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Abstract 

 The mammalian urinary bladder is a highly specialized organ that must be able to 

withstand considerable amounts of osmotic pressure at its mucosal surface, in addition to 

maintaining an impenetrable barrier against potential pathogens. The lower urinary tract’s 

virtually inevitable exposure to external microbial pathogens warrants efficient tissue-

specialized defenses to maintain sterility. The observation that the bladder can become 

chronically infected with uropathogenic E.coli (UPEC)  in combination with clinical 

observations that antibody responses following bladder infections are not detectable, 

suggest defects in the formation of adaptive immunity and immunological memory. We 

have identified a broadly immunosuppressive transcriptional program specific to the 

bladder, but not the kidney, during infection of the urinary tract that is dependent on 

tissue-resident mast cells. This mast cell-dependent phenomenon involves localized 

production of IL-10 and results in suppressed humoral and cell-mediated responses and 

bacterial persistence. Therefore, in addition to the previously described role of mast cells 

orchestrating the early innate immune responses in the bladder during infection, they 

subsequently play a tissue-specific immunosuppressive role. These findings may explain 

the prevalent recurrence of bladder infections and suggest the bladder as a site exhibiting 

an intrinsic degree of mast cell-maintained immune privilege. 

 Interestingly, though the bladder is not capable of initiating an effective adaptive 

immune response during bladder infections, we have generated data showing that it was 

possible to circumvent the immune limitations of the bladder to provoke a strong 
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adaptive and protective immune response by vaccinating against UPEC at an alternate 

mucosal site. We reasoned that by immunizing the nasal regions of mice with a vaccine 

formulation comprising of FimH adhesin, a highly conserved adhesive moiety of type 1 

fimbriae expressed on UPEC, and an effective mucosal adjuvant we would evoke 

protective immunity against UPEC infections. We found that a FimH vaccine coupled 

with either a mast cell activating adjuvant c48/80 or CpG oligodeoxynucleotide, a TLR9 

agonist, evoked high levels of FimH specific IgG antibody in the serum and IgA in the 

urine of immunized mice. We also observed that following UPEC challenge, these 

FimH/adjuvant immunized mice exhibited significantly reduced bacterial load in the 

bladders compared to mice challenged with just FimH. These studies reveal that 

immunization of nasal regions with a FimH vaccine is an effective  strategy to overcome 

the limitation in adaptive immunity observed in the bladder.
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1

1. Introduction* 

1.1 Urinary bladder 

 The functional importance of the urinary bladder can be inferred from its presence 

and unique anatomy among the vertebrates. Despite urinary bladders appearing to have 

evolved in vertebrates at least twice, it must be noted that not all vertebrates have one 

(Figure 1.1). They appear in all mammals, yet with the exception of the ostrich, are 

absent in birds. Their presence in reptiles and fish are sporadic, and urinary bladders are 

present in all amphibians, though the size may greatly vary depending on the species. 

Some animals that lack a bladder often utilize another organ that fulfills some bladder 

functions. For example, the Australian desert lizard Amphibolurus has a colon that is able 

to considerably expand and store liquid urine (Bentley, 1972).  

 The urinary bladder in mammals is a highly distensible organ usually surrounded 

by a heavy muscular layer. The epithelial layer, which provides the physical barrier 

between host and the outside environment, may be squamous as seen in amphibians 

(Bentley, 1966), columnar as in teleosts (Renfro, 1976), or transitional in mammals 

(Richter, 1963). An organ lined with such epithelial cells, not surprisingly, may display a 

distinct permeability to water and solutes. In fact, bladders show considerable variability 

in these permeability properties. It has been demonstrated that there is active transport of 
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Na2+ ions from urine to the blood side of the bladder in numerous species from rabbits to 

teleost fish (Gonzalez, 1967; Leaf, 1958; Lewis, 1975). The tissue has also been shown to 

be permeable to chloride (Gonzalez, 1967), bicarbonate ions (Schilb, 1966), and active 

absorption of phosphate has been observed in the toad bladder (Sellers, 1977). The 

permeability of water in the urinary bladder has been well-studied in amphibians (Bentley, 

1966) as well as reptiles (Bentley, 1962; Brodsky, 1960). In amphibians, the reabsorption 

of water can be increased via the neurohypophysial peptide vasotocin, a hormone which 

is released in response to dehydration, suggesting that the bladder also functions as a 

water reservoir for frogs and tortoises to maintain their hydration (Ewer, 1952; Sawyer, 

1956). Urine stored in the bladders of amphibians (Sawyer, 1956) and chelonians 

(Dantzler, 1966) has been observed to become more concentrated and may also be 

reduced in volume when the animals are dehydrated. 

 The mammalian urinary bladder has a unique osmotic function, being the only 

class of vertebrates to possess a bladder which can form hyperosmotic urine (Lewis, 

1977). In contrast to other vertebrates, mammalian bladders must be able to withstand 

and maintain considerable osmotic gradients and high concentrations of salts at its 

mucosal surface. With the bladder epithelium having such a task in addition to having to 

maintain an impenetrable barrier against potential pathogens, it is conceivable that the 

immune response in the bladder upon infection have also evolved highly organ-

specialized strategies for balancing the need for maintaining its osmoregulatory function 

and barrier to its contents and the imperative of resisting microbial exploitation. 
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Figure 1.1: Phylogenic tree of the presence of urinary bladders in vertebrates 
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1.2 Urinary tract infections 

 Urinary tract infection (UTI) refers to the presence of microbial pathogens in the 

normally sterile urinary tract. UTI is usually classified by the site of infection, as cystitis 

in the bladder, or pyelonephritis if it has progressed to the kidneys. UTIs are 

characterized by a wide spectrum of symptoms ranging from mild irritation during urine 

voiding to bacteremia, sepsis, and even death. They are the second most common 

bacterial infection in humans and cause major morbidity, including chronic 

pyelonephritis, sepsis and meningitis, and are a significant economic burden, affecting an 

estimated 7-11 million people in the U.S. each year, with annual costs approaching $2.5 

billion (Foxman, 1995; Griebling, 2005) . Women are significantly more likely to 

experience UTI than men, with the number of doctors’ office visits for UTI among 

women being double as compared to men (Schappert, 1997). Although anyone is 

susceptible to UTIs, there are specific subpopulations with an increased risk, including 

the elderly (Ruben, 1995), pregnant women (Cunningham, 1994), patients with spinal 

cord injuries and/or catheters (Biering-Sorensen, 2001), the immunocompromised 

(Schonwald, 1999) and those with underlying physiological abnormalities in their urinary 

tracts. Acute, uncomplicated UTIs are considered benign infections. However, 

ramifications of UTIs, especially during pregnancy, can be significant, with 

pyelonephritis being the most common severe bacterial infection complicating pregnancy.  

 Escherichia coli, a component of the gut flora, accounts for over 85% of UTIs in 

healthy patients (Johnson, 1991) . Although many uropathogenic E.coli (UPEC)-induced 



  

 

5

UTIs are self-limiting, 25% of women will experience a recurrent UTI after apparent 

resolution of the initial infection despite appropriate antibiotic treatment (Kunin, 1994) . 

Studies in animals suggest that recurrent bladder infection is, at least in part, attributable 

to persistence of low numbers of UPEC in the bladder, which may remain for weeks 

following resolution of acute UTI (Hopkins, 1998; Mysorekar, 2006). The next section 

will discuss and go into greater detail of how uropathogenic E.coli are able to infect the 

urinary bladder and establish its persistence. 

1.3 Uropathogenic Escherichia coli 

 As previously mentioned, the overwhelming majority of UTIs in humans are 

caused by E.coli, which are found in abundance in the intestinal tract. UPEC are a 

specific subset of extra-intestinal pathogenic E.coli that have the virulence factors 

required to thrive and colonize the urinary tract. Common strategies for pathogenesis 

employed by UPEC include adherence, motility, toxin secretion, and strategies for 

immune evasion (Figure 1.2). The outcome of successful infection is a confrontation 

between bacterial virulence and fitness factors against the host immune response to 

invasion. 

1.3.1 Adherence to the bladder uroepithelium via type 1 fimbriae 

 First and foremost, UPEC must be able to overcome the mechanical force of the 

flow of urine to be able to infect the urinary tract. The ability to remain and adhere to the 

bladder epithelium is imperative to the start of colonization and infection. Although 

UPEC has the ability to express a large repertoire of fimbriae and pilus systems, 
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conferring UPEC the ability of multiple binding specificities and the capacity to colonize 

various sites throughout the urinary tract, this work will primarily focus on type 1 

fimbriae. Type 1 fimbriae have been shown to be an essential virulence factor in the 

murine model of ascending UTI (Connell, 1996), with FimH, the highly conserved 

binding protein located at the tip of the fimbriae, as the indispensible component needed 

for adherence and colonization (Martinez, 2000). UPEC strains with mutations in FimH 

are unable to persist in the bladder. FimH is able to adhere to the urinary bladder surface 

via binding to glycoprotein uroplakin, a major component of the bladder uroepithelium, 

and other host proteins containing mannosides (Thankavel, 1997). The ability for UPEC 

to adhere is one of the first crucial steps for infection. 

1.3.2 Flagella-mediated motility 

 Much like adherence, mobility is another trait associated with virulence of 

bacterial pathogens. Similar to many other pathogens, UPEC is capable of flagella-

mediated motility. Expression of flagella and the capability of mobility, in addition to 

adherence, contribute to the fitness and ability of UPEC to cause infection (Lane, 2005; 

Wright, 2005). It has been shown that during chronic UPEC infection in mice, flagella 

genes are poorly expressed and are usually down-regulated in vivo when compared to 

their expression during culture in vitro in rich culture medium (Snyder, 2004). The 

synthesis and expression of flagella is tightly regulated and has been shown to coincide 

with ascension of bacteria (Lane, 2007), thus contributing to the ability of UPEC to gain 

access to the host.  
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1.3.3 Toxin secretion 

 In addition to adhesion and the mobility for means to colonize the host, secretion 

of bacterial toxins during infection, which results in tissue damage and inflammation also 

contribute to a successful infection. UPEC are able to produce three main types of toxin 

during in vivo infection: cytotoxic necrotizing factor 1 (CNF 1), hemolysin, and secreted 

autotransporter toxins. The toxin CNF 1 influences the host cell cytoskeleton by targeting 

the Rho family of GTP-binding proteins (Boquet, 2001; Lemonnier, 2007). It is also able 

to cause apoptosis of bladder cells, thus potentially stimulating the exfoliation of the 

upper uroepithelial layer and allowing access to and exposure of the underlying tissue 

(Mills, 2000). Although CNF 1 is also not an essential virulence factor required for 

infection,  it might increase the fitness factor of the UPEC in establishing infection 

(Johnson, 2000; Rippere-Lampe, 2001). Indeed, UPEC strains that do express CNF 1 are 

able to cause a greater inflammatory response than strains lacking this toxin (Rippere-

Lampe, 2001). 

 Hemolysin (HylA) has also been implicated to contribute to invasion by inserting 

into host cell membranes and is active against numerous cell types including the bladder 

uroepithelial cells (Mobley, 1990). It is able to stimulate the host inflammatory response 

with cytokine production (Trifillis, 1994; Uhlen, 2000) and although hemolysin is also 

not necessary for infection and colonization, its presence does contribute to virulence due 

to epithelial damage and bladder hemorrhage in vivo. Hemolysin has also been implicated 
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in causing renal damage, thus increasing the risk of septicemia (O'Hanley, 1991; Smith, 

2008).  

 The autotransporter toxins identified in UPEC, much like CNF 1 and hemolysin, 

contribute to tissue damage and immune responses in infected mice. One UPEC-specific 

autotransporter, Sat, appears to exert a toxic effect upon urinary tract cells in vitro (Guyer, 

2002). Bladder and kidney cells incubated with strains of UPEC producing Sat had 

extreme vacuolation in the cytoplasm and potential loosening of cellular junctions. Sat 

has also been shown to induce cytoplasmic vacuolation and cause severe histological 

damage in kidneys in vivo (Guyer, 2002). Two other UPEC-expressed autotransporter 

proteins, Pic and Tsh, appear to have serine protease activity (Heimer, 2004; Parham, 

2004). Both of these serine proteases are expressed, but not required for in vivo infection, 

and surprisingly, expression of Pic does not confer any advantage for colonization. 

1.3.4 Strategies for persistence and subversion of host immunity 

 Lastly, a hallmark of a successful persistent pathogen is the ability to evade and 

subvert the host immune response. UPEC are capable of invading the bladder epithelium 

and form intracellular bacterial communities (IBC). Because they remain intracellular, 

these bacteria are immune to neutrophil phagocytosis and the effects of antibiotics 

(Anderson, 2003; Rosen, 2007). This hidden persistent bacterial population found within 

host cells might contribute to and explain the recalcitrance of UPEC to antibiotic 

treatment (Anderson, 2004). 
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 In addition to physically avoiding the immune response, UPEC appear to have the 

capability of suppressing cytokine and chemokine responses of uroepithelial cells (Billips, 

2008; Cirl, 2008; Hunstad, 2005) and enhancing their own tolerance to reactive oxygen 

and nitrogen species (Bower, 2006; Svensson, 2006). The proteins SisA and SisB 

secreted by some strains of UPEC have been shown to be able to suppress the host 

inflammatory response during early stages of infection. UPEC strains with mutant 

versions of these two proteins caused significantly greater inflammatory responses and 

are more easily cleared in vivo as compared to wild-type strains (Lloyd et al., 2009). 

 The acquisition of iron, a necessary nutrient for UPEC survival within the host, is, 

in part, mediated by the UPEC siderophore enterobactin. In response, the host protein 

lipocalin-2, secreted by neutrophils, specifically binds to and sequesters enterobactin, 

thus inhibiting UPEC's ability to obtain iron nutrients (Goetz, 2002). However, some 

UPEC strains have the ability to modify their enterobactin by glycosylation and instead, 

produce the siderophore protein salmochelin, which is not recognized by lipocalin-2, and 

consequently are able to evade the lipocalin-2 mediated host defense mechanism 

(Fischbach, 2006). Thus, in spite of the host eliciting a strong proinflammatory response 

upon infection, UPEC have evolved mechanisms to overcome or evade host immunity 

and are able to persist within the bladder for extended periods of time. 

 

 

 



  

 

10

 

 

 

 

 

Figure 1.2: Overview of virulence factors of uropathogenic E.coli 
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1.4 Host response to urinary tract infection 

1.4.1 Innate immune response 

 As UPEC is adapted to attach and colonize the urinary tract, the host’s immune 

system has also adapted to respond and eradicate the invading bacteria. This section will 

briefly discuss the various ways the immune system responds in the bladder upon 

infection (Figure 1.3). 

1.4.1.1 Neutrophil response to UPEC-mediated UTI 

 Neutrophils are one of the most rapid and abundant inflammatory cells to 

infiltrate the bladder during infection (Agace, 1993; Haraoka, 1999). Efficient migration 

of neutrophils and extravasation from the circulation is dependent on the expression of 

intracellular adhesion molecule 1 (ICAM-1) on epithelial cells and β2 integrin on 

neutrophils (Agace, 1996). Antibody-mediated knockdown of the neutrophil population 

confirms their crucial role in bacterial clearance during UTI, especially in the kidneys 

(Haraoka, 1999).  

1.4.1.2 Antimicrobial peptides, cytokines and chemokines 

 Antimicrobial peptides (AMPs) are short, usually between 15-50 amino acids in 

length, positively charged peptides secreted by both epithelial and hematopoietic cells 

that are able to disrupt bacterial walls and membranes (Sorensen, 2008; Zasloff, 2007). 

Presence of human β-defensin-1 transcript and protein are detectable in kidney tissue, 

suggesting that this AMP is present in host defense against UPEC (Valle, 2008). 

Moreover, mice that are deficient in the murine homolog of human β-defensin-1, defb1, 
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had significantly higher incidences of bacteriuria (Morrison, 2002). Murine β-defensin 

can also instigate DC maturation and expression of costimulatory molecules (Biragyn et 

al., 2002). 

 As mentioned in the previous section, the recruitment of neutrophils is critical for 

efficient bacterial clearance and resolution of acute UTI. In humans, the chemokine 

hCXCL8 (IL-8) is the main chemoattractant for neutrophils, while in mice mCXCL1 (KC) 

and mCXCL2 (MIP-2) are the functional murine homologues of IL-8 (Janeway, 2005). 

Neutrophil migration to UPEC infected bladder is dependent on IL-8 and has been 

demonstrated in both human and murine studies (Agace, 1996, 1993; Hang, 1999). The 

secretion of mCXCL2 was shown to be dependent on the presence of TLR4 as TLR4-

deficient mice did not secrete mCXCL2 upon infection (Haraoka, 1999). In addition to 

the increase of IL-8 for neutrophil recruitment, a range of other proinflammatory 

cytokine and chemokines -- CCL2, CXCL1, IL-6, tumor necrosis factor alpha (TNF-α), 

IL-17, IL-12p40, and granulocyte-colony stimulating factor (G-CSF) -- were also all 

upregulated in bladder homogenates of infected mice (Ingersoll, 2008). The upregulation 

of all of these proinflammatory cytokines make it possible for recruitment of other 

immune cells, such as monocytes and dendritic cells (DCs) for quick and efficient 

bacterial clearance. 

 Interestingly, the repertoire of cytokine and chemokines secreted in the bladder is 

influenced by the type of fimbriae expressed by the UPEC. This is demonstrated in a 

study that revealed that while UPEC expressing P fimbriae evoked CCL2 and CCL5 
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chemokines, UPEC expresssing type 1 fimbrae induced CXCL1 and CXCL8 chemokines 

(Godaly, 2007). Despite differences in the particular chemokines evoked, the resulting 

recruitment of monocytes, DCs, and T cells to the bladder are seen in both P and type 1 

fimbriae-expressing UPEC. 

