
 
 

       Dreams are there for you to live 

            You may have to work for it, however...           
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 

 
The image above shows the very first renal foci of infection that we imaged by 
multiphoton microscopy. This was the moment that we realized that our two years  
of work to establish a live infection model had paid off. 
 
 
 
 
 
Bacteria are detected by GFP+ (green), fluorescent 500 kDa dextran denotes blood flow (red) and cell nuclei 
are labeled with Hoechst stain (blue). 
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ABSTRACT
The human body is a complex entity capable of handling a variety of pathogenic 
challenges without developing disease symptoms. Sometimes, however, the 
pathogens are superior and the host immune system is unable to clear the infection. 
Alternatively, the host tissue suffers substantial damage during the inflammatory 
response, which may lead to serious physiological complications. The processes by 
which this is accomplished are widely dynamic and cannot be understood by studies 
utilizing simplified model systems containing one cell-type. Until recently the 
availability of techniques for studying the infection process inside a living organ has 
been limited.  

By combining intravital multiphoton microscopy and bacterial genetics we have 
developed a technique facilitating real-time imaging of the progression of infection in a 
live animal. Microinjection of GFP+-expressing uropathogenic E. coli (UPEC) into 
tubules of exteriorized kidneys enabled spatial and temporal control of the experiment. 
The infection process was followed from the first interaction of bacteria with the 
epithelial lining, through the dynamic immune response, to the end stage of massive 
tissue destruction. This dynamic course of events was accomplished within 22 h, a 
time frame substantially shorter then previously appreciated. For the first time the 
localized immune cell recruitment was imaged in real-time. Within hours of infection 
the tubular and vascular integrity was compromized, with subsequent perivascular 
leakage and ischemic effects. We found UPEC forming multicellular communities on 
the tubular epithelial lining, indicative of biofilm formation. During later stages of 
infection, an intermediate filamentous phenotype of the bacteria was observed and 
UPEC was also found internalized in renal epithelial as well as endothelial cells.  

This technique also allows a unique opportunity to study subtle and transient in 
vivo effects of bacterial virulence factors. We found a marked delay in the immune 
response triggered by a hemolysin (Hly) knock out UPEC strain in comparison to the 
isogenic wild type strain, even though the level of tissue destruction in the later stage 
of infection was similar. This is in correlation with the in vitro finding that sub-lytic 
concentrations of this bacterial exotoxin induces a pro-inflammatory response in renal 
epithelial cells, while high doses are lytic to both erythrocytes and nucleated cells. Hly 
is known to tightly interact with the bacterial outer membrane component 
lipopolysacharide (LPS) and we investigated whether this interaction is important for 
the dual concentration-dependent activities of Hly. Our findings show that LPS is 
essential for the pro-inflammatory signaling triggered by Hly, but not for the lytic 
activity. The Hly-LPS complex is targeted to lipid rafts in the host membrane through 
interaction with LBP and CD14, which represents a novel molecular mechanism for 
toxin delivery in bacterial pathogenesis. 

The visualization techniques presented in this thesis can be applied to study 
the tissue response to a variety of bacterial pathogens. A detailed understanding of 
how the host responds to invading microbial pathogens and the in vivo importance of 
bacterial virulence factors is crucial for the development of new approaches to combat 
microbial infections.
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INTRODUCTION

DYNAMICS OF NATURE 

Infectious diseases are a major cause of death in the world. WHO estimated that 11 
million deaths in 2002 were caused by infections, which corresponds to one fifth of 
global mortality (WHO, 2004). Infections are caused by a variety of organisms from 
different kingdoms and include viruses, bacteria, fungi and parasites. Naturally, we 
wish to understand the processes of infectious diseases to be able to develop 
approaches to prevent them. This is however a difficult task as infection biology is a 
very complex process where multiple players of both host and pathogen origin 
participates in a battle of life and death. The cells of the mucosal linings covering the 
inner surfaces of the body are the first to encounter invading microbes and they have 
developed numerous ways to recognize and respond to microbial threats. Signals sent 
to the surrounding tissue triggers secondary inflammatory responses (Chowdhury et 
al., 2004). This is often accompanied by a dramatic alteration in tissue homeostasis, 
where leukocyte extravasation into infected tissue may result in extensive destruction 
of tissue morphology (Shimamura, 1981). A dynamic and fine-tuned tissue response is 
crucial, as acute infections need to be cleared without producing unnecessary tissue 
damage or conditions such as chronic inflammation or cancer (Karin and Greten, 2005; 
Lax and Thomas, 2002). The situation is even more complex as the bacteria are 
dynamic entities with the capability to constantly modify the expression and 
combination of virulence factors to escape the host immune response. The battle goes 
on.

INFECTION BIOLOGY IN A HISTORIC PERSPECTIVE  

The field of microbiology has taken many shapes over 
the last centuries, from the first report of living single-cell 
organisms by Robert Hooke and Antonie van 
Leeuwenhoek in the 17th century to the evolving field of 
cellular microbiology as we see it today. It took nearly 
200 years from when bacteria were first identified to 
establish the link between microbes and disease 
development. Ignaz Semmelweis, a young doctor who 
practiced at a Vienna hospital in the mid 19th century, 
discovered the connection between poor hygiene 
among the doctors and high mortality rates in the 
birthing wards. A simple washing of hands and changing of lab coats before the 
doctors assisted in a birth resulted in a drop of death rate among mothers by two 
thirds. This realization was however not fully appreciated by his colleagues. 
Semmelwise was fired and it would take another 30 years before the germ theory of 
disease was established. The leaders of this revolution were Louis Pasteur and Robert 
Koch. Pasteur was a pioneer in vaccine development. As the name indicates he was 
also the inventor of pasteurization, the process by which liquids are cleared from 
microbes by heating. Koch was the first to identify a bacterium as the direct cause of a 
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specific disease. By establishing Koch’s postulates he defined a four step procedure 
that would identify the agent of disease, and in general we still follow these directives 
today. 

At the beginning of the 20th century the link between bacterial spread and disease 
development was generally accepted and the causative agent of many common 
diseases, such as anthrax, cholera and tuberculosis, had been identified. The next 
important step was to use this information to not only prevent diseases by vaccination, 
but also to cure the ill. An important discovery was made in Koch’s laboratory 1910 by 
Paul Erlich. His persistent search for a compound that would specifically kill certain 
pathogens without harming the surrounding cells was successful, and the 606th

compound tested became the first organic anti-syphilis drug (Salvarsan) on the market. 
This discovery laid the conceptual groundwork for future discoveries of antibiotics. 
When Alexander Fleming in 1928 by accident discovered the ability of yeast to kill 
bacteria the first major antibiotic, penicillin, was identified. This discovery has saved 
millions of lives since the end of the Second World War and is considered to be one of 
the most important breakthroughs during the last millennium. Together with E. B. 
Chain and H. W. Florey, Fleming was awarded the 1945 Nobel prize in Medicine or 
Physiology for the discovery of penicillin and its curative effect in various infectious 
diseases. 

Despite the extensive use of antibiotics and vaccination programs, infectious diseases, 
particularly bacterial diseases, continue to be a major cause of illness and mortality 
worldwide. The continuing growth of the world’s population and increased global travel 
makes it difficult to control the spread of pathogens. The picture becomes even more 
complex as modern society has provided new niches which bacteria can colonize. 
Examples of this are Legionella transmitted via aerosols in air conditioning systems 
and Escherichia coli colonizing urinary catheters causing recurrent urinary tract 
infections (Mims et al., 2004). Also, diseases that earlier were not considered to be 
infectious, have now been proven to be linked to bacterial infections, such as gastro-
duodenal ulcers and cancer caused by Helicobacter pylori (Marshall and Warren, 
1984). With the cumulative development of antibiotic resistant bacterial strains and the 
fact that no new groups of antibiotics have been discovered over the past three 
decades, the situation is critical. Derivates of current antibiotics will soon encounter 
resistance, so new therapy approaches are desperately needed. Development of these 
new therapies requires a better understanding of infectious disease progression. 

During the 1980’s there was a shift in the field of infection biology, from having the 
microbes in the spotlight to having the focus set on the interaction between the 
pathogen and the host. A new discipline, cellular microbiology, emerged in the 
interface between cell biology and microbiology (Cossart et al., 1996). A rapid advance 
in methodological and technical development gave new promises. The use of cultured 
mammalian cells as a model for studies of the host-pathogen interaction has been 
useful, and in conjunction with the advancement of high-resolution imaging systems 
and the development of sensitive and specific dyes, a physiologically more relevant 
picture of the infectious process has evolved. Important progress has also been made 
in genetic techniques, including the development and application of siRNA, in situ 
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hybridization, quantitative real-time RT-PCR, microarray techniques and site specific 
modifications of both pathogen and host genomes. These are techniques that have 
enabled studies of gene expression of both host and bacterial origin as well as the 
evaluation of specific virulence genes during the course of infection. With these new 
cards on our hands we are at a unique point in history when new detailed information 
of the interaction between bacteria and the host are evolving. This information can be 
used to create new or modified strategies in the battle with the constantly evolving 
pathogens.  

