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Abstract 

Urinary tract infection (UTI) is one of the most common infections and costs millions of dollar 

each year to the health care industry. Escherichia coli is the causative agent responsible for 
over 80% of UTIs. However, other pathogens such as Group B streptococcus (GBS), a Gram-
positive bacterium, also cause UTI. In addition, GBS is an important commensal microbe in the 

female genital tract. Researchers have used various murine models to study mechanisms of 
disease pathogenesis for UTI and microbe colonisation of the genital tract. However, there is a 
lack of understanding of the pathogenic mechanisms and microbe virulence factors involved in 

UTI and genital tract colonisation due to both E. coli and GBS. 
 
This thesis reports on a series of experiments using murine models to better understand the 

pathogenesis of E. coli and GBS infection in the urogenital tract. It explores the use of several 
murine models to better understand host responses to these infections. In one series of 
experiments on both E. coli and GBS, murine models were utilised to define the global host 

immune response to these bacteria in UTI on a genome-wide scale with the aid of microarrays. 
Another series of experiments used a murine model of E. coli UTI to study the virulence factor 
α-hemolysin and how this factor influences host responses. The thesis also describes the 

development of a novel GBS long-term genital tract colonisation model in mice that was used to 
define the nature of GBS colonisation and survival in this infection. Thus, a series of novel 
murine models are described in the thesis that were applied in various host response studies 

and virulence assays to better understand how E. coli and GBS survive and cause infection in 
the urogenital tract in vivo.  
 

The application of murine models to study urogenital tract infection as described in this thesis 
provides researchers with a solid platform to examine the effects of virulence factors, and host 
responses in more detail in future studies. One particular area for future research relates to the 

specific series of experiments in which a murine UTI model was used to test the efficacy of 
prophylactic use of a novel E. coli 83972 ‘probiotic strain’ expressing a P fimbriae 
oligosaccharide receptor mimic to prevent acute infection. In this way, the data described in this 

thesis also provides vital new insight into how murine models can be used to test possible novel 
treatment strategies for preventing UTI.  
 

Overall, this thesis demonstrates several applications of novel murine models as invaluable 
tools for understanding the pathogenesis of urogenital tract infections.   
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Chapter 1  

General Introduction 
Mucosal surfaces are in contact with a vast array of microorganisms at varying times [1]. These 

surfaces aim to protect from invading pathogens and prevent the dissemination of the 
pathogens [2]. The urogenital tract is one such mucosal surface that protects from pathogen 
infection and invasion [3]. This niche environment provides suitable conditions for specific 

micro-flora, with a vast diversity of commensal bacteria and other organisms present, mainly 
Lactobacillus spp. as well as Gardnerella, Mobiluncus, Staphylococcus, Streptococcus, 
Prevotella spp. and Fusobacteria spp. [4]. These microorganisms, often living in mutual benefit 
to each other, prevent potential infection [5]. While the genital tract (GT) is colonised by 

numerous commensal organisms, the urinary tract is considered a sterile environment. Due to 
the anatomy of the female urogenital tract, the GT and urinary tract are in close proximity to the 
gastrointestinal tract, which often leads to infection of the urinary tract from genital and/or 

gastrointestinal micro-flora [6].  
 
The commensal micro-flora that reside in the urogenital tract can cause infection under certain 

circumstances due to changes in environmental conditions, including pH, sexual activity, 
personal hygiene, antibiotic treatment, and diet [4, 7]. Sexually transmitted infections, bacterial 
vaginosis and urinary tract infections (UTIs) are the most prevalent infectious diseases in the 

urogenital tract [8]. Leading pathogens most commonly associated with these urogenital tract 
infections include Streptococcus agalactiae (S. agalactiae), uropathogenic Escherichia coli 
(UPEC), Chlamydia trachomatis and Candida albicans [9, 10]. 

 
Perhaps the most common infectious disease affecting the human urogenital tract is UTI. UTIs 
are responsible for an estimated 11 million doctor visits annually in the USA alone, and over 

150 million doctor visits globally each year, with an annual cost upwards of 6 billion US dollars 
[11-15]. UTIs can be classified as uncomplicated or complicated, and further classified as acute, 
chronic and idiopathic cystitis, urethritis, asymptomatic bacteriuria (ABU), and pyelonephritis 

based on the clinical symptoms and laboratory markers [7, 16-18]. Studies suggest that 95% of 
all UTIs develop by an ascending route of infection, with microorganisms moving from the 
periurethral area in an upward direction, infecting the bladder. In severe cases the 

microorganisms may continue along the urinary tract and infect the ureters and kidneys [11, 19].  
 
The most common infecting agent in the urinary tract is UPEC, a Gram -negative rod-shaped 

bacterium [20-23]. E. coli also forms part of the normal commensal GT normal micro-flora in 
some individuals [24]. UPEC has been well studied and many virulence factors that assist with 
bacterial adherence to the bladder and colonisation have been ident ified [25-32]. These include 

lipopolysaccharide (LPS), bacterial adhesins and toxins. LPS binds Toll Like Receptor (TLR)-
4/CD14 initiating inflammatory signal cascades that lead to Mitogen -activated protein kinase 
(MAPK) pathway activation and pro-inflammatory cytokine gene expression. Immune responses 

from the TLR-4/CD14 and MAPK pathway have recently been shown to be associated with 
clinical symptoms in UTI patients [33-38]. Several toxins of UPEC have been described, and 
among them is the alpha-haemolysin. The toxin is known to cause cell lysis, which can cause 

the death of the host [39-41]. Tamm-Horsfall protein was recently discovered as a host protein 
that binds to bacterial adhesins and prevents interactions with uroplakin receptors on bladder 
cells [30]. However, UPEC is not the only bacterium able to cause UTI; others include 

Klebsiella, Enterobacter, Proteus, Staphylococcus saprophyticus, Enterococcus  and S. 
agalactiae [9, 42, 43].  
 