1.4.1.3 Toll-like receptors 

 Another contributing factor to bacterial resistance in the urinary tract is the 

immune response mounted by Toll-like receptors (TLRs). Though the urinary tract 

express many TLRs, only TLR4, TLR5 and TLR11 have been shown to contribute to the 

defense against bacterial invasion in vivo (Andersen-Nissen, 2007; Hagberg, 1984; Zhang, 

2004). In murine UTI models, mice deficient in these three TLRs are significantly 

impaired in their ability to combat infection and clear bacteria. The expression of these 

TLRs vary depending on location in the urinary tract; TLR5 has been demonstrated to be 

predominantly expressed on bladder cells, TLR11 is primarily on kidney cells (Zhang, 

2004), and TLR4 is expressed on epithelium of both bladder and kidney (Samuelsson, 

2004). Interestingly, in addition to recognition of bacterial LPS via the TLR4/CD14 

complex and initiating activation of transcription factor NF-κB for the secretion of 

proinflammatory cytokines, TLR4 has also demonstrated to be able to mediate inhibition 

of bacterial invasion (Song, 2007a) and expulsion of bacteria from infected uroepithelial 

cells (Bishop, 2007). 
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Figure 1.3: Innate host immune responses against uropathogenic E.coli infection 
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1.4.2 Adaptive immune response 

 The vast majority of studies looking at host response to UTI have predominantly 

focused on innate immunity. Data regarding to the adaptive immune response to UTI are 

limited, however one murine study suggests that protection derived from UPEC infection 

is antibody-mediated (Thumbikat, 2006). The adoptive transfer of splenic T cells or 

passive transfer of serum from previously infected mice was able to confer protection of 

naive mice from UPEC colonization. Analyses of human samples have also indicated that 

clearance of UPEC is antibody-mediated (Eden, 1976; Svanborg-Eden, 1978). However, 

clinical studies have suggested that the humoral response is usually only detected in 

patients with pyelonephritis, and antibody titers in both urine and blood of cystitis 

patients are usually much lower or undetectable (Percival, 1964; Ratner, 1981; Rene, 

1982; Winberg, 1963). Details of T-cell responses to UTI are still lacking and to date, it 

is still unclear if the T cell immune response is skewed towards TH1 or TH2-mediated UTI 

immunity. However, there is an increase in CD8+ T cells, along with antigen presenting 

cells (APCs) upon UTI (Hirose, 1992; Thumbikat, 2006). Severe combined 

immunodeficient (SCID) mice, which have congenital defects in antibody and T-cell 

mediated immunity, are highly susceptible to E. coli UTI . However, athymic mice, 

which lack alpha beta T cells and therefore also lack TH cells for antibody maturation, are 

relatively resistant to UPEC UTI (Jones-Carson et al., 1999). This suggests a role for 

gamma delta T cells, which are present in athymic mice, in contributing to their 

resistance to UTI.  
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1.5 Mast cells 

 One prominent innate immune cell that is highly abundant in the bladder is the 

mast cell (MC). MCs are able to recognize various pathogens or their products, and 

rapidly degranulate, releasing pre-stored inflammatory mediators (Figure 1.4). While 

MCs can directly kill bacteria, most of their antimicrobial activity is linked to their ability 

to recruit neutrophils and antigen presenting cells, such as dendritic cells, to the site of 

infection. Neutrophils are essential for direct killing of bacteria and the antigen 

presenting cells are subsequently drained from the infection site to the lymph nodes, 

where adaptive immune responses are galvanized. As a result, MCs promote the 

development of a vigorous and largely appropriate innate and adaptive immune responses 

to the pathogens during acute infection. However, in the case of chronic and persistent 

infection, which often involves the persistence of intracellular bacteria, MCs are largely 

implicated in promoting pathological sequellae. This is especially true when these 

infections occur at sites with preexisting inflammatory disease. MCs possess several traits 

that uniquely enable them to exacerbate persistent inflammatory diseases and these 

include: (i) their ability to achieve sustained mediator release (ii) their ability to 

congregate and proliferate at sites of inflammation, and (iii) their longevity. The 

following section will review the mechanisms of MC recognition of bacterial pathogens 

and describe their seemingly divergent roles in acute and chronic bacterial infections. 
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Figure 1.4: Mast Cells as Sentinels of Immune Surveillance 
 

(A) Toluidine blue stain of porcine small intestine (40x magnification). Mast cells, 
stained deep purple (black arrows), are strategically located underneath the gut 
epithelium. Line indicates the basement membrane of the epithelium. (B) TEM of a mast 
cell interacting with Staphlococcus. Some of the external bacteria (white arrows) have 
been endocytosed within the mast cell (black arrow). Additionally, the mast cell has 
undergone the degranulation process due to the presence of large empty granule vacuoles 
(white arrowheads). 
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1.5.1 Pleiotropic mast cell  responses to microbial pathogens and their 
products 
 
 Like other immune surveillance cells, MCs are capable of directly recognizing a 

range of bacterial pathogens or secreted products. Additionally, they can indirectly 

recognize and interact with bacteria bound by various host defense proteins, including 

immunoglobulins, complement components and surfactant lipoproteins, which serve as 

opsonins. The MC membrane is also replete with pattern recognition receptors (PRRs), 

such as Toll-like receptors (TLRs), which recognize structurally conserved pathogen-

associated molecular patterns (PAMPs) (Trinchieri, 2007) even without opsonisation, 

variously affecting the nature and magnitude of the MC response to bacteria. TLR2 on 

rodent MCs recognizes and bind peptidogylcans found on Gram-positive bacteria, 

triggering MC degranulation and cytokine production, while Gram-negative 

lipopolysaccharide (LPS) stimulates TLR4, promoting a vigorous cytokine response 

without degranulation (Supajatura, 2002b). Interestingly, upon bacterial activation of MC 

TLRs, only proinflammatory responses were observed to be elicited, but not type I 

interferon (Dietrich, 2010). In addition to conventional PRRs, other pathogen receptors 

are also present on the MC cell surface. One such receptor, CD48, detects widely 

divergent bacteria from type-1 fimbriated E. coli and K. pneumonia to Mycobacterium 

tuberculosis and S. aureus (Malaviya, 1999; Munoz, 2003; Rocha-de-Souza, 2008), 

prompting MC degranulation. Notably, physical contact between bacteria and the MC is 

unnecessary for a MC response. It is much more likely that bacterial toxins and cell wall 

components released by bacteria attempting to penetrate the epithelial barrier activate 
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MCs located in the submucosae. Responses to toxins also differ according to the specific 

ligand-receptor interaction. The toxin of Vibrio cholerae which binds GM1 selectively 

amplifies production of certain cytokines, such as interleukin-6 (IL-6), while inhibiting 

the production of others (Leal-Berumen, 1996). Furthermore, Clostriudium difficile toxin 

binding to neurokinin-1 induces MC degranulation and proinflammation (Meyer, 2007) 

whereas Bordetella pertussis toxin binding of G proteins suppresses MC degranulation 

and histamine release (Saito, 1987). Since each of these bacterial products are known 

virulence determinants, it is conceivable that the MC responses evoked by each may have 

unique consequences to the host’s immune responses. 

 With the expression of multiple Fc receptors (FcRs), including FcγRII and the 

high-affinity receptor FcεRI, MCs are able to bind both immunoglobulin G (IgG) and IgE. 

Although IgE is not commonly generated against bacteria, IgE specific to Helicobacter 

pylori and S. aureus have been reported in patients with chronic peptic ulcers and atopic 

dermatitis, respectively (Aceti, 1991; Leung, 1993). Stimulation of both FcεRI and TLRs 

on MCs synergistically augments proinflammatory cytokine production through the 

activation of mitogen-activated protein kinases (MAPK) (Qiao, 2006). MC FcRs can also 

be activated by bacterial superantigens, such as protein A from S. aureus (Genovese, 

2000). Complement receptors on MCs can also greatly enhance the mast cell response by 

synergism with the complement system. The cleaved and activated C3a and C5a 

complement proteins are potent MC activators and chemoattractants during inflammation 

(Nilsson, 1996). Peritoneal neutrophilia during S. aureus infection has been recently 
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shown to be partially MC-dependent, with concomitant TLR2 and C5aR activation 

contributing to immune responses (Mullaly, 2006). The CR3 receptor for the iC3b 

fragment is also suggested to mediate MC binding to Salmonella (Sher, 1979). This 

synergy of MC and complement is highlighted in C3-deficient mice, which exhibit 

greatly reduced MC degranulation and TNF α production upon acute septic peritonitis, 

impairing neutrophil recruitment and bacterial clearance (Prodeus, 1997). Thus, MCs 

have a broad repertoire of receptors that are capable of directly or indirectly binding 

pathogens or their products, with specific interactions evoking strikingly different MC 

responses and enhanced MC responses through involvement of multiple receptors. 

1.5.2 Mediated immune responses to acute bacterial infections and their 
control of early inflammation 
 
 Knowledge of the contribution of MCs to outcomes of bacterial infection largely 

comes from comparing acute infections in wild type and MC-deficient mice. These 

studies reveal that MCs primarily function as proinflammatory sentinels mediating the 

rapid recruitment of immune cells to sites of infection and simultaneously mobilizing the 

adaptive immune response in distal lymph nodes (Figure 1.5). Studies with different 

bacterial pathogens implicate MC products such as TNF (Echtenacher, 1996; Malaviya, 

1996), MC protease-6 (Thakurdas, 2007), IL-4 (Ketavarapu, 2008) and IL-6 (Sutherland, 

2008) in promoting leukocyte-mediated bacterial clearance either through neutrophil 

recruitment or enhancing antibacterial activities of neutrophils and macrophages. These 

local and long distance effects are achieved in part through the release of their pre-stored 

mediators packaged in small submicron-sized, heparin-based particles (granules) (Kunder, 
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2009). These particles release their contents into the surroundings in a regulated fashion, 

maximizing the potency of their cargo. The released mediators promote the recruitment 

of neutrophils and antigen presenting cells to the site of infection.  

 

 

Figure 1.5 Mast Cell Mediated Immune Response Upon Bacterial Infection 
 

Mast cells have been shown to be crucial in the recruitment of neutrophils for bacterial 
clearance during infection. They are also important for dendritic cell extravagation, as 
well as their migration to the draining lymph nodes where initiation of adaptive immunity 
occurs. Mast cells are also crucial for lymph node hypertrophy, where there is retention 
of circulating T cells and subsequently, greater B cell proliferation and antibody 
production. However, at sites predisposed with chronic bacterial infection, these MC-
mediated recruitment of immune cells can become exaggerated and lead to disease 
pathology. 
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 Interestingly, a portion of the MCs granules released into the surrounding tissue 

also gains access into lymphatic vessels and rapidly drain into the neighboring lymph 

nodes (Kunder, 2009). The various MC mediators eluted from exocytosed MC particles 

trigger extensive mobilization of select dendritic cell subtypes, and lymphocytes, which 

are necessary for the development of pathogen-specific immune responses (Dawicki, 

2010; Shelburne, 2009). A potent immunomodulator in MC granules is TNF, which 

initiates neutrophil and dendritic cell migration into tissues and lymphocyte recruitment 

in nodes by upregulating E-selectin (Shelburne, 2009) and VCAM-1 (Meng, 2005), 

respectively, on neighboring blood vessels. In addition to promoting the maturation and 

migration of antigen presenting cells at sites of infection, MCs, themselves, can serve as 

antigen presenting cells. This was demonstrated with antigen-pulsed MCs, which were 

capable of inducing the proliferation of antigen-specific CD8+ T cells and increasing their 

cytotoxic activity (Stelekati, 2009). 

 Direct killing of bacteria is achieved by the release of cathelicidins, broad-

spectrum antimicrobial peptides highly effective against group A streptococci skin 

infections (Di Nardo, 2008). Cathelicidins are produced constitutively by MCs but can be 

induced in response to bacterial products, including LPS (Li, 2009) and pneumolysin of 

Streptococcus pneumoniae (Cruse, 2010). While primarily exocytic in activity, MCs can 

kill bacteria by endocytosis, an activity supported by their ability to generate reactive 

oxygen species (Swindle, 2004). 
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 It is not always clear how MCs function to protect against bacteria. MC-sufficient 

mice have improved morbidity and survival following Mycoplasma pulmonis infection 

compared to MC-deficient mice. The bacterial load and lymph node hypertrophy of MC-

sufficient mice were also markedly reduced, as was the extent of progressive pneumonia 

and airway occlusion (Xu, 2006). A recent study examining M. pulmonis lung infections 

under allergic conditions suggested the importance of IL-6 for bacterial clearance, but 

paradoxically, MC-derived IL-6 was not required (Michels, 2010).   

 In view of the importance of MCs in orchestrating effective immune responses 

against a broad spectrum of bacteria, it is unsurprising that bacteria have evolved 

strategies in subverting MC function. For reasons that are not immediately clear, certain 

commensal E.coli strains appear able to inactivate MCs, inhibiting degranulation for days 

after exposure (Mager, 2008). B. pertussis is able to block histamine release by MCs and 

selectively inhibit MC IL-6 release through pertussis toxin (Mielcarek, 2001). Certain 

pathogens even appear to have evolved mechanisms to destroy MCs. Exotoxin A of 

Pseudomonas aeruginosa, for instance, induces human MC apoptosis by down-regulating 

anti-apoptotic proteins and activating of caspase-8 and -3 pathways (Jenkins, 2004). 

1.5.3 Diverse mast cell-mediated immune responses to chronic infection 

 Incomplete clearance of bacterial infections may result in chronic disease. Often, 

these infections are limited to a particular physiological site. There is considerably less 

known regarding the role of MCs in chronic infections compared to acute infections. To 

date, data suggest that MCs display widely divergent effects depending on the nature of 
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the bacterial pathogen and whether or not the infection is associated with a preexisting 

inflammatory disorder. During mycobacterial infections of the lungs, MCs appear to play 

a critical role by encouraging the development of granulomas, which contain 

mycobacterial spread (Carlos, 2009). MCs aggregate around granulomas, promoting their 

growth and enhance homing of activated CD8+ T cells to the lungs by regulating the local 

cytokine milieu (Carlos, 2009). Many chronic infections are closely linked to preexisting 

inflammatory disorders and, in these contexts, MCs appear to be more harmful than 

beneficial. These include Staphylococcal infections in atopic dermatitis (Werfel, 2009), P. 

aeroginosa infections of inflamed cystic fibrotic lungs (Lin, 2002), and H. pylori 

infections in chronic gastritis (Hofman, 2007).  These and other examples are listed in 

Table 1.1. In these cases, MCs exacerbate the inflammatory condition through 

hypersecretion of proinflammatory mediators such as IL-1α and β (Lin, 2002) and 

anomalous recruitment of cytotoxic immune cells including neutrophils and eosinophils. 

Often, the MC-activating bacterial factors are exotoxins, such as strepolysin O for Group 

A Streptococci and α- toxin for S. aureus in chronic urticaria (Metz, 2009), and the 

cytotoxin VacA of H. pylori in chronic gastritis (Supajatura, 2002a), which lead to 

enhanced apoptosis of epithelial cells and increase in tissue fibrosis in the antral gastric 

mucosa (Hofman, 2007). Hyperactivation of MCs by concurrent infection and 

inflammatory disorders can then lead to pathological tissue damage. 
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. 

Table 1.1: Inflammatory Diseases Exacerbated by MC-bacterial interactions 
 
Mast cell activation and hyperplasia have been observed and correlated to the worsening 
of pathology in numerous diseases, many of which are also predisposed to bacterial 
infections. 
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 The capacity of MCs to aggregate and proliferate at sites of inflammation 

contributes to their ability to exacerbate chronic infections in an inflamed tissue 

environment. Unlike other immune cells that migrate to inflamed locations, MCs that are 

already located in tissues can actively proliferate in spite of their terminal differentiation, 

thereby increasing their local numbers. MCs are also able to mediate multiple cycles of 

mediator release of pre-stored and de novo synthesized mediators. Since in chronic 

infections the interactions between bacteria and the MC are likely to be prolonged and 

frequent, this property of MCs has significant relevance. Interestingly, it has been 

suggested that subsequent MC degranulation responses may be enhanced over the 

original response, as the regranulation process in an inflamed site can change in response 

to pathogen encounter or exposure to inflammatory mediators, resulting in a different 

composition of mediators within new MC granules (Ghildyal, 1992). With large bacterial 

loads, dysregulated MC secretory responses may contribute to pathogenesis. For example, 

MCs exhibit a protective role in a cecal ligation and puncture (CLP) model of moderate 

septic peritonitis but in severe CLP or in a S. typhimurium peritonitis infection with high 

bacterial load, MC responses conversely led to increased mouse mortality (Piliponsky, 

2010). These harmful effects of MCs may in part be related to their physical location 

adjacent to blood vessels.  MCs lining blood vessels may be susceptible to activation by 

bacteria transported in the circulation and the resulting outpouring of mediators can have 

potentially lethal effects on the host. Mediators released by hyperactive MCs rapidly gain 

access into blood vessels, resulting in severe systemic effects in which mast cell 
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stabilization can potentially improve survival (Ramos, 2010). The functional importance 

of systemic MC degranulation during infection was recently evaluated by compartment-

specific MC reconstitution of MC-deficient mice. These studies compared the morbidity 

associated with CLP in MC-deficient mice following MC repletion of the peritoneal 

compartment alone and repletion of both the peritoneal and systemic compartments. 

While morbidity markedly improved after CLP in mice locally repleted in the peritoneum 

with MCs, reconstitution in both peritoneal and systemic compartments decreased 

survival. Additionally, mice systemically reconstituted with IL-6-/- MCs had improved 

survival compared to controls, suggesting the contribution of IL-6 to the detrimental 

effects of systemic MC activation (Seeley, 2011). These results indicate that while 

immediate and local MC activation during infection is beneficial, systemic and sustained 

MC activation may not be. Thus, both temporal and spatial aspects of MC activation 

appear to be additional determinants of the beneficial or harmful contributions of MC 

during infection. 