URINARY TRACT INFECTION  

Urinary tract infections (UTI) are considered to be the most common bacterial infection 
in the world today (Foxman, 2003). Around 50% of all women will, at some point in 
their lifetime, suffer from a UTI (Foxman et al., 2000) and one third of these women will 
develop a recurrent infection (Ikaheimo et al., 1993). These infections are a major 
source of illness and health-care costs in this population (Finer and Landau, 2004), 
and treatment options are limited. Long term use of antibiotics, either due to recurrent 
UTI or for prophylactic purpose, may lead to development of resistant bacterial strains 
and consequently even more restricted treatment options (Chowdhury et al., 2004). 
The gram-negative bacteria belonging to the family Enterobacteriaceae are 
responsible for the majority of UTIs. Although Escherichia coli (E. coli) is the 
predominant cause of UTI (about 80% in community acquired and 40% of hospital 
acquired), Klebsiella, Proteus and Enterobacter from the same family, are also 
responsible for significant numbers (Mims et al., 2004). UTI is classified according to 
the dominant site of infection into cystitis (infection of the bladder) or pyelonephritis 
(infection of the kidney), both of which are associated with marked health 
complications. Asymptomatic carriage of bacteria in the urine is termed bacteriuria. 
Pyelonephritis is the most severe form of UTI and may, especially in children and 
young adults, lead to bacterial spread to the blood (bacteremia, possibly resulting in 
septicemia), end stage renal failure and death (Chowdhury et al., 2004). There are 
several pathogen- or host-related predisposing factors that have been identified in the 
pathogenesis of pyelonephritis. The predisposing factors on the pathogen side, 
referred to as virulence factors, take many shapes and will be discussed in detail in the 
next sections. On the host side anatomic abnormalities (such as reflux) may be of 
some importance among children, but behavioral risk factors (such as voiding 
dysfunction, high intercourse frequency, oral contraceptive and spermicide use) is in all 
probability far more important (Finer and Landau, 2004). Recent data also implicates 
that genetic alterations in the expression of specific immune receptors also confers 
susceptibility to pyelonephritis (Lundstedt et al., 2007) 

UROPATHOGENIC E. COLI  AND VIRULENCE FACTORS 

E. coli first come into contact with humans when they colonize the gastrointestinal tract 
within the first few hours after birth (Kaper et al., 2004). In this region of the body, E.coli 
stays, primarily with mutual benefit, throughout the human lifespan. A number of highly 
specialized E. coli strains have however aquired virulence factors which enables them 
to colonize other niches of the human body and cause a variety of diseases. The 
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clinical syndromes caused by these adapted E. coli strains can be sorted into three 
major groups: enteric/diarrheal disease, sepsis/meningitis and UTI (Kaper et al., 2004). 
The region within which the disease is established and the severity of the disease, is 
greatly determined by the repertoire of virulence genes expressed by the bacterial 
strain. These genes are often clustered on mobile genetic elements called 
pathogenicity islands (PAIs) and can be efficiently spread between bacterial 
populations by horizontal gene transfer (Oelschlaeger et al., 2002b). A selection of 
virulence factors are specifically associated with uropathogenic E. coli (UPEC) strains 
isolated from pyelonephritis patients indicating their importance for establishing 
infection in the kidney. These include mechanisms for bacterial colonization of the 
urinary tract, the ability of bacteria to hide and escape from the immune system, or to 
counteract directly with bacterial defense mechanisms (Oelschlaeger et al., 2002a; 
Johnson, 1991).  

Table 1. Virulence factors involved in UTI 
Virulence factor Function 

Type 1 fimbriae Adhesion to bladder mucosa, internalization, biofilm formation 
P fimbriae Adhesion to renal mucosa, cytokine induction 

S fimbriae Adhesion to mucosal and endothelial cells 

F1C fimbriae Adhesion to mucosal and endothelial cells, cytokine induction 

Dr adhesin Adhesion to renal and bladder mucosa, internalization 

Flagellum Motility, biofilm formation 
Curli Adhesion, biofilm formation, internalization 
Capsule Evasion of immune recognition, antiphagocytic, serum resistance 
LPS O-antigen dependent serum resistance, immunoadjuvant, cytokine 

induction 
Hly Cytotoxicity, cytokine induction 
CNF-1 Interference with phagocytosis and apoptosis, internalization 
Sat Cytotoxicity 

Colonization 

To establish disease in the urinary tract and to enable colonization and spread against 
the urine flow, the capability of the bacteria to attach to the epithelial lining is essential. 
A number of UPEC associated adhesins (termed fimbriae or pili) have been identified, 
including type 1 fimbriae, P fimbriae, S fimbriae, F1C fimbriae and Dr adhesin 
(reviewed in (Mulvey, 2002)). All these adhesins are specialized to bind to specific 
receptors or binding motifs throughout the mucosal lining of the urinary tract. Bacteria 
are often capable of expressing multiple adhesins, but in a coordinated way so that 
one may be preferentially expressed at any given time (Snyder et al., 2005; Abraham
et al., 1985).

As the bacteria enter the urinary tract, type 1 fimbriae are of major importance as the 
FimH adhesive tip binds to mannosylated receptors (e.g. uroplakin 1a) on the luminal 
surface of the bladder epithelium (Mysorekar et al., 2002; Zhou et al., 2001; Krogfelt et 
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al., 1990). Type 1 fimbriae are accordingly regarded as an important virulence factor 
for cystitis development (Martinez et al., 2000; Connell et al., 1996). An ascending 
murine UTI competition experiment, where type 1-mutant strains were co-injected with 
wild-type UPEC bacteria, showed that type 1 fimbriae is essential for establishment of 
both cystitis and pyelonephritis (Bahrani-Mougeot et al., 2002). The importance of type 
1 fimbriae for pyelonephritis development may however be indirect, as the ability to 
colonize the bladder is an essential step prior to reaching the kidney where 
pyelonephritis may develop.  

For kidney colonization P fimbriation is considered of utmost importance. P fimbriae is 
the bacterial virulence factor that best correlates with acute pyelonephritis, as it is 
expressed by the bacteria in approximately 95% of infected children and 50-90% of 
infected adults (Dowling et al., 1987; Elo et al., 1985; Kallenius et al., 1981). The 
minimal binding epitope for the P fimbriae adhesin PapG is the Gal( l-4)Gal 
disaccharide, which is expressed in renal tissue but not in the bladder (Roberts et al.,
1994; Lund et al., 1987; Leffler and Svanborg-Eden, 1981). PapG has also been 
shown to bind surfactant-like particles secreted in the human and mouse intestine, a 
feature that may explain the ability of UPEC to establish a reservoir in the intestinal 
mucosa (Mahmood et al., 2000).  

In contrast to type 1 and P fimbriae, Dr adhesin is associated with infection in both 
bladder and kidney as it facilitates ascending colonization and internalization as well as 
chronic interstitial infection of the urinary tract (Selvarangan et al., 2004; Goluszko et 
al., 1997; Arthur et al., 1989). Other attachment organelles reported in bacteria within 
the urinary tract are the S and F1C fimbriae. They are genetic homologues that despite 
having different receptor specificities, both target structures on both bladder and renal 
epithelium, as well as endothelial cells (Emody et al., 2003; Backhed et al., 2002; Khan
et al., 2000; Korhonen et al., 1986b). 

The flagella consist of long, whip-like projections composed of microtubules and are 
the organelles that promote bacterial mobility. Flagellum-mediated motility and 
chemotaxis have been suggested to contribute to virulence by enabling escape from 
host immune responses and movement to new sites (Emody et al., 2003). Recent in
vivo studies show however that even though wild type bacteria have fitness 
advantages in colonizing the urinary tract in comparison to flagella-mutant strains, the 
flagella are not essential for the infection (Lane et al., 2005; Wright et al., 2005).  

Bacteria may adopt a community-based and surface-bound lifestyle where the 
individual bacterium is connected to each other by endogenously produced extra-
cellular polymers. This biofilm-formation is implicated to be of importance for bacterial 
survival in harsh environments and protection against the killing activities of host 
defense mechanisms and antibiotics (Soto et al., 2007; Van Houdt and Michiels, 
2005). Devices such as catheters implanted into urinary tract are particularly 
vulnerable to colonization by biofilms. Biofilm-like intracellular communities have also 
been reported during E. coli urinary tract infections in mice (Anderson et al., 2003) and 
an in vitro study has shown that 40% of pyelonephritogenic UPEC strains are capable 
of forming biofilm (Soto et al., 2007). Several bacterial surface components, such as 
flagella, type 1 fimbriae and exopolysaccharide (EPS), have been implicated as 
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important for biofilm formation in E. coli (Danese et al., 2000; Pratt and Kolter, 1998). 
Curli is commonly known as a thin aggregative fimbriae present in E. coli and
Salmonella spp. when grown in sub-physiological temperatures (Romling et al., 1998; 
Olsen et al., 1989). However, in a recent study by Kikuchi et al it was shown that curli 
was produced by E. coli biofilm communities at 37°C and that curli expression 
enhanced bacterial adherence to human uroepithelial cells (Kikuchi et al., 2005). 

Hide and escape 

External to the cell wall some bacteria have a protective capsule consisting of high 
molecular weight polysaccharides. Encapsulation is especially important as the 
bacteria spread outside the tubule into the vasculature and peritubular tissue (Jann 
and Jann, 1987). Murine UTI models have confirmed colonization advantage also in 
the bladder and kidney (Bahrani-Mougeot et al., 2002). The composition of the capsule 
polysaccharides has shown strong pathogenic association and forms the basis for the 
classification of bacteria into K serotypes. K1, K2, K3, K5, K12 and K13 are present on 
63-70% of all female pyelonephritis isolates (Sandberg et al., 1988; Kaijser et al.,
1977), while K1 is the dominating serotype among strains causing septicemia and 
neonatal meningitis (Xie et al., 2004). The capsule protects bacteria from the immune 
system by several mechanisms. Molecular mimicry by certain capsular types (e.g. KI 
and K5) to tissue components can shield bacteria from phagocytosis and possibly from 
serum killing, in part by blocking activation of the alternative complement pathway 
(Emody et al., 2003; Johnson, 1991; Jann and Jann, 1987).  

Lipopolysaccharide (LPS), also referred to as endotoxin, is a major component of the 
bacterial outer-membrane and is highly immunogenic. LPS is a large amphipathic 
molecule composed of the acylated, hydrophobic lipid A component, the LPS-core and 
the O-polysaccharide antigen (Jann and Jann, 1987). UPEC strains can be 
differentiated from fecal strains by their expression of specific O-polysaccharide 
antigens (O), which together with the capsule (K) and flagellar (H) antigens determines 
the strain serotype (O:K:H). A small number of O-antigens accounts for the majority of 
UPEC strains (O1, O2, O4, O6, O7, O75) (Mims et al., 2004). O-antigens are thought 
to have a direct effect on the infection process by enabling the bacteria to escape 
complement-mediated killing by preventing access of the complement components to 
target sites on the outer membrane, a phenomena termed “serum resistance” 
(Johnson, 1991). Other virulence advantages that correlate with expression of certain 
O-antigens may however not be a direct effect of the O-antigen, but rather a result of 
other virulence factors (P fimbriae, hemolysin, capsule), which are more commonly 
present in strains of the UTI-associated O-groups than in other strains (Johnson, 
1991).