A bacterium that is more commonly associated with GT micro-flora and less frequently as 
uropathogenic compared to E. coli is S. agalactiae. This organism, also known as Group B 
Streptococcus (GBS), is present in the GT micro-flora in approximately 25% of healthy adult 

women worldwide. GBS is a Gram-positive, β-haemolytic, chain-forming bacterium [44-46]. 
Importantly, GBS is not merely a commensal in the female GT; it also causes UTI, is present in 
about 1% of all UTI cases, and indistinguishable based on clinical symptoms from UPEC-

caused UTI [47, 48]. GBS UTI in women may occur via ascension from the vagina, where GBS 
can persist asymptomatically [49], and is considered to be an indicator of heavy maternal 
vaginal colonisation [50]. In addition, GBS UTI complicates up to 7% of pregnancies, and 

reportedly accounts for approximately 10% of all cases of pyelonephritis in pregnancy [51]. 
 



 

2 
 

In considering micro-flora of the female GT, and the different bacteria that cause UTI, GBS is 
rather unique in terms of its ability to cause a spectrum of diseases in adults and its ability to 
colonise the GT of healthy women in a commensal-type manner [45, 51]. During pregnancy, 

GBS is known to cause chorioamnionitis [52] and premature onset of labour [53], and can be 
vertically transmitted from mother to neonate during birth [54, 55]. Much of the GBS research to 
date has focussed on the prevalence of infection, looking at disease in defined regions [56-60]; 

less research has been undertaken on GBS colonisation of the urogenital  tract. In terms of GBS 
GT colonisation, there is currently no animal model for this condition; one way to expand this 
field would be through the development of a clinically relevant animal model of infection.  

 
One major question for the field is how GBS is able to asymptomatically colonise the female 
GT, and if this colonisation actually causes any diseases and immune responses in the 

colonised host. The question remains unanswered and to date there has been limited 
investigation into female GT GBS colonisation. This is likely a result of the difficulties in studying 
host-pathogen interactions in humans. In terms of the urinary tract aspects of GBS urogenital 

tract infection, the pathogenesis of GBS UTI is not well characterised. While a murine model of 
this condition was described at a basic level [61], no further investigation of the pathogenic 
mechanisms behind GBS UTI has been undertaken. The lack of knowledge on mechanisms of 

pathogenicity in the GBS UTI field contrasts with extensive knowledge of UPEC UTI 
pathogenesis because mouse models have been available and valuable for studying this 
disease.  

 
The use of small animal models is an invaluable tool to aid in understanding human infections 
and developing new treatments [62-66]. The use of mice, as opposed to other small laboratory 

animals, is well accepted because of low cost, ease of manipulation, and widespread availabi lity 
of reagents [67-72]. Murine models of urogenital tract infection, in conjunction with human 
studies, have been instrumental in understanding host immune response factors and bacterial 

virulence factors that contribute to colonisation, pathogenesis and progression of infection for 
several organisms [30, 70, 73-78]. Research has focussed on understanding these immune 
response factors and virulence factors and whether these factors can act as potential targets for 

new therapeutic and prophylactic treatments. It is believed that increasing our understanding of 
these conditions through mouse models will eventually help to reduce the burden of human 
disease [79-81].  

 
In general, the field of host-pathogen interactions is a broad topic with endless questions to be 
asked and hypotheses to be tested [77, 82-85]. While some research has been done to 

understand the nature of urogenital tract infections for some microbes, many questions remain 
to be addressed for UPEC and GBS as two of the most common potential pathogens 
associated with urogenital tract infection. These questions include the following. What 

mechanisms do these two pathogens use that trigger innate immune responses in the 
urogenital tract? How do these pathogens evade host defence responses in the urogenital 
tract? How does the host recognise these organisms in the urogenital tract niche? And can an 

in vivo animal model of GBS GT infection be developed and used to study this very common 
human condition? In applying different mouse models to study these questions, the overarching 
goal of this thesis is to help unravel the complex host immune response signalling pathways, 

pathogen virulence factors and interactions between the host and the pathogen during 
urogenital tract infection with UPEC and GBS. 
 

The specific aims of this thesis are:  
To identify new aspects underlying virulence factors including alpha -haemolysin, host immune 
responses, and potential novel treatment strategies for UPEC UTI through refinement and 

application of relevant mouse models. 
 
To characterise in detail early innate immune responses and mechanisms of pathogenesis of 

GBS UTI using a clinically relevant mouse model of infection.  
 
To determine potential associations between bacteriuria and disease in GBS UTI using a 

defined collection of human urine GBS isolates and patient data.  
 
To establish a long-term GBS genital tract colonisation model in mice and apply this to 

investigate how genital tract GBS may predispose to GBS UTI.  
 