1.5.4 Therapeutic strategies employing modulators of mast cells or their 
products 
 
 The extensive control of MCs on host innate and adaptive immune responses has 

led to various strategies to modulate host immunity for therapeutic benefit. Recently, the 

feasibility of employing small molecule activators of MCs to boost immune responses to 

various vaccine antigens was examined at a nasal mucosal site in mice (McLachlan, 

2008). These small molecule activators of MCs served as potent vaccine adjuvants, 

evoking systemic as well as mucosal immunity against a variety of vaccine antigens. This 
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approach was also shown to be protective against both infectious agents and their toxins 

in rodent and rabbit models (McGowen, 2009; Staats, 2009). Additionally, it is 

conceivable that pharmacologic ‘stabilizers” of MCs might be an effective adjunct to 

current treatment regimens to reduce MC contribution to the pathology of chronic 

infections in inflammatory disorders. Several FDA-approved pharmacological agents 

exist, acting by either blocking activity of MCs or MC products such as histamine 

(Estelle, 2004), leukotrienes (Lipworth, 1999) or TNF (Colombel, 2010), that can 

potentially be used to manage chronic infections or their MC-promoted symptoms.  For 

example, in the mouse model, MC stabilization was shown to be effective in ameliorating 

S. aureus-induced diarrhea, which is promoted by PGN activation of MCs in a manner 

dependent on TLR2 and NOD2 (Feng, 2007). In each case of either purposeful MC 

activation or stabilization, the powerful control of the MC on tissue homeostasis and 

success of pathogen clearance emphasizes the importance of proceeding with caution 

when exploiting or suppressing their functions. 

1.5.5 Immunosuppressive roles of mast cells during inflammation 

 In addition to the well-established role of MCs as promoters of inflammation, 

there have been studies, mostly in sterile inflammatory models using ultraviolet B 

irradiation of the skin, where MCs have been shown to have a negative 

immunomodulatory role. An early study using the aforementioned sterile inflammation 

model showed that systemic immunosuppression of contact hypersensitivity responses 

was MC-dependent (Hart, 1998). The migration of MCs from the periphery to the 



  

 

29

draining lymph nodes (DLN), mediated by chemokine receptor CXCR4 on MCs, was a 

key step in irradiation-induced immunosuppression (Byrne, 2008). MCs have also been 

shown to mediate immunosuppressive functions after anopheles mosquito bites (Depinay, 

2006) and in peripheral tolerance to skin allografts, being essential intermediaries in 

maintaining regulatory T cell tolerance (Lu, 2006). It has been suggested that MCs 

mediate negative immunomodulatory functions in vivo with the production of IL-10 

(Grimbaldeston, 2007), however, recent studies have come to very different conclusions 

on the role of MC-derived IL-10 in the context of sterile inflammation (Dudeck, 2011). 

The controversy regarding the role MC-derived IL-10 plays in negatively 

immunomoduating the immune response will be discussed in further detail later in 

Chapter 2. 

 In summary, MCs have several unique attributes that make them powerful 

immune surveillance cells. Upon recognition of various pathogens or their products, they 

are capable of orchestrating protective immunity by activating and recruiting immune 

cells involved in the early innate and adaptive immune responses. The critical nature of 

these MC-promoted events is clearly illustrated by the numerous models of infection 

where the presence of MCs can prevent lethal infection outcomes. However, MC 

functions can also be detrimental in chronic infections, especially at sites with a 

preexisting inflammatory disorder. Thus, with MCs also being able to negatively 

modulate the immune response, the disparate functional roles of MCs depends on the 

nature and location of bacterial infection and inflammation. 
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1.6 Significance 
 
 Despite a strong proinflammatory innate immune response mounted by the host in 

the urinary tract upon infection, UPEC are still able to persist in the bladder. The inability 

to completely eliminate UPEC is, in part, due to the unique ability of UPEC invading and 

hiding within the uroepithelium. Conventional antibiotic treatment alone, which is the 

current standard procedure for UTIs, is unlikely to be sufficient for eradicating the 

persistent population. Despite the fact that what is known about the adaptive immune 

response upon UTI is limited, there is evidence suggesting that it is important for greater 

bacterial clearance and protection against subsequent infections. It should be noted that 

clinical studies have suggested that only patients with pyelonephritis had detectable 

humoral responses, with antibody titers in both urine and blood; patients with only 

bladder-limited UTI - cystitis - had much lower or undetectable antigen-specific 

antibodies (Percival, 1964; Ratner, 1981; Rene, 1982; Winberg, 1963). Therefore, there 

appears to be a disparity with the immune response seen in the bladder upon infection: a 

strong innate immune response is observed, however there is a distinctly absent adaptive 

immune response. Thus, the studies presented here are twofold. The first is an 

examination of the initiation, or lack thereof, of the adaptive immune response in the 

bladder, and in comparison, the kidney, and the determination of why the host fails to 

fully sterilize the environment after infection even after repeated infections. The MC is a 

prominent innate immune cell found in the bladder previously shown to be crucial for 

orchestrating both innate and adaptive immune responses during infection at other sites 
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(Abraham, 2010). Therefore, we believe that MCs would also play a significant role in 

mediating the adaptive immune response upon UTIs.  

The second is a more translational approach. Given a distinct lack of adaptive 

immune response seen upon cystitis, we attempt to manipulate the adaptive immune 

response through the activation of mast cells using compound 48/80 (c48/80), CpG 

oligodeoxynucleotides (CpG ODN), or combination of both, resulting in production of 

UPEC-specific antibodies and significantly lower numbers of persistent bacteria in the 

bladders upon mucosal vaccination. Hence, we will present evidence for the novel 

concept that the bladder is limited in its ability to mount an effective adaptive immune 

response and, in mechanistic studies, determine why the host fails to fully sterilize the 

environment after infection even after repeated infections and to develop approaches to 

overcome this defect. 
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2. Studies on the Initiation and Development of Adaptive 
Immunity During Urinary Tract Infections  
 
2.1 Introduction 

 Peripheral tolerance is rigorously maintained in certain tissue microenvironments, 

limiting the function and scope of immune responses and promoting relative immune 

privilege  (Mellor, 2008). Immune-privileged sites, such as tumors, or organs, such as the 

gut and liver, have specialized strategies that increase the threshold for immune 

activation. Mechanisms that exist to dampen immune responses are highly varied and can 

include the production of the predominately immunosuppressive cytokine, IL-10, 

activation of antigen-specific T regulatory cells, and constraint of dendritic cell (DC) 

activation or function (Belkaid, 2010; Francisco, 2010; Steinbrink, 1997; Waldmann, 

2006). Many questions remain regarding how a tolerogenic microenvironment might 

affect immunity to pathogens. However, some evidence suggests that relative immune 

tolerance can be exploited by pathogens to maintain or initiate infection.  For example, 

malarial parasites (genus Plasmodium) can remain latent in the liver, also a site of 

relative immune tolerance (Knolle, 2000) and subsequently restore fulminant infection 

(Prudencio, 2006). Certain anatomical locations are more susceptible to recurrent 

infections, including the bladder. 

 The bladder is a specialized mucosal tissue where the immune regulatory 

networks remain mostly unexplored. This organ has not traditionally been considered a 

functionally immune-privileged site, particularly in light of a wealth of literature 



  

 

33

describing productive innate immune responses by the bladder to uropathogens (Haraoka, 

1999; Mulvey, 2000; Song, 2007b). Yet, the bladder also experiences a high level of 

recurrent infections, raising the question of where the balance lies for this organ with 

respect to the decision to maintain or break tolerance.  With its unique physiology and 

function of storing host waste products for extended periods of time, it is crucial for the 

bladder to maintain a balance between host defense and limiting inappropriate responses 

to self-products, as well as minimizing tissue damage. 

 Mostly caused by uropathogenic E. coli (UPEC), urinary tract infections (UTIs) 

are the second most common bacterial infection in humans (Hagberg, 1981; Hooton, 

1996) and many of these infections are recurrent (Foxman, 1990).  Although the 

underlying basis is not known, the high frequency of recurring UTIs, suggests a defect in 

immunological memory formation subsequent to bladder infection. UTIs can involve 

only the bladder, but some also progress to the kidneys. Interestingly, clinical 

observations indicate that bladder infections fail to evoke detectable pathogen–specific 

antibodies in the serum and urine, unlike patients that have had kidney infections 

(Percival, 1964; Ratner, 1981; Rene, 1982; Sanford, 1978; Winberg, 1963). These 

observations seem counterintuitive since bladder infections are typically accompanied by 

a robust innate immune response involving a vigorous IL-6 and IL-8 cytokine production 

and the detection of large numbers of neutrophils in the urine (Fihn, 2003; Nielubowicz, 

2010; Stamm, 1983). Hence, there appears to be a disconnect between innate and 

adaptive immune responses in the bladder during infection. In this work, we sought to 
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elucidate the underlying basis for the muted adaptive responses in the bladder and to 

explain the unique persistence of infection associated with this organ. 

2.2 Materials and Methods 

2.2.1 Animals 

 6-8 week old C57BL/6 female mice obtained from NCI were used for most 

animal studies. MC-deficient KitWsh/Wsh (Wsh) and IL10-deficient IL-10tm1Cgn (IL-10-/-) 

mice (Jackson laboratories), both on C57BL/6 backgrounds, were bred at the Duke 

University Medical Center animal care facility. All animal experiments were in 

compliance with the “Guide for the Care and Use of Laboratory Animals” and with 

approval by the Duke University Division of Laboratory Animal Resources and the Duke 

Institutional Animal Care and Use Committee. 

2.2.1.1 Inducing urinary tract infections 

 Female C57BL/6 mice were anesthetized with pentobarbital (Nembutal) and 

catheterized with attention to not inserting the catheter beyond a total length of 1cm for 

inoculation of 108 E.coli transurethrally into the bladders. Infections were performed with 

clinical isolate uropathogenic E. coli strains J96 (Normark, 1983) or CI5 (Abraham, 1998; 

Mulvey, 2001) . To exclusively initiate cystitis, the bladder was inoculated at a slow rate 

(2.5µl/sec) with 30µl of total liquid being instilled. Initiating infection in both bladder and 

kidney, a larger total volume of 50µl was given at a fast rate (10µl/sec). 
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2.2.1.2 Tracking draining of lymph from the sites of infection 

 To visualize and confirm the technique of urinary tract infection, Evans Blue dye 

(10mg/mL) was mixed in with 108  bacteria inoculum. Three hours post-infection, mice 

were sacrificed and the visual blue color changes of the draining lymph nodes were 

observed. 

2.2.1.3 Adoptive transfer of splenocytes 

 Female C57BL/6 mice were anesthetized with pentobarbital and infected 

transurethrally with 108 E. coli J96 with either the slow or fast rate of inoculation, as 

described. Three weeks post-infection, spleens were aseptically harvested and processed 

into single cell suspensions. Spleens were minced in RMPI 1640 containing 10% FBS 

and 0.1mg/mL collagenase A (Sigma). Addition of 10mM of EDTA (pH= 7) was added 

into each well after 60 minute incubation at 37oC. Single cell suspensions were produced 

by straining the distrupted spleens through a 0.7µm filter (BD Bioscience). Cells were 

washed with cold PBS, spun at 1600 rpm and resuspended in RPMI+10%FBS. Total 

splenocytes were calculated following counting using a hemacytometer and 2x107 

splenocytes were intravenously transferred into naïve mice via tail vein injection. 

2.2.1.4 Mast cell reconstitution 

 Wsh mice were intravenously injected, via tail vein, with 1x107 bone-marrow 

derived mast cells (BMMCs) in a total volume of 0.1mL PBS. Animals were given 

fifteen weeks for mast cell extrapolation and maturation in tissues before use.  
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2.2.1.5 In vivo cell depletion 

 For studies requiring the depletion of neutrophils, WT and Wsh mice were 

injected intraperitoneally anti-mouse GR-1 monoclonal antibody (10ug/gram of mouse) 

24 hours before induction of urinary tract infection. Efficiency of neutrophil depletion 

was determined via flow cytometry analysis of blood leukocytes. 

 MC depletion of WT mice was accomplished via injection of anti-CD117 

monocolnal antibody ACK-2 intraperitoneally every 3 days starting at day 5 post-natal. 

Mice had a total of 5 treatments of ACK-2 mAb -- 500ug, 200ug, 200ug, 300ug, 400ug -- 

until day 17 post-natal. Thereafter, mice were given weekly boosts of ACK-2 mAb 

(200µg) until use at 6 weeks of age. 

2.2.1.6 Urine collection 

 For collection of urine for serology and bacterial analysis, mice were gently 

picked up by cuffing the skin in the cervical region, behind the ears and positioned over a 

sterile microcentrifuge tube. A mouse can be stimulated to void by gently massaging the 

inguinal area of the abdomen.  

2.2.1.7 Blood collection 

 Mice were firmly restrained, again by cuffing the skin behind the ears, and a 5mm 

lancet was used to prick the facial vein running along the bottom of the mandible. 100µL 

of blood per mouse was collected in a microcentrifuge tube. 
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2.2.2 Determining colony forming unit counts of persisting bacteria 

 To determine the numbers of residual bacteria still present, bladders and kidneys 

were aseptically harvested and homogenized in 0.1% Triton-X (Sigma) with zirconium 

oxide beads (GlenMills) by automatic homogenizer before plating on McConkey agar 

plates and incubating at 37oC overnight. 

2.2.3 Serology ELISA 

 Female C57BL/6 and IL10-/- mice were infected with either the slow or fast rate 

of bacterium inoculation as earlier described with E. coli CI5. Blood was drawn every 7 

days post-infection  via the submandibular vein with a sterile 5mm lancet.  An ELISA 

was used to monitor serum levels of anti-UPEC IgG end-point titres. Black 384 well 

ELISA plates (DYNEX) were coated overnight at 4oC with 106 CI5 strain of UPEC in 

carbonate buffer (15mM Na2CO3, 35mM NaHCO3), blocked with carbonate buffer + 3% 

nonfat dry milk + 0.1% Kathon (Sigma) for 2 hours at room temperature (RT), and 

incubated at 4oC overnight with naïve or infected mouse sera diluted in complete sample 

diluent (PBS, 1% BSA, 1% non-fat dry milk, 5% normal goat serum, 0.05% Tween 20, 

and 0.1% kathon), with starting dilutions at 1:25 and serial diluting 2-fold across the plate. 

Plates were washed 4x with wash buffer (PBS, 0.05% Tween 20, 0.1% Kathon) using an 

automatic 96-well plate washer (Packard Instrument Company) and alkaline phosphatase-

conjugated mouse-IgG detection antibodies (Southern Biotechnology Associates) diluted 

in secondary antibody diluent (PBS, 0.05% BSA, 0.05% Tween 20, 0.1% kathon) was 

added. Plates were incubated at RT for 2 hours, washed 4 times with wash buffer and the 
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fluorescent alkaline phosphatase substrate AttoPhose (Promega) was added for 

incubation at RT for 15 minutes in the dark. ELISA plates were read on a FluoroCount 

fluorescent plate reader (Packard Instrument Company). Samples were considered 

positive for antigen-specific antibody when the relative light units (RLU) reading for the 

sample dilution was 2 fold higher than the RLU for a naïve sample. 

2.2.4 Cell Culture 

2.2.4.1 Bone marrow mast cells 

 Bone marrow-derived mast cells were initiated by washing the femurs and tibia of 

mice with RMPI 1640 supplemented with 10% FBS, HEPES, penicillin/streptomycin, 

and essential and nonessential amino acids. Cells were cultured in this medium with the 

addition of 5ng/mL of IL-3 and 10ng/mL SCF for five weeks before use. 

2.2.4.2 ACK-2 cells 

 ACK-2 cells were maintained in hybridoma serum-free media. Cells were spun at 

1200rpm for 5 minutes at 4oC for collection of supernatant for subsequent antibody 

purification. 

2.2.5 RNA isolation and real-time PCR 

 For total RNA isolations, bladders or kidneys were homogenized as earlier 

described and RNA was isolated using an RNeasy purification system (Qiagen), 

according to manufacturer’s instructions. Complementary DNA (cDNA) was synthesized 

with the iScript cDNA synthesis kit (BioRad), and we used SYBR Green and iCycler 

machine (BioRad) for real-time PCR. All target gene RNA expressions were normalized 
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to actin expression. We obtained primers from IDT-DNA for β-actin, IL-6, KC, and IL-

10. Primer sequences are provided in Table 2.1. 

 

Table 2.1: Real-time PCR Primers 
 

 

 

2.2.6 Flow cytometry from single cell suspensions 

 Tissues were harvested and made into single cell suspensions as earlier described. 

After centrifugation at 1200 rpm for 6 minutes at 4oC, cells were resuspended in  

RPMI+10%FBS. Total cells were calculated after counting using a hemacytometer. To 

quantitate DCs, cells were stained with the following antibodies: anti-MHCII-FITC 

(eBioscience), α-CD11c-PE-Cy5.5 (eBioscience), and for detection of activation, α-

CD86-PE (eBioscience). To stain germinal center B cells and T-helper cells, we used α-

CD19-PE (eBioscience) and α-GL7-FITC (BD Pharmingen) or α-CD4-PE-Cy5.5 

(eBioscience). For intracellular stain of Foxp3 (eBioscience) and IL-10 (eBioscience), 

cells were permeabilized with 0.1% saponin. Cells were fixed in 4% paraformaldhyde 

prior to analysis. All data were acquired using a FACscaliber (BD Biosciences) and 

analyzed with CellQuest software. 
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2.2.7 Antibody purification and isolation 

 ACK-2 mAb was purified via Millipore Montage antibody purification kit. 

Antibody spin columns were pre-equilibrated with binding buffer A by centrifuging the 

column at 500xg for 5 minutes. ACK-2 hybridoma tissue culture supernatant was filtered 

through a 0.22µm filter and diluted 1:1 with binding buffer A before loading into the spin 

column. Spin columns were centrifuged for 20minutes at 100xg at 4oC. Columns were 

washed twice with binding buffer A and subsequently, ACK-2 mAb was eluted with 

elution buffer B1 directly into neutralization buffer C to bring the sample to neutral pH. 