The lipid A portion of the LPS structure, specifically the number and nature of the acyl 
chains attached, is highly immunogenic and crucial for the immune response elicited 
against invading bacteria (Backhed et al., 2003; Hajjar et al., 2002). By modifying the 
acylation state of lipid A in response to environmental changes bacteria may prevent 
an immune response, a process well studied among Salmonellae (Kawasaki et al.,
2004; Hajjar et al., 2002). The signaling pathway triggered by LPS is well studied and 
is discussed in detail in a later section. 
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Defense 

Protein toxins are important virulence factors in a variety of E. coli mediated diseases 
(Kaper et al., 2004). Production of toxins by colonizing E. coli may activate and 
modulate the inflammatory response, thereby greatly influencing the progression of 
disease. Exotoxins associated with UPEC include hemolysin (Hly), cytotoxic 
necrotizing factor 1 (CNF1) and secreted autotransporter toxin (Sat). Studies 
comparing the presence of these toxins in UTI strains versus fecal strains have 
rendered a strong correlation with expression of the toxins and disease development. 
61% of pyelonephritogenic E. coli express Hly, 48% express CNF1 and 55% express 
Sat, while the corresponding appearance of these genes in fecal strains are 27%, 25% 
and 22% respectively (Guyer et al., 2000; Brauner et al., 1990).  

Hly is the most well studied toxin of the three and is regarded as an important virulence 
factor in various extraintestinal infections such as urinary tract infections, newborn 
meningitis, bacteraemia and septicemia (Menestrina et al., 1994). This exotoxin 
belongs to the RTX (repeats in toxin) family of toxins and is transcribed from an operon 
(hlyCABD) that also encodes the Hly-secretion system (Hartlein et al., 1983) (Figure 
1). Hly has for long been considered a pore-forming toxin and exerts a cytolytic effect 
when present in high concentrations (Mobley et al., 1990; Hacker et al., 1983; Cavalieri 
and Snyder, 1982). Later studies have, however, shown that sub-lytic concentrations 
of Hly induce non-toxic intracellular Ca2+-oscillations (Uhlen et al., 2000).  The Ca2+-
fluctuations were measured in primary renal epithelial cells by ratiometric imaging 
based on the Ca2+-binding properties of the fluorophore Fura-2/AM. The oscillations 
were found to trigger pro-inflammatory responses such as production of interleukin 
(IL)-6 and IL-8. These findings correlate well with studies that show that sub-lytic 
concentration of Hly triggers neutrophil oxidative burst and degranulation, while higher 
concentrations lyse the cells (Bhakdi and Martin, 1991). Thus, at the same time as Hly 
may lyse recruited immune cells or surrounding tissue cells, the host immune system 
has developed strategies to recognize this toxin and to respond by upregulating an 
immune response. Studies during recent years have also identified other bacterial 

Figure 1. Secretion of E.coli  Hly.
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pore-forming toxins that trigger Ca2+-oscillations in host cells. These include 
Listeriolysin O produced by Listeria monocytogenes, which elicits Ca2+-oscillations in 
epithelial cells (Repp et al., 2002), and pneumolysin from Streptococcus pneumoniae
triggering Ca2+-oscillations in neuroblastoma cells (Stringaris et al., 2002). Hence, it 
appears that the ability of bacterial toxins to induce signal transduction cascades 
involving oscillating Ca2+ signals, is a more prevalent phenomena than previously 
appreciated.  

CNF1 is often co-expressed with Hly (Landraud et al., 2003) and genetically located on 
a PAI between the hly and prs operons (encoding the Hly toxin and adhesion virulence 
factors). Although the role of CNF1 as a GTPase-activating toxin is well characterized 
(Boquet, 2001), the contribution of this toxin to urinary tract infection is debated 
(Johnson et al., 2000). Studies have, however, shown CNF1-expressing UPEC to 
downregulate phagocytosis, alter the distribution of the complement receptor CR3 
(CD11b/CD18), enhance the intracellular respiratory burst in neutrophils and cause a 
greater acute inflammatory response in the bladder (Davis et al., 2005; Rippere-Lampe
et al., 2001). CNF1 is also linked to bacterial invasion of epithelial cell, which has been 
suggested to constitute a safe niche against the immune response (Landraud et al.,
2004; Mulvey et al., 1998). These results support a role for CNF1 in UTI pathogenesis 
of at least the lower urinary tract. 

Sat was only recently described and belongs to the growing family of SPATE (serine 
protease autotransporters of Enterobacteriaceae) toxins (Guyer et al., 2000). In vitro
experiments showed Sat to trigger cytoplasmic vacuolation of human kidney and 
bladder cell lines. This observation was further strengthened by in vivo data showing 
that Sat causes histological changes, such as damage of the glomerular membrane 
and vacuolation of proximal tubular cells, in infected mice (Guyer et al., 2002). 
Although it’s role in UTI is not fully understood the view of Sat as an uropathogenic 
virulence factor is becoming increasingly accepted. 

HOST DEFENSE MECHANISMS 

The urinary tract is one of few sites of the body which, despite the close proximity to 
the outside environment, under normal conditions are void of both commensal and 
pathogenic bacterial colonization. This is in part achieved by physical factors, such as 
the unidirectional flow of urine, the regular bladder emptying and ureterovesical valves 
which prevent bacteria ascension. Moreover, the epithelial cells form a barrier which in 
the bladder is shown to exfoliate infected superficial facet cells, assisting in removal of 
bacteria from the urinary tract (Mulvey, 2002). Research over the past decades has 
however shown that inducible host mechanisms may be of even greater importance. 
The renal epithelial cells of the mucosal lining are the first cells to encounter invading 
pathogens and they are key players in coordinating the innate immune response 
(Chowdhury et al., 2004). Since the discovery of toll-like receptors (TLR) numerous 
studies over the last decade have elucidated its role in innate immunity. This family of 
receptors is now regarded to be the major link between recognition of a pathogen and 
onset of immune response. The kidney is no exception. Upon microbe infection a 
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varied immune response is triggered, including the complement system, immune cell 
recruitment and secretion of soluble immunomodulatory factors.   

TLR

The TLR family recognizes preserved molecular motifs found on microbes, termed 
pathogen-associated molecular patterns (PAMPs).The toll receptor was first identified 
in the fruit fly Drosophila melanogaster (Anderson et al., 1985). To date 11 
homologues have been identified in the mammalian system (Akira, 2006). TLR4 is 
regarded important for the renal immune response, but involvement of TLR2, 9 and 11 
is also implicated (Anders et al., 2004; Zhang et al., 2004). Host recognition of LPS by 
TLR4 is a multi-step process initiated by binding of LPS to the LPS-binding protein 
(LBP) (Triantafilou and Triantafilou, 2002). This interaction enhances binding of LPS to 
the glycosylphosphatidylinositol (GPI)-linked receptor CD14. CD14 subsequently 
presents LPS to the TLR4/MD-2 receptor complex, which initiates the intracellular 
signaling cascade triggering expression of pro-inflammatory mediators.  

A prerequisite for the involvement of TLR4 pathway in UTI is that the involved 
components are expressed or made available in the urinary tract. Although some 
controversy exists regarding expression of CD14 by uroepithelial cells (Chromek et al.,
2005; Samuelsson et al., 2004; Schilling et al., 2003; Backhed et al., 2001), soluble 
CD14 in the urine can substitute in the case of insufficient endogenous expression 
(Bussolati et al., 2002). Conflicting data also exists regarding TLR4 expression in the 
urinary tract (Backhed et al., 2001), but several groups have to date confirmed the 
presence of the receptor on both the transcriptional and protein level in bladder as well 
as renal cells (El-Achkar et al., 2006; Samuelsson et al., 2004; Tsuboi et al., 2002; 
Frendeus et al., 2001a). It is likely that the conflicting data in the field may be due to 
differences in material sources used (human versus murine, cell line versus tissue 
slides), or whether the cells were exposed to bacteria or not. Taken together, the TLR4 
signaling pathway is regarded to be of great importance for the host´s ability to 
respond to bacterial infection, in both the lower or upper urinary tract (Svanborg et al.,
2006).  

Complement system 

Numerous recent investigations concerning the involvement of complement system in 
renal diseases have led to renewed appreciation of the role of the complement system
for this group of diseases (Berger et al., 2005). Although the majority of the circulating 
complement factors are produced by the liver, mesangial, epithelial and endothelial 
cells of renal origin also secrete complement components (Chowdhury et al., 2004). 
The complement system consists of a series of plasma and cell surface proteins. The 
three pathways of complement activation (classical, alternative and mannan-binding 
lectin) converge at the level of C3. Activation of C3 leads to the formation of the
membrane attack complex, which directly lyse susceptible bacteria. Other effects of 
the activated complement system are stimulation of neutrophil chemotaxis and 
opsonization of antigen leading to increased sensitivity of the immune response (Mims
et al., 2004). The complement system has a significant role in the pathology of disease 
development in the urinary tract, including infections in the upper urinary tract and 
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glomerulonephritis (Springall et al., 2001; Welch et al., 1993) and is regarded as an 
important marker and mediator of renal tissue damage (Berger et al., 2005). 