To determine whether increased age influences the severity of GBS UTI in mice.  
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The hypotheses of this thesis are: 
That a mouse model of UPEC UTI can be used to further understand the role of alpha-
haemolysin in the pathogenesis of UPEC UTI. 

 
That a mouse model of UPEC UTI can be used to identify the extent of host innate immune 
responses induced by UPEC during UTI, and how this compares to innate responses triggered 

by GBS UTI.  
 
That an appropriate variation of a mouse UPEC UTI model can be used to trial a new treatment 

strategy to prevent UPEC UTI.  
 
That the murine UTI model can be applied to GBS UTI and used to gain knowledge of the 

dynamic host immune responses in comparison to UPEC UTI.  
 
That there is a correlation between the numbers of GBS recovered from the urine sample to the 

prediction of a GBS UTI.  
 
That it is possible to establish a long-term GBS genital tract colonisation model to study how 

genital tract infection may predispose to GBS UTI.  
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Chapter 2 

Bacterial urinary tract infection and the host immune response  

Introduction 
Urinary tract infections (UTIs) are some of the most common bacterial infections in humans. 
The various diseases resulting from UTIs represent a major burden to health care systems in 
both developed and underdeveloped counties. Collectively, UTIs are respo nsible for an 

estimated 11 million annual doctor visits in the USA alone, and over 150 million doctor visits 
globally each year, with an annual cost upwards of 6 billion dollars [12-15]. Broad categories of 
disease include complicated and uncomplicated UTIs, which can be further classified according 

to specific clinical and/or laboratory markers into UTI conditions of acute cystitis, urethritis, 
asymptomatic bacteruria (ABU), chronic and idiopathic cystitis, prostatitis, and pyelonephritis 
[7]. Complicated UTIs relate to physical or abnormal structural conditions in the urinary tract, 

and are caused by a more diverse group of organisms compared to uncomplicated UTIs. In the 
absence of appropriate and timely antibiotic treatment, UTI can progress to fulminating and life-
threatening conditions, such as urosepsis and renal failure [86, 87].  

 
More than 50% of all women will experience at least one UTI during their lifetime [14, 88], and 
up to 30% will experience a recurrent infection that may progress to chronic disease [12, 13, 89-

92]. Acute UTIs are less prevalent in men compared to women, with an overall incidence of 
12% in men over the age of 65, compared to 21% in women of similar age [93]. The incidence 
is considerably higher for elderly individuals living in institutions [93]. Another aspect of UTIs of 

significant interest is the increasing prevalence of disease associated with indwelling urinary 
catheters, termed ‘catheter associated UTI’ (CAUTI) [94, 95]. CAUTI has garnered particular 
attention because patients with indwelling urinary catheters have a much higher rate of 

recurrence, although the basis of this is largely unknown [96]. Up to 10% of catheterised 
patients, and almost all patients with long-term indwelling catheters, will develop CAUTI [94, 
95]. A major problem related to CAUTI, first recognised more than a decade ago, is that 

uropathogenic organisms can colonise catheters and form biofilms, which enables them to 
resist antibiotic treatment and persist in the host [97]. The increasing burden of CAUTI on the 
health care sector highlights a desperate need for further research to understand this condition, 

as reviewed elsewhere [94, 95].  
 

Aetiological Agents of UTIs  
Gram-negative bacteria are by far the most common aetiological agents of UTIs. Uropathogenic 
Escherichia coli (UPEC) are the leading cause of UTIs overall, with up to 80% of cases 
associated with UPEC [21, 98]. UPEC also cause most of the cases of uncomplicated cystitis 

[99], particularly in women aged 16-35 years [100]. The majority of UPEC associated with UTI 
originate from the gastrointestinal tract and spread to the vaginal int roitus and urethral opening, 
which provides an opportunity to ascend and colonise the bladder [98]. Other Gram-negative 

bacteria, most notably Acinetobacter baumannii, Klebsiella spp., Pseudomonas spp., 
Citrobacter spp., and Proteus spp., are also common causes of UTI [93, 101]. A smaller number 
of Gram-positive bacteria, including Enterococcus sp., Staphylococcus spp., Ureoplasma sp., 

and Streptococcus agalactiae, are also noted uropathogens [102-107].  
 
The aetiological agents of pyelonephritis are generally of the same species compared to those 

that cause cystitis; however, there is some evidence that certain pyelonephritis UPEC strains 
are more virulent than cystitis strains [108], illustrating a spectrum of pathogenic potential within 
a single species. Certain bacteria are also more commonly associated with distinct UTI clinical 

conditions in specific groups such as enterococci, which are overrepresented among patients 
with complicated UTIs, and CAUTI [9, 21]. Similarly, Staphylococcus saprophyticus affects 
mostly younger women [109]. Organisms that are commonly associated with severe UTIs 

include Morganella morganii, Providencia stuartii, Pseudomonas aeruginosa, Enterobacter and 
Serratia sp. [12, 15, 110, 111]. In terms of asymptomatic infection, which is at the opposite end 
of the UTI spectrum, some of the most common causes of ABU include Klebsiella spp., 