ACK-2 mAb was then concentrated via ultrafiltration membrane with nominal molecular 

weight limit of 30K (Millipore Montage). Purified antibody concentration was 

determined by measuring sample absorbance at 280nm. 

2.2.8 Myeloperoxidase assay 

 Tissues were homogenized in phosphate buffer, pH = 6.0, by mechanical 

homogenization and freeze thawing. Cleared homogenate supernatants were analyzed in 

triplicate. To determine the amount of myeloperoxidase (MPO) present in each sample, 

the enzymatic activity was compared to human MPO control after incubation with a 

solution containing o-dianisidine HCl, 87.8mM monobasic potassium phosphate, 

12.3mM dibasic potassium phosphate, and 0.005% hydrogen peroxide at pH = 6.5. The 

optical density at 450nm was measured every minute. Units of MPO were calculated 

based on slope of linear plot of these readings standardized to human MPO. 
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2.2.9 Microscopy 

2.2.9.1 Immunofluorescence 

 Female mice were anesthetized and inoculated transurethrally with 108 E. coli J96. 

After 24 hours, bladders were removed, snap frozen in optimal cutting temperature 

medium (TissueTek) and stored at -80oC until use. 20-µm frozen sections of uninfected 

and infected bladders were cut and fixed in acetone for 15 minutes at 4oC, blocked with 

1% BSA for 1hour at RT, and incubated with antibodies against mMCP6 (R&D, 

MAB3736) at 4oC overnight. Sections were incubated with FITC-conjugated α –rat IgG 

F(ab′)2 (Jackson ImmunoResearch Laboratories) for 1 hour at RT, washed three times 

with 1x PBS, and incubated overnight at 4oC with APC-conjugated α-mIL10 

(eBioscience, 17-7101-82). Coverslips were mounted using Prolong Gold anti-fade 

reagent (Molecular Probes) and viewed using a laser-scanning confocal microscope. 

2.2.9.2 Mast cell quantification in tissue 

.  For quantification of total numbers of MCs, frozen infected bladders were serial 

sectioned 10-µm in thickness every 30-µm. Sections were fixed in Carnoy’s fixative for 

15 minutes at RT and stained with toluidine blue, a dye which stains mast cells dark 

purple. Total numbers of MCs were quantified via examination under light microscopy. 

2.2.9.3 Whole mount 

 Bladders were bisected and fixed in acetone for two hours. Bladders were then 

blocked overnight in PBS+1%BSA at 4oC. Avidin-TRITC (Sigma-Aldrich) was added to 

the wells for incubation overnight at 4oC and thoroughly washed three times with the 
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third wash at 4oC overnight. Bisected whole bladder was spread out on a slide and 

coverslipped for visualization under laser-scanning confocal microscopy. 

2.2.10 Statistical analysis 

 Significance was determined by unpaired two-tailed Student’s t-test to assess data 

where only two groups existed, or by one or two-way analysis of variance, as appropriate, 

for all other experiments. Tukey’s multiple comparison test was used to acquire p values 

when we compared treatments to controls and each other. For comparisons of multiple 

treatments of control versus experimental groups, Bonferroni posttests were used to 

calculate p values. All graphs and analyses were done with Prism (Graphpad) software. 

2.3 Results 

2.3.1 Uropathogenic bacteria persists in the bladder but not the kidneys 

 UTIs are typically accompanied by a robust innate inflammatory response 

involving neutrophil recruitment, which is capable of resolving the acute phase of 

bacterial infection (Haraoka, 1999; Mulvey, 2000; Nielubowicz, 2010). However, we and 

others have observed a remarkable persistence of E. coli within the bladder, a hallmark of 

UTI infection (Eto, 2006; Mulvey, 2001; Mysorekar, 2006). When mice were inoculated 

with E. coli to initiate UTIs, a high burden of colony forming units (CFU) could be 

recovered from bladders and kidneys, initially (12 hours after infection), and complete 

clearance was achieved in the kidneys within 5 days (Figure 2.1A). Yet, in the bladder, a 

population of bacteria persists for a prolonged time (Figure 2.1A) and pockets of residual 

UPEC could be viewed within or underneath the superficial bladder epithelium, weeks 
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after the infection was induced (Figure 2.1A). It should be noted that acute infection 

within the bladder subsides by the third day, evidenced by the urine being sterile (Figure 

2.2A) and the return of neutrophil detection to homeostatic levels (Figure 2.2B). Not only 

could this persistent population of E. coli potentially act as a reservoir of bacteria for 

recurrent infections, but these findings also suggest there is a bladder specific shortfall in 

host immunity that is not applicable to the entirety of the urinary tract.  
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Figure 2.1: Inability of bladder to completely eradicate persistent bacterial 
population 

 
(A) Mice were infected either in the bladder or with concurrent bladder and kidney 
infections. While the kidneys are able to completely eradicate infection within three days, 
the bacterial population in the bladder persists and remains for an extended period of time. 
All data are representative of three independent experiments, n ≥ 3 for each time point; 
error bars represent ±SEM. (B) After 2 weeks post initial infection, E.coli (red) are still 
found hiding within the intermediate (green, e-cadherin) and superficial bladder 
epithelium (blue, WGA). The white line denotes the basement membrane. scale bar = 
50µm. 
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Figure 2.2: Rapid extracellular bacterial clearance and neutrophil recruitment 

 
(A) WT mice were infected with either bladder-restricted (cys) or kidney infections (pye) 
and urine samples were obtained to determine persistence of bacteriuria. No differences 
were seen between the kinetics of bacterial clearance of urine between the two models. 
Urine was sterile by day 3 post-infection. n = 3 mice per group; error bars represent 
±SEM. (B) Recruitment of neutrophils is apparent in infected bladders as early as 6 hours 
post-infection, with peak numbers occurring at 24 hours, as determined by 
myeloperoxidase assay. At three days post-infection, decreases in neutrophils signify that 
acute inflammation is waning. All presented data are representative of three independent 
experiments with n ≥ 3 for each time point. Error bars represent ±SEM. 
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2.3.2 A mouse model of bladder-restricted infection 

 To investigate the isolated influence of the bladder microenvironment on 

immunity, we first developed a model where infection was restricted to this tissue.  

Although much of our mechanistic knowledge of UTIs has come from mouse models, 

these models have rarely distinguished infection of the bladder alone, cystitis, from 

pyelonephritis, where pathogens also colonize the kidney via the ureter.  Since evidence 

from human patients suggests that these two infections of the urinary tract are highly 

divergent with regards to the profile of adaptive immune responses elicited (Percival, 

1964; Ratner, 1981; Rene, 1982; Sanford, 1978; Winberg, 1963), we developed two 

models of experimental UTIs where infection was either exclusively contained in the 

bladder or also involved infection in the kidneys (replicating the clinical phenomena of 

cystitis and pyelonephritis, respectively). To induce pyelonephritis, we instilled UPEC in 

a larger volume with pressure so that a spontaneous retrograde flow (vesicoureteral reflux) 

from bladder to the kidneys would occur. Using Evans Blue Dye (EBD) to track our 

inoculum in the urinary tract, we examined the specific lymph nodes draining the bladder 

and kidney for the presence of dye. In our pyelonephritis-inducing UTI model, dye 

entered the iliac lymph nodes (ILN), which are the draining lymph nodes for the bladder, 

as well as those that drain the kidneys, the renal lymph nodes (RLN) (Figure 2.3A). 

However, in our cystitis-only UTI model, dye was only present in the ILNs and absent in 

the RLN (Figure 2.3A). Since dye cannot be visualized in the RLN for our bladder-

confined infection model, it appears that the inoculum was unable to reflux into the 
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kidneys. These visual observations were supported by determining the bacterial burden in 

the bladder and kidney for each model. Numbers of isolated bacteria were comparable in 

the bladders for both infectious models 12 hours post-infection, while bacteria were not 

present in the kidneys in our model of bladder-restricted infection (Figure 2.3B). These 

data confirm that we have a working model to examine bladder-specific immune 

responses in an infectious context. 

 Numerous observations have been made in human patients showing that those 

with cystitis alone fail to evoke significant pathogen-specific antibody titres (Percival, 

1964; Rene, 1982; Sanford, 1978; Winberg, 1963). This suggests that individuals with 

bladder-restricted infections fail to develop an observable adaptive immune response. To 

investigate this phenomenon in our two murine UTI models, we induced either cystitis or 

cystitis with pyelonephritis and tested for the presence of E. coli-specific antibodies in the 

sera from each group. In line with the clinical reports, mice with bladder-restricted 

infections fail to induce E. coli-specific antibodies; however, concurrent kidney infection 

resulted in a strong pathogen-specific serum IgG response (Figure 2.3C). Pathogen-

specific IgA responses were also only detectable in mice with kidney infections (data not 

shown), supporting that mucosal responses are similarly divergent to serological 

responses. With this, we have developed infectious mouse models that distinguish 

between bladder infection alone or involving the kidneys, and identified site-specific 

defects in adaptive immune responses that appear to be supported by the human clinical 
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picture. With these models, we proceeded to investigate bladder-specific immune 

responses. 
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Figure 2.3: A mouse model distinguishing between cystitis and pyelonephritis 
 
(A) The presence of Evans Blue Dye (EBD) is seen in both iliac lymph node and renal 
lymph node (the draining lymph nodes (DLNs) of the bladder and kidney, respectively 
when mice were given infection with induced-vesicoureteral reflux (pyelonephritis). Note 
that EBD is seen only in the iliac lymph nodes, and not in the renal, with the cystitis-only 
infection model. In the lower panels, the image was processed to desaturate all colors 
except blue to facilitate visualization of EBD. Arrows denote the DLNs and K marks the 
kidney and S denotes the spleen location. In both models, mice were infected 
transurethrally with 1x108 CFU of bacteria, mixed with EBD. (B) Similar numbers of 
bacteria are seen in the bladders during both methods of infection, however bacteria are 
only present in the kidneys of mice infected with induced vesicoureteral reflux (VUR). (c) 
Only mice that had acute pyelonephritis due to induced-reflux show significant serum 
anti-UPEC IgG GMT (Geometric Mean Titre) antibody titres. Dotted line denotes 
threshold of detection. *p < 0.05; **p < 0.01. Error bars represent the 95% confidence 
level; n = 4-6 mice per group. 
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2.3.3 Impaired immunological memory to bladder infection 
 
 Since persistent infection in the bladder is observed, and recurrent infection is 

typical of human cystitis (Foxman, 2002), we sought to further define the host’s adaptive 

immune response and immunological memory formation after bladder infection. We 

suspected that infections in the bladder are unable to successfully induce an appropriate 

immunological memory response. For these studies, either a bladder-restricted infection 

(cystitis) or, as a comparison, combined bladder and kidney infection (hereafter referred 

to as pyelonephritis) were induced in mice on day 0 (Figure 2.4A, first arrow), and the 

presence of antibodies against E. coli circulating the blood was examined every 7 days 

post-infection. Again, we observed a strong antibody response in mice with prior 

pyelonephritis and a lack of significant anti-E. coli antibody titers in mice having had an 

infection limited to the bladder. On day 21 (Figure 2.4A, second arrow) both groups of 

mice (cystitis alone vs. pyelonephritis) were reinfected using the cystitis-only model and 

with the same E. coli strain as the primary challenge. As expected, upon a second 

infection, mice with prior pyelonephritis showed a strong secondary antibody response to 

UPEC. Although higher titers, which are a hallmark of memory responses, were not 

observed at the time points assayed, this memory response was characterized by a 

prolonged duration of detectable antibody responses compared to the first infection 

(Figure 2.4A). However, mice that had a primary infection restricted to the bladder 

showed no significant adaptive immune response upon cystitis re-challenge, pointing to a 

tempering of the adaptive immune response in the bladder that does not follow the 
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normal pattern for a secondary humoral response. Notably, mice with resolved, acute 

pyelonephritis develop a robust secondary humoral response even with a bladder-

restricted infection as a secondary challenge (Figure 2.4A). These observations suggest 

that if adaptive immune responses have already been established, the bladder is 

immunologically competent to respond; yet, a primary infection of the bladder alone has 

limited ability to initiate productive immunological memory. 

 To investigate the functionality of memory lymphocytes and confirm this absence 

of protective immunological memory subsequent to bladder infection, we performed 

adoptive transfer experiments. Mice were infected to initiate bladder-restricted infections, 

or bladder combined with kidney infections. Splenocytes were isolated 21 days post-

infection and transferred intravenously into naïve hosts.  Three days following transfer, 

mice were challenged with a bladder infection, after which the bacterial numbers still 

present in the bladder 5 days post-infection were analyzed. Naïve mice with splenocytes 

transferred from mice which experienced kidney infections showed significantly 

increased bacterial clearance as compared to both naïve mice and mice given splenocytes 

from mice with bladder-restricted infections (Figure 2.4B). This study demonstrates that, 

while the host is able to gain protective immunological memory in the context of a 

urinary tract infection involving the kidney, a primary infection of the bladder, alone, 

fails to generate a sufficient memory response to enhance bacterial clearance from the 

host during re-infection. 
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Figure 2.4: Infections contained in the bladder fail to evoke significant antibody 

responses, unless an adaptive immune response has already been established 
 
(A) Mice were infected transurethrally with 1x108 CFU to induce cystitis-only or 
pyelonephritis (first arrow at day 0) and serum GMT anti-UPEC antibodies were 
measured. On day 21 (second arrow) cystitis-only was induced in both groups of mice. *p 
< 0.05; **p <0.01; ***p <0.001 as compared to naïve. Times on the x axis are those of 
serum collection after infection. Error bars represent the 95% confidence level with n = 
4-7 mice per group. (B) Naïve mice that were adoptively transferred splenocytes from 
mice that previously had acute pyelonephritis show enhanced bacterial clearance 5 days 
post-infection compared to control naïve mice or mice adoptively transferred with 
splenocytes from mice that previously had cystitis only. *p < 0.05. Error bars represent 
±SEM with n = 4-6 mice per group.
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2.3.4 The bladder, unlike the kidney, maintains an immunosuppressive 
environment during infection 
 
 To better understand the underlying differences in immune responses between the 

bladder and kidney, we studied the cytokine profile of both organs during E. coli 

infection in the time frame when adaptive immune responses should be induced and 

refined. As expected, a strong pro-inflammatory response, demonstrated by the drastic 

upregulation of cytokine expression, including IL-6, KC (a functional homologue of IL-8) 

and TNF α (Figure 2.5A-C) was observed early in infection. However, 6 hours post-

infection, during both cystitis and pyelonephritis, there was upregulation in the bladder of 

a major inhibitor of pro-inflammatory immune responses, IL-10, which was distinctly 

absent in the kidney (Figure 2.5D). The expression of TGF-β, another prominent broadly-

acting anti-inflammatory regulator, as well as suppressor of cytokine signaling 3 

(SOCS3), a negative regulator of cytokine signaling with broad immunosuppressive 

effects in tissues and negatively regulate the activation and/or differentiation pathways in 

macrophages, dendritic cells, and T lymphocytes (Dimitriou, 2008)  (Figure 2.5E-F) were 

also upregulated; both TGF-β and SOCS3 expression was not detected in the kidneys 

after infection. Unlike the acute pro-inflamatory responses in the bladder that begin 

within 2 hours, peak at 6 hours and subside by 72 hours, this secondary wave of enhanced 

expression of anti-inflammatory cytokines and signaling intermediaries persists 

throughout the first 3 days of infection (Figure 2.5D-F), which is a critical time window 

for the development of adaptive responses. These observations demonstrate that 

subsequent to strong proinflammatory innate responses, the bladder specifically responds  
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Figure 2.5 
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Figure 2.5 Continued 



  

 

56

 

 

 

 

 

 

Figure 2.5: Bladder upregulates anti-inflammatory cytokine IL-10 during infection, 
which negatively affects bacterial clearance and serum antibodies 
 
(A-D) Cytokine profile in the bladder and kidney at various time intervals post-infection 
determined by real time PCR for IL-6, KC (murine IL-8 homolog), TNF-α and IL-10. (E-
F) In addition to IL-10 expression upregulation, significant increase of other major anti-
inflammatory mediators – TGF-β and SOCS3 – were also seen only in the bladder and 
not detected in the kidney. * p < 0.05, ** p ≤ 0.01; error bars represent ±SEM . All data 
are representative of two or more independent experiments, n ≥ 3. IL-10-/- mice have 
better bacterial clearance in the bladder as compared to WT, (G) 5 days and (H) 6 weeks 
after infection. * p < 0.05, *** p < 0.001; n = 10-12 mice per group (5 days) and n = 5-6 
mice per group (6 weeks) (I) Significant serum GMT anti-UPEC IgM antibodies are seen 
in both cystitis-only and mice with pyelonephritis in IL-10-/- mice at comparable titers to 
wild type mice with concurrent cystitis and pylenophritis infection. There are no 
significant differences in antibody titres between WT mice with pyelonephritis and       
IL-10-/- infected mice. UPEC specfic IgM antibodies were not detected in WT mice with 
bladder-restricted infection. Dotted line denotes threshold of detection. *** p < 0.001. 
Error bars represent the 95% confidence level with n = 5-7 mice per group. 
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to UPEC infection with a second, tolerogenic phase of response involving the induction 

of anti-inflammatory master regulators. 