Immune cell recruitment  

Cytokines are major players in the intercellular crosstalk and are thus fundamental for 
a coordinated multicellular immune response to bacterial infections in the urinary tract 
(Rugo et al., 1992). Specifically, they aid in the chemotaxis of neutrophils to the site of 
infection, as well as in the proliferation and activation of other effector cells (Mims et 
al., 2004). A tight regulation of the production of inflammatory mediators is crucial as 
overproduction of cytokines, toxic metabolites or enzymes released from infiltrated 
leukocytes, contribute to tissue damage eventually causing renal scaring (Monga and 
Roberts, 1995; Shimamura, 1981). Kidney epithelial cells are key players in 
coordinating the response as they quickly respond by producing inflammatory 
mediators, such as IL-8 and IL-6, in response to invading E. coli (Brauner et al., 2001; 
Kabore et al., 1999; Godaly et al., 1997). IL-8 is a CXC chemokine of central 
importance for the host response during bacterial challenge, as it recruits neutrophils to 
the site of infection. IL-8 mediates its effect via interaction with two cell surface 
receptors, namely CXCR1 and CXCR2, both of which have been shown to be 
expressed on bladder and renal epithelium obtained from human biopsy samples 
(Godaly et al., 2000). Two murine homologues of IL-8 have been identified (KC and 
MIP-2) and one CXC chemokine receptor (mIL-8R) (Bozic et al., 1995; Wolpe et al.,
1989). Studies with mIL-8R knockout mice have shown the importance of the 
chemokine crosstalk in vivo (Frendeus et al., 2000). Upon E. coli infection the 
recruitment of neutrophils to the bladder epithelium was delayed and they were not 
able to translocate into the tubular lumen to reach the bacteria, resulting in 
development of bacteremia. Similar results were obtained when IL-6-deficient mice 
were challenged with E. coli, pinpointing the importance for the cytokine IL-6 in 
clearance of bacteria during experimental pyelonephritis (Khalil et al., 2000). The 
importance of IL-8 for UTI development is also supported clinically by the finding that 
children prone to pyelonephritis show reduced CXCR1 expression (Lundstedt et al.,
2007).

The involvement of the adaptive immune response in pathology of UTI is not as 
thoroughly studied as the importance of the immediate innate immune system. Though 
in vivo data from murine UTI models support a role for the adaptive immune response 
to prevent recurrent cystitis (Thumbikat et al., 2006), T and B lymphocytes are not 
regarded essential for E. coli clearance from the kidney (Svanborg Eden et al., 1984). 

Soluble immunomodulatory factors  

Bacterial invasion of the urinary tract is counteracted by the secretion of soluble factors 
that are either continuously present or induced in response to the infection. Mucin, 
which traps and prohibits spread of bacteria (Balish et al., 1982), or soluble lactoferrin, 
which inhibits growth of bacteria by sequestering iron (Abrink et al., 2000), are two 
examples. Moreover, bacterial spread may be prohibited by local production of 
proteins that interferes with attachment. Examples of this are Tamm-Horsfall protein, 
which is exclusively produced by renal epithelial cells and blocks type 1 fimbriae 
binding (Pak et al., 2001), or secretory Immunoglobulin A produced by lymphoid cells 
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(Floege et al., 1990). Great importance has also been ascribed to the production of 
antimicrobial peptides. Recent studies in both murine models and human tissue 
samples have shown that renal epithelial cells can produce the antimicrobial peptides 

-defensin 1 and the cathelicidin LL-37, which are suggested to be key compounds in 
the local antimicrobial defense (Chromek et al., 2006; Valore et al., 1998).   

VISUALIZATION OF INFECTION IN VIVO

One of the main challenges in current research is to understand the kinetics of the 
immune response and how the signals are transduced from the primary target cells to 
induce a synchronized tissue response. Previous research in bacterial pathogenesis 
has largely been limited to model systems consisting of cultured cells, isolated primary 
cells or freshly isolated tissue segments. Using these simplified in vitro or ex vivo
systems, experiments can be designed to address well defined and precise 
hypotheses in a reproducible manner. However, the lack of interaction with the 
supporting tissues, including the vasculature, nervous system and extracellular matrix, 
raises a concern that these experimental systems may not accurately represent the in
vivo situation (Dunn et al., 2002). On the contrary, in vivo animal models convey the 
great advantage of including all the interacting parameters and provides a model 
relevant for studies of human disease, although its complexity can provide ambiguous 
answers (Wiles et al., 2006).  

Microscopy techniques 

To be able to grasp the full picture of the processes underlying bacteria-host 
interactions, there is a need for in vivo based methods. In the mid 1990’s Contag et al. 
developed a method capable of monitoring bioluminescent bacteria within a living host 
by using an intensified charge-coupled device (ICCD) camera (Contag et al., 1995). 
Bacterial detection was based on the expression of luciferase from a lux gene present 
on extra-chromosomal multicopy plasmids. This approach had great advantages as 
the detection of luminescence images could determine the extent of infection in living 
animals in real-time and in a non-invasive manner. The technique has thereafter been 
successfully used in a number of studies, e.g. following the dissemination of 
pneumococci in a live animal model (Francis et al., 2001), evaluation of  the 
antimicrobial efficiency of different drugs (Rocchetta et al., 2001), and to monitor the 
movement of bacteria towards tumor tissue (Yu et al., 2004). This technique provides 
data about bacterial proliferation at an organ level, but lacks the resolution required to 
obtain information at a cellular level.  

Detailed studies of the organ and at cell level of infected animals have in the past 
required extraction of the tissue and histopatological preparations, in order to perform 
histological analysis. Traditional optical microscopy techniques which uses linear (one-
photon) excitation light cause out-of-focus blur and light scattering that greatly limits 
the depth at which high-resolution images may be collected (Helmchen and Denk, 
2005). Scanning confocal microscopy improved the quality of microscopic images with 
the introduction of a detection pinhole that rejects all light not originating from the focus 
site. This does, however, also limit the strength of the signal and may cause an 
inadequate signal to noise ratio (SNR). While in fixed cells SNR can be improved by 
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increasing the power of illumination, amplified illumination may be phototoxic and 
photobleach fluorophores during living cell imaging. Spinning disc confocal systems, 
where fluorescence emission is collected through a set of fixed-sized pinholes on a 
perforated disc (Nipkow disc), may achieve the same SNR as compared to a single-
point scanning confocal system, while only causing 1/15 of the photobleaching (Wang
et al., 2005). The fast collection of images enabled by the spinning disc system has 
lead to a revolution in high-speed capturing of live cells, going from seconds to 
milliseconds (Nakano, 2002). Spinning disc is however not optimal for thicker samples 
with significant amounts of out-of-focus fluorescence, for which crosstalk between 
adjacent pinholes on the disc becomes significant. Another limitation of the spinning 
disc is that the fixed size of the pinholes does not allow for optimization of the 
resolution at different magnifications.    

Recent development has generated non-linear optical microscopy techniques, such as 
two-photon imaging, which is less sensitive to light-scattering and is thus well suited for 
high-resolution imaging deep into biological tissues. Two-photon fluorescence 
depends on two photons arriving simultaneously at the focal point, where their 
energies combine to promote fluorescence excitation specifically at this site (Helmchen 
and Denk, 2005). The lack of out-of-focus excitation makes pinhole filtering of the 
emitted light redundant and all emitted light is captured, resulting in increased 
sensitivity. Another advantage is that the combination of the colliding photon energies 
results in higher energy than they would produce individually. Light with lower energy, 
in the near infrared spectra, penetrates deeper into scattering tissue and is less 
phototoxic. Thus, multiphoton imaging reduces tissue damage, which is essential for 
long-term imaging. Living tissues can be examined in detail at depths up to one 
millimeter, without compromising the tissue (Theer et al., 2003). Previously, studies 
aiming to analyze a course of events over time required tedious sacrificial experiments, 
where the lack of continuity of infection within a single animal entailed many animals at 
each time point. Multiphoton imaging allows the progression of events to be followed in 
the same animal over long periods of time, which thereby dramatically reduces the 
number of animals needed in the study. The continuity of the multiphoton based 
studies also circumvents the limited selection of time points for when tissue to be 
imaged by confocal microscopy is fixed for visualization, a procedure which may 
overlook important tissue events. This approach has, during recent years, enabled 
intravital studies of brain function (Svoboda and Yasuda, 2006), tumor vascularization 
(Brown et al., 2001), kidney physiology (Molitoris and Sandoval, 2005) and embryonic 
development (Squirrell et al., 1999) without compromising tissue viability. The general 
benefits and drawbacks of the three fluorescence imaging techniques, scanning 
confocal microscopy, spinning disc and two-photon microscopy, are compared in 
Table 2. 
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Table 2. Relative comparison of fluorescence imaging techniques 
Scanning confocal Spinning disc Two-photon 

Applicable to live animal no no yes 

Applicable to live cells yes# yes yes 

Applicable to fixed tissues yes yes yes 

Tissue depth  ++ + +++ 

Tissue damage/bleaching +++ ++ + 

Spatial resolution + +* +

Speed + +++ + 

Signal to noise ratio + ++ +++ 

#Live cell imaging by scanning confocal microscopes has however only recently been 

developed 
*Less suitable for magnifications for which the pinholes are not optimized 

Fluorescence probes for in vivo imaging 

To be able to follow the progression of infection in vivo, bacteria and inflammatory 
markers need to be visible through the microscope. Tissue autofluorescence is often 
regarded a problem during microscopy as it decreases the SNR, but during live 
imaging it may be helpful as it facilitates orientation in the tissue. Dyes and fluorescent 
probes (fluorophores) are however invaluable for tissue visualization and with the 
introduction of green fluorescent protein (GFP) in the early 1990s, a new era in 
fluorescent labeling began (Chalfie et al., 1994). For the first time, it was possible to 
label and monitor individual proteins non-invasively and continuously. The original 
GFP, recovered from the jellyfish Aequoria victoria, has been modified and several 
homologues have been identified in related species. Today there is a plethora of 
fluorescent proteins available spanning the entire visible spectrum (450-650 nm) 
(Chudakov et al., 2005). This has allowed for simultaneous observation, by use of 
more than one fluorophore at a time in the same experiment. In addition, mutations 
have been made that allow for more intense fluorescence and increased resistance to 
photobleaching. Other changes have been directed towards optimization of protein 
synthesis in the host cell type. The development of various refined fluorophores allows 
for novel applications of in vivo fluorescent labeling to study protein expression,             
-interaction, -activity, -movement and –turnover (Chudakov et al., 2005). Also, live 
functional and motility studies of organelles as well as whole cells are possible with 
both prokaryotic and eukaryotic origin (Southward and Surette, 2002). By combining 
the recent development within fluorescence labeling techniques and in vivo
multiphoton microscopy, real time studies of targeted processes can be performed on 
cellular as well as subcellular levels in intact tissues or living animals. 