Enterococcus, non-albicans Candida species, E. coli and S. agalactiae [21, 49, 104]. 
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Pathogenesis of UTI and Host Studies  
The urinary tract is part of the body’s mucosal surface and any potential pathogens that gain 
entry into the lower urinary tract are faced with a multitude of host defence mechanisms that are 
geared towards preventing bacterial colonisation [35, 112, 113]. The urinary tract not only 

provides a potential niche for pathogens to directly colonise the mucosal surface of the bladder, 
but also provides urine, which some bacteria may utilise for growth. This element of urine 
growth in pathogenesis helps to explain the increased susceptibility of individuals with voiding 

defects for recurrent cystitis [114-116]. In addition to the flushing mechanisms of urine, and the 
impermeable epithelial lining of the bladder and ureters, the urinary tract utilises various 
antibacterial defence mechanisms including antimicrobial peptides, uromodulin, and cytokines 

including IL-17a, and IL-9 [15, 30, 117]. Knowledge of these antibacterial defences in the 
urinary tract has been derived in large part from mouse models of UTI. In terms of virulence 
factors and their role in pathogenesis, many of the virulence factors of UPEC such as type 1 

fimbriae, other protein adhesins, and toxins are reviewed elsewhere [77, 118-120].  
 
At the cellular level, bladder epithelial cells (BECs) represent the first line of defence against 

UTI, and play a major role in the host response to UPEC. These cells express the uroplakin 
proteins, UPla, UPlb, UPll, and UPllla, which are scalloped-shaped plaques in a latticework of 
proteins on the cells apical surface [121]. BECs have a specialised role in the exclusion of urine, 

and are closely associated with a collection of lipids, sphingolipids and cholesterol, often 
referred to as lipid rafts. These cells provide a surface that is highly impermeable to urine, 
solutes, and potential pathogens [99, 122-124]. An extracellular proteoglycan mucin layer on the 

apical surface of BECs also helps to reduce permeability, and limits bacterial colonisation [125-
127]. BECs, however, also represent a niche that UPEC uses for intracellular replication, 
subsequent to host cell invasion [128]. Thus, not only do BECs provide barrier protection at the 

mucosal surface, but they also supply a habitat in which highly adapted uropathogens  may 
survive and replicate. This makes the role of BECs in the pathogenesis of UTI complex, as 
described in relation to uroplakin 1a and TLR4 by Song et al. [35, 76]. Localised infection at the 

bladder surface can also lead to programmed cell death in BECs, as shown for UPEC [129], 
which is a key aspect of pathogenesis in response to many bacteria [130], and probably 
contributes to the removal of UPEC from the bladder surface [77].  

 
Host innate immune responses play a huge role in its first line defence against invasion of the 
urinary tract. Extensive research has been carried out on the host innate and adaptive immune 

responses defence against Gram-negative pathogens, mainly focussed on UPEC as reviewed 
elsewhere [30, 112, 117]. While extensive research has been carried out to understand the 
pathogen response during infection, research has also focussed on the host immune response. 

To date, many mammalian factors are associated with host responses to UPEC-mediated UTI. 
These factors include cytokines, chemokines and relevant complexes such as CCLs, CXCLs, 
G-CSF, IL-8, IL-27, IL-1β, IL-12p40, TNF-α, C3 and factor B which in turn recruit cellular 

defences such as T cell, macrophages, NK cells and neutrophils to the infection site to fence off 
the infection. Increase of IL-6 and IL-17 production, CD14 gene regulation, down regulation of 
BMP4 are all part of the host innate immune response against UTI by UPEC [67, 131-145]. 

 
IL-8 plays an important role in recruiting neutrophils in humans and in mice. The homologue of 
IL-8 is CXCL1 and 2 (also known as KC and MIP-2) [145]. It has been shown that UPEC 

triggers TLR4, and in turn activates IL-8 secretion from bladder and kidney cell lines, which 
attract neutrophil migration to the UPEC-infected urinary tract [132, 146-150]. Deficiency in 
CXCR will cause more severe UTI [151] [80] [141]. Ingersoll et al (2008) used a bioplex plat form 

to identify cytokines that are up-regulated by UPEC. They found that MCP-1, MIP-1β, RANTES, 
CXCL1, IL-1β, IL-6, Il-12p40-, IL-17, TNF-α, G-CSF were all upregulated in C57BL/6 mouse 
bladder [133, 152]. 

  

Applications of Mouse Models to Study Human UTI: General Considerations  
Mouse models are invaluable as tools to understand microbial pathogenesis related to human 
infection, and to aid in the development of new treatment strategies. Their broad application in 
studying risk factors for infection, development of diagnostics and antibiotics, and in the analysis 

of immune responses and immunisation are reviewed elsewhere [13, 153-155]. The use of 
mice, as opposed to other small laboratory animals, is well accepted because of low cost, ease 
of manipulation, and widespread availability of reagents. In addition, recent gene-targeting 

advances have made many genetically modified strains available, which enables targeted 
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functional studies of specific genes and host responses [67-72, 80]. In terms of UTI, murine 
models in conjunction with human studies have identified host immune response factors and 
bacterial virulence factors that affect the pathogenesis and progress ion of disease. Studies of 

gene-deficient mice, for example, have revealed genes that are important in determining 
susceptibility to UTI, including those encoding TLR4, CXCR2, and IL -17a, as reviewed 
elsewhere [67, 156, 157]. Murine models of UTI have also been instrumental in understanding 

bacterial virulence factors that contribute to disease. These factors are a topic of intense 
research in the UTI field because an increased understanding of their role in pathogenesis and 
as potential targets for new therapeutic and prophylactic treatments will eventually help to 

reduce the burden in human [79-81].  
 