 In view of the relatively high level of IL-10 upregulation in the bladder, we 

focused on IL-10 as a target immunosuppressive cytokine that might alter the course of 

adaptive immune responses to bladder infection. To discern the functional consequence 

of the presence of IL-10 during bladder infection, we infected IL-10 deficient mice (IL-

10-/-) with E. coli, according to our model of cystitis, and determined the load of 

persistent bacteria still present in the bladder 5 days post-infection. We saw that IL-10-/- 

mice showed significantly lower residual bacterial presence in the bladder compared to 

wild-type (WT) mice after acute infection (Figure 2.5G) as well as lower number of 

persisting bacteria in the bladder at 5 days (Figure 2.5H), indicating that bacterial 

clearance is enhanced in the absence of  IL-10. Both cystitis and pyelonephritis-infected 

mice have IgG titers against E. coli that are significantly above that of naïve  IL10-/- sera 

(Figure 2.6). Studies have shown that IL-10 is important for mediating immunoglobulin 

class switching in B cells (Fujieda, 1995; Malisan, 1996), and this may explain why the 

detected IgG sera titers against E. coli are lower in IL-10-/- mice than WT mice (Figure 

2.6). IgM are the first antibodies produced in a naive host and therefore not likely to be 

impacted by this defect in IL-10-/- mice. Therefore, we assayed for E. coli-specific IgM 

antibodies in both WT and IL10-/- mice infected with cystitis alone, or cystitis concurrent 

with pyelonephritis. We saw significantly higher titres of IgM antibodies in sera collected 

from IL-10-/- mice with a bladder-restricted infection, a clear contrast with WT mice 
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(Figure 2.5I).  These results indicate that, without IL-10, the bladder is able to initiate a 

functional adaptive immune response to cystitis. 

 

 

 

 

Figure 2.6: IL10-/- mice with cystitis only infections have detectable anti-UPEC IgG 
antibodies in sera 

 
IL10-/- mice were infected on day 0, and significant serum GMT anti-UPEC IgG 
antibodies are detected in both cystitis-only and mice with pyelonephritis in IL-10-/- mice. 
There were no significant differences in antibody titres between pyelonephritis and 
cystitis infected groups. On day 21 (second arrow) cystitis-only was induced in both 
groups of mice. *p < 0.05; # p < 0.01. Error bars represent the 95% confidence level with 
n = 5 mice per group. 
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 To begin to investigate the underlying mechanism of IL-10-mediated suppression 

of adaptive immune responses in the bladder, we examined the initial events in the 

generation of adaptive immunity.  Since the migration of antigen-bearing DCs into 

draining lymph nodes is one of the first of these events, we suspected that DC migration 

might be differentially affected during cystitis with and without pyelonephritis.  However, 

we observed no difference in the numbers of DCs within the ILN or RLN upon bladder or 

kidney infection, respectively, in the initial hours of infection (Figure 2.7A). Migration of 

DCs is only one aspect required for efficient activation of adaptive immunity within 

draining lymph nodes.  Full activation of antigen presenting cells (APCs), including co-

stimulatory molecule expression, is important for activation of naïve T cells and 

subsequent initiation of adaptive immunity. When we looked at the activation of these 

APCs, there were significantly greater numbers of activated DCs expressing the co-

stimulatory molecule CD86 on their cell surface in the RLN of WT mice during kidney 

infection, but not in the ILNs draining the bladder (Figure 2.7B). Since we previously 

observed that IL-10-/- mice respond to bladder infection with adaptive responses of 

greater magnitude than WT mice, and the upregulation of costimulatory molecules on 

DCs has been established to be influenced by IL-10 (Enk, 1993; Steinbrink, 1999, 1997), 

we next investigated the influence of IL-10 on the process of DC activation during 

cystitis. IL-10-/- mice showed significantly greater numbers of CD86+ DCs in the ILN as 

compared to ILN from WT mice during cystitis (Figure 2.7B). Likely as a consequence 

of having fewer activated DCs draining to the ILN, WT mice with cystitis had 
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significantly reduced numbers of CD4+ T helper cells (TH cells) (Figure 2.7C) as well as 

reduced numbers of germinal B cells (defined based on expression of the germinal center 

marker GL7) 7 days post-infection (Figure 2.7D). Therefore, this increase of IL-10 in the 

bladder upon infection influences the activation of DCs draining to the LNs, and may 

explain the uniquely dampened adaptive immune responses to infection in the bladder. 

 

 

 
Figure 2.7 
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Figure 2.7: Suppression of DC activation in ILN during cystitis  
 
(A) Numbers of DCs draining to the ILN and RLN upon cystitis or pyelonephritis was 
determined by flow cytometry using staining for DC markers MHC II and CD11c 24 
hours after infection with 1x108 UPEC.  Data does not differ significantly (B) Increased 
numbers of activated DCs (MHCII+ CD11c+ CD86+) were present in the RLNs of WT 
mice and in ILN of IL-10-/- mice, similarly infected. WT mice have fewer (C) TH cells 
(CD4+) and (D) germinal center B cells (CD19+ GL7+) 7 days post-infection. * p < 0.05, 
** p < 0.01; error bars represent ±SEM. All data are representative of two or more 
independent experiments with n = 3-7 mice per group. 
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2.3.5 Mast cells mediate IL-10-dependent suppression of adaptive immunity 
in the bladder 
 
 With the observation that IL-10 expression increased in the bladder 6 hours post 

UPEC infection, we sought to find the source of this anti-inflammatory cytokine. One 

immune cell that has been shown to produce IL-10 during inflammation is the mast cell  

(Grimbaldeston, 2007).  Although better known for their roles in exacerbating asthma 

(Kobayashi, 2000; Williams, 2000) and in providing immunosurveillance for pathogens 

(Abraham, 2010; Kalesnikoff, 2008), MCs also appear to have roles in maintaining tissue 

homeostasis, as evidenced by their apparent contributions to limiting inflammation in an 

IL-10-dependent manner during contact hypersensitivity (Grimbaldeston, 2007). They 

have also been shown to be essential intermediaries in maintaining regulatory T cell 

tolerance (Lu, 2006). Although these results, from the context of cutaneous sterile 

inflammation have recently been questioned (Dudeck, 2011), they nevertheless raise the 

question of whether MCs could also temper inflammation in an infectious context within 

the bladder.  

 We observed that MCs are highly abundant in the bladder and are located beneath 

the uroepithelium at the interface between host and environment (Figure 2.8A). However, 

we have previously reported that MCs can respond to infection of the bladder and play a 

crucial proinflammatory role in recruitment of neutrophils for bacterial clearance 

(Malaviya, 2004), as well as recruitment of APCs to the site of infection (Shelburne, 

2009). Therefore, we next investigated which MCs play a dual function in the bladder by 

promoting IL-10 mediated suppression of adaptive immune responses, which would 
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contrast with their established function in initiating early pro-inflammatory events in the 

bladder and other tissues (Abraham, 2010; Malaviya, 2004; Shelburne, 2009). In 

uninfected WT and MC-deficient (Wsh) mice, the basal level of IL-10 expression in the 

bladder was significantly lower in Wsh mice (Figure 2.8B). Therefore, even at basal 

levels, without an inflammatory challenge, MCs appear to contribute to IL-10 production 

in the bladder. Upon infection of WT mice with UPEC, bladders have significantly 

increased IL-10 expression at 6 hours post-infection, which was not seen in Wsh mice 

(Figure 2.8C). The kidneys also have resident MCs, but in direct contrast to our 

observations for the bladder where MCs appear to contribute to basal IL-10 levels (Figure 

2.8B), the basal level of IL-10 is actually higher in kidneys of Wsh mice (Figure 2.8D).  

To determine if bladder MCs, themselves, were a significant source of IL-10, we stained 

bladders 24 hours after infection for the MC-specific protein MMCP6 and IL-10 (Figure 

2.8E).  Although our real time PCR data suggests that MCs contribute to promoting and 

maintaining the basal levels of IL-10 expression (Figure 2.8B), staining for this cytokine 

in the tissues of saline control mice did not reveal striking levels of IL-10 within the 

tissue.  Background staining for IL-10 could not be detected in IL-10-deficient mice as 

well (data not shown), yet infected IL-10-sufficient animals showed strong co-

localization of IL-10 with MMCP6 (Figure 2.8E).  In addition to MCs, other cell 

populations such as Treg cells and macrophages, have the ability to produce and 

contribute to the IL-10 levels in the bladder. To confirm that it is indeed MCs responsible 

for most of the IL-10 produced upon infection, we performed intracellular IL-10 staining 
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of single cell preparations of infected bladders and analyzed via FACs. As seen in Figure 

2.8F, though Tregs and macrophages contribute to IL-10+ cells in the bladder, the majority 

of the cells staining for IL-10 are MCs (avidin+CD117+). We were also able to detect 

increased amounts of secreted IL-10 protein in the urine of infected WT, but not of Wsh 

mice (Figure 2.9). 

 When we reconstituted Wsh mice with bone-marrow derived MCs (BMMC) 

(Figure 2.10A), we see rescue to wild-type proinflammatory responses with LN 

hypertrophy (Figure 2.10B) and influx of neutrophils (Figure 2.10C). We also saw an 

increase in IL-10 expression in bladders of infected WT, but not IL-10-/-, BMMC 

reconstituted Wsh mice (Figure 2.8G) and, comparable to what we saw in wild-type mice, 

there were significantly greater numbers of activated DCs draining to the RLN as 

compared to the ILN (Figure 2.8H). More importantly, when Wsh mice were 

reconstituted with IL-10-/- BMMCs, we see rescue of activated DC draining to LNs 

phenotypically seen in IL-10-/- mice – no difference between iliac or RLN (Figure 2.8H). 

From these studies, we have shown that the adaptive immune response initiated from the 

DLN of the bladder is significantly lower than that seen from the kidneys. Furthermore, 

the muted initiation of adaptive immunity observed in cystitis, but not pyelonephritis, is 

due to the immunosuppressive effects of the upregulation of IL-10 expression in the 

bladder, which is predominantly derived from bladder MCs. 
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Figure 2.8
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Figure 2.8 continued 
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Figure 2.8 continued 
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Figure 2.8: MCs in the bladder promote IL-10 expression 
 

(A) A whole mount picture of the luminal side of a murine bladder, showing the 
abundance of MCs (red, stained with avidin-TRITC) present underneath the epithelium. 
(B) Wsh mice, even at basal levels, have lower expression of IL-10 in the bladder as 
compared to WT bladders, determined by real time PCR. (C) With infection, at 6 hours 
after bacterial instillation, IL-10 expression increases in bladders of WT but not Wsh 
mice. (D) Unlike the bladder, greater basal IL-10 expression occurs in the kidneys of 
Wsh mice, as determined by real time PCR. (E) Image shows bladders, stained for MCs 
using an antibody against mMCP6 (green), and for IL-10 (red) at 24 hours after UPEC 
infection. (F) Intracellular staining of IL-10+ cells in the bladder 24 hours post-infection. 
Though Treg cells and macrophages contribute to the IL-10 in the bladder, the majority of 
cells that are IL-10+ are MCs (avidin+ckit+). (G) Rescue of increased IL-10 expression is 
seen in infected bladders of Wsh mice reconstituted with WT BMMCs but not IL-10-/- 
BMMCs at 24hours post-infection. (H) Wsh mice reconstituted with WT BMMCs have 
significantly greater activated DCs draining to the RLNs as compared to the ILNs. 
However, when reconstituted with BMMCs from IL-10-/- mice, comparable numbers of 
activated DCs in both LNs are observed. * p <0.05, ** p ≤0.01, ***p≤0.001; all data are 
representative of three or more independent experiments totaling n ≥ 3. Error bars 
represent ±SEM . 
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Figure 2.9: Detection of IL-10 in urine of infected WT mice 

WT and Wsh mice were transurethrally infected with bladder-restricted infections. 
24hours post-infection, urine was sampled and the total amount of IL-10 protein in the 
urine was determined via a mouse IL-10 ELISA (ebioscience; Mouse IL-10 ELISA 
Ready-Set-Go; cat# 88-7104-22). (A) Significant amounts of IL-10 are secreted and 
detected in the urine of UPEC infected WT but not (B) mast cell deficient Wsh mice. ** 
p <0.01; n = 3-6 mice per group. Error bars represent ±SEM. 
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Figure 2.10: Successful reconstitution of bladders in Wsh mice 

 
(A) Wsh mice were reconstituted with 1x107 WT BMMC intravenously via tail vein. 
Sixteen weeks later, reconstituted Wsh mice were sacrificed and bladder and kidneys 
were harvested and snap frozen in optimal cutting temperature medium and stored at -
80oC until use. 20µm tissue sections were cut and fixed in Carnoy's fixative and stained 
with toluidine blue for quantification of mast cells through light microscopy. The 
bladders were then infected with UPEC and (B) iliac LN hypertrophy and (C) neutrophil 
recruitment were examined 24 hours after infection and compared to WT mice. We were 
able to see full recovery of WT phenotype in these reconstituted Wsh mice. 
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2.3.6 Immunosuppressive response in infected bladders is not due to kit 
mutation in Wsh mice 
 
 As mentioned earlier, the findings of Grimbaldeston et al., which demonstrated a 

critical immunosuppressive role for MC-derived IL-10, was recently disputed by Dudeck 

et al. using a novel inducible MC-deficient model (Dudeck, 2011). We sought to further 

validate our findings regarding the role of MCs and MC-derived IL-10 in our animal 

model, especially as Dudeck et al. had suggested that the suppressive effects  reported by 

Grimbaldeston et al. was due to neutrophilia in the MC-deficient Wsh mice (Dudeck, 

2011). To address this, we depleted neutrophils, using the same method as Dudeck et al. 

with an anti-GR-1 monoclonal antibody (10µg/gram of mouse) 24 hours before urinary 

tract infection, in both WT and Wsh mice. Efficiency of neutrophil depletion was 

determined by FACS analysis of blood leukocytes (GR-1+CD11b+) (Figure 2.11A). We 

saw that the absence of neutrophils did not change the increase of IL-10 expression seen 

in the bladder (Figure 2.11B) and the RLN still had significantly greater numbers of 

activated dendritic cells (MHCII+CD11c+CD86+) as compared to the ILN (Figure 2.11C). 
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Figure 2.11 
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Figure 2.11: Immunosuppressive Response in Infected Bladders is not Affected by 
Neutrophilia Phenotype of Wsh mice 
 
(A) WT and Wsh mice were pre-treated with an anti-GR-1 mAb or isotype control 24 
hours before being infected. The efficiency of neutrophil depletion was determined by 
FACs analysis of blood leukocytes. (B) Neutrophil-depleted WT mice still have an 
increase of IL-10 expression in infected bladders 24hours post-infection, which is not 
seen in neither Wsh nor neutrophil-depleted Wsh mice, suggesting that neutrophils do not 
influence the immunosuppressive microenvironment seen in the bladder upon infection. 
(C) Twenty-four hours post-infection, ILN and RLN were analyzed for draining of 
activated DCs (MHCII+CD11c+CD86+). The draining of activated DCs into the RLN are 
significantly greater in WT mice as compared to the ILN, even with depletion of 
neturophils; this difference is not seen in infected Wsh mice. * p <0.05, ** p ≤0.01, 
***p ≤0.001; all data are representative of three or more independent experiments totaling 
n = 3. Error bars represent ±SEM. 
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 Additionally, to further establish the critical immunosuppresive role of mast cells, 

we employed another model system which is completely independent of Wsh mice. We 

depleted mast cells from WT mice using a standard previously described method 

involving the injection of  anti-CD117 (anti-ckit) monoclonal antibody ACK-2 

(Vanderford, 2010). With the addition of ACK-2 mAb, we noticed that the skin of our 

C57BL/6 WT mice started to turn white as previously reported (Vanderford, 2010) 

(Figure 2.12A, mouse a) while C57B/6 mice not given the anti-CD117 mAb retain their 

black color (Figure 2.12A, mouse b). The loss in pigmentation is due to the fact that 

melanocyte survival is also dependent on the CD117 receptor, and thus is a good visual 

indicator that our depletion of CD117+ cells is effective. Furthermore, to confirm that 

mast cells were truly depleted, we stained for mast cells in bladders with toluidine blue. 

MCs, which are clearly seen in WT bladders (arrows), are absent in the bladders of ACK-

2 treated mice (Figure 2.12B). At 6 weeks of age, WT mast cell-depleted mice (ACK-2) 

along with control C57BL/6 WT mice were infected and the ILN and RLN were analyzed 

for draining of activated DCs (MHCII+CD11c+CD86+) 24 hours post-infection. The 

draining of activated DCs into the RLN is significantly greater in WT mice; this was not 

seen in the mast cell depleted ACK-2 mice (Figure 2.12C). We also saw ACK-2 mice did 

not have an increase of IL-10 expression in infected bladders, which again, is the 

phenotype seen in infected Wsh mice (Figure 2.12D). Thus, the phenotype of the ACK-2 

WT mice recapitulates the phenotype of infected Wsh mice, which shows that the 

immunosuppressive response observed in infected bladders is mast cell-dependent. 
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Figure 2.12 
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Figure 2.12: Suppression of adaptive immunity in the bladder is mast cell 
dependent and not due to kit mutation in Wsh mice 

 
(A) WT mice were depleted of mast cells by injecting anti-CD117 (anti-ckit) monoclonal 
antibody ACK-2 intraperitoneally every 3 days starting at day 5 post-natal. With the 
addition of ACK-2 mAb, we noticed that the skin of our C57B/6 WT mice started to turn 
white (mouse a) while C57B/6 mice not given the anti-CD117 mAb retain their black 
color (mouse b). (B) To confirm that mast cells were truly depleted, we analyzed for mast 
cells in bladders by staining with toluidine blue. MC can be clearly seen in WT bladders 
(arrows). (C) WT mast cell depleted mice along with control C57B/6 WT mice were 
infected and the ILN and RLN were analyzed for draining of activated DCs 
(MHCII+CD11c+CD86+) 24 hours post-infection. The draining of activated DCs into the 
RLN is significantly greater in WT mice; this is not seen in the mast cell depleted ACK-2 
mice. (D) Mast cell-depleted WT mice do not have an increase of IL-10 expression in 
infected bladders, which is the phenotype seen in infected Wsh mice. ** p < 0.01. Error 
bars represent ±SEM with n =3 mice per group. 
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2.3.7 Mast cell-derived IL-10 promotes bladder bacterial persistence 
 
 In spite of the role we observe for IL-10 in permitting long-term bacterial 

persistence in the bladder and the critical role MCs play in contributing to IL-10 

production in the bladder during infection, these cells are not dispensable during the acute 

phase of infection. Indeed, the first and primary response of MCs is pro-inflammatory 

and as a result of this lack of pro-inflammatory response, Wsh mice have a greater 

bacterial burden in the bladder as compared to wild type mice (Figure 2.13A) despite the 

fact that initial intracellular bacterial burden is similar (Figure 2.13B). Wsh mice also 

exhibit reduced adaptive immune responses with hampered antibody titres upon 

pyelonephritis infection (Figure 2.13C). Nevertheless, the elevated levels of mast cell-

derived IL-10 in the bladder during infection promotes the persistence of bacteria (Figure 

2.14A). Interestingly, we also observed that the numbers of MCs within bladders were 

significantly augmented by 24 hours in infected mice, compared to controls (Figure 

2.14B). Quantification of MC numbers before and 24 hours after infection revealed an 

approximately 30% increase MC numbers. Remarkably, this increase of mast cells 

persisted in the bladder, as the MC numbers remained significantly high even at 6 weeks 

post-infection (Figure 2.14C). Therefore, it appears that MCs in the bladder serve a 

unique function of maintaining IL-10 levels in the resting state and promoting IL-10 

production after the initial pro-inflammatory response by MCs to cystitis, thus resulting 

in a localized immunosuppressive environment in the bladder. This inhibitory response 
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may be further augmented during infection through the recruitment of additional MCs 

into the bladder, which persists alongside the hidden intracellular bacteria population.  