UTI AS A MODEL FOR INFECTIOUS DISEASE 

The kidney is a multicellular organ which offers a clear example of how bacteria, 
through a variety of bacterial virulence factors, can adapt to a variety of micro-
environments and challenge a fully armed host immune system. Thus UTI provides an 
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excellent model to study the dynamic interaction between host and bacterial pathogen 
during infectious disease (Svanborg et al., 2006). For several reasons the kidney is a 
favorable organ for multiphoton studies (Dunn et al., 2002). The kidney is highly 
vascularized with capillaries intertwined among the nephrons. The close proximity 
between the vasculature and tubular epithelial cells enables simultaneous capture of 
the activities on the colonized epithelial lining, as well as in the blood flow. This also 
results in rapid delivery of the intravenous dyes and probes included in the study. 
Probes that are cleared from the blood by filtration in the glomerulus are made 
available to the apical side of the tubular epithelial cells by the urine filtrate. In the 
absence of dyes, the highly structured kidney can be visualized by differential 
autofluorescence. Technical issues such as the accessibility of the organ to the 
microscope and movement of the organ, also needs to be taken into consideration. 
Collection of high resolution images and 3D rendering of the captured site demands 
stability, which may be a challenge as the microscopy is performed on live animals. 
The kidney is however located at a distance from the moving lungs and is easily 
externalized without compromizing its function, which greatly facilitates imaging.  
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AIM

The aim of this thesis is to study the dynamic interplay between the host and the 
bacterial pathogen, using uropathogenic E. coli  infection of the rat kidney as a model 
system. More specifically my work includes: 

I. Development of a method to visualize the infection process in vivo and in real-
time 

II. Identify the phenotypes UPEC attain and which local niches that are colonized 
during kidney infection 

III. Investigate the time frame of infection and the accompanying immune response 

IV. Study the importance of the UPEC associated bacterial toxin Hly in vivo

V. Investigate how Hly interacts with the host epithelial membrane in order to elicit 
pro-inflammatory signaling 
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RESULTS 

 
DEVELOPMENT OF TECHNIQUES TO VISUALIZE THE PROGRESSION OF 

INFECTION IN REAL-TIME (PAPER 1) 

The technical progress in microscopic 
imaging techniques during recent years, 
together with the refinement of in vivo 
adapted fluorophores made it possible 
for us to study progression of infection in 
a live animal in real-time. We developed 
a model that from here onwards is 
referred to as “real-time UTI”. To allow 
intravital detection of bacteria in vivo, 
relevant bacterial strains were genetically 
modified. In a study by Hautefort et al, a 
gfp+-based transcriptional fusion system 
was developed, suitable for assessing bacterial gene expression during animal 
infection (Hautefort et al., 2003). By placing the genetic fusion onto the Salmonella 
chromosome genetic stability was ensured and toxic levels of GFP and lack of signal 
due to variation in plasmid copy number was avoided. We adapted this expression 
system to UPEC infections in the kidney, performing all cloning within the fully 
sequenced pyelonephritogenic isolate CFT073 (O6:K2:H1). To ensure that the cloning 
would not interfere with any chromosomal activities the gfp+-sequence was specifically 
introduced into the cobS gene which belongs to a truncated and thus silent operon 
(Figure 2). 
 
As our study required a reliable, constant signal throughout the varying environments 
of the kidney, a constitutively active promoter had to be identified. Initial experiments 
were performed using PrpsM, the promoter driving expression of the small ribosomal 
protein S13. This promoter has been reported to have similar levels of transcriptional 
activity in bacteria cultivated in vitro as well as bacteria replicating within mammalian 
cells (Hautefort et al., 2003; Valdivia and Falkow, 1997). When we investigated the 
activity of PrpsM during renal infection using a retrograde rat UTI model, we found that 
only a fraction of the bacteria expressed GFP+ (Figure 3). This was not altogether  

 
 

Figure 2. Cloning procedure. The linear DNA 

sequence containing genes encoding the promoter, 

gfp+ and a selection marker, was flanked with 21-23 

nt sequences homologous to the chromosomal  

cobS locus. Upon transfection into CFT073, was the 

DNA sequence incorporated into the bacterial 

chromosome by homologous recombination. 

Figure 3. Bacterial 

expression of GFP+ in 

vivo. CFT073(PrpsM–gfp+-

cmr), LT006, or 

CFT073(PLtetO-1–gfp+-

cmr), LT004, detected by 

immuno-histochemistry 

using anti-LPS-Cy3-

antibodies (red) or 

endogenous GFP+ 

expression (green). 
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unexpected as the number of ribosomes, and accordingly the amount of ribosomal 
proteins, are dependent on the rate of translation, which bacteria are constantly 
adapting to the changing micro-environment during the course of infection (Alberts et 
al., 1994). Stable bacterial GFP+ expression was however obtained using the 
tetracycline promoter PLtetO-1. By cloning PLtetO-1 in the absence of the tet repressor, it is 
altered from an inducible to a constitutively active promoter. In vivo analyses using the 
retrograde UTI-model revealed that PLtetO-1 induced GFP+ expression in 100% of the 
bacteria present in the tissue (Figure 3).  

To achieve spatial and temporal control, the kidney of anesthetized rats was 
exteriorized through a subcostal flank incision and bacteria were delivered site-
specifically into the lumen of proximal tubules by micropuncture (Figure 4). Thus the 
unpredictability associated with retrograde pyelonephritis model, where bacteria are 
infused into the bladder from where they ascend into the renal nephrons in an 
uncontrolled manner, was avoided. Urine and tissue homogenization counts from 
retrograde models presents data of the average state of infection, but it is insufficient to 
provide kinetic information of the progression of infection and inflammation. 

Using this real-time UTI model, cellular and molecular details regarding the kinetics of 
bacteria-induced tissue remodeling were studied in vivo over the first 22 h of infection. 
During this time frame, infection had evolved from the initial interaction of bacteria with 
the epithelial lining, to a massive immune response leaving nothing but localized tissue 
destruction (Figure 5). Already within the first hours of colonization the blood flow in the 
peritubular capillaries adjacent to infected tubules was dramatically altered. Capillaries 
became congested to the degree that erythrocytes could not pass, and in some areas 
blood flow was completely congested. These effects were accompanied by increased 
endothelial permeability, causing edema in the area between the site of infection and 
the renal capsule. Neutrophils were identified already after 2-3 h and were present in 
large numbers by 8 h. Upon 8-9 h of semi-continuous multiphoton imaging the kidney 
was returned to the abdomen, and the rat was housed overnight. When the kidney was 
re-exteriorized 22 h post-injection, the infected nephron had completely shut-down, 
with massive tissue destruction apparent at the site of infection and very few bacteria 
were present. Thus the endpoint of infection was reached less than 24 h post infection.  

By following the progression of infection after micropuncture injection of an hly-
knockout CFT073 strain (LT005), the transient in vivo effect of this bacterial virulence 
factor was identified. The recruitment of immune cells was significantly delayed 
compared to infection with the wild-type strain even though infection with LT005 also 
led to massive tissue destruction within 22 h. The importance of Hly in vivo was further 
strengthened by novel transcriptional data showing that Hly is expressed during 
infection. 

Being able to identify the infection sites in exteriorized kidneys provided a unique 
possibility to micro-dissect infected tissue to study the molecular details of tissue 
signaling on either protein or gene expression level. By isolating RNA and performing 
real-time RT-PCR, we investigated the expression levels of genes involved in the host 
immune response. We analyzed the expression of the rat IL-8 homologue CINC-1, the 
cytokine TNF , the leukocyte marker CD45, as well as LFA-1 and ICAM-1, both 
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involved in the extravasation of immune cells to the infected area. Not surprisingly, at 
the 8 h time point all those genes were upregulated in the local tissue around the 
infection, as compared to non-infected nephrons. This shows the potential of the real-
time UTI model to facilitate studies of gene expression in both prokaryotic and 
eukaryotic cells during defined phases of infection. 
 
 
VISUALIZATION OF UPEC DURING INFECTION OF THE KIDNEY (PAPER 2) 

While paper 1 identified the kinetics of the tissue response during experimental 
pyelonephritis, the aim of the second study was to investigate the different phases of 
bacterial colonization during kidney infection. Spatial and temporal resolution was 
achieved by site-specific delivery of GFP+-expressing UPEC into the kidney of living 
rats which we imaged using the approach described in paper 1. We visualized how 
bacteria  disseminated  throughout  the  various microenvironments  of  the  kidney and  

 

 

 

 

 

 

Figure 4. Real-time UTI 

model. Bacteria are 

injected by micropuncture 

directly into a proximal 

tubule of an exteriorized 

kidney. Hereafter the 

kidney is placed in a petri 

dish filled with saline and is 

ready for multiphoton 

microscopy. 

Figure 5. Time-frame of the infection process during pyelonephritis. Representative images collected  

1 h (A), 5 h (B) and 22 h (C) post injection of GFP+-producing bacteria (green) into the proximal tubule. 

Fluorescent 500 kDa dextran labels blood flow (red), 10 kDa labeled dextran (purple) outlines the 

injected tubule and proximal tubules are identified by dull green auto-fluorescence. Arrow indicates 

bacteria. 
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found UPEC colonizing both proximal and distal segments of the nephron. The filtering 
unit of the nephron, the glomerulus, is seldom reached by invading bacteria 
(Heptinstall and Hill, 1983). To investigate whether this is due to an inability of bacteria 
to establish infection at this site, bacteria were injected into the Bowman’s space of the 
glomerulus. Interestingly, once injected, bacteria were found to rapidly bind to the 
squamous epithelial cells and colonize Bowman’s space.  

As bacteria colonized the proximal tubule of the nephron, multicellular communities, 
suggestive of biofilm formation, were observed during the first hours of infection. Later, 
when bacteria had multiplied and filled major parts of the tubular lumen, bacteria 
occasionally formed a filamentous phenotype. The compromised blood flow and the 
on-going tissue remodeling at this time point implicated that the bacteria entered a 
critical phase of infection with low levels of oxygen and oxidative stress. The 
intermediate filamentous phenotype may be a stress response to these new 
circumstances (Justice et al., 2006). 

