the use of anti-Taq antibodies reduces the amount of nonspecific products produced. 

Multiple polymerase chain reactions using different amounts of starting template were run 

and the fluorescence versus cycle data was plotted. Extending out the log-linear portions of 

these graphs, the fractional cycle number at which the threshold fluorescence was surpassed 

could be determined. Plotting these fractional cycle numbers versus the log of the starting 

amount of template copies gave linear standard curves of the purified PCR products. These 

plots allow estimation of  unknown cDNA copy numbers over a 10
6
-fold range (Morrison, 

Weis, & Wittwer, 1998).  

The equation used to determine the copies of β-actin in the sample was: 

              
           

     
 

Equation 1 – β-actin Copies 

 Where the CT value is the cycle threshold and is defined as the number of cycles 

required for the fluorescent signal to exceed the background fluorescent level. In order for 

this value to be considered valid it needed to be below 27 and have a specific melt point of 

85.5 ºC. 
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 Using equation 1 we were then able to normalize the amount of copies of other RNA 

transcripts using the following equation: 

                  

           
     

             
    

 

Equation 2 – Transcript Copies 

 This equation gives units of transcript copies per 1000 β-actin copies, and these are 

the values graphed in the results section. 

 

2.2.11 Statistical Analyses 

 Statistical analyses were run comparing uninfected to infected groups, and also 1 day 

versus 3 day, and 3 day versus 7 day groups. The statistical test employed throughout was the 

non-parametric Mann-Whitney test as it is widely used in medical research and animal 

studies (Festing & Altman, 2002). The Mann-Whitney is an alternative to a t test specifically 

for use when the data are not normally distributed. A p-value of less than 0.05 was required 

in order for differences in the groups to be considered statistically significant. Statistical 

thresholds were indicated on figures and in figure legends as follows: * = p < 0.05; ** = p 

<0.01; *** = p-value<0.001. 
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2.3:  Results 

2.3.1 Leptospira burden in C57BL/6 mouse hearts 

 To determine whether Leptospira interrogans colonizes the hearts of C57BL/6 mice, 

7-9 week old mice were infected with 2x10
8
 Leptospires, and euthanized at 1, 3, or 7 days 

post-infection. Hearts were aseptically excised, RNA isolated, and cDNA synthesized for use 

in quantitative real time polymerase chain reaction (qRT-PCR) assays. Primers specific to the 

Leptospira ribosomal 16S rRNA subunit were used to detect the presence of transcriptionally 

active Leptospires in the heart. The 16S transcript values were normalized to 1000 copies of 

mouse β-actin (housekeeping gene), as described previously (Matsui et al., 2011; Morrison et 

al., 1998). 

Our results show that Leptospira interrogans were able to successfully infect the 

hearts of C57BL/6 mice. In Figure 2.1, Leptospira burdens were highest at 1 day post-

infection, began to clear at 3 days post-infection, and by 7 days post-infection were 

completely cleared from the hearts. The average bacterial burden (shown as a black bar) was 

more than 5 times higher at 1 day post-infection (10.56 Leptospira 16S RNA / 1000 β-Actin) 

than at 3 days post-infection (1.82 Leptospira 16S RNA / 1000 β-Actin). This difference was 

statistically significant, as assessed by the Mann-Whitney test (p=0.011).  

Our ability to detect transcriptionally active Leptospira within the hearts of B6 mice 

next prompted us to determine whether pro- or anti-inflammatory cytokines were produced in 

response to Leptospiral infection. 
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FIGURE 2.1:  Leptospira interrogans is detected within C57BL/6 heart tissue. B6 mice 

were infected with 2x10
8
 L. interrogans and sacrificed at 1, 3, and 7 days post-infection. 

Transcriptionally active leptospires were detected via qRT-PCR utilizing primers specific for 

the 16S rRNA subunit. Diamonds represent individual mice while bars represent averages for 

the group. n=13 for the 1 day uninfected and infected groups, and for the 7 day infected 

group. n=16 for the 3 day uninfected group, and n=17 for the 3 day infected group, n=10 for 

the 7 day uninfected group. * = p < 0.05 versus 3 day infected mice. 

 

 

 

2.3.2 qRT-PCR detection of pro- and anti-inflammatory cytokines within B6 heart tissue  

 qRT-PCR was conducted using specific primers for various pro-inflammatory 

cytokines (IL-1β, TNF-α, IL-6, and IL-12), the anti-inflammatory cytokine IL-10, and the 

Type II interferon, IFN- γ. These cytokines were all transcribed within the hearts of infected 

and uninfected C57BL/6 mice. 
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The most heavily transcribed pro-inflammatory cytokine was IL-1β, with 1 day 

uninfected hearts showing an average expression of 127.51 copies of IL-1β transcript per 

1000 β-actin copies. Comparing 1 day infected hearts to 3 day infected hearts, Figure 2.2 

shows a nearly two-fold decrease in expression from 29.96 IL-1β copies per 1000 β-Actin 

copies, to 15.46 IL-1β copies per 1000 β-Actin copies. 

 

 

 

FIGURE 2.2:  IL-1β levels are reduced in infected B6 hearts. IL-1β expression in B6 

hearts was determined through quantitative real time polymerase chain reaction (qRT-PCR). 

Values are averages of each group and error bars represent standard error of the mean (SEM). 

For 1 day uninfected and infected groups, n=13; 3 day uninfected n=16; and 3 day infected 

n=17.  

 

 

 

 The expression of TNF-α, another pro-inflammatory cytokine, was increased in both 
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show an increase of over five-fold in TNF-α expression from 0.21 to 1.18 copies of TNF-α 

per 1000 β-actin copies. 

 

 

FIGURE 2.3:  TNF-α expression is increased at 3 Days post-infection. TNF-α expression 

in B6 hearts was determined through quantitative real time polymerase chain reaction (qRT-

PCR). Values are averages of each group and error bars represent SEM. For 1 day uninfected 

and uninfected groups, n=13; for 1 day infected mice, n =13; 3 day uninfected n=16; and 3 

day infected n=17. *** = p-value<0.001 compared to 1 day post-infection infected mice. 

 

 

 

 The pro-inflammatory interleukins 6 and 12 (IL-6 and IL-12) were detected at various 

levels within the hearts of both infected and uninfected C57BL/6 mice. For IL-6, expression 

was low and only present at 1 day post-infection, while IL-12 was upregulated at 3 days post-

infection in infected mice. IL-10, an anti-inflammatory cytokine, was only expressed at 3 
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expression was low, patterns were varied, and the standard errors were large for these 3 

cytokines. 
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FIGURE 2.4:  Interleukin cytokine transcripts are detected at various levels within B6 heart tissue. IL-6, IL-12, and IL-10 

expression in B6 hearts was determined through quantitative real time polymerase chain reaction (qRT-PCR). Values are averages 

of each group and error bars represent SEM. For 1 day uninfected and infected groups, n=13; 3 day uninfected n=16; and 3 day 

infected n=17.
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  Interferon-gamma (IFN) expression was only detected at very low levels within B6 

heart tissues following Leptospira interrogans infection. Expression did not statistically 

differ between 1 and 3 days post-infection. 