 

 

Figure 2.13: Mast Cells are Indispensible for Bacterial Clearance and Adaptive 
Immune Responses 

 
(A) WT and Wsh mice were infected with 1x108 CFU UPEC. Bladders were harvested 6 
weeks after initial infection for quantification of residual persistent bacteria. Despite the 
fact that mast cells contribute to this tolerogenic effect seen in the bladder, their first and 
primary response is proinflammatory, and as a result, Wsh mice retain greater persistent 
bacterial numbers in their bladders. (B) However, during initial infection - 4 hours - the 
intracellular bacterial burden seen in the bladders of both WT and Wsh mice are not 
significantly different. (C) The anti-UPEC IgG GMT in Wsh mice are also significantly 
lower than that of WT mice with pyelonephritis. **p <0.01 Error bars represent ±SEM 
with n = 3-5 mice per group. 
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Figure 2.14: Mast cell-derived IL-10 promotes bacterial persistence in bladder 

(A) MC-deficient Wsh mice reconstituted with IL-10-/- BMMCs had significantly lower 
persistent bacteria present in their bladders as compared to both WT as well as Wsh 
reconstituted with WT BMMCs. (B) Increased numbers of MCs are present in the bladder 
24 hours post-infection, as determined by quantification from tissue sections. (C) This 
increase of MCs persist in the bladder even at 6 weeks post-initial infection. * p <0.05, ** 
p ≤0.01; all data are representative of three or more independent experiments totaling n ≥ 
3. Error bars represent ±SEM . 
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2.4 Discussion 

 The bladder’s primary task is to store excreted products of the body in the form of 

urine. However, like many other mucosal surfaces, its virtually inevitable exposure to 

external microbial pathogens (which make their way up the urethra to colonize urine) 

warrants efficient tissue-specialized defenses to maintain sterility.  The initial barriers to 

pathogens within the bladder are physical, such as the highly impermeable urothelium 

and the flushing actions of urine flow.  Should pathogens, such as UPEC, breach this 

layer and initiate infection, the bladder is also equipped to respond with a vigorous pro-

inflammatory primary immune response including the production of cytokines and a 

substantial neutrophil influx.  However, during bladder infection, we, like others (Eto, 

2006; Mulvey, 2001; Mysorekar, 2006), observe persistence of infection and notable 

defects in the ability of the host to mount an adaptive immune response (Percival, 1964; 

Ratner, 1981; Rene, 1982; Sanford, 1978; Winberg, 1963). These unexpected limitations 

are characteristic of a broadly tolerogenic transcriptional program (including the 

upregulation of TGF-β and SOCS3) in the bladder upon infection and dependent on the 

specific upregulation within the bladder of the anti-inflammatory cytokine, IL-10. This 

occurs 6 hours after infection and is not seen in infected kidneys, leading us to conclude 

that the tempering of adaptive immune responses and associated increase of IL-10 

expression is a bladder-specific phenomenon to promote a tolerogenic microenvironment.   

 Using mice deficient in IL-10, we examined various facets of the adaptive 

immune response to cystitis alone or pyelonephritis and observed that IL-10 competency 
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significantly decreases DC activation, and numbers of CD4 T cells and germinal center B 

cells in draining lymph nodes. Since IL-10-/- animals are also capable of producing 

comparable humoral responses after cystitis to mice with pyelonephritis, we expect that 

the uniquely elevated production of IL-10 by infected bladders but not kidneys explains 

the divergent outcomes that we and others (Percival, 1964; Ratner, 1981; Rene, 1982; 

Sanford, 1978) observe with regards to adaptive immune responses during cystitis versus 

pyelonephritis.  

 Subsequent investigations revealed that MCs, which produce IL-10 in infected 

bladders, are a major driving force behind this immunosuppressive response in the 

bladder site, since infected Wsh bladders have reduced levels of IL-10 compared to 

controls. Although Grimbaldeston et al. have reported that MC-derived IL-10 was 

important in suppressing subsequent inflammatory responses (Grimbaldeston, 2007) in a 

cutaneous sterile inflammation model, more recently, Dudeck et al. have disputed this 

claim in a novel inducible MC-deficient mouse model (Dudeck, 2011). Dudeck et al. 

suggested that IL-10 from MCs is not relevant for suppression of contact hypersensitivity 

and the increased inflammation seen in MC-deficient Wsh mice, as observed by 

Grimbaldeston et al., is due to neutrophilia which is a side effect of the kit mutation in 

these mice (Dudeck, 2011). We have ruled out the possibility that our findings are an 

artifact of neutrophilia in Wsh mice by specifically depleting neutrophils and showing 

that this action did not have any affect in the trafficking of immature DCs to the ILN. We 

further validated our observations by employing a Wsh mouse-independent model where 
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we depleted MCs in WT mice via injection of the monoclonal anti-CD117 antibody 

ACK-2. 

 We have previously shown that MCs play a vital role in orchestrating the immune 

response during infection (Malaviya, 1996; McLachlan, 2003; Shelburne, 2009). Here, 

the observation that MCs are also important in upregulating the expression of IL-10 

during bladder infection suggests that MCs in the bladder play a dual role: first, 

promoting inflammation to infection and, later, limiting it. Interestingly, in contrast to the 

bladder, in the kidney, IL-10 levels are increased at basal levels in mice lacking MCs. 

Therefore, just as the bladder and the kidney have different responses to infection, the 

MCs in these two tissues appear to have differing regulatory roles in tuning the 

inflammatory profile of the tissues in the resting state. This could potentially be due to 

tissue specific heterogeneity in MC function (Bienenstock, 1985; Kitamura, 1989; Rao, 

2008), a topic that requires further investigation. 

 One can speculate that MC-driven production of IL-10 in the bladder, which is 

absent in infected kidneys, may relate to its unique storage function.  Urine contains 

many intact host proteins filtered by the kidneys (Adachi, 2006; Barratt, 2007) to which 

immunological tolerance must be maintained. It is interesting to note that the delayed MC 

mediated IL-10 expression coincides with the timeframe when the bladder sheds its 

superficial epithelium in the early hours of infection in an attempt to reduce bacterial 

burden (Mulvey, 2000). The induction of proinflammatory cytokines in the bladder is 

much higher than those seen in the kidneys, and the contraction of the inflammatory 
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response within the bladder may be for the purposes of tempering harmful immune 

responses to the many antigens in urine, now that the protective epithelial coating is lost 

and to facilitate regeneration of the superficial epithelium and restore the bladder’s 

critical barrier function. It is notable that IL-10 has been associated with wound repair in 

multiple contexts (Carrington, 2006; Liechty, 2000; Sawa, 1997). Abrogation of adaptive 

immune responses in the bladder might not be detrimental to a host that is capable of 

clearing infection the vast majority of the time with its vigorous innate immune response.  

In this case, the risk of breaking tolerance to an associated self- or modified self- antigen 

could be more detrimental than the risk of not fully eliminating a largely contained 

infection.  In this way, the bladder, like the gut, may have highly organ-specialized 

strategies for balancing the need for tolerance to its contents and the imperative of 

resisting microbial exploitation.  

 The host’s muted adaptive immune response to cystitis could also potentially 

explain why the bladder is unable to fully eradicate the persistent population of bacteria 

that can be detected for weeks after infection. Remarkably, the persistence of bacteria in 

the bladder is paralleled by an elevation in MC numbers in the bladder, implying a role 

for these recruited MCs in promoting bacterial persistence. Residual intracellular E. coli 

could very well contribute to the clinical phenomenon of individuals having frequent 

cystitis recurrencies, since approximately 1/3 of recurrent cystitis is caused by the 

original infecting strain (Ikäheimo, 1996). Many studies have revealed bacteria-

associated determinants of pathogenesis can influence infection (Connell, 1996; Johnson, 
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1991; Nielubowicz, 2010), but this propensity towards recurrence could also be 

attributable to the failure of the host to form protective immunological memory after 

primary cystitis, which we observe in our murine model. Although some groups have 

observed that bladder infection can generate productive primary adaptive immune 

responses (Thumbikat, 2006) and others have emphasized the importance of bacteria-

associated factors to disease progression (Connell, 1996; Johnson, 1991; Nielubowicz, 

2010), our work may explain why bladder-confined infections are less frequently cleared 

than those that progress to pyelonephritis. However, the results from this study also 

highlight the potential of cystitis to elicit an effective secondary immune response once 

immunological memory has been established, since animals that have previously 

experienced pyelonephritis have significantly increased UPEC- specific antibody 

responses during cystitis compared to those having had cystitis previously.  Therefore, 

while emphasizing the unique microenvironment of the bladder as tailored to suppress 

primary adaptive responses, our findings inform us that UTI treatment and vaccination 

strategies are plausible since, particularly when immunological memory has already been 

formed, adaptive immune responses can be elicited by bladder infection. 
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3. Developing a UTI Vaccine to Overcome Localized Immune 
Suppression in Recurrent Cystitis 
 
3.1 Introduction 

 As previously mentioned in Chapter 1, there is an unusually high frequency of 

reinfections seen in UTI patients even after appropriate antimicrobial agents have been 

employed as treatment. The recurrence of UPEC infections is due, at least in part, to 

intracellular persistence of bacteria within bladder epithelial cells. In their intracellular 

location, UPEC are not accessible to antimicrobial agents and can persist for extended 

periods of time. Several different strategies have been proposed to displace these 

persistent population of bacteria from the urinary tract. These include small molecule 

inhibitors of bacterial adhesion to the bladder surface, such as α-methyl-

mannopyranoside (Aronson, 1979), glucose analogue N-butyldeoxynojirimycin 

(Svensson, 2003), and modulators of intracellular cAMP, such as forskolin, that induce 

spontaneous expulsion of  UPEC from infected bladder epithelial cells (Bishop, 2007). A 

more drastic strategy involves the administration of protamine sulfate to infected bladders 

(Rosen, 2007). This agent triggers spontaneous shedding of superficial bladder epithelial 

cells, including infected ones, resulting in reduced bacterial numbers in the bladder. 

However, this treatment caused significant discomfort in human volunteers (Lilly, 1990). 

Thus, prolonged antibiotic therapy remains the standard treatment for recurrent UTI. As 

we have previously emphasized, these antibiotic treatment regimens do not affect UPEC 

hiding within the uroepithelium and can potentially result in selection of resistant strains.  
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 The lack of an effective non-antibiotic strategy in treating UTIs combined with 

the large monetary impact on the health-care system caused by these infections has 

generated significant interest in the development of vaccines against UTIs. Patients 

predisposed to recurrent infections could potentially be immunized and be protected from 

subsequent UTIs. Early vaccine studies have focused on the lipopolysaccharide (LPS) 

side chain O-antigen (Uehling, 1969). However, the usefulness of this vaccine has been 

limited by the heterogeneity and poor immunogenicity of the O-antigen structure . Later 

vaccine studies focused on employing adherence factors of UPEC as immunogens, such 

as P fimbriae (Schmidt, 1988),  type 1 fimbriae (Langermann, 2000) and FimH 

(Thankavel, 1997), the adhesive moiety of type 1 fimbriae. Unfortunately, each of these 

vaccine candidates have inherent problems. The P fimbrial vaccine, for example, 

although effective in evoking high titers of specific antibody, is unlikely to be useful in 

protecting against lower UTIs as P fimbriae are involved primarily in the pathogenesis of 

upper UTIs (pyelonephritis) . Vaccination against type 1 fimbriae results in antibody 

responses primarily directed at the major subunit, which is antigenically highly 

heterogeneous, limiting the breadth of protection of this vaccination. This observation led 

to the development of a vaccine comprised primarily of FimH or a functionally relevant 

portion of this molecule. FimH, is the highly conserved adhesin subunit of the type 1 

fimbriae found on most E.coli. Although FimH vaccines were highly effective in 

protecting against UTIs in experimental animals (Langermann, 2000), human trials 

employing this vaccine candidate as an intramuscular vaccine were halted prematurely, as 
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the vaccine did not evoke high serum antibody titers, raising into question its potential 

effectiveness. This limitation was attributable to the ineffectiveness of the adjuvant with 

which the FimH was combined with in the vaccine formulation. Recently, a broad 

unbiased screen for vaccine candidates identified several outer membrane proteins 

(OMPs) involved in iron uptake as potential vaccine candidates (Sivick, 2009). Intranasal 

vaccination of mice with a formulation comprising of three of the top candidates 

provided protection against both cystitis and pyelonephritis (Alteri, 2009) suggesting the 

benefit of using a cocktail of proteins as vaccine antigens.  The effectiveness of 

immunizing the nasal region, a mucosal surface distinct from the bladder, to evoke 

protective immunity in the urinary tract is of particular interest and relevance. 

 In studies described in Chapter 3, we identified the underlying reason for the 

clinical observation that infections restricted to the bladder did not evoke antibody 

responses in patients, as compared to UTIs involving the kidney, which are invariably 

followed by strong antibody responses. This limitation in adaptive immune responses in 

the bladder and lack of immunologic memory may also explain why bladder infections 

can recur frequently in the same patient.  Interestingly, our findings also reveal that 

although the bladder was not capable of initiating an effective adaptive immune response, 

this organ was nevertheless highly capable of strong secondary adaptive immune 

responses in animals that were previously infected at body sites other than the bladder. 

Therefore, we hypothesized that it would be possible to circumvent the immune 

limitations of the bladder and provoke a strong adaptive immune response in the bladder 
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by vaccinating at an alternate mucosal site with an appropriate vaccine antigen. To test 

this hypothesis, we immunized the nasal mucosae of mice with a vaccine formulation 

containing FimH adhesion and investigated the resulting protective immunity against 

UPEC. Since a prospective UTI vaccine is most likely to be employed only on patients 

predisposed to recurrent UTIs, we have tested the efficacy of this vaccine in mice that 

have previously been infected with UPEC. Predictably, these mice would already be 

harboring a quiescent population of intracellular UPEC in their bladders. Although not 

proven, it is widely assumed that “activation” of this quiescent population is largely 

responsible for recurrence of UTIs. Thus, in addition to examining the prophylactic 

capacity of the vaccine formulation, we will be able to study the ability of this vaccine to 

eliminate the quiescent, stubbornly resistant population of E.coli in the bladder.  

 Another goal of this study was to identify a potent vaccine adjuvant for the nasal 

mucosae. As aforementioned, a previous study using the FimH antigen in an 

intramuscular vaccine against UTIs was largely ineffective in humans, which, in part, 

could be attributed to the bladder being a mucosal site, and IgA playing a critical role in 

mucosal immunity. In this study we will be vaccinating at an alternate mucosal site with 

two nasal adjuvants when incorporated into a FimH vaccine formulation. 

 We chose to utilize two recently described adjuvants capable of evoking strong 

immune responses in the nasal mucosae. The first is CpG oligonucleotides (CpG), a 

TLR9 ligand, and the second is compound 48/80 (c48/80), a potent activator of mast cells 

(MCs). Both of these adjuvants have been shown to be highly effective in recruiting DCs 
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and promoting trafficking of these cells to the draining lymph node (DLN) following 

nasal vaccination (McLachlan, 2008; Poggio, 2006). Cumulatively, it is anticipated that 

this study will provide valuable clues for the development of an effective prophylactic 

and therapeutic vaccine for UTIs. 

3.2 Materials and Methods 

3.2.1 Animals 

3.2.1.1 Nasal vaccination 

 Mice were anesthetized with isofluorane and administered 1µg of FimH antigen 

in a solution containing the appropriate adjuvant to a total volume of 7.5µL per nostril. 

Mice were vaccinated 7 days after first UPEC challenge (denoted as day 0) and boosted 

on day 14 and 21 before a second UPEC challenge to simulate reinfection. 

3.2.1.2 Inducing urinary tract infections and reinfections 

 To establish a persistent bacterial population within the urinary bladder, female 

C57BL/6 mice were anesthetized with pentobarbital (Nembutal) and catheterized, taking 

care not to inserting the catheter beyond a total length of 1cm, for inoculation of 108 CFU 

E.coli transurethrally into the bladders. Seven days post-infection, with acute infection 

and inflammation subsided, mice were considered to be positive for harboring a 

persistent UPEC population within the bladders. To stimulate reinfection, mice were 

either infected a second time with 1x108 UPEC, or 100µg/mL LPS transurethrally into 

the bladders seven days after the first infection. A positive culture of UPEC from urine 

indicated mice were reinfected with a second cycle of UTI. 
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3.2.2 Formulation of adjuvants 

 Cholera toxin (List Biological Labs) at a dose of 1µg/animal (0.5µg/µL) was 

prepared in saline with FimH antigen. Compound 48/80 (c48/80) was prepared as a stock 

solution in saline (1.6µg/g of mouse); CpG oligodeoxynucleotide 1826 (CpG) (5'-TCC-

ATG-ACG-TTC-CTG-AC-3') was given at a dose of 10µg/animal.  