UPEC is generally considered an extracellular pathogen. Our studies revealed though 
that UPEC occasionally could be found intracellular in epithelial cells of the proximal 
and distal tubules, as well as in endothelial cells of the surrounding peritubular 
capillaries. This was observed both upon infection with wild-type strain LT004 and the 
isogenic hly-knockout strain LT005, suggesting that internalization occurs 
independently of Hly. Intracellular localization was however rare and we conclude that 
internalization cannot be considered a major virulence factor in pyelonephritis.   

HLY IS RECRUITED TO THE HOST CELL MEMBRANE BY THE LPS-PATHWAY 

(PAPER 3)  

From the work presented in paper 1 and 2, we know that Hly is expressed in vivo and 
that it has immunomodulatory activities during kidney infection, but the molecular 
mechanism is not known. In vitro experiments have shown that Hly induces Ca2+-
dependent pro-inflammatory signaling in epithelial cells when present in low 
concentrations, while high concentrations of the toxin lead to cell lysis (Uhlen et al.,
2000). We hypothesize that these concentration-dependent dual effects are relevant 
also in vivo.  At sub-lytic concentrations Hly is recognized by tubular epithelial cells, 
which results in induction of an innate immune response. The lytic effect induced by 
high Hly concentrations may, on the contrary, act as a defense mechanism for the 
bacteria by lysing recruited immune cells. Several studies have shown that Hly is 
tightly associated with the LPS-containing bacterial outer membrane and vesicles 
(Balsalobre et al., 2006; Bauer and Welch, 1997; Oropeza-Wekerle et al., 1989; 
Bohach and Snyder, 1985). As it is likely that Hly interact with LPS in vivo, we 
investigated if LPS is important for Hly’s activities.  

By utilizing the Ca2+-binding properties of the fluorophore Fura-2/AM, the effect of Hly 
on intracellular Ca2+-concentration was analyzed in single-cells by ratiometric imaging. 
To obtain a physiological relevant system, we used primary rat proximal tubular 
epithelial cells freshly isolated for each experiment. To adress whether components of 
the LPS signaling pathway are involved in the induction of Hly induced Ca2+-
oscillations, we performed competition experiments. Hly was mixed with excess LPS, 
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CD14 or blocking antibodies directed towards the CD14 and LBP-binding sites. We 
found that LPS is essential for Hly-induced Ca2+-oscillations, and that this signal is 
dependent on CD14 and LBP, both known for their involvement in recruitment of LPS 
to the eukaryotic membrane. Furthermore, we show that the Hly-induced signaling 
occurs independently of the LPS-receptor TLR4. From this, we conclude that the role 
of CD14, LBP and LPS is to associate Hly to the cell membrane, thus promoting the 
interaction with an unknown receptor for induction of Ca2+-signaling. Conversely, the 
cytolytic activity of Hly occurred independently of the LPS/LBP/CD14 complex, 
suggesting that cytolysis is induced via a different mechanism as compared to 
induction of Ca2+-signaling. 

Lipid rafts are distinct cholesterol-rich membrane compartents formed on the 
eukaryotic cell membrane where signaling receptors or co-receptors such as CD14, 
are recruited and concentrated (Triantafilou et al., 2002). To investigate if the signaling 
cascade triggered by Hly originates from these compartments, lipid rafts were 
chemically disrupted prior to Hly-stimulation. This abrogated the Ca2+-signal and we 
concluded that lipid rafts are important for Hly-signaling. To increase our 
understanding of the molecular mechanism generating the Ca2+-oscillations, the 
involvement of small GTPases was investigated. Small GTPases transmit signals from 
cell-surface receptors and are involved in several signaling pathways, including signals 
triggered by the E. coli  toxin CNF1 (Doye et al., 2002). Activation of the small 
GTPases RhoA, Rac and Cdc42 was analyzed with affinity precipitation and western 
blot, and results were further analyzed by transfection with a dominant-negative RhoA 
construct. We found that activation of the small GTPase RhoA, but not Rac and Cdc42 
was required for Ca2+-signaling.  

Taken together, our data strengthen the observation that depending on the 
concentration present, Hly exert dual effects on target cells. We demonstrate here that 
there is a mechanistic difference between how Hly is presented to the eukaryotic cells 
when the toxin is present in high versus low concentrations. This dynamic Hly 
response may be correlated to the in vivo observations presented in paper 1, where 
Hly was found to alter the kinetics of the immune response. This is further addressed in 
the next section. 
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DISCUSSION 

 
The studies included in this thesis span from gene expression analysis of innate 
immune response genes and studies of the host recognition of invading bacteria at the 
molecular level, to real-time visualization of the progression of UTI in a live animal. By 
developing a method which allows the infection process to be monitored, from the 
initial interaction of bacteria with the host epithelial lining to a full scale multicellular 
immune response, an attempt has been made to appreciate the total picture of 
infection. Together, the data presented here can build a foundation to understand the 
dynamic tissue events leading to acute pyelonephritis. 
 
Fundamental for the establishment of kidney infections is the ability of bacteria to pass 
the bladder and ascend further, against the flow of urine, to reach the upper urinary 
tract (Figure 6). It is easy to assume that the bacterial motility organelle flagellum is 
essential, since bacteria are able to ascend through the urinary tract. Polar flagellum is 
known to enhance virulence of Vibrio cholerae and Helicobacter pylori by propelling 
the bacteria to reach the mucosal lining (reviewed in (Salyers and Whitt, 2002)). 
However, experiments using mouse models of UTI, where competition experiments 
between wild type and flagella mutant strains have been performed, show that flagella 
only have a subtle role in UPEC virulence (Lane et al., 2005; Wright et al., 2005). This 

Figure 6. The urinary tract colonized by UPEC. To establish pyelonephritis bacteria ascend from the 

bladder through the ureter to enter the collecting duct and nephrons of the kidney. Both distal and 

proximal tubules of the nephron are infected, while the glomeruli are seldom reached. 
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implicates that other mechanisms but flagella are important for ascension of bacteria. 
One possibility is that bacteria “crawl” along the epithelial lining, using attachment 
organelles, such as type 1 fimbriae in the bladder and P fimbriae in the kidney. 
Evidence have been presented implicating that expression of type 1 fimbriae affects 
the expression of P fimbriae in an inverse manner (Snyder et al., 2005). The authors 
further speculate that this mechanism aids in sequential occupation of different urinary 
tract tissues. Another intriguing possibility, strengthened by our finding in paper 2, is 
that bacteria form multicellular communities on the epithelial lining of the urinary tract, 
indicative of biofilm-formation. Stabilized by a self-produced polymeric matrix, the 
biofilm may serve as a safety net as bacteria ascend, decreasing the constant need of 
attachment to the epithelial lining (Hancock et al., 2007; Soto et al., 2007). Bacterial 
multiplication would also extend the area covered by the biofilm and favour bacterial 
colonization. Our multiphoton imaging of proximal tubules revealed the existence of 
multicellular communities in the early phase of colonization. A recent clinical study 
implicates biofilm production to be a key determinant for persistence of UTI, which 
further support this hypothesis (Soto et al., 2006). 

Once the bacteria pass the ureter and enter the kidney, the distal tubules of the 
nephron are reached. Although the proximal segments of the tubule are regarded the 
major site of infection (Uhlen et al., 2000; Heptinstall and Hill, 1983), colonization of the 
distal tubule is a necessity during ascension. Experiments where the binding pattern of 
bacteria or purified P and S fimbriae to frozen sections of human kidney was 
investigated, indicated no difference in the binding capacity of these adhesion 
organelles to distal versus proximal renal epithelium (Korhonen et al., 1986b; 
Korhonen et al., 1986a). This is in correlation with our data from the retrograde 
pyelonephritis model as well as the real-time UTI model, which show that bacteria 
indeed colonize the distal tubule. The immune response in the distal tubule does 
however appear to be attenuated, with a marked delay as compared to infected 
proximal tubules. A difference in how epithelial cells of different tubular segments 
respond to infection is not surprising as the cell-types are quite distinct. This is 
reflected by the different repertoires of receptors involved in physiological processes as 
well as in pathogen recognition (El-Achkar et al., 2006; Heptinstall and Hill, 1983). Also 
the morphology of the cells differ, with distal tubular segments consisting of a tight 
epithelium, displaying low endocytic capacity and low permeability to water, while the 
proximal segments are leaky and highly endocytic. The thick, apical brush boarder of 
the proximal cells increases the contact surface to the tubular content and makes 
these cells easily distinguishable from other epithelial cells in the kidney. The extended 
luminal contact area or the different composition of the filtrate flow, may be contributing 
factors to the proximal segment of the nephron as the preferred site of infection.  

In ascending UTI, the glomerulus, which is the filtering unit of the nephron, seems to 
be relatively resistant to infections. UPEC strains are known to carry multiple copies of 
the operon encoding P fimbriae and studies have shown that these may exhibit 
different receptor specificities to the Bowman's capsule, which surrounds the 
glomerulus (Karr et al., 1989). We show that the lack of CFT073 colonization of the 
glomerulus was, however, not due to an inability of UPEC to colonize this site since 
bacterial binding, multiplication and spread occurred when CFT073 were injected  
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Table 3. Time resolution of events during acute pyelonephritis 

n/a = Not applicable due to tissue destruction and bacterial clearance 
1 Not including direct injection of Bowman’s space. 

directly into Bowman’s space. Sterility of the glomerulus must therefore be achieved by 
other means, prohibiting bacteria to reach this site. It is possible that this site is 
protected by tubular expression of antibiotic peptides (e.g. LL-37, -defensin,  Tamm-
Horsfall), or other mechanical or physiological barriers (Chromek et al., 2006; 
Saemann et al., 2005; Donovan and Topley, 2003) 

After bacteria have established contact with the epithelial lining, colonization was 
quickly established and major changes in the tissue homeostasis occurred in a 
process which, based on the data presented in this thesis, can be described as three 
major phases occurring 2-3 h, 5-8 h and 22 h after bacterial injection (Table 3). 