 

 

FIGURE 2.5:  IFN-γ is only expressed in B6 hearts following L. interrogans infection. 

IFN-γ expression in the hearts was determined through quantitative real time polymerase 

chain reaction (qRT-PCR). For 1 day uninfected and infected groups, n=13; 3 day uninfected 

n=16; and 3 day infected n=17. 
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2.4:  Discussion 

 While previous studies have shown that Leptospira interrogans is capable of 

infecting many organs in the murine model, including the lungs, liver and kidneys, the 

literature has not shown whether it is capable of infecting the murine heart. Our results 

indicate that not only is it capable of infecting the hearts of B6 mice, but similar to the 

murine lungs and liver, it is cleared from the host by 7 days post-infection. This is an 

important finding, as previously only the kidneys of the mice have been shown to act as 

colonization sites for the bacteria, and this pattern continues with the heart. 

 This led us to identify the specific immunological mechanism involved. In order to 

investigate this phenotype, we validated the ability of our analytical methods in detecting 

cytokine expression in heart tissue. 

 This is particularly important due to the abundance of PCR inhibitors in heart tissue 

that have been shown to differentially inhibit certain transcripts (Bessetti, 2007); hence, it 

was important to verify the proper detection of key transcripts in our future experiments. 

Under the specific parameters of our system, we successfully detected both pro-inflammatory 

cytokines (IL-1β, TNF-α, IL-6, and IL-12) and anti-inflammatory cytokines (IL-10) via qRT-

PCR (as seen in Figures 3.2, 3.3, and 3.4). Furthermore, we were able to detect the presence 

of IFN-  in the infected 1 and 3 day post-infection samples (as shown in Figure 2.5). This is 

significant since Leptospira lipopolysaccharide, a major virulence factor, signals through 

both murine TLR2 and TLR4 signaling cascades, leading to the production of these pro- and 
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anti-inflammatory cytokines, as well as Type II interferon (Chassin et al., 2009a; Viriyakosol 

et al., 2006b; Werts, 2010). 

 In this chapter, we’ve shown that Leptospira was present in the hearts of mice, and 

the murine host defense cleared the bacteria by 7 days post-infection. We next conducted 

experiments to further delineate the host immunological pathways activated by Leptospira 

following infection of the heart by utilizing mice genetically deficient in the TLR adaptor 

protein MyD88. MyD88 is the adapter molecule utilized by all TLRs, except TLR3. Signal 

transduction cascades initiated downstream of MyD88 activation include pro- and anti-

inflammatory cytokines, as well as both Type I and II interferons (Akira & Takeda, 2004). 

Experiments comparing the immunological responses of wildtype B6 mice with those 

exhibited by B6 MyD88-/- mice following L. interrogans infection of the heart are described 

in the following chapter. 
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Chapter 3 – The role of MyD88 in the host defense and inflammatory response 

following Leptospira interrogans infection of the heart 

3.1:  Introduction and Objectives 

 Despite the presence of myocarditis in humans, no studies have been conducted to 

examine the host response in the heart to Leptospira interrogans infection. Studying the 

murine host response to L. interrogans infection of the heart serves two chief purposes:  first, 

to elucidate the infection responses in the heart compared to other organs; second, to form a 

more complete understanding of the immunological reasons for why mice are reservoir hosts 

that are resistant to Leptospira infection, thus helping with the development of better 

therapeutics. These studies will lead to an increased understanding of L. interrogans 

pathogenesis and have potentially important implications in the spread and treatment of 

Leptospirosis. This study’s objectives are to assess the role of MyD88 in the host defense to 

Leptospira interrogans infection in the heart and to assess the role of MyD88 in the 

inflammatory response to Leptospira interrogans infection in the heart. 

Toll-like Receptors (TLRs) 2 and 4 are critical in the recognition of Leptospiral 

lipopolysaccharide (LPS) (Chassin et al., 2009a; Nahori et al., 2005). Mice deficient in these 

TLRs succumb to Leptospiral infection and die. Myeloid differentiation factor-88 (MyD88) 

is one of two adaptor proteins involved in the signaling of Toll-like Receptors 2 and 4. 

MyD88 absence results in an increased host tissue burden following many bacterial 

infections, including the related spirochetes Borrelia burgdorferi and Borrelia hermsii (Bolz 

et al., 2004; Bolz et al., 2006). Previous studies have examined kidney and liver burdens in 
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MyD88-deficient mice following Leptospira infection (Chassin et al., 2009a), but the effect 

of MyD88 deficiency on bacterial burdens in the heart was not examined. In order to assess 

the importance of MyD88 in the host defense to Leptospira infection of the heart, wildtype 

B6 and MyD88
-/-

 mice were infected with L. interrogans and sacrificed at 1 and 3 days post-

infection. Quantitative real-time PCR (qRT-PCR) was utilized to assess Leptospira burdens 

within B6 and MyD88-/- hearts.  

MyD88 has been shown to be critical for the inflammatory response to many different 

bacterial infections (Behera et al., 2006; Bolz et al., 2006; Naiki et al., 2005). Previous 

studies have shown that blocking MyD88 reduced hypertrophy of the myocardium, apoptosis 

of cardiac myocytes, and improved the cardiac function of rats in vivo (Ha, 2006). MyD88
-/-

 

and wildtype B6 mice were infected with L. interrogans and sacrificed at 1 and 3 days post-

infection. In order to assess the role that MyD88 plays in the inflammatory response to 

Leptospira, B6 and MyD88-/- hearts were analyzed for Type I IFN production, and for both 

pro- and anti-inflammatory cytokine induction. 

 

3.2:  Materials & Methods 

3.2.1 in vitro cultivation of Leptospira  

 As described in Section 2.2.1. 
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3.2.2 Mouse Strains 

 The mice used in the following infections were obtained from Jackson Laboratories. 

The mice used were of the strain C57BL/6, more commonly referred to as B6, and B6 

MyD88 deficient mice (B6.129P2(SJL)-Myd88
tm1.1Defr

/J)  more commonly referred to as 

MyD88
-/-

. 

 

3.2.3 Mouse Infection 

All B6 mice used in the experiments, both infected and uninfected, were age-matched 

females. MyD88
-/-

 mice used in the experiments were a mix of age-matched male and female 

mice. 7-9 week old mice underwent intraperitoneal injection with 2x10
8
 L. interrogans in a 

volume of 500 ul for the infected groups. The uninfected groups received an equal volume of 

EMJH++ medium. Mice were allowed ad libitum access to food and water, and euthanized 

via isoflourane narcosis at 1 and 3 days post-infection. Mice then underwent post-mortem 

submandibular bleeding and were prepped for necropsy. 