Major Experimental Variables in Murine UTI Models  
There are a number of key experimental variables that have been considered and developed in 
past studies of murine models of UTIs. One of the central factors that influences the progression 
of disease and results generated from experimental UTI in mice is the inoculation procedure 

used for infectious challenge. There is considerable variation in challenge techniques that have 
been applied to mice in past studies, and this has the potential to drastically alter the 
interpretation of data generated from such studies. In general, transurethral challenge is used, 

based on superficial insertion of a catheter several millimetres through the urethral orifice, which 
is sufficient to deliver the inoculum. Alternatively, the catheter can be inserted deeper through 
the urethral orifice and into the bladder so that the inoculum can be injected directly into the 

bladder lumen. It is has been suggested that more superficial injection at the urethral orifice 
might yield a lower recovery of bacteria, because the force of injection inside the bladder in 
alternative techniques, may aid the attachment of bacteria to bladder uroepithelial cells [158].  

 
Separate from catheter placement, the speed of delivery of the inoculum, and thus, the 
challenge force, is also likely to influence the distribution of bacteria in the urinary tract 

immediately following inoculation [158-162]. In a mouse model of UTI, surgical opening of the 
peritoneal cavity was used with direct injection followed by placement of sutures into the bladder 
to avoid transurethral delivery [163]. One particular challenge procedure was linked with 

possible fatal bacteraemia due to the introduction of organisms into the peritoneal cavity and 
bloodstream [164-166], although this was not proven experimentally. 
 

Other major methodological variables include the challenge dose and volume used for infection, 
which have ranged between 10

6
-10

10
 CFU, and 10-100 μl, respectively [70, 158, 163, 167, 168]. 

The human UTI condition being studied (e.g. cystitis, pyelonephritis, urosepsis) is the foremost 

determinant of the precise challenge dose and volume to be used. For example, to study 
pyelonephritis in murine UTI, a high challenge volume is necessary to induce vesicoureteral 
reflux (VUR) in the upper urinary tract [161, 164, 169]. It is also important to note that superficial 

transurethral challenge may not cause VUR, in contrast to deeper injection through the urethra 
into the bladder, as discussed elsewhere [158, 162]. This effect on VUR is most likely related to 
an increased force resulting from deeper injection challenges that may expand the bladder and 

cause reflux into the kidney [158, 161, 162, 164]. Hence, it is important to carefully consider the 
injection method, the infectious dose, and the volume used for challenge.  
 

Finally, the strain selection of mouse represents a key variable that greatly influences the 
progression of disease in models of UTI. For example, Hopkins et aI. (1998) looked at 
genetically distinct mouse strains and how these respond to UPEC UTIs. These studies showed 

that genetic makeup is important in determining susceptibility in murine UTI, showing that 
genetic makeup is an important factor to consider when using mice to represent human 
infection [164]. There is no single mouse strain that is uniformly suitable for all experimental 

studies of UTI because particular strains provide unique advantages in specific circumstanc es. 
Thus, it is impractical to select only one mouse strain as a model because different strains have 
different phenotypes and vary in their response to UTI. These variances provide a valuable 

means to understand specific aspects of host defence and pathogenesis because dissimilar 
responses in different strains of mice reflect genetic diversity in human populations, as 
discussed elsewhere [112, 164]. Three of the mostly widely used mouse strains in current 

experimental models are the C57BL/6, CBA/J, and C3H/HeN inbred lines. The first of these, the 
C57BL/6 strain, has the advantage of a multitude of gene-deficient derivatives that are 
available. On the other hand, CBA/J mice have been widely used for ascending UTI 

experiments, and therefore provide a broad knowledge base about this condition through many 
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published studies [165, 170-172]. A major advantage of the C3H/HeN strain is the availability of 
the paired LPS-nonresponsive C3H/HeJ strain, which has enabled TLR4 responsiveness in UTI 
to be defined [164, 173]. The unique host traits stemming from TLR4-deficiency in C3H/HeN 

mice are strain-specific and can provide key insight into pathogenesis but are not representative 
of the vast majority of other immune-competent strains. Thus, the challenge of comparing data 
based on different mouse strains is notable, but overall is outweighed by the advantages 

provided by distinct strains for distinct applications. A final benefit of applying various mouse 
strains in different studies is that findings that are consistent among different background strains 
can be applied more broadly to UTIs. Despite the advantages of applying different strains of 

mice to the study of UTI, there are also limitations in what these models can provide. Some 
pathogens infect mice less efficiently compared to humans (e.g. enteropathogenic E. coli), but 
there is no knowledge of infection efficiency of uropathogens between mice and humans [174, 

175]. Confounding factors that may determine differences in susceptibility to disease in the 
urinary tract between humans and mice include divergent urinary tract  anatomy, behaviour, and 
distinct micturition habits.  