EARLY TISSUE RESPONSE (2-3 h) 

As UPEC are site-specifically delivered into the lumen of a proximal tubule, a majority 
of the bacteria are caught by the filtrate flow and removed from the tubules. A few do 
however, attach to the epithelial lining and establish infection (Figure 7a). Within the 
first couple of hours a number of bacterial colonies appeared at different locations in 
the nephron, primarily within the proximal tubule. Often bacteria appeared to be in 
multicellular communities on the epithelial lining. The presence of bacteria was quickly 
reflected in the vasculature as the blood flow promptly slowed down and spherical 
black shadows, larger then erythrocytes, started to appear, indicative of a mounting 
immune response. Neutrophils are generally regarded as dominant in the acute 
cellular infiltrate during UTI and to efficiently contribute to bacterial clearance (Godaly
et al., 2001; Haraoka et al., 1999; Shimamura, 1981). As expected, neutrophils, 
identified by their distinguishing nuclear shape, arrived to the site of infection 3-4 h post 
bacteria-injection. Interestingly, they were accompanied by other mono-nucleated 

Tissue response:  
(Time after micropuncture of proximal tubule) 

Early  
(2-3 h)

Intermediate 
(5-8 h) 

Late  
(22 h) 

Proximal tubule colonization  + +++ n/a 
Multicellular bacterial communities ++ + n/a 
Bacterial filamentation - ++ n/a 
Proximal epithelia internalization  - ++ ++ 
Disruption of epithelial lining - ++ ++++ 
Detachment of proximal tubular cells - ++ +++ 
Distal tubule colonization + ++ n/a 
Distal epithelia internalization  - + n/a 
Bacteria in the interstitial space - + + 
Endothelial internalization - + n/a 
Vascular dysfunction + +++ No flow 
Neutrophil recruitment + ++ ++++ 
Neutrophil phagocytosis of bacteria - + +++ 
Tubular neutrophil localization - ++ +++ 
Glomerular infection1 - - - 
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cells. The identity of these cells is currently unknown, but we speculate that they may 
be antigen sampling dendritic cells or the cytotoxic natural killer cells.  
 
The observed cell recruitment is an indication that communication between infected 
epithelial cells and endothelial cells of the capillary walls has occurred. Epithelial cells 
sense the presence of bacteria and communicate this to the underlying tissue. In vitro 
experiments have shown that Hly induces a pro-inflammatory response in renal 
proximal tubular cells by induction of Ca2+-signaling (Uhlen et al., 2000). This is a 
concentration dependent effect, as high levels of the toxin lead to lysis of both 
erythrocytes and nucleated cells (Mobley et al., 1990; Hacker et al., 1983; Cavalieri 
and Snyder, 1982). Based on the data presented in paper 3 we propose a model 
where the documented interaction between Hly and LPS (Bauer and Welch, 1997; 
Bohach and Snyder, 1985), is the key to understand how Hly interacts with the cell 
membrane (Figure 7b). LBP binds the LPS-moiety of the Hly-LPS complex and 
facilitates the interaction of this multi-molecular complex with CD14, present in lipid 
rafts on the cell membrane. This way, Hly is directed to the cell membrane where the 
signaling cascade is initiated. 
 
 

Figure 7. Major phases and events during pyelonephritis.  

A) Early phase of infection, 2-3 h post injection of bacteria into the proximal tubules.  

B) Proposed model of recruitment of Hly to the cell membrane in a 4-step process. Hly is secreted from the 

E.coli (1) and forms a complex with LPS (2). LBP binds the LPS-Hly complex (3) and approximates Hly to 

the eukaryotic membrane by interaction with membrane bound CD14 (4), where Ca2+-oscillations are 

induced. 

C) Intermediate phase of infection, 8 h post injection of bacteria into the proximal tubules. 

D) Recruitment of neutrophils to the site of infection. In response to bacterial infection, epithelial cells of the 

tubular lining release IL-8 into the bloodstream. Neutrophils follow the IL-8 gradient through interaction with 

their IL-8 receptors, they slow down and start to roll on the endothelium through the interaction between 

LFA-1 on the neutrophils and ICAM-1 expressed by endothelial cells. TNF  facilitates the extravasation of 

neutrophils through the endothelial cell-wall to reach the tubular foci of infection.  

E) Late phase of infection, 22 h post injection of bacteria into the proximal tubules. 
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Lipid rafts are cholesterol-rich membrane compartments where receptors and signaling 
molecules are recruited, and it is likely that recruitment of Hly into this region results in 
recognition by a signaling receptor, responsible for the RhoA and Ca2+ dependent 
signal induction. Since CD14 lacks an intracellular signaling domain, it can only be 
regarded a co-receptor (Triantafilou and Triantafilou, 2002). Identification of the 
receptor that initiate Ca2+-signaling is currently underway (Richter-Dahlfors and 
coworkers, personal communication). Several receptor proteins, including glycophorin 
A and LFA-1 (Cortajarena et al., 2001; Lally et al., 1997), have been proposed to 
mediate the lytic activity of Hly. Other studies suggest, however, that Hly elicits its 
effects through pore formation in a receptor independent manner (Valeva et al., 2005).  

Utilizing the time-resolved in vivo pyelonephritis model, we confirmed the physiological 
relevance of Hly as an inducer of the inflammatory response implicated by our in vitro 
experiments presented in paper 3. As relatively few bacteria are present at this early 
stage of infection, it is likely that Hly is present in low immune-modulatory 
concentrations, rather than high lytic concentrations. When we utilized the real-time 
UTI model to evaluate this hypothesis, we found the immune response upon infection 
with a hly-knockout UPEC strain to be delayed by hours. This supports an immune-
modulatory role for Hly in vivo. Being able to identify the infection sites in exteriorized 
kidneys we had a unique possibility to specifically microdissect the infected tissues to 
isolate prokaryotic RNA and to study bacterial gene expression in vivo. Through this 
approach we were able to show, for the first time, that Hly is produced within the kidney 
during pyelonephritis. Indirect evidence of Hly-production in vivo are documented in 
the clinics as patients infected with Hly-containing UPEC strains develop antibodies 
directed towards Hly (Seetharama et al., 1988). 

INTERMEDIATE TISSUE RESPONSE (5-8 h) 

Once bacteria have colonized the epithelial lining, rapid multiplication occurs and 
within a few hours the tubular lumen is filled with bacteria (Figure 7c). Tubular 
obstruction is known to cause a decline in glomerular filtration rate (Tanner, 1982) and 
decreased flow of primary urine in the tubule. As bacteria divide and the support of 
nutrients via the filtrate flow decreases, a shortage of nutrients may arise. UPEC has 
been reported to adapt a filamentous phenotype as a response to environmental stress 
(Justice et al., 2006). Thus, the transient formation of filamentous bacteria, seen in the 
tubular lumen at this stage of infection, may result from a challenging local 
environment. At this time point bacteria are also occasionally found intracellular in 
tubular epithelial cells as well as in endothelial cells. This is unlikely to be due to 
random endocytosis as the distal tubular cells, known for their low endocytic capacity, 
also hosted bacteria intracellularly. Several bacterial factors have been suggested to 
aid in internalization, including type 1 fimbriae and bacterial toxin CNF1 (Martinez et 
al., 2000; Falzano et al., 1993). We show that the expression of Hly was, however, not 
essential for UPEC invasion as the hly-mutant strain showed no decrease in 
internalization capability. This correlates to previous findings that human renal 
epithelial cells are capable of uptake of E. coli  regardless of bacterial source or 
expression of Hly (Donnenberg et al., 1994).  
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The host immune response is in full action during this phase of infection, with massive 
immune cell recruitment apparent in the vasculature. The number of neutrophils 
increased significantly, but still only constituted approximately half of the recruited 
nucleated cell population. This is interesting as neutrophils are commonly regarded as 
the core of the innate immune response and the first immune cell to arrive at the site of 
infection (Mims et al., 2004; Godaly et al., 2001; Haraoka et al., 1999). As leukocytes 
traverse the endothelial and epithelial barriers to reach bacteria in the lumen, 
intercellular connections are disrupted and the vasculature becomes leaky (Marcus et 
al., 1997). During multiphoton imaging evidence of this was seen as perivascular 
leakage of vascular dyes. The blood flow in capillaries adjacent to the infection had 
stopped. This may result from activated leukocytes, as they move slowly through the 
capillary microvasculature, contributing to cell congestion and vessel occlusion. 
Another intriguing possibility, which is mostly studied during infectious disease caused 
by gram-positive bacteria, is that bacteria or bacterial components present in the 
capillaries may activate coagulation and trombosis (Herzberg, 2001). As a 
consequence of the compromised blood flow the oxygen delivery to this site was 
inadequate, which led to ischemia and tissue necrosis. The epithelial integrity was 
subsequently compromized, with epithelial cell detachment.  

These effects are likely to result from bacteria-induced epithelial signaling, as proximal 
tubular cells are known to produce a variety of signaling molecules in response to 
bacterial exposure (Brauner et al., 2001; Kabore et al., 1999; Rugo et al., 1992). LPS-
induced pro-inflammatory signaling via the CD14/TLR4 pathway is regarded to be of 
major importance in the clearence of bacterial infections (Triantafilou et al., 2002). 
Recent data suggest that the involvement of the TLR4-signaling cascade in the 
recognition of invading pathogens may be a more dynamic process then earlier 
appreciated. The Svanborg group has presented numerous studies implicating TLR4-
signaling to be activated in CD14-negative, LPS-unresponsive epithelial cells in a 
P fimbriae-dependent manner (Fischer et al., 2006; Frendeus et al., 2001b). Another 
example is our data presented in paper 3, which suggests that the LPS-recruitment 
components LBP and CD14 are essential for the TLR4-independent and Hly-triggered 
pro-inflammatory signaling.  