 

3.2.4 Necropsy 

Mice were dissected and hearts were split into halves. For experiment 8L3 (a previous 

3 day Leptospira experiment where multiple organs were harvested), one half was flash 

frozen in a 1.5 mL Eppendorf tube in a dry ice (solid carbon dioxide) ethanol bath and stored 

in the -80 ºC freezer. The other half heart was fixed in 10% formalin and collected for 

histological analysis. For experiments M1L1 and M2L3 (two experiments, one 1 day and one 
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3 day, specific to this body of work, where only hearts were harvested), each half heart 

sample was immediately moved to 1 mL of QIAzol and homogenized while the other half 

was fixed in 10% formalin and collected for histological analysis. 

 

3.2.5 Homogenization of Hearts 

 For experiment 8L3, half hearts were homogenized in 1 mL of QIAzol Lysis Reagent. 

Samples were moved from the -80 ºC freezer directly into a Styrofoam box filled with dry 

ice. From the dry ice, samples were placed directly into 1 mL ice cold QIAzol and 

immediately homogenized with a Pro Scientific Bio-Gen Series PRO200 homogenizer using 

the MAX setting. For experiments M1L1 and M2L3, half hearts were placed directly into 1 

mL ice cold QIAzol and immediately homogenized with the same homogenizer set to the 

MAX setting. Upon homogenization, samples were visually verified for complete 

homogenization, placed back on ice, and then moved to the -80 ºC freezer. Between 

homogenizations, the homogenizer was cleaned with 5 mL of 20% SDS, 5 mL of 

diethylpyrocarbonate (DEPC) treated H2O, and then 5 mL of QIAzol. 

 

3.2.6 RNA Extraction 

 As described in Section 2.2.6. 

 Re-extractions were conducted for samples that did not have 260/280 values above 

1.7, 260/230 values above 1.0, or RNA concentrations above 115 ng/µL. For these additional 

extractions, the 50 µL of extracted RNA was brought up to a volume of 200 µL with DEPC-
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treated de-ionized water and an equal volume of chloroform was added. The samples were 

vortexed for 15 seconds and then the entire volume was added back into their original 

QIAzol samples and vortexed again for 15 seconds. The QIAzol samples were then incubated 

at room temperature for 5 minutes and the same isopropanol extraction and ethanol 

purification steps as described in Section 3.1.6 were followed. Extractions were repeated 

until nanodrop values were within the desired range. 

 

3.2.7 cDNA Synthesis 

 As described in Section 2.2.7. 

 

3.2.8 Quantitative Real-Time PCR (qRT-PCR) 

 As described in Section 2.2.8. 
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3.2.9 Primers for qRT-PCR 

 The same primers from Section 2.2.9 were used along with the following additional primers: 

 

TABLE 3.1:  Primers for qRT-PCR 

Primers 
Forward Sequence Reverse Sequence 

IL-4 5’-CATCGGCATTTTGAACGAG-3’ 5’-CGAGCTCACTCTCTGTGGTG-3’ 

IL-13 5’-TGAGGAGCTGAGCAACATCACACA-3’ 5’-TGCGGTTACAGAGGCCATGCAATA-3’ 

IFN-β 5’-GGAGATGACGGAGAAGATGC-3’ 5’-CCCAGTGCTGGAGAAATTGT-3’ 

STAT1 5’-CGTGGGAACGGAAGCATTTG-3’ 5’-ACGAGACATCATAGCCAGCGTG-3’ 

CXCL9 5’-TTGGGCATCTTCCTGGAGCAG-3’ 5’-GAGGTCTTTGAGGGATTTGTAGTGG-3’ 

CXCL10 5’-GAAATCATCCCTGCGAGCCTATCC-3’ 5’-GCAATTAGGACTAGCCATCCACTGGG-3’ 

Gbp2 5’-CTACCGCACAGGCAAATCCTAC-3’ 5’-GTCATTCTGGTTGTCACCCTTCTC-3’ 

IFIT1 5’-GTCAAcTGTCAGTGCTTCCATCC-3’ 5’-TCAGGGCAGAAAAGTCAAGGC-3’ 

Oasl2 5’-TGGGAAGAAGAAAGGGATGGG-3’ 5’-GGGTTTGTCCAGAGTGTCCAATC-3’ 
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3.2.10 qRT-PCR Normalization 

 As described in Section 2.2.10. 

 

3.2.11 Statistical Analyses 

 As described in Section 2.2.11. 

 

3.2.12 IFN-Beta Bioassay 

 Frozen Invivogen B16-Blue IFN-α/β cells were removed from the -200 ºC liquid 

nitrogen tank and thawed immediately in a 37 ºC water bath for 2 minutes. The cells were 

resuspended in 5 mL of pre-warmed Test Medium (10% FBS; 500 mL Roswell Park 

Memorial Institute  (RPMI) medium; and 5 mL of a 100X mix of streptomycin, penicillin, 

and L-glutamine filter-sterilized and then spiked with 50 mg of Normocin). The cells were 

then spun down in the Beckman Coulter Allegra X-15R Centrifuge for 10 minutes at 1000 

RPM at 4 ºC. The supernatant was discarded and cells were resuspended in 10 mL of fresh 

Test Medium, then transferred to a Corning T-75 flask and incubated at 37 ºC with 5% CO2.  

 Once cells reached 70-80% confluency, they were either passaged or used in the 

assay. In either case, the supernatant was discarded and 5 mL of room temperature 1X PBS 

was added to wash the cells and then discarded. Five mL of 0.25% Trypsin-EDTA was added 

to each flask and incubated at 37 ºC for 30 seconds. Once cells detached, 5 mL of Test 

Medium was added to each flask. Cells were pooled into a 50 mL tube and centrifuged at 

1000 RPM for 7 min at 22 ºC. After discarding the supernatant, cells were resuspended in 10 
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mL of Test Medium. Ten µL of cells and 90 µL of trypan blue were added to an Eppendorf 

tube and were counted using a hemocytometer. For the assay, cells were then diluted to a 

final concentration of 4.2x10
5
 cells/mL; for passaging, 3x10

5
 cells, in 30 mL of Test medium, 

were seeded to a new Corning T-75 flask and incubated at 37 ºC and 5% CO2.  

 On the first day of the assay, 1 and 3 day serum samples were thawed on ice and 40 

µL of each were added to each well of a flat-bottom 96-well tissue culture plate. In a separate 

dilution plate, 100 µL of recombinant murine IFN-β standard (PBL Interferon Source) at a 

starting concentration of 1000 U/mL was diluted serially in a 1:2 ratio in ELISA diluent 

solution. Similarly, 40 µL of the standard curve were added to the 96-well tissue culture plate 

along with 40 µL of ELISA diluent, acting as a blank. After this, 180 µL of the 4.2x10
5
 

cells/mL cell suspension was added to each well and the plate was incubated at 37 ºC with 

5% CO2 for 24 hours. 