3.2.3 Construction of stable FimH over-expressing bacteria 

 The DNA sequence that encodes the N-terminal mannose-binding lectin domain 

of the mature FimH (amino acid residues 1-156) was cloned into the pET-22b(+) vector 

(Novagen). The vector has a N-terminal pelB signal sequence, which was used for 

periplasmic localization. The C-terminal His6 tag sequence was used for eventual FimH-

His6 fusion protein purification. Fusion protein was induced to express in E.coli strain 

BL21 (DE3) upon the addition of IPTG (0.1-1mM). 

3.2.4 Purification of vaccine antigen FimH 

 E.coli strain BL21 with the FimH-His6 vector was grown with IPTG for FimH 

protein induction. Periplasmic fraction preparations were performed following the 

protocol as previously published (Ausubel, 1989).  In brief, the bacterial cell pellet was 

resuspended in 30 mL of 30 mM Tris-HCl, 20% sucrose (pH = 8) with 60 µl 0.5 M 

EDTA (pH = 8) at final concentration of 1 mM and centrifuged at 4°C for 10 min at 

10,000 × g. Pellet was then resuspended in 30 mL of ice-cold 5 mM MgSO4, releasing 

the periplasmic proteins into the buffer. After centrifugation, FimH-His6 fusion protein 
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was then purified from the supernatant by using a His GraviTrap Kit (GE lifesciences) 

according to manufacturer's suggested protocol. 

3.2.5 Construct of kanamycin-resistant E. coli strain 

 The CRIM plasmid system (Haldimann, 2001) was used to generate a CI5 strain 

with ova gene integrated in its chromosome. Briefly, Ova coding sequence from chicken 

was cloned in to plasmid E5394 (Sigma) under the control of the tac promoter. The tac 

promoter and ova sequence was PCR amplified and inserted in to plasmid pAH70 to 

generate pAH70-OVA.  This vector was subsequently transformed into CI5 containing 

pAH69, expressing the HK022 phage integrase. Chromosomal integrants were selected 

on LB-kanamycin (25µg/ml) plates. The integration was confirmed by PCR and OVA 

expression was confirmed by western blot.  

3.2.6 Statistical analysis 

 Significance was determined by unpaired two-tailed student’s t-test to assess data 

where only two groups existed, or by one or two-way analysis of variance, as appropriate, 

for all other experiments. Tukey’s multiple comparison test was used to acquire p values 

when we compared treatments to controls and each other. For comparisons of multiple 

treatments of control versus experimental groups, Bonferroni posttests were used to 

calculate p values. All graphs and analyses were done with Prism (Graphpad) software. 
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3.3 Results 

3.3.1 Although quiescent bacteria in the bladder have the potential to initiate 
reinfection, they do not interfere with new infections. 
  
 Most studies examining the efficacy of vaccines have examined the protection 

against UPEC challenge in naïve mice. However, we reasoned that since a vaccine 

against UPEC would primarily be targeted at subjects prone to UTIs (i.e. patients with a 

history of recurrent UTIs), it would be more appropriate to test the vaccine in mice whose 

bladders had previously been infected with UPEC. As as a result of their earlier UTI, 

these mice would predictably be harboring a significant number of quiescent bacteria in 

their bladder (Mulvey, 2001). In previous studies we have observed that after a UTI has 

resolved, a population of quiescent bacteria persist in the bladder of each mouse up to an 

excess of 3 months (data not shown). Therefore before undertaking our proposed 

immunization studies in these previously infected mice it was important to define the 

contribution, if any, of this quiescent population to the UTIs. First we examined if these 

quiescent bacteria had the capacity to remerge and cause UTIs in the host. Microscopic 

examination of bladders harboring quiescent bacteria revealed that most bacteria were not 

in the superficial epithelium lining the bladder lumen. Instead they appeared to be found 

2-3 layers deep in the intermediate bladder epithelium (Figure 3.1A) . In view of their 

specific location, we envisioned that one scenario that could trigger emergence of these 

bacteria could be if the bladder was subjected to inflammation and the subsequent 

shedding of superficial epithelial cells would expose these buried bacteria. To generate 

mice harboring quiescent bladder UPEC, we infected female C57B/6 mice with 1x108 
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UPEC J96 (Normark, 1983) transurethrally. Mice were then given 7 days to naturally 

clear the infection and by day 7, the urine of the infected mice was sterile, indicating that 

acute infection had subsided (Figure 3.1B). On day 7 post-initial infection, the potent 

inflammogen, LPS, or saline control, was transurethrally instilled into the bladder lumen 

of previously infected mice to initiate bladder inflammation. As predicted, we detected 

re-emergence and multiplication of the hidden bacterial population in the urine of LPS 

but not saline-treated mice (Figure 3.1B). Interestingly, 7 days after addition of LPS or 

saline, LPS-treated bladders had significantly greater numbers of intracellular bacteria as 

compared to saline treated bladders (Figure 3.1C) indicating that the secondary flare-up 

had increased the pool of quiescent bacteria in the bladder. Thus, it appears that these 

quiescent UPEC have the potential for flare-ups and that perturbation of the bladder 

epithelium with inflammatory agents such as LPS was sufficient to initiate bladder 

reinfection. 
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Figure 3.1 Inflammatory stimulus in the bladder triggers re-emergence of a 
persistent bacteria population 

 
(A) Female mice were infected with 1x108 UPEC transurethrally into the bladder. At 4 
weeks, we noticed that the intracellular population of E.coli (red) appears to be found 2-3 
layers deep in the intermediate bladder epithelium (green), underneath the superficial 
epithelium (blue). scale bar = 50µm. Arrows denote UPEC. (B) Seven days post-infection, 
urine of infected mice are sterile indicating that acute inflammation has subsided. When 
either LPS (100ug/mL) or saline was instilled in the bladders of mice harboring quiescent 
UPEC, we observed re-emergence of the UPEC into the urine. (C) Mice given a second 
inflammatory stimulus had significantly greater persistent bacterial burden in their 
bladders. * p < 0.05. Error bars represent ±SEM with n = 5 mice per group. 
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 Next we examined whether the presence and possible re-emergence of this pre-

existing population of UPEC would interfere with the ability of a second UPEC strain to 

infect the bladder. In this study we infected mice with a UPEC strain with a kanamycin-

resistant gene stably inserted into its genome (CI5-KanR). After allowing the infection to 

resolve for 7 days, we challenged these infected mice as well as another group of naïve 

mice with a second strain of UPEC CI5 (kanamycin sensitive). 

 Bladders of the two groups of infected mice were harvested seven days post-

infection and their bacterial profile compared by colony counts of bladder homogenates 

plated on both McConkey agar and McConkey supplemented with kanamycin. 

Remarkably, we saw no difference in the bacterial numbers in the bladders of naïve mice 

and previously infected mice (Figure 3.2) indicating that the presence of quiescent UPEC 

in the bladders did not interfere the ability of a secondary UPEC challenge to establish 

infection. However, interestingly, when we examined for the presence of KanR UPEC 

CI5, the bacteria that constituted the pool of quiescent bacteria, they were not detected 

(Figure 3.2) This finding suggests that the quiescent strain was out competed by the 

overwhelming numbers of the second challenge strain. These observations show that 

although the quiescent UPEC harboring in bladders have the potential to trigger flare-ups, 

especially when the bladder is inflamed, they do not interfere with the ability of the 

second UPEC strain to infect the bladder.   
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Figure 3.2 Quiescent bacterial population in bladder do not interfere with new 

infections 
  

Mice were first infected with saline or 1x108 CI5-KanR, a UPEC strain stably expressing 
kanamycin resistance gene. Seven days later, the two groups of mice were reinfected with 
a kanamycin-sensitive strain UPEC J96. Intracellular bacterial populations in the bladder 
were accessed seven days after the second infection with UPEC J96 on McConkey agar 
plates. There was no observed difference between the number of intracellular bacteria. 
When bladder homogenates were plated on McConkey-kanamycin agar plates to assess 
the first population of UPEC, the initial kanamycin-resistant UPEC population had 
completely disappeared. Error bars represent ±SEM with n = 5 mice per group.
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3.3.2 Nasal administration of FimH vaccine protects against formation of a 
quiescent pool of bacteria in the bladder 
 
 Having established the infectious capabilities of quiescent UPEC in the bladders 

of mice, we sought to examine if a FimH vaccine instilled in the nasal regions of mice 

would evoke significant levels of specific antibody and if these immune responses would 

protect against new infections, especially their ability to form quiescent pools of bacteria 

in the bladder. The bladders of mice were once again infected one week prior to nasal 

vaccination with either saline, the critical fimbrial adhesin protein FimH alone, or FimH 

with the gold standard mucosal adjuvant, cholera toxin (CT) (Staats, 1996; Yamamoto, 

1997). It is noteworthy that although CT is the gold standard for mucosal immunizations 

in animals, its use in humans is not possible due to its inherent toxicity. After the initial 

nasal vaccination on day 0, mice were give a boost on day 14 and 21, before being re-

infected by the same strain on day 28. Seven days after the second infection (day 35), 

mice were bled for analysis of serum antibody titers. As shown in Figure 3.3A, mice 

immunized with FimH, with CT as adjuvant, evoked a significantly higher FimH-specific 

IgG antibody titer in the serum than mice immunized with FimH alone. Since the FimH 

vaccine was administered in the nasal passages, we were also interested in seeing if we 

could detect any FimH specific IgA, the predominant antibody produced on mucosal 

surfaces, in the urine of immunized mice. We found that in contrast to mice immunized 

with just antigen alone, significantly higher levels of FimH specific IgA were present in 

the urine of mice immunized with FimH and CT as adjuvant (Figure 3.3B). 
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 Next, we examined if this immunization strategy was protective in reducing 

bacterial burden in the bladder. In view of the potential importance of residual quiescent 

bacteria in the bladder in triggering flare-ups, we examined if immunization had any 

effect on this population of bacteria. Mice immunized with either FimH or FimH with CT 

were challenged transurethrally with 1x108 UPEC and seven days later, the mice were 

sacrificed for CFU assessment. We observed that mice vaccinated with FimH with CT 

had significantly lower numbers of persistent intracellular bacteria in their bladders than 

in FimH immunized mice (Figure 3.3C) indicating that nasal immunization with FimH 

with an effective mucosal adjuvant could reduce the bacterial population harbored long-

term within the bladder epithelium. 
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Figure 3.3 Nasal vaccination with FimH and cholera toxin provides protection 

against formation of pool of quiescent bacteria in the bladder 
 
Mice were first infected with 1x108 UPEC a week before vaccination regiment. (A-B) On 
day 35, mice were re-infected and seven days post-infection, mice were analyzed for 
circulating IgG antibodies in sera and IgA in urine. Only mice given antigen with CT 
adjuvant were there significantly higher levels of anti-FimH antibody. (C) These mice 
also had significantly less intracellular bacteria present in the bladders. * p < 0.05, ** p < 
0.01, *** p < 0.001; error bars represent ±SEM with n = 7-10 mice per group.
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3.3.3 FimH vaccine reduces bacterial burden in the bladder 
 
 Currently, there is a dearth of safe and effective adjuvants for human use. As 

stated previously, CT, because of its inherent toxicity, is not applicable for human use. 

Therefore, we sought to identify other nasal adjuvants that could potentially be employed 

safely in humans. Recently, we reported a novel small molecule mucosal adjuvants, 

c48/80, that was highly effective in evoking high antibody titers when applied in the 

nasal mucosae (McGowen, 2009; McLachlan, 2008). These adjuvant molecules work by 

activating MCs in the nasal mucosae, resulting in a highly amplified immune response to 

the accompanying antigen. The immunity evoked was shown to be protective against 

both infectious agents and their toxins in rodent and rabbit models with minimum 

inflammation at the injection site and no antigen-specific IgE (McGowen, 2009; Staats, 

2009). CpG is another safe adjuvant recently shown to be highly effective as a mucosal 

adjuvant (Kodama, 2006) . Unlike c48/80, CpG activates the immune system by directly 

activating and maturing DCs at the site of vaccine administration, resulting in enhanced 

DC trafficking to the draining lymph node (Sparwasser, 2000). To investigate whether 

our vaccine induced better bacterial clearance during acute infection, mice were again 

nasally vaccinated with formulations containing compound 48/80, CpG, or a cocktail of 

both adjuvants, with a boosters on day 14 and 21. Combining the two adjuvants with 

different mechanisms of action in a cocktail formulation allowed us to investigate a 

potential additive and/or synergistic effect. For comparative purposes, we also included 

CT as an adjuvant in this study. On day 28, vaccinated mice were transurethrally infected 



  

 

101

with 1x108 UPEC, and 7 days later sera and urine were collected and the bacterial burden 

in the bladder determined. We found that when employed individually, the adjuvant 

effects of c48/80 and CpG were comparable to the gold standard, CT, in evoking anti-

UPEC IgG serum antibody responses (Figure 3.4A). Correspondingly, we noticed for the 

most part, a good correlation between enhanced serum and urine antibody responses and 

reduction in the number of persistent bacteria in the bladder (Figure 3.4B). Though the 

combination adjuvant effects of c48/80 and CpG did not reduce bacterial burden in the 

bladder, there was a significantly better antibody response when both mucosal adjuvants 

were given (Figure 3.4C) indicating an additive effect in evoking higher antigen-specific 

antibody titers.  

 We reasoned that the reduced population of persistent bacteria in the bladders of 

FimH/adjuvant-immunized mice was attributable to reduced colonization and infection of 

the bladder, presumably as a result of the presence of FimH-specific antibodies. To 

support this notion, we examined immunized and challenged mice 2 days after infection. 

As predicted, during this acute phase of infection, there was significantly reduced 

bacteria infecting the bladders of FimH/adjuvant immunized mice as compared to mice 

immunized with FimH alone (Figure 3.5). Taken together, our data reveal that both 

c48/80 and CpG were highly effective adjuvants for FimH nasal vaccine and that mice 

immunized with either of this formulation exhibited reduced bacterial burden during 

acute phase as well as after the infection had seemingly resolved.  
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Figure 3.4 
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Figure 3.4 UTI vaccine reduces bacterial load in bladder following bacterial 
challenge 
 
(A-B) Mice vaccinated with FimH and adjuvants c48/80, CpG or combination of both 
showed significantly greater antibody responses in both sera and urine when challenged 
for a second time with the same UPEC strain, mimicking recurrent UTI. The antibody 
titres were comparable to those seen with CT as adjuvant. Remarkably, the serum titres of 
IgG with combination of c48/80 and CpG as adjuvant were significantly higher than CT 
and the use of c48/80 and CpG individually. (C) Upon reinfection, vaccinated mice 
retained fewer intracellular bacteria in the bladder at seven days post-infection. * p < 0.05, 
** p < 0.01, *** p < 0.001 as compared to saline, # p < 0.05 as compared to 
FimH+c48/80, FimH+CpG and FimH+ CT; error bars represent ±SEM with n = 5 mice 
per group. 
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Figure 3.5 UTI vaccine enhances bacterial clearance 

The inherent toxicity of CT prevents its use in human subjects, therefore, MC activator 
c48/80 and TLR9 ligand CpG were used as potential alternative adjuvants. We saw that 
mice vaccinated with FimH antigen and each of the two adjuvants as well as a 
combination of adjuvants had significantly better bacterial clearance at 48 hours, during 
the acute phase of infection. ** p < 0.01. Error bars represent ±SEM with n = 7-10 mice 
per group. 
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3.4 Discussion 

 UTIs constitute the second most common type of infectious disease in humans, 

following respiratory tract infections. The majority of patients suffering UTIs are female, 

and from 25% to 33% of these patients will subsequently be afflicted with recurring or 

persistent infection (Ikäheimo, 1996). This high incidence of recurrences seen in UTIs is 

potentially attributable to the inability of the bladder to completely eliminate the 

pathogen. Over 85% of UTIs in healthy human patients is caused by UPEC, a significant 

component of the gut microbiota (Johnson, 1991). Studies in murine UTI models and 

clinical studies analyzing human samples have suggested that clearance of UPEC 

infection is not only influenced by the strong proinflammatory innate response, but also 

by adaptive immunity. However, clinical studies have suggested that the humoral 

response is usually only detected in patients with pyelonephritis, and that antibody titers 

in both serum and urine from cystitis patients are usually significantly lower or 

undetectable (Percival, 1964; Ratner, 1981; Rene, 1982; Winberg, 1963). We have 

provided evidence in Chapter 2 that concludes that the lack of adaptive immunity seen in 

the bladder upon infection is attributed to the local production of mast cell-derived IL-10. 

Upregulated expression of IL-10, which occurs only after the strong pro-inflammatory 

response, resulted in immature DCs being trafficked to the DLN draining the bladder, 

resulting in blunted adaptive immune responses and greater bacterial persistent bacteria 

in the bladder of mice with a bladder-restricted UTI.  



  

 

106

 The persistent bacterial population in the bladder is a potential source for the high 

incidence of recurrent UTIs. We saw that an inflammatory antigen introduced into the 

bladder, such as LPS, is enough to trigger a flare-up with positive bacterial cultures in 

urine. Furthermore, mice experiencing a flare-up exhibited a higher burden of persistent 

bacteria in the bladder than controls where the flare-up was not triggered, suggesting that 

re-emergence of quiescent bacteria from the uroepithelium in recurrencies is able to 

expand the pool of quiescent bacteria. We also noted that the presence of quiescent 

UPEC from a previous UTI does not inhibit or hinder the infection by a second challenge 

strain. 