Table 1: Summary of murine UTI models 
 

Focus of Study Bacteria Dose  Mouse strain Ref 

Antibiotic 
treatment 

E. coli 10
10

cfu/ml Ssc-CF1 [159]  

Time course and 
host responses 

E. coli 10
8
 BALB/c, C3H/HeN, 

C3H/HeJ, C57bl/6, DBA.1, 

DBA.2, AKR, C3H/OuJ, 
SJL, SWR 

[164]  

Biofilm formation E. faecalis 10
5-6

 ICR [176]  

Biofilm formation E. faecalis 10
5-6

 ICR  [106]  

Biofilm formation E. faecalis 10
2-6

 ICR  [177]  

Virulence E. coli n/a Of-1  [178]  

CAUTI Enterococci  2 x 10
7
 to 3.5 

x 10
7
  

C57bl/6Ncr [179]  

Virulence E. coli 5 × 10
6
  CFW1  [178]  

Antibiotic 
treatment 

E. coli 10
7
 CBA/J  [180]  

Virulence E. coli 2 × 10
7
 C3H/HeN  [181]  

Virulence E. coli 2 × 10
7
 C3H/HeN  [182]  

Virulence E. coli 10
8
 CBA/J [171]  

Virulence E. coli 1-5 x10
8
 Swiss Webster [183]  

Virulence Proteus mirabilis 1-5 x10
7
 CBA  [184]  

Diabetic E. coli, Klebsiella 

pneumoniae, 
Enterococus 
faecalis 

1-2 x10
7
 C3H/HeN, C3H/HeJ, 

C57bl/6 

[185]  

Virulence E. coli 10
7-9

 CBA/J [108]  

Virulence E. coli 1-5 x10
8
 CBA/J, Swiss Webster [186]  

Host response E. coli 10
8
 C57bl/6  [187]  

Virulence E. coli 5x10
8
 C57bl/6 [188]  

Host response E. coli 10
8
 C3H/HeJ, C3H/HeN [189]  

Virulence E. coli 5x10
9
, 

1-5x10
8
 

CBA/J, Swiss Webster [190]  

Host response E. coli 5x10
8
 C57bl/6 [191]  

Virulence E. coli 10
7
 C3H/HeN [192]  

VUR E. coli 10
9
cfu/ml Swiss Webster [162]  
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Virulence E. coli 10
9
cfu/ml CBA/J [193]  

Virulence E. coli 10
9
 CBA [194]  

Virulence E. coli 10
9
 C3H/HeN [195]  

Virulence E. coli 1-2 x 10
7
 C3H/HeN [196]  

Biofilm formation Pseudomonas 
aerugInosa, P. 

mirabilis 

2x10
6
, 

1.3x10
4
 

CF-1 [197]  

Virulence E. coli 2x10
9
 CBA/J [198]  

Virulence P.mirabilis 5x10
7
  CBA [199]  

Antibiotic 
treatment 

E. coli 5x10
7-8

 Ssc-CF1 [200]  

Antibiotic 

treatment 

E. coli 10
8
 C57bl/6 [201]  

Probiotic E. coli, 
Lactobacilli 

1-2 x 10
6
 C3H/HeN, C3H/HeJ [202]  

Virulence E. coli 10
7-8

 C3H/HeOuJ, BALB/c [203]  

Host response E. coli 10
9̂
cfu/ml BaLB/c  [80] 

Birth E. coli 600nm = 1 C3H/HeJ  [204]  

Virulence E. coli 10
7
 C57bl/6 [205]  

Host response K.pneumoniae, 
S.saprophyticus  

n/a THP gene KO  [105]  

Bacterial survival  GBS 10
3
 Cornett  [166]  

Virulence Providencia 
stuartii 

10
9
 CD-1, CBA [110]  

Kinetic E. coli 10
8
 C57bl/6, CBA [206]  

IBC E. coli 10
7
 C57bl/6, C3H/HeJ, 

C3H/HeN, CBA, FVB/NJ 
[207]  

Host response E. coli 10
8
 C57bl/6 [208]  

Virulence E. coli, 
Staphylococcus 
aureus, 

Enterococcus 
faecalis, 
Pseudomonas 

aerugInosa 

3x10
7
-5x10

8
 Ssc-CF1 [209]  

Virulence E. coli,  
S. saprophyticus, 
S.epidermidis  

10
9
cfu/ml Parkes  [210]  

Vaccine P. mirabilis 5x10
7
 CBA [103]  

 

Murine models for transcriptomics in UTIs  
A major application of murine models of bacterial UTI in the field of transcriptomics has been to 
define genes and gene responses of uropathogens that contribute to bac terial survival in the 
urinary tract. A study on the transcriptional responses of UPEC recovered from mice showed 

similar gene expression responses as in UPEC collected from the urine of women with 
symptoms of bladder infection [211]. This study identified the usefulness of mouse models for 
studying transcriptional responses during human infection, but also revealed several important 

differences in the UPEC transcriptome between species, including a bacterial surface structure 
that is necessary for infection in mice, which was not detected in E. coli in human urine.  
 

Snyder et al (2004) studied the transcriptome of UPEC CFT073 in LB media, in human urine 
and in mice and compared the transcript difference in these different setting. Their results 
showed that UPEC exhibit different gene expression between growth in vivo and in vitro, and a 

clear indication that certain signalling pathway were significantly upregulated, such as iron 
acquisition operons, fimAICDFGH gene cluster, osmotic stress responding genes. They confirm 
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that type 1 fimbrial plays a significant role in growth in vivo as fimA was highly expressed, 
whereas P fimbriae, a known virulence factor during UTI, were downregulated [170].  
 