 On the second day of the assay, QUANTI-Blue solution was prepared by dissolving 

one pouch of QUANTI-Blue in a 250 mL sterile glass flask and resuspending in 100 mL of 

endotoxin-free water. The QUANTI-Blue was warmed to 37 ºC for 30 minutes and then 

filter-sterilized. In a flat bottom 96-well assay plate, 180 µL of QUANTI-Blue was added to 

each corresponding well from the tissue culture plate. Three plates were set up in this 

fashion. To the first plate, 20 µL of supernatant from the overnight incubated tissue culture 

plate were added to the QUANTI-Blue. For the second plate, 40 µL of supernatant was added 

and to the third, 80 µL of supernatant was added. These 3 plates were then incubated at 37 ºC 

and 5% CO2 for 90 minutes and then read on a Bio-Tek Synergy HT plate reader at 650 nm 
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in order to determine the secreted alkakline phosphatase (SEAP) levels. After background 

normalization, the amount of IFN-β in each sample was calculated using the standard curve 

generated from the known concentrations of rIFN-β added. 

 

3.3:  Results 

3.3.1 Leptospira burden in MyD88
-/-

 and B6 mouse hearts 

 To determine the effects that the adaptor protein MyD88 play on the murine host’s 

defense against Leptospira interrogans infection of the heart, both C57BL/6 and MyD88
-/-

 

mice were infected with 2x10
8
 Leptospires, sacrificed at 1 or 3 days post-infection, and 

mouse hearts were collected. Hearts were then homogenized in QIAzol, RNA was extracted, 

and cDNA was synthesized for use in quantitative real time polymerase chain reaction (qRT-

PCR). Primers specific to the Leptospira ribosomal 16S RNA were used in order to detect the 

presence of transcriptionally active Leptospires in the heart (Matsui et al., 2011). 

 The results showed that, while there appeared to be a split phenotype, B6 mice on 

average had a higher bacterial burden at 1 day than MyD88 deficient mice (16.13 versus 6.85 

Leptospira 16S RNA copies per 1000 β-Actin copies). However, these trends at 1 day post-

infection were not statistically significant. Whether this is due to the relatively low number of 

mice in the experiment or MyD88 not having an impact on host defense, will require larger 

experiments in the future. 

Interestingly, as shown in Figure 3.1, at 3 days post-infection the MyD88 deficient 

mice had a higher average burden (2.24) than the B6 mice (0.85). This indicates that while 
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the B6 mice had a higher initial burden, they were capable of clearing the bacteria more 

efficiently than the MyD88 deficient mice. While compared to the 1 day data the number of 

mice in the 3 day experiment was much larger, it still did not show a statistically significant 

difference between the MyD88
-/-

 and B6 infected mice. Once again, this could be a matter of 

increasing the amount of mice in order to exceed the significance threshold, but, with a still 

very large p-value (0.77), it is likely due to MyD88 not playing a significant role in host 

defense.
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FIGURE 3.1:  MyD88 contributes to the host L. interrogans infection response. MyD88
-/-

 

and B6 mice were infected with 2x10
8
 L. interrogans and sacrificed at 1 and 3 day post-

infection. Transcriptionally active leptospires were detected via qRT-PCR utilizing primers 

specific for the 16S rRNA subunit. Diamonds represent individual mice while bars represent 

averages for the group. For the 1 day uninfected B6 group n=5, 1 day infected B6 group and 

the 1 day uninfected MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. 

For the 3 days uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected 

MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. 

 

 

 Due to the variance in the 1 day B6 infected Leptospira burden, we examined weight 

change in each mouse to assess whether weight was correlated with bacterial burden. In 

Figure 3.2, the percent of mouse weight change from day of infection to day of sacrifice was 

plotted against the Leptospira burden for the four different demographics:  1 day B6, 1 day 

MyD88
-/-

, 3 days B6, and 3 days MyD88
-/-

. Since all four groups did not show a consistent 
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pattern of weight loss or gain, there appears to be no definitive correlation between change in 

weight as a result of bacterial burden. 

 With the change in weight of the mice eliminated as a confounding factor, we next 

examined the expression of various pro- and anti-inflammatory cytokines that could be 

responsible for this pattern of a high 1 day bacterial burden in the wildtype mice followed by 

a quick clearing of the bacteria by 3 days post-infection. 
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FIGURE 3.2:  Mouse weight does not affect Leptospira burden. A) Weight change for infected (diamonds) and uninfected 

(crosses) 1 day B6 mice B) Weight change for infected (triangles) and uninfected (crosses) 1 day MyD88
-/- 

mice C) Weight change 

for infected (squares) and uninfected (crosses) 3 days B6 mice D) Weight change for infected (circles) and uninfected (crosses) 3 

days MyD88
-/- 

mice.
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3.3.2 Pro-inflammatory and anti-inflammatory cytokine profile within L. interrogans infected 

MyD88
-/-

 and B6 mouse hearts 

 Similarly to the Leptospira specific 16S rRNA, qRT-PCR was conducted for a pro-

inflammatory cytokine panel. The cytokines that were investigated were TNF-α, IL-1β, IL-6, 

and IL-12 for the pro-inflammatory cytokines and IL-4, IL-10, and IL-13 for the anti-

inflammatory cytokines. 

 Results showed that TNF-α was upregulated by greater than 6-fold in MyD88 

deficient mice at 1 day post-infection, then decreased to uninfected baseline levels by 3 days, 

though levels remained consistently down-regulated for B6 mice at both 1 and 3 days post-

infection. The 6.16 fold-change (FC) in TNF-α level observed in the 1 day MyD88 deficient 

infected mice is not statistically significant due to large standard errors, and further 

experiments are required to confirm these results.  
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FIGURE 3.3:  TNF-α expression is upregulated in MyD88
-/-

 mice. TNF-α expression in 

B6 and MyD88
-/-

 hearts was determined through quantitative real time polymerase chain 

reaction (qRT-PCR). Values are averages of each group and error bars represent SEM. For 

the 1 day uninfected B6 group n=5, 1 day infected B6 group and the 1 day uninfected 

MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. For the 3 days 

uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. 

 

 

 We next examined the expression levels of IL-1β, another pro-inflammatory cytokine, 

using quantitative real time polymerase chain reaction. Results show that the fold-change of 

IL-1β levels for both B6 and MyD88
-/-

 mice at both 1 and 3 days post-infection were similar 

compared to their respective uninfected controls. This indicates that IL-1β expression levels 

were unaffected by the absence of the MyD88 adaptor protein and did not contribute to the 

initial higher bacterial burden observed in B6 phenotype at day 1. 
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FIGURE 3.4:  IL-1β expression is not affected by a lack of MyD88. IL-1β expression in 

B6 and MyD88
-/-

 hearts was determined through quantitative real time polymerase chain 

reaction (qRT-PCR). Values are averages of each group and error bars represent SEM. For 

the 1 day uninfected B6 group n=5, 1 day infected B6 group and the 1 day uninfected 

MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. For the 3 days 

uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. 