 After having established the infective potential of quiescent UPEC in the bladder 

of infected mice and recognizing the lack of adaptive immune responses following 

cystitis, we sought to develop a strategy to overcome this lack of adaptive immunity in 

patients subject to recurrent UTIs. Mice vaccinated with saline or FimH without adjuvant 

did not show any humoral responses even upon multiple infections of the same strain of 

UPEC, which confirms our previous studies that a lack of significant antigen-specific 

antibodies seen in mice infected with cystitis. We observed that mice nasally vaccinated 

with FimH and an effective adjuvant showed significantly better intracellular bacterial 

clearance at 2 days post-infection, indicating that our vaccine is able to enhance bacterial 

clearance during acute infection. Furthermore, these mice had higher titres of circulating 

antigen-specific IgG and IgA antibodies in their sera and urine, respectively. They also 

retained lower numbers of persistent bacteria in the bladder 7 days post-infection, which 
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suggests that the therapeutic effects of our vaccine strategy is being able to boost the 

elimination of quiescent population of UPEC in the bladder - a persistent population that 

is difficult to eliminate and can cause flare-ups and recurrences. 

 Previous studies that used a FimH intramuscular vaccine resulted in low serum 

antibodies, which raised the question of whether FimH was an effective vaccine antigen 

of choice. Here, we have shown that FimH is an ideal vaccine antigen when given with 

potent adjuvants via the nasal mucosae. We chose two adjuvants, c48/80 (McLachlan, 

2008) and CpG (Kodama, 2006; Poggio, 2006), that were recently described to be 

capable of evoking strong immune responses in the nasal mucosae. While mechanism of 

action is different between the two chosen adjuvants, c48/80 being a potent MC activator 

while CpG is a TLR9 ligand, both have been shown to be capable of recruiting DC and 

enhancing their trafficking to DLNs (McLachlan, 2008; Sparwasser, 2000). We saw that 

both c48/80 and CpG were comparable in inducing intracellular bacterial clearance as 

well as antigen-specific IgG serum and IgA urine antibody titres. Additionally, the 

prophylactic vaccine activity elicited from our two chosen adjuvants were comparable to 

the gold-standard nasal adjuvant, CT. Interestingly, it should be noted that while we saw 

greater adaptive immune responses in mice vaccinated with the combination cocktail of 

both c48/80 and CpG together, having higher antigen-specific IgG antibodies circulating 

the serum, we did not observe lower persistent intracellular bacterial numbers. This could 

be due to the fact that we looked at intracellular bacterial numbers one week after 

infection, which is still fairly early for T cell-mediated adaptive immunity. Cytotoxic T 
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cells (CTL) are important for recognizing and inducing the death of infected somatic cells. 

It is conceivable that the numbers of intracellular bacteria in vaccinated mice be even 

lower at later time points. 

 With our two mucosal adjuvants, we showed that it was possible to circumvent 

the immune limitations of the bladder and provoke a strong adaptive immune response in 

the bladder by vaccinating at an alternate mucosal site. In normal uncomplicated bladder 

infections, there is a lack of detectable adaptive immune responses, even upon multiple 

infections of the same strain of UPEC. However, by using the nasal mucosae as an 

alternative site for antigen delivery and vaccination, we were able to generate both IgG 

and IgA responses. IgA plays a critical role in mucosal immunology, and therefore, it 

would be advantageous to have anti-UPEC specific IgA antibodies present in the urine 

during infection. Another advantage for the usage of nasal vaccines is its administration 

to human patients in the clinics. It is much safer, being needle-free so there is no chance 

of needle-contamination, and it is also pain-free.  

 There is a growing need for the development of novel strategies for the treatment 

of UTI due to a lack of effective non-antibiotic therapies. Despite various earlier attempts 

to develop an effective UTI vaccine, all efforts have been focused on naive subjects. The 

main population of patients requiring a UTI vaccine would, most likely, have already 

experienced a previous UTI and therefore, their bladders are already harboring a 

persistent UPEC population. Our studies here have focused on developing a vaccine to 

the population predisposed and suffering from recurrent UTIs. We have shown that FimH 
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is an effective antigen of choice in a UTI vaccine when administered with either c48/80 

and/or CpG as mucosal adjuvants. The protection from our vaccine in predisposed mice 

was effective in both raising antibody titers and in reducing persisting intracellular 

bacteria. Unlike antibiotic treatment, this mode of therapy is not only effective during 

acute infection, but with a developed adaptive immune response, subsequent UTI will 

also be more efficiently cleared with lower persistent bacterial population. 
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4. Perspectives 

  The urinary bladder not only functions as the organ for the storage of waste, but 

in some species, also serves as a water reservoir to help the animal maintain hydration 

(Ewer, 1952; Sawyer, 1956). Indeed, the importance in function of urinary bladders can 

be inferred by its presence in the animal kingdom, appearing to have independently 

evolved at least twice in vertebrates. Furthermore, animals that lack a bladder often 

utilize a surrogate organ to fulfill some bladder functions. For example, the cloaca and 

large intestine of many reptiles appear to fulfill some bladder functions (Dantzler, 1974). 

 In view of  its close proximity to the GI tract, the urinary tract is subject to to 

repeated challenge from the gut microbiome. To counter this constant challenge, the 

urinary tract has some  powerful defense attributes including the forceful flushing actions 

of urine flow. The epithelial layer of the bladder provides the physical barrier between 

the host and urine, and as such, must be able to maintain controlled and stringent 

regulation of exchange of solutes across the membrane. Amazingly, mammalian bladders 

are unique in that they are able to form hyperosmotic urine, and therefore are able to 

withstand high concentrations of salts at its mucosal surface (Lewis, 1977). Thus, the 

bladder epithelium in mammals not only have the task of having to withstand high 

osmotic and salt gradients, but additionally need to maintain an impenetrable barrier 

against potential pathogens. It is conceivable that the immune system present in such a 

specialized organ have also evolved bladder-specific immune responses upon infection.  



  

 

111

 We have  previously shown that bladder epithelial cells (BECs) possess unique 

and distinct pathways for accelerated  proinflammatory cytokine secretion. BECs express 

high levels of pathogen-associated molecular pattern (PAMP) receptors such as TLRs on 

their luminal surface (Andersen-Nissen, 2007; Hagberg, 1984). Upon sensing bacteria or 

their products such as LPS in the bladder, BECs release proinflammatory cytokine and 

chemokines, which are important for the recruitment of innate inflammatory cells, such 

as neutrophils, DCs, and macrophages, to the bladder site for bacterial clearance. 

Interestingly, in addition to the classical NF-κB-mediated intracellular signaling pathway 

for IL-6 and IL-8 cytokine secretion (Akira, 2006), BECs have a second and parallel 

TLR4-activated pathway that also contributes to the IL-6 and IL-8 response (Song, 

2007b). This secondary pathway, mediated by cyclic adenosine monophosphate (cAMP), 

is unique to BECs and the kinetics of proinflammatory cytokine secretion via this 

secondary pathway is faster than that of traditional NF-κB. This novel cAMP-mediated 

pathway, which was observed only in BECs, suggests the potential of unique bladder-

adapted immune pathways and responses elicited upon infection. 

 It is widely known that unlike patients with pyelonephritis, patients with 

infections limited to the bladder exhibit limited immune responses to bacteria in the 

serum and urine (Percival, 1964; Ratner, 1981; Rene, 1982; Winberg, 1963). Our studies 

reveal that these unexpected limitations seen in the adaptive immune response were due 

to a broad tolerogenic transcriptional program initiated in the bladder upon infection 

consisting of upregulation of  IL-10, along with TGF-β and SOCS3. We noticed that this 



  

 

112

increase of anti-inflammatory cytokines, was initiated about 6 hours post-infection, 

several hours after the proinflammtory response had been active in  the bladder. This 

upregulation of anti-inflammatory cytokines were not observed in infected kidneys, 

leading us to conclude that the increase of IL-10 expression is not seen throughout the 

urinary tract, but occurs only in the bladder, promoting a localized immunosuppressive 

microenvironment. Further studies in IL-10-/- mice, revealed that the elevated levels of 

IL-10 observed during acute infection in the bladder is a major explanation for the 

subdued adaptive immune response upon cystitis. Subsequent investigations revealed that 

bladder MCs were the main source for the elevated IL-10 levels, and thus these cells play 

a dual role of first promoting inflammation during early infection and then switching to 

an immuno-inhibitory role with increased expression of IL-10. A diagrammatic 

illustration of the two temporal and divergent immune responses seen between the 

bladder and kidney upon infection is depicted in Figure 4.1. 
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Figure 4.1: Differing immune responses in bladders and kidneys result in divergent 
adaptive immune outcomes.  
 
When bacteria ascend the ureters and cause inflammation in the kidneys (top), rapid 
increases of proinflammatory cytokines are seen, along with recruitment of DCs (1a). 
These DCs are able to fully mature and express co-stimulatory molecules on their cell 
surface in the RLNs (2a). Successful initiation of adaptive immunity in the RLNs 
consequently leads to development of anti-UPEC immunological memory, and the 
circulation of high titre E. coli-specific antibodies in the sera (3a). Conversely, in the 
bladder, upon cystitis (bottom), early in infection, there is also a strong pro-inflammatory 
response with recruitment of neutrophils and DCs, and shedding of the superficial 
bladder epithelium, in part, mediated by bladder MCs (1b). However, after the initial 
strong pro-inflammatory response, there is increased expression of the anti-inflammatory 
cytokine, IL-10. MCs in the bladder play a crucial role in promoting and actively 
producing the IL-10 present in the bladder during cystitis. This anti-inflammatory 
microenvironment, in turn, suppresses the full maturation and activation of the DCs in the 
bladder that drain to the ILNs (2b). IL10-promoted contraction of the inflammatory 
response in response to cystitis alone includes the suppression of DC maturation and 
results in impaired adaptive immune responses, evidenced by  reduced UPEC-specific 
circulating antibodies in the sera, and deficient formation of immunological memory (3b). 
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 Additionally, we noticed that the number of MCs present in the bladder were 

significantly increased upon infection, and interestingly, this increase of bladder MCs 

persisted even at 6 weeks post-infection. Conceivably, this infiltration of MCs  into the 

bladder could potentially augment the IL-10-mediated immunosuppressive environment 

of the bladder and promote bacterial persistence even after the infection has resolved.  

Indeed, when MC-deficient Wsh mice were reconstituted with either WT or IL-10-/- 

BMMCs, we observed a significantly lower number of intracellular persistent population 

in Wsh reconstituted with IL-10-/- BMMCs, providing support for this hypothesis. 

 Though MCs are well known for their pro-inflammatory responses, it was not 

until recently that they were observed to also mediate immunosuppressive responses 

(Grimbaldeston, 2007; Lu, 2006). The increase of MC-derived IL-10 present in the 

infected bladder was only observed after the initial strong proinflammatory response, and 

it should be noted that this increase coincides with the shedding and loss of the 

uppermost layer of bladder epithelium, the umbrella cells (Mulvey, 2000). As the 

umbrella cells are exfoliated, the intermediate epithelium starts to rapidly differentiate to 

replace the shed umbrella cells; however, during this period, the physical barrier between 

host and environment in the bladder is at its weakest. It is therefore conceivable that it 

would be advantageous for the host to initiate the contraction of the inflammatory 

response at the bladder to lessen tissue damage and for the organ to maintain not only its 

barrier integrity but also in maintaining the osmotic pressure in the bladder contents. It is 

conceivable that during this time, when the intermediate epithelium is starting to 



  

 

116

differentiate, the stromal bladder tissue would also start to repair any damages sustained 

during inflammation. It should be noted that the anti-inflammatory cytokine IL-10, which 

is increased in the bladder at this time, has been associated with wound repair (Carrington, 

2006; Liechty, 2000; Sawa, 1997), and thus, while it is advantageous for the bladder to 

increase expression of IL-10 to maintain its organ-function and repair tissue damage, the 

presence of IL-10 in the microenvironment is consequentially muting and subduing the 

recruited DCs to the site of bladder infection leading to a lack of adaptive immune 

response seen in cystitis. 

 It should be noted that while tissues of MC-deficient Wsh mice exhibited greater 

basal IL-10 levels as compared to WT tissue, we found that only in the bladders was 

expression of IL-10 in WT mice greater than those of Wsh mice (Figure 4.2A). First, this 

suggests that not only is the bladder microenvironment immunosuppressive during 

infection, but the overall microenvironment of the bladder even at basal levels is 

immunosuppressive. This could be due to the fact that the kidneys filter many intact host 

proteins into the urine, which is stored by the bladder for extended periods of time. Thus 

the basal immunosuppressive microenvironment found in the bladder could be for the 

purpose of tempering any harmful immune responses to the many self-proteins present in 

the urine (Adachi, 2010; Barratt, 2007). Secondly, the lower expression of IL-10 in Wsh 

mice suggests that the presence of MCs in the bladder promoted IL-10 expression for 

inhibition of inflammation (Figure 4.2B). Just as the bladder and the kidney have 

different responses to infection, the MCs in these two tissues also appear to have 
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differing regulatory roles in tuning the inflammatory profile of the tissues in the resting 

state. Therefore, the bladder itself has a unique immunosuppressive microenvironment 

tailored specifically for the organ to maintain its function even during inflammation and 

tissue damage. 
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Figure 4.2 
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Figure 4.2: Bladder Mast Cells Promote an Immunosuppressive Microenvironment 
in the Bladder.  
 
(A) The basal levels of IL-10 in various tissues of Wsh mice are greater than those seen 
in WT tissue. However, conversely, we noticed that being MC competent increased IL-10 
expression in the bladder. (B) This suggests that MCs present in the bladder are unique in 
promoting the expression of IL-10, which is an inhibitor of inflammation, while MCs in 
other tissues play an inhibitory role of suppressing IL-10 expression. 
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 However, we noticed that adaptive immune responses can be elicited by the 

bladder once immunological memory has been established. Mice that were previously 

infected in the kidneys, when re-infected with the same strain of UPEC in the bladders, 

showed positive titers for anit-UPEC antibodies in the sera, which suggests that 

vaccination strategies to overcome the lack of adaptive immunity during cystitis are 

plausible. Unlike previous efforts in vaccine development which primarily have been 

focused on naive subjects, we believe that the major patient population in need of a UTI 

vaccine would be those suffering from recurrencies and therefore already harbor 

quiescent bacteria in their bladders. Therefore, we developed a murine model that mimics 

this population of patients suffering from frequent recurrent UTIs. We noticed that this 

persistent bacterial population in murine bladders can be found even weeks after infection. 

The addition of inflammatory stimuli is able to trigger the quiescent bacteria to re-emerge, 

replicate and re-infect the bladder anew, indicating that the intracellular population is a 

potential source for UTI flare-ups. 

 In attempts to develop a UTI vaccine, UPEC-harboring mice were nasally 

vaccinated with the adhesin, FimH, combined with c48/80, CpG, or a cocktail comprised 

of both adjuvants. Previous vaccine studies using c48/80 and CpG as adjuvants have 

shown the efficacy and safety of these compounds as adjuvants (Kodama, 2006; 

McGowen, 2009; McLachlan, 2008; Poggio, 2006). We found that when combined with 

FimH, both adjuvants were equally effective in evoking specific antibody responses and 

in mediating bacterial clearance and that these immune responses were comparable to CT, 
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the gold-standard for nasal adjuvants. Though complete eradication of bacteria from the 

bladder is not seen with our vaccine, we believe that combination of our UTI vaccine in 

conjuncture with antibiotics would enhance bacterial clearance even further, potentially 

allowing complete eradication of bacteria from the bladder. The combination of vaccine 

with antibiotics as a treatment for bacterial infections is not normally performed, however, 

a recent study looking at protection against experimental inhalational anthrax showed that 

combining prompt antibiotic prophylaxis and anthrax vaccine adsorbed (AVA) 

vaccination offered the best means of protection (Vietri, 2006). The overall survival of 

animals infected with B.anthracis spores given both antibiotics with AVA vaccination 

showed significantly better survival than animals given antibiotics alone, with better 

bacterial clearance from the blood, lymph nodes, spleen, brain, and lungs. Therefore, the 

combination of a UTI vaccine with standard antibiotic treatment could potentially clear 

the bladder from any intracellular UPEC. 

 Previous studies investigating the immune response during UTIs have 

predominantly focused on the innate immune aspects and have ignored for the most part 

adaptive immune response elicited during infection. In the few studies pertaining to the 

adaptive immunity, no attempts have previously been made to differentiate bacteria 

specific adaptive immune responses originating from the  bladder from those in the 

kidneys. Thus, the findings described here are original and are important to the field. The 

mammalian urinary bladder is a highly specialized organ which has evolved to function 

as an exclusive, and near-impenetrable barrier that is able to withstand high osmotic 
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pressures. The immune responses elicited from this organ appear to be specialized to the 

bladder, and thus is unique from other tissue sites. The normal microenvironment within 

the bladder is immunosuppressive, with bladder MCs contributing to the expression of 

basal IL-10. Yet, upon infection, the bladder has a strong proinflammatory response, with 

BECs secreting IL-6 and IL-8 via a cAMP-mediated pathway that is kinetically faster 

than the traditional NF-κB pathway (Song, 2007b). However, we noticed after the strong 

proinflammatory response, the microenvironment of the bladder becomes 

immunosuppressive, with increased expression of IL-10, SOCS3, and TGF-β. We believe 

that the immune response found in the bladder is fine-tuned to be able to quickly 

eradicate the invading pathogen, but for the organ to continue to maintain its function, the 

contraction of inflammation occurs much sooner than at other sites. The need for the 

organ to mitigate the proinflammatory response to promote regeneration of  the bladder 

epitheium inadvertently mutes the initiation of adaptive immunity development. However, 

we saw that if immunity is developed elsewhere, such as via nasal vaccination using MC 

activators as adjuvants, the bladder is capable of eliciting humoral responses leading to 

better  bacterial clearance during the acute phase of the infection  leading to reduced 

number of quiescent bacteria.  

 Through this work we now have a better understanding of the intricacies of 

adaptive immunity during  bladder infection, however it must be pointed out that the 

vaccination strategy that we have employed significantly reduced but did not completely 

eliminate the population of quiescent bacteria persisting in the bladder even after the 
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infection has resolved. For  complete eradication of this persistent intracellular bacteria 

from the bladder, comprehensive information regarding bladder B cells and especially T 

cells, which are critical for eliminating intracellular infections, will become necessary. 
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