In contrast to bacterial transcriptomics studies, recent mapping of host gene expression 
responses in murine UTI has provided key information on immune responses and immune-
evasion strategies of uropathogenic bacteria in the urinary tract. Most of this host transcriptomic 

research has been carried out in mice infected with UPEC to study the signalling pathways 
associated with antibacterial defence in the urinary tract. In a recent study of global gene 
expression responses in the bladder in response to UPEC CFT073, for example, IL -10 was 

identified as an important determinant of early defence [131]. In this study, C57BL/6 mice were 
infected with either UPEC or GBS transurethrally in 40 microliters of PBS containing 109 CFU of 
bacteria. Changes of the RNA expression in the bladder were analysed using whole-genome 

microarrays. Several key immune responses specific to the infecting pathogen were identified, 
including Toll-like receptors pathway, T cell receptor signalling pathway, and adaptive immune 
responses pathway [131]. This study illustrates that unique bladder transcriptomic responses 

are induced by distinct uropathogens, which has implications for understanding the 
pathogenesis of infection. Future studies will be im portant to identify specific virulence factors of 
the bacteria that induce these pathogen-specific immune responses.  

 
Transcriptomic studies of host responses to other uropathogenic bacteria have been rare 
compared to UPEC. Recently, however, the GBS bladder transcriptome was defined in a 

comparison between this organism and UPEC. This showed that both pathogens elicit various 
degree of response: UPEC stimulate more immune response possibly due to the LPS effect, 
whereas Gram-positive GBS only activate a small subset of immune responses. With such 

comparisons between Gram-positive and Gram-negative uropathogens, researchers will be 
able to more easily identify unique host responses to virulence factors of diverse pathogens 
[212]. Collectively, these findings have contributed to our understanding of infection in humans 

and will help in the development of vaccines and treatments. They also show the limitations of 
animal model studies in predicting aspects of bacterial pathogenesis in UTIs [211].  
 

Biofilms  
Biofilms play an important role in bacterial UTI pathogenesis, as reviewed elsewhere, and this 
has been examined in various murine models of infection [213-215]. Singh et al (2007) 

demonstrated that E. faecalis forms biofilms in the urinary tract, and identified the genes that 
contribute to biofilm formation. These investigators created multiple mutations in the bacteria to 
study whether any of the mutations affect biofilm formation in vivo [106]. In this model, a 

standard infection procedure was applied using female, 4- to 6-week-old, outbred ICR mice, 
which were infected and disease was subsequently monitored in the kidneys and bladder 48hr 
post-infection. This model was used to extend earlier in vitro findings of the contribution of 

genes such as OG1RF and SrtC to biofilm formation in E. faecalis, and provide a better 
understanding of the relevance of these virulence factors to UTI in vivo [106, 176, 177]. One of 
the limitations of studying biofilm formation in murine models of UTIs, however, has been the 

difficulty of imaging biofilms in vivo using commonly used techniques such as confocal and 
electron microscopy that are typically used in vitro to monitor biofilm dynamics.  
 

Blango and Mulvey (2010) tested 17 different antibiotics for effectiveness in killing UPEC UTI89 
both in vit ro and in vivo in relation to intracellular bacterial communities (IBCs). This study 
showed that most antibiotics are able to limit UTI89 growth in vitro. However, in their mouse UTI 

model, the authors described much higher minimum inhibitory concentrations (MIC) compared 
to those observed in vitro, which was associated with IBC growth that was resistant to 
antibiotics in the bladder. This led to a conclusion that the ability of UPEC to persist in the 

bladder is related to the entry of UPEC into a quiescent or semi-quiescent state within host 
cells, and the stalwart permeability barrier function associated with the bladder urothelium [180]. 
Hultgren et al (2010) also carried out experiments to investigate the importance of the virulence 

plasmid pUTI89, where in vitro, there was no difference observed, between UTI89 and plasmid 
cured UTI89. However, when the model was transferred to the mouse model of UTIs, a 
significant drop in the bacterial invasion and IBC formation was observed. This experiment 

signalled the importance of pUTI89 in the early infection stage [216]. These studies highlight the 
importance of murine model studies for testing what can be promising results in vitro that do not 
necessarily equate to promising results in vivo.  
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Catheter associated urinary tract infection 
More than one million patients are catheterised yearly in the USA and are highly susceptible to 
UTIs [217]. CAUTIs constitute a majority of nosocomial UTIs and have been studied in murine 
models by the Hultgren group. The predominant causative agent of CAUTIs is enterococci. 

Hultgren et al (2010) used a C57BL/6Ncr murine model to show that foreign bodies elicit major 
histological changes in the bladder and local pro-inflammatory cytokine responses. In studies on 
the application of the model to E. faecalis UTIs, the investigators demonstrated that the bacteria 

induce the expression IL-1β and MIP1α. These findings represent a significant advance in our 
understanding of CAUTI in the host, and underscore the importance of urinary catheterisation 
during E. faecalis uropathogenesis in terms of driving specific pro-inflammatory cytokine 

responses. Further development of this model to other uropathogens and infection conditions 
will serve as a valuable tool for the identification of virulence determinants that aid in microbial 
colonisation and survival in this niche environment. CAUTI murine mod els such as the 

enterococci model could also be useful for identifying potential antimicrobial targets for the 
treatment of specific infections [179]. In terms of the interactions between urinary catheters and 
biofilms that are important in CAUTI, the application of murine models that integrate indwelling 

urinary catheters has not been well developed to date, perhaps due to hurdles related to 
analgesia and ethical considerations.  
 