 

 

 The expression levels of other pro-inflammatory cytokines, Il-6 and IL-12, along with 

the anti-inflammatory cytokines, IL-4, IL-10, and IL-13, were investigated via qRT-PCR but 

expression levels could not be accurately measured, likely due to the presence of PCR 

inhibitors. Due to these inconclusive results, we investigated other pathways that could be 

responsible for the decreased bacterial burden for MyD88 deficient mice compared to the 
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wildtype B6 mice at 1 day post infection. Specifically, we investigated Type I and Type II 

interferons. 

 

3.3.3 Interferon response to L. interrogans infection in MyD88
-/-

 and B6 mouse hearts 

 Similarly to the pro- and anti-inflammatory cytokine specific RNA, qRT-PCR was 

conducted for Type I and Type II interferons and their signaling molecules. Specifically, the 

molecules that were investigated were IFN- γ (Type II interferon), IFN- β (Type I interferon), 

and STAT1 (signaling molecule for both classes). An additional experiment was conducted to 

verify the results of the IFN- β qRT-PCR using a B16-Blue cell bioassay.  

 Our results show that IFN-γ expression in the wildtype B6 mice was not detected at 1 

day post-infection in both the infected and uninfected groups, but by 3 days post-infection 

infected mice had a 2.56 fold-change increase. This 3 day B6 upregulation was not 

statistically significant, as seen by the very large standard error. Conversely, the MyD88
-/-

 

deficient mice were slightly upregulated (although not statistically significant, potentially due 

to the small n or inhibitors leading to increased error in the qRT-PCR data) at 1 day post-

infection but by 3 days post-infection, levels of IFN-γ were significantly down-regulated. The 

3 days post-infection infected B6 group and the 3 days post-infection infected MyD88
-/-

 

group were statistically significantly different from one another (p=0.015). These results 

indicate that there was a significant phenotypical difference in the B6 and MyD88
-/-

 IFN-γ 

response at 3 days post-infection. Also, at day 3 there was dysregulated kinetics of IFN-γ 

induction, with upregulation in B6 and downregulation in MyD88
-/- 

mice. 
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FIGURE 3.5:  IFN-γ expression is low in MyD88
-/-

 mice. IFN-γ expression in B6 and 

MyD88
-/-

 hearts was determined through quantitative real time polymerase chain reaction 

(qRT-PCR). Values are averages of each group and error bars represent SEM. For the 1 day 

uninfected B6 group n=5, 1 day infected B6 group and the 1 day uninfected MyD88
-/- 

group 

n=6, and for the 1 day infected MyD88
-/-

 group n=8. For the 3 days uninfected B6 group 

n=10, 3 days infected B6 group n=11, 3 days uninfected MyD88
-/- 

group n=8, and for the 3 

days infected MyD88
-/-

 group n=11. * = p-value < 0.05 versus 3 day infected B6 mice. 

 

  

Next, we examined the expression levels of the Type I IFN transcript, IFN-β. Our 

results show that, while not statistically significant, IFN-β expression was upregulated at 1 

day post-infection in MyD88
-/-

 mice, then decreased back to baseline expression levels at 3 

days post-infection. The lack of statistical significance for the IFN-β 1 day upregulation in 

the MyD88
-/-

 mice would likely be overcome by increasing the amount of mice in the 
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experiment as the p-value was 0.15 for this small sample size. Another reason for this lack of 

statistical significance could be due to inhibitors from the heart interfering with highly 

accurate qRT-PCR values. Interestingly, B6 infected mice showed baseline levels of IFN-β 

expression at 1 day post-infection, but down-regulation at 3 days-post infection. This appears 

to coincide with the upregulation of IFN-γ expression at 3 days post-infection, as seen in 

Figure 3.5. Conversely to the 3 day kinetic dysregulation of IFN-γ induction at 3 days post-

infection, kinetic dysregulation was observed for IFN-β induction at 1 day post-infection, 

with upregulation in MyD88
-/-

 mice and baseline levels in B6 mice. 
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FIGURE 3.6:  IFN-β expression is upregulated at 1 day post-infection. IFN-β expression 

in B6 and MyD88
-/-

 hearts was determined through quantitative real time polymerase chain 

reaction (qRT-PCR). Values are averages of each group and error bars represent SEM. For 

the 1 day uninfected B6 group n=5, 1 day infected B6 group and the 1 day uninfected 

MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. For the 3 days 

uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. 

 

 

 A bioassay using B16-Blue cell lines yielded similar results for the B6 mouse 

samples compared to Figure 3.6. Due to serum limitations, only samples from experiments 

M1L1 and M2L3 were used in this bioassay. In Figure 3.7, B6 mice were shown to be 

upregulated at 1 day post-infection, but the standard error placed this result within the range 

of baseline activity. At 3 days post-infection, B6 mice showed a large statistically significant 

(p=0.006) downregulation, similar to in Figure 3.6. MyD88
-/-

 group results for the bioassay 
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did not follow the same trend as the qRT-PCR, but did produce interesting results At 1 day 

post-infection the MyD88
-/-

 mice were shown to be near baseline at a fold-change close to 1. 

This was different from the qRT-PCR results that showed an upregulation at 1 day post-

infection for the MyD88
-/-

 group. Alternatively, at 3 days post-infection there was a 

downregulation of 1.94 fold-change for the MyD88
-/-

 group. This countered the baseline 

levels of IFN-β observed at 3 days post-infection for this group in Figure 3.6. This 

downregulation was not statistically significant, due to a large standard error caused by a 

relatively small amount of mice used in the assay, but with a larger experimental group it 

may prove significant, as the p-value was 0.136. It should be noted that this assay is also 

capable of detecting IFN-α and IFN-γ (Lochhead et al., 2012) and this could cause some 

issues with the results, specifically the 3 day post-infection MyD88
-/-

 results. As seen in 

Figure 3.5, there was a significant downregulation in IFN-γ for MyD88
-/-

 mice at 3 days post-

infection. This IFN-γ downregulation may be responsible for the observed IFN-β 

downregulation seen for this group at 3 days post-infection.
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FIGURE 3.7:  IFN-β Bioassay confirms results of IFN-β qRT-PCR for B6 mice. IFN-β 

expression in B6 and MyD88
-/-

 hearts was determined through a B16-Blue Bioassay. Values 

are averages of each group and error bars represent SEM. For the 1 day uninfected B6 group 

n=5; 1 day infected B6 group and the 1 day uninfected MyD88
-/- 

group n=6; and for the 1 

day infected MyD88
-/-

 group n=8. For the 3 days uninfected B6 group n=5; 3 days infected 

B6 group n=6; 3 days uninfected MyD88
-/- 

group n=4; and for the 3 days infected MyD88
-/-

 

group n=6. ** = p <0.01 versus 3 day B6 uninfected mice. 