As the vast majority of studies addressing signaling cascades are performed in vitro
and often in single-cell model systems, their role in pathology is largely unclear. Our 
analysis of the in vivo gene expression levels at 8 h post injection revealed 
upregulation of a subset of the major players (CINC-1, LFA-1, ICAM-1, TNF  and 
CD45) involved in extravasation of neutrophils to the site of infection (Figure 7d). The 
murine chemo-attractant CINC-1, homologous to human IL-8, is likely to be produced 
by infected epithelial cells, guiding immune cells to the site of infection. This signaling 
was accompanied by up-regulation of LFA-1, which is expressed on leukocytes and 
causes rolling and binding of these cells to the ICAM-1 receptor on the endothelium. 
The expression of these cell-adhesion molecules on the endothelial cells are induced 
by e.g. the pro-inflammatory cytokine TNF . TNF  also increases the vascular 
permeability, thus facilitating the movement of CD45-expressing leukocytes from the 
vasculature to the foci of infection. This demonstrates the rapidity by which the 
multicellular immune response is activated, and highlights the advantages of a 
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controlled experimental set-up, in comparison to a UTI retrograde animal model, where 
data is collected days to weeks after bacteria was injected. By analyzing the extracted 
RNA-samples on whole-genome microarrays, involvement of non-predicted signaling 
pathways will be identified and thus expanding our understanding of the inflammatory 
response (ongoing study). 

LATE TISSUE RESPONSE (22 h) 

Our studies reveal that after 22 h of infection the tissue was severely damaged, to an 
extent that the tissue morphology is lost and no blood flow occurs in the site (Figure 
7e). The few bacteria still present are either engulfed by immune cells, or internalized 
into proximal tubular cells. Studies of UPEC colonization of the bladder have 
suggested internalization into bladder epithelial cells as a defense mechanism against 
infiltrating bacteria (Mulvey et al., 1998). Even though our results suggest this as a 
possibility also during pyelonephritis, we interpret the low frequency of internalization 
as an indication that this event is not a major virulence mechanism during infection in 
the kidney.  

Our study show that at this stage of infection, neutrophils constitutes the vast majority 
of recruited immune cells. But in the process of clearing bacteria neutrophils are also 
major contributers to renal scaring as the release of reactive oxygen species from 
activated leukocytes may exacerbate damage to both the vessel and surrounding 
tissue (Marcus et al., 1997; Bille and Glauser, 1982; Shimamura, 1981). The bacteria 
may also directly contribute to the renal damage by producing toxic levels of Hly and 
other bacterial toxins. Hly-induced damage has earlier been demonstrated to be 
essential for CFT073 to pass through monolayers of human renal epithelial cells 
(Trifillis et al., 1994). This disruption of the integrity of endothelial and epithelial barriers 
may thus facilitate spread of bacteria into deeper tissue.  

Our studies clearly show that the infection as well as the tissue destruction is limited to 
the vicinity of the infected nephron. A rapid and extensive immune response localized 
to the site of infection is triggered, which efficiently clears the bacteria and prevents 
further spread (Kabore et al., 1999; Rugo et al., 1992). The infected nephron appears 
to be subsequently shut down for the benefit of the whole organ. This is in correlation 
with the general opinion that the inflammatory response is the major cause of tissue 
injury and scar formation leading to the long-term complications associated with 
pyelonephritis (Glauser et al., 1978). 

CONCLUSION 

Our hope is that the real-time UTI model presented in this thesis, where the invading 
bacteria and the host response can be simultaneously visualized inside a live animal 
model, will be one step towards a new phase of in vivo imaging within the field of 
infection biology. Combined with ex vivo or in vitro experiments, the potential is even 
greater. The dynamic complexity of nature makes it impossible to foresee the outcome 
of events based on results from in vitro experiments alone. This may be especially so 
when it comes to the interplay between two very variable entities –the host and the 
microbe.
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FUTURE DIRECTIONS

1. Identify the cell-types participating in the renal innate immune response.
Neutrophils are assumed to be the core of the innate immune response in the 
kidney, but our real-time imaging study revealed that other cells also 
accumulate at the site of infection.  

2. Investigate how physiological factors such as blood and filtrate flow are 
affected during infection. The real-time UTI model allows for studies of 
movement of cells as well as fluids in the in vivo setting. This will be used in a 
study to understand the role of blood and filtrate flow in the tissue response to 
bacterial infection. 

3. Study the role of bacterial virulence factors in vivo. The experiment with the hly-
mutant bacterial strain showed that also subtle or transient effects can be 
identified using the real-time UTI model.

4. Study host-factors involved in pyelonephritis. By adapting the micropuncture 
and multiphoton techniques to a mouse model system can the plethora of 
genetically modified mice be used to elucidate the involvement of specific host 
factors in pyelonephritis. 

5. Investigate gene expression levels at specific phases of infection. By
micropuncture delivery of bacteria to the site of infection, kinetic control of the 
study is achieved. The infection can then be interrupted at any time point to 
investigate the current gene expression activity of both eukaryotic and 
prokaryotic genes, by e.g. microarray technology.  

6. Real-time in vivo gene expression analysis. As the gfp+-gene fusion system 
allows for quantitative studies, it would be interesting to fuse the GFP+-
expression to promoters of bacterial virulence genes, to investigate when and 
where these genes are expressed. 
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MY SCIENTIFIC CONTRIBUTION

During my thesis work we have developed a real-time UTI model which enables 
studies of the progression of infection in vivo. Using this approach, the kinetics of 
UPEC infection in the kidney as well as the subsequent immune response and tissue 
rearrangements, were visualized for the first time. Also subtle and transient effects, 
such as that of the bacterial virulence factor Hly, were demonstrated. We also 
identified that Hly is targeted to the host cell membrane as a consequence of its 
association with LPS. This represents a novel molecular mechanism for toxin delivery 
in bacterial pathogenesis.  

We hope that the methods described herein can be utilized to study tissue responses 
to a variety of bacterial pathogens and their virulence factors, where the spatio-
temporal resolution is the key to understand the inflammatory processes. 
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POPULÄRVETENSKAPLIG SAMMANFATTNING

Infektionssjukdomar är en av de främsta dödsorsakerna idag. WHO uppskattar att över 
tio miljoner människor per år dör i infektionssjukdomar, vilket är en femtedel av alla 
dödsfall. Även om urinvägsinfektioner (UVI) sällan har dödlig utgång orsakar den 
avsevärd personlig och samhällsekonomisk skada, då den anses vara den vanligaste 
bakterieorsakade infektionen i världen idag. Hälften av alla kvinnor drabbas någon 
gång i sina liv och av dessa får en tredjedel återkommande infektioner. UVI kan delas 
upp i två kategorier beroende på vilken del av urinvägarna som infekteras; blåskatarr i 
urinblåsan och njurbäckeninflammation i njuren (se Figur 6, sid 21). Njurbäcken-
inflammation är en allvarligare form av UVI och kan, framför allt hos barn, leda till 
bestående njurskador och kan obehandlad få dödlig utgång. 

Då människan utsätts för bakterieinfektioner reagerar kroppen med omedelbara 
vävnadsspecifika försvarsmekanismer. Infektionsförloppet beror på hur ”aggressiv” 
bakterien är, det vill säga vilka virulensfaktorer bakterien producerar, samt hur aktivt 
kroppens immunförsvar är. För att möjliggöra utvecklingen av nya 
behandlingsstrategier krävs ökad kunskap om bakteriernas samspel med kroppens 
celler, och hur cellerna kommunicerar med immunförsvaret. Denna typ av studier har 
varit svåra att utföra tidigare på grund av avsaknad av modellsystem. Vi har dock 
utvecklat en metod där bakterieinfektioner kan studeras i realtid inuti det infekterade 
organet i ett levande djur (se Figur 4, sid 18). Denna metod möjliggör således studier 
av de komplexa mekanismer som deltar i kroppens försvar mot främmande bakterier. 

För att skapa ett relevant modellsystem har vi använt en uropatogen Escherichia coli
bakterie (UPEC) som ursprungligen kommer från en patient med 
njurbäckeninflammation (pyelonefrit), och som skapar samma infektion hos råtta. 
Genom att göra bakterien ”självlysande” kunde den med hjälp av multifoton-
mikroskopiering identifieras inuti njuren i det levande djuret. Blodflöde och 
vävnadsstrukturer synliggjordes med olika cell- och vävnadsspecifika markörer (se 
Figur 5 på sid 18 och Figur 7 på sid 24). På detta sätt kunde vi för första gången 
bokstavligen se infektionsförloppet vid njurbäckeninflammation spelas upp framför 
våra ögon. Härmed har vi fått en ny förståelse för hur tidsramen ser ut för 
immuncellernas rekrytering till det infekterade området, samt hur detta påverkar 
blodflödet i området och orsakar vävnadsskador. Vi undersökte också vilka faser 
bakterien går igenom då den koloniserar njuren. Vi fann att UPEC infekterar både 
distala och proximala delar av njuren och att den även kan gå intracellulärt i olika 
njurceller. I blåsan har detta rapporterats vara ett sätt för bakterien att gömma sig för 
immunsvaret, men då bakterien endast i undantagsfall återfanns inne i njurceller tror vi 
att det inte har någon större betydelse för infektionsförloppet i njuren.  

Vi undersökte även betydelsen för en välkänd virulensfaktor, det bakterieproducerade 
toxinet hemolysin (Hly). Detta toxin har studerats i årtionden, men ingen har hittills 
kunnat visa dess betydelse för infektionen. Genom att genetiskt slå ut hly-genen hos 
bakterien såg vi att det orsakade en fördröjning i det inflammatoriska svaret med flera 
timmar.  
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Denna infektionsmodell genererar unik kunskap om det dynamiska infektionsförloppet. 
Vår förhoppning är att den fördjupade förståelsen av sjukdomsutvecklingen som detta 
leder till kan möjliggöra utvecklandet av nya behandlingsmetoder. Då 
vävnadsbiologiska och vävnadsfysiologiska förändringar på organ- cell- och molekylär 
nivå kan fås kontinuerligt från ett och samma infekterat djur, bidrar det till att markant 
minska antalet djur som behövs i studien. Dessutom kan samma metod appliceras på 
många andra bakteriella infektioner i vitt skilda organ. 

.
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