 

 

 With apparently low IFN-γ and elevated IFN-β expression in the 1 day infected 

MyD88
-/-

 mice, along with very little pro- and anti-inflammatory cytokine activity, we 

wanted to verify the elevated interferon phenotype by looking at their common signaling 

molecule, STAT1. Our results show that STAT1 was upregulated (fold-change of 2.55) at 1 

day post-infection in the MyD88
-/-

 infected mice. This upregulation was statistically 
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significant with a p-value of 0.0029. At 3 days post-infection STAT1 expression was back to 

baseline for the MyD88
-/-

 mice. B6 mice on the other hand, were near baseline for STAT1 

expression at 1 day post-infection, and slightly upregulated at 3 days post-infection. This 

slight upregulation at 3 days post-infection coincided with the upregulation of IFN-γ shown 

in Figure 3.5 and with the down regulation of IFN-β at 3 days post-infection, as seen in 

Figures 4.6 and 4.7. 

 

 

FIGURE 3.8:  STAT1 upregulation suggests interferon expression is upregulated in 

MyD88
-/-

 Mice at 1 day post-infection. STAT1 expression in B6 and MyD88
-/-

 hearts was 

determined through quantitative real time polymerase chain reaction (qRT-PCR). Values are 

averages of each group and error bars represent SEM. For the 1 day uninfected B6 group 

n=5, 1 day infected B6 group and the 1 day uninfected MyD88
-/- 

group n=6, and for the 1 

day infected MyD88
-/-

 group n=8. For the 3 days uninfected B6 group n=10, 3 days infected 

B6 group n=11, 3 days uninfected MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 

group n=11. ** = p <0.01 versus 1 day uninfected MyD88
-/-

 mice. 
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 With a spike in the expression of STAT1 at 1 day post-infection in MyD88
-/-

 infected 

mice, we decided to look downstream of STAT1 at the interferon-inducible genes. 

 

3.3.4 Interferon-inducible gene profile in L. interrogans infected MyD88
-/-

 and B6 mouse 

hearts 

 Similarly to the Type I and II interferon genes, qRT-PCR was conducted for 

interferon-inducible genes downstream of the interferon signaling cascades. The molecules 

that were investigated were CXCL9, Gbp2, IFIT1, and Oasl2.  

 Our results show that chemokine ligand 9 (CXCL9) was upregulated (fold-change of 

2.42) in infected MyD88
-/-

 mice at 1 day post-infection. This result is statistically significant 

with a p-value of 0.0045. In the MyD88
-/-

 group, at 3 days post-infection CXCL9 expression 

was back down to baseline. Alternatively, B6 mice did not exhibit a statistically significant 

up or downregulation at either 1 or 3 days post-infection. This phenotype of an initial spike 

in interferon-inducible gene expression at 1 day followed by expression back to baseline at 3 

days post-infection mirrored the increase in STAT1 and IFN-β seen at 1 day post-infection in 

Figures 4.6 and 4.8. 

 



 

 

 

 

 

60 

6
0
 

 

FIGURE 3.9:  Interferon inducible CXCL9 is upregulated in infected MyD88
-/-

 mice at 1 

day p.i. CXCL9 expression in B6 and MyD88
-/-

 hearts was determined through quantitative 

real time polymerase chain reaction (qRT-PCR). Values are averages of each group and error 

bars represent SEM. For the 1 day uninfected B6 group n=5, 1 day infected B6 group and the 

1 day uninfected MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. For 

the 3 days uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected 

MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. * = p < 0.05 versus 3 

day B6 uninfected mice; ** = p <0.01 versus 1 day MyD88
-/-

 uninfected mice. 
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and back down to baseline at 3 days. The 1 day fold-change for the B6 mice was statistically 

significant with a p value of 0.028. 

 

 

FIGURE 3.10:  Interferon inducible Gbp2 is upregulated in infected MyD88
-/-

 mice at 1 

day p.i. Gbp2 expression in B6 and MyD88
-/-

 hearts was determined through quantitative 

real time polymerase chain reaction (qRT-PCR). Values are averages of each group and error 

bars represent SEM. For the 1 day uninfected B6 group n=5, 1 day infected B6 group and the 

1 day uninfected MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. For 

the 3 days uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected 

MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. * = p < 0.05 versus 1 

day uninfected B6 mice; ** = p <0.01 versus 1 day uninfected MyD88
-/-

 mice. 
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The fold-change of 1.76 in the 1 day B6 mice was statistically significant with a p value of 

0.028, while the fold-change of 2.56 in the 1 day MyD88
-/-

 group was also statistically 

significant with a p value of 0.039. At 3 days post-infection IFIT1 expression was reduced to 

baseline in both of the groups. This pattern remained consistent for the MyD88
-/-

 mice as 

previously shown for other interferon-inducible genes. 

 

 

FIGURE 3.11:  Interferon inducible IFIT1 is upregulated in infected MyD88
-/-

 mice at 1 

day p.i. IFIT1 expression in B6 and MyD88
-/-

 hearts was determined through quantitative 

real time polymerase chain reaction (qRT-PCR). Values are averages of each group and error 

bars represent SEM. For the 1 day uninfected B6 group n=5, 1 day infected B6 group and the 

1 day uninfected MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. For 

the 3 days uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected 

MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. * = p < 0.05 versus 

respective uninfected mouse group. 
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 The interferon-inducible gene Oasl2 was upregulated in a similar pattern to the other 

interferon-inducibles, but to a greater extent. The B6 and MyD88
-/-

 mice were both 

upregulated at 1 day post-infection with fold-change of the MyD88
-/-

 mice being much 

greater (5.23 versus 1.96). Both of these groups were statistically significant with p values of 

0.01 and 0.002 for the B6 and MyD88
-/-

 groups, respectively. Interestingly, in MyD88
-/-

 

mice, cytokine levels appeared to initially increase at 1 day post-infection followed by a 

reduction back to baseline at 3 days as observed in Figures 4.8, 4.9, 4.10, and 4.11. The B6 

mice followed a similar trend for Oasl2, but exhibited a lower magnitude of upregulation at 1 

day post-infection. 
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FIGURE 3.12:  Interferon inducible Oasl2 is upregulated in infected MyD88
-/-

 mice at 1 

day p.i. Oasl2 expression in B6 and MyD88
-/-

 hearts was determined through quantitative 

real time polymerase chain reaction (qRT-PCR). Values are averages of each group and error 

bars represent SEM. For the 1 day uninfected B6 group n=5, 1 day infected B6 group and the 

1 day uninfected MyD88
-/- 

group n=6, and for the 1 day infected MyD88
-/-

 group n=8. For 

the 3 days uninfected B6 group n=10, 3 days infected B6 group n=11, 3 days uninfected 

MyD88
-/- 

group n=8, and for the 3 days infected MyD88
-/-

 group n=11. * = p < 0.05 versus 

the respective uninfected group; ** = p <0.01 versus 1 day uninfected MyD88
-/-

 mice. 
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inducible gene, CXCL10, was examined through qRT-PCR, but expression levels could not 

be detected, likely due to PCR inhibitors. 

 

3.4:  Discussion 

 In the previous chapter, we showed that Leptospira interrogans was present in mouse 

hearts, and it was efficiently cleared by 7 days post-infection (Section 3.2). In this chapter, 

we further probed the host immunological responses to this infection. Since Leptospira LPS 

binds to both toll-like receptors 2 and 4 (TLR2 and TLR4) in the mouse model, we analyzed 

mice that lack the major adaptor molecule utilized by both of these TLRs, MyD88, in 

comparison to wildtype mice to determine the effect of MyD88-dependent pathways on the 

host immune response. 

Three separate mouse experiments were conducted (one 1 day and two 3 days post-

infection timepoints) to compare wildtype B6 mice to MyD88-deficient mice. Interestingly, 

Figure 3.1 shows that MyD88
-/- 

mice initially had a lower average Leptospira burden 

compared to the wildtype B6 mice at 1 day post-infection, but a lower bacterial burden at 3 

days post-infection. This observation suggests that MyD88
-/- 

mice have an altered 

immunological response that may allow more effective protection against Leptospira 

infection at this earliest time point. This observation could also suggest that the MyD88 

protein does not play an active role in host defense to Leptospira infection, but verification of 

this hypothesis would require histopathological analysis of the samples. MyD88 may not be 

required for host to defense due to a robust response from other immunological pathways. To 
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further study this, we probed the expression levels of cytokines in specific MyD88-

independent pathways that might have been upregulated as a compensatory response.  

A panel of pro- and anti-inflammatory cytokines was investigated via qRT-PCR on 

the mouse heart RNA samples. IL-1β expression levels remained constant among both 

MyD88 deficient and wildtype mice, while the IL-6, IL-12, IL-4, IL-10, and IL-13 cytokines 

either showed no change or were not detected. With a weak pro- and anti-inflammatory 

cytokine profile, it was apparent that these molecules were not responsible for the difference 

in bacterial burden seen at 1 day post-infection between the B6 and MyD88
-/- 

mice. 

Interestingly, TNF-α was upregulated in MyD88
-/- 

mice, (as shown in Figure 3.3) despite the 

absence of the MyD88 adaptor protein. These data suggest that TNF-α might undergo 

activation via an alternative MyD88-independent pathway. Literature has shown that 

alternative TNF-α signaling pathways exist (Kruglov et al., 2008) that might be utilized by 

the MyD88
-/- 

mice to compensate for the lack of other pro-inflammatory cytokine expression. 

There is a possibility that TNF-α induction could play a role in keeping the leptospiral burden 

low in MyD88
-/- 

mice, as the literature has shown that TNF-α plays an important role in early 

control of infection (Athanazio, Santos, Santos, McBride, & Reis, 2008). However, with little 

other evidence to implicate pro- and anti-inflammatory cytokine induction as the reason for 

the low bacterial burden in the MyD88
-/- 

mice, induction of type I and type II interferon was 

investigated. 

IFN-γ expression (Figure 3.5) was first studied and found to be low in MyD88
-/- 

mice 

at both 1 and 3 days post-infection. In contrast, B6 mice showed no IFN-γ expression at 1 
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day post-infection, but IFN-γ was markedly upregulated at 3 days post-infection. The 

timeline of this increase in IFN-γ production corresponded with the enhanced bacterial 

clearance observed at 3-days post infection, suggesting that this Type II interferon expression 

pattern may be partially responsible for the clearance of Leptospira from B6 heart tissue at 3 

days post-infection. Interestingly, the induction kinetics for IFN-γ were dysregulated at 3 

days post-infection for the MyD88
-/- 

mice, with a significant downregulation, suggesting that 

this cytokine’s absence may be potentially responsible for the higher burden observed in 

MyD88
-/- 

mice at 3 days post-infection (Figure 3.1). We next examined the expression levels 

of IFN-β using qRT-PCR. 

 Baseline IFN-β expression (Figure 3.6) was observed at 1 day post-infection for the 

wildtype B6 mice, while it was down regulated for this group at 3 days post-infection. This 

downregulation coincided with the upregulation in IFN-γ at 3 days post-infection. This 

observation is consistent with previous literature that showed Type I and Type II interferons 

often negatively regulate one another, and at other times compensate for one another 

(Kearney et al., 2013; Paulnock, Demick, & Coller, 2000; Rayamajhi, Humann, Kearney, 

Hill, & Lenz, 2010b). In MyD88
-/- 

mice, we observed an upregulation at 1 day post-infection, 

with decreased levels (back to backline) at 3 days post-infection. While this result was not 

statistically significant, significant reduction was also seen by the B16-Blue bioassay with 

MyD88
-/- 

mice at 3 days post-infection. These trends suggest that the initial increase of IFN-β 

may be compensating for the lack of pro- and anti-inflammatory cytokines in the MyD88
-/- 
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mice. To investigate this further, we examined the common upstream signaling molecule 

STAT. 

 In Figure 3.8, STAT1 showed a statistically significant upregulation (fold-change of 

2.55) at 1 day post-infection in the MyD88
-/- 

mice, as opposed to the B6 mice, which 

remained at baseline at both 1 and 3 days post-infection. These STAT1 expression patterns 

for the MyD88
-/- 

mice were consistent with the increased 1 day interferon phenotype 

observed in Figure 3.6.  

 We also looked at the interferon-inducible genes: CXCL10, CXCL9, Gbp2, IFIT1, and 

Oasl2. STAT1 acts with IFN-β in a positive feedback loop in order to elevate the amount of 

IFN-β and thus the amount of these inducible-genes. These genes are all responsible for 

initiating signal transduction cascades that enhance communication between cells to trigger 

immune system defenses that potentially compensate for the lack of pro- and anti-

inflammatory cytokines present in the mice and may aid the successful eradication of 

Leptospira from the heart. These molecules stimulate both macrophages (phagocytose the 

bacteria) and Natural Killer (NK) cells (lysis and apoptosis) (Kearney et al., 2013; Paulnock 

et al., 2000; Rayamajhi et al., 2010b). One of the genes investigated, CXCL10, did not 

properly amplify (likely due to the presence of PCR inhibitors) and thus expression levels 

were not calculated, but the other four genes, CXCL9, Gbp2, IFIT1, and Oasl2, all provided 

statistically significant and similar expression patterns for the MyD88
-/- 

infected mice in that 

they were initially upregulated at 1 day post-infection and decreased back to baseline at 3 

days post-infection. This initial increase in interferon-inducible genes at 1 day post-infection, 
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along with the increase in IFN-β and STAT1 levels, correlated with the lower Leptospira 

burdens in MyD88
-/- 

mice at 1 day post-infection. Additionally, the increase in IFN-γ for B6 

infected mice at 3 days post-infection may be responsible for the enhanced bacterial 

clearance seen in the B6 mice, compared with their MyD88
-/-

 counterparts. 

 In this chapter, we’ve shown that a lack of the TLR adapter molecule MyD88 led to a 

reduction in Leptospira burden at 1 day post-infection. This reduction in burden, while not 

statistically significant, coincided directly with a statistically significant upregulation in the 

interferon-signaling molecule STAT1 and the interferon-inducible genes CXCL9, Gbp2, 

IFIT1, and Oasl2 in the MyD88
-/- 

infected 1-day mice. While not statistically significant, this 

group also showed an upregulation in IFN-β at 1 day post-infection. In contrast, the wild type 

B6 mice upregulated interferon-inducible genes at 1 day post-infection at much lower fold-

change, and instead showed higher upregulation of IFN-γ at 3 days post-infection, potentially 

explaining the reason for the B6 group’s more rapid bacterial clearance at 3 days post-

infection. 

 As illustrated in Figure 3.13, an altered version of Figure 1.1, this pattern of 

regulation as outlined in the previous paragraphs implicates compensatory signaling through 

the TRIF adaptor protein as the potential pathway leading to the low bacterial burdens seen 

in MyD88
-/- 

infected 1-day mice. While this compensatory signaling appears to be efficient at 

1 day post-infection, it appears to be less efficient by 3 days, as B6 mice have lower bacterial 

burdens.  
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FIGURE 3.13:  Upregulation of IFN-β and interferon-inducible genes suggests compensatory signaling through the TRIF 

adaptor molecule for MyD88
-/- 

mice.
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Chapter 4 – Conclusions and Future Directions 

 Through this study we demonstrated that Leptospira interrogans colonizes the hearts 

of both C57BL/6 and MyD88
-/-

 mice. Although Leptospira burdens in the heart were initially 

decreased in MyD88
-/-

 mice, TNF-α, IFN-β, and interferon-inducible genes were significantly 

upregulated at 1 day post-infection. Our data also suggest that the kinetics of interferon 

induction were dysregulated in MyD88-deficient mice, offering a potential explanation for 

the lower leptospiral burdens exhibited by MyD88-/- mice at 1 day post-infection. Overall, 

our results indicate that in the absence of MyD88, compensatory signaling pathways are 

activated by L. interrogans, which result in an exaggerated, early Type I IFN response.  

While the lower Leptospira burden in the MyD88
-/-

 mice at 1 day post-infection was not 

statistically significant, it is intriguing that the absence of MyD88 did not result in an 

increased bacterial burden. This suggests that MyD88 is not required for initial host defense 

(24 hours post infection). However, it is interesting to note that the B6 mice had a lower 

leptospiral burden at 3 days post-infection compared to the MyD88
-/-

 mice, indicating that 

MyD88 may play a critical role in host defense during later stages of infection, particularly 

when the murine host starts to clear the bacteria from the heart. 

 This dysregulated kinetic phenotype was observed for both Type I and Type II 

interferon induction. At 1 day post-infection, IFN-γ was not induced by B6 mice, while there 

was a 1.97 fold-change upregulation observed in MyD88
-/-

 mice, as measured by qRT-PCR. 

This result also correlated with the baseline levels of IFN-β expression observed at 1 day 

post-infection for B6 mice, and a 1.82 fold-change for MyD88
-/-

 mice. These data suggest 
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that there was early upregulation of the interferon inducible profile in MyD88
-/-

 mice. 

Interestingly, the opposite expressions patterns were observed at 3 days post-infection, as the 

wildtype B6 mice upregulated IFN-γ expression by 2.56 -fold and down-regulated IFN-β by 

1.62-fold, while the MyD88
-/-

 mice significantly down-regulated IFN-γ by 12.32-fold and 

displayed baseline levels of IFN-β. The interferon bioassay showed the same trend, as B6 

mice exhibited near-baseline levels of interferon expression at 1 day post-infection, followed 

by significant down-regulation at 3 days post-infection. The MyD88
-/-

 mice similarly 

displayed baseline levels of interferon expression at 1 day post-infection, with down 

regulation of interferon induction at 3 days post-infection. The 3- day data may partially be 

explained by a recent publication that reported the detection of both Type I and Type II 

interferon by this bioassay (Lochhead et al., 2012). However, the baseline levels of interferon 

expression by MyD88
-/-

 mice at 1 day post-infection were not consistent with our qRT-PCR 

data, and warrant further investigation.  

 The early profile of interferon induction by the MyD88
-/-

 mice, followed by baseline 

levels of expression, was verified by assessing the expression patterns of 4 different 

interferon-inducible genes and the interferon upregulating gene STAT1. All of these genes 

showed statistically significant upregulation at 1 day post-infection in MyD88
-/-

 mice and 

baseline levels at 3 days post-infection. 

 This Type I and Type II interferon induction observed in the absence of MyD88, 

along with the upregulation of STAT1 and the interferon inducible profile, suggests that 

compensatory signaling through the TRIF adaptor molecule may be responsible for this 
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exaggerated IFN response, and may contribute to the early control of L. interrogans in the 

hearts of MyD88
-/-

 mice. Both TLR2 and TLR4 are reported to signal through both MyD88 

and TRIF, although the role of TRIF in TLR2 signaling remains controversial (Petnicki-

Ocwieja et al., 2013). Beyond MyD88 and TRIF, there are TLR-independent pathways being 

investigated, as LPS has been shown to induce intracellular responses that are independent of 

both MyD88 and TRIF (Broz & Monack, 2013; Piras & Selvarajoo, 2014). While it is 

unlikely that these additional signaling pathways are capable of defending the host against 

Leptosira infection without some assistance from MyD88 and/or TRIF, as TLR4 is crucial 

for host defense against Leptospira infection (Viriyakosol et al., 2006b), it is possible that in 

the absence of MyD88, they could aid TRIF with Leptospiral host defense. 

 Since the role of TRIF remains controversial in regards to its role in TLR2 signaling, 

it is important to conduct additional experiments to characterize this compensatory signaling 

phenotype. Quantitative real-time PCR should be conducted on additional TRIF pathway 

molecules such as TBK1, TRAF3, and IRF3 to see if these are upregulated in a manner 

similar to the interferons. Additionally, as is currently being explored in our laboratory, the 

role of TRIF in response to Leptospira infection of the heart should be investigated through 

the use of TRIF
-/-

 mice. The ability of the host to defend against infection, along with the 

resulting effects on Type I and Type II interferon induction is being currently examined in 

our laboratory. In addition to single knockout mice, investigating the response to Leptospira 

infection in the hearts of MyD88
-/-

TRIF
-/-

 double knockout mice may help elucidate whether 
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any of the TLR-independent signaling pathways contribute to host defense following L. 

interrogans infection. 

 The role of kinetic cytokine dysregulation is another recurring theme within these 

experiments that should be further explored. Earlier time point experiments (6 and 12 hours 

post-infection) will provide a clearer picture on the regulation and kinetics of interferon and 

interferon-inducible gene induction within the hearts of MyD88-/- mice. These earlier time 

point experiments would also allow an assessment of how quickly Leptospira are able to 

disseminate to infect the hearts of mice. 

 Finally, since this is a bacterium that often infects humans, it is important to see if our 

results can be replicated following L. interrogans infection of human cell lines. These studies 

are particularly significant, as carditis is a prevalent clinical symptom, and a greater 

understanding of the molecular mechanisms driving carditis development is needed to 

advance the understanding and treatment of leptospirosis.
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