Epidemiology and Treatment Studies  
Certain disease populations, such as diabetic patients tend to have a higher risk of 

asymptomatic bacteriuria and upper UTIs [218], and a number of experimental models using 
mice have investigated the basis for this. Rosen et al (2008) using C3H/HeN, C3H/HeJ, and 
C57BL/6 mice, created and characterised a murine model of diabetes. They initiated the 

diabetes using intraperitoneal injections of streptozocin and infected the mice with 
uropathogenic Escherichia coli (UTI89), Klebsiella pneumoniae (TOP52 1721), and 
Enterococcus faecalis (0852). They found that diabetic mice were more susceptible to infection. 

As all diabetic mice harvest more bacterial recovery from their bladder and kidney, their 
research provides a model for understanding of diabetic UTI [185].  
  

In terms of the molecular epidemiology of UPEC and zoonotic potential, studies in mice have 
also proved relevant for E. coli. For example, Jakobsen et al (2010a) looked at the detection of 
Clonal Group A (CgA) E. coli isolates from poultry sources and UTI patients because of the 

suggested link between sources of E. coli and antimicrobial resistance in extra-intestinal 
pathogenic isolates (19, 1565ST43). These investigators collected CgA isolates from broiler 
chickens, broiler chicken meat, and community-dwelling humans and applied these isolates to 

an OF-1 murine UTIs model. When tested at 72 hours post-infection, CgA isolates were 
recovered in higher numbers from urine, bladder, and kidneys [178]. A similar experiment was 
carried out using E. coli B2 isolates, in which the authors reached a parallel conclusion that 

isolates recovered from healthy animals and fresh meat caused positive bladder cultures and 
pyelonephritis in a CFW1 murine model of ascending UTIs. Together, these studies provide in 
vivo, albeit circumstantial, evidence UTIs may be transmitted as a zoonosis under certain 

circumstances [178, 219]. 
 
Hvidberg et al (2000) used outbred Ssc-CF1 mice as a model of ascending unobstructed UTIs. 

The bacteria chosen were 11 different strains of UPEC isolates and one nonpathogenic 
laboratory E. coli strain. They first identified strain C175-94 as the best bacterial survivor in the 
kidney, showing major histological changes. They then test the antibiotics using different doses 

of cefuroxime and gentamicin. They concluded that a mouse UTIs model is a good model to 
study the efficacy of antibiotics in the urinary system. They developed a model to study the 
significance of the antibiotic concentration in urine, serum, and kidney tissue for efficacy of 

treatment of cystitis and pyelonephritis. However the researchers had difficulty in understanding 
why the antibacterial effect was absent in the mouse bladder. This finding shows one of the 
limitations of using a mouse model to study a human pathogen and pathogenesis. Even if there 

is clear indicator of the expected result, limitations still exist due to differences in the structure or 
the physiology of the model [159]. 
 

Future applications of murine UTIs model  
As the mouse models so far developed for the study of UTI have certain limitations in mimicking 
human disease, a future approach to potentially expand their relevance to human UTI is the use 
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of human-mouse chimeras. An example of this approach is where severe combined 
immunodeficient (SCID)-hu mice have been used to address some of the host limitations in 
transplanted human cells, and whole organs. This approach has been particularly successful in 

experimental application to reproductive tissues and endometriosis [220-222]. SCID mice were 
first described by Bosma et al (1983), and have been used in various circumstances to study 
the interaction between microbial pathogens and the human host over the past two decades 

[223]. In the UTI field, SCID mice were used by Hopkin et al (1993) to investigate susceptibility 
to infection. These researchers compared SCID mice with nude mice, and showed that SCID 
mice are more susceptible to UPEC infection. Here, nude mice showed no increased 

susceptibility, indicating that a lack of thymus-derived T cells alone does not contribute to 
severe infection [224, 225]. However, there are differences in lymphocyte responses between 
mice and humans [226, 227], and it would be useful to use SCID mice to the study of 

interactions between uropathogenic bacteria and human lymphocytes in a chimera model based 
on this work. Successful SCID-hu models of infectious diseases include Hepatitis B [228], 
herpes virus [229, 230], group A streptococcus [231], and Chlamydia trachomatis [232]. In these 

models, SCID mice were transplanted with human cells from different organs and inserted into 
the mice. The SCID-hu mice are subsequently infected with specific pathogens to observe 
immunological changes during these infections. This research has enabled the study of human 

organ infection in a context resembling the clinical situation and offered the possibility of better 
characterising the host-pathogen relationship with respect to pathogenicity and therapy. It is 
technically difficult to study the human organ and infection in humans, The SCID -hu mouse 

model, carrying a human graft that is morphologically and functionally equivalent to the human 
organ, provides a unique system to study the pathogenesis of infections in vivo and may 
provide important insights into the role of relevant infections that could prove useful in better 

understanding disease pathogenesis and facilitating the development of a vaccine [228, 229, 
231, 232].  
 

Conclusions 
Without doubt, animal models are practical, economical and time-efficient models to study 
human diseases. Small animal models have a clear advantage and are certainly very attractive 

to medical research. The advancement of knock-out mice and SCID mice provided a new 
platform to systematically evaluate the role of host-immune response, both innate and adaptive, 
in the role of receptors, signalling molecules, cytokines and chemokines [30]. Advancement of 

UTI through animal models has provided much insight of the pathogenesis of this disease. 
Vaccines based on these findings have progressed to phase II clinical trials, but this vaccine is 
currently not available on the market (Hopkins 2007). More therapeutic treatment options will 

become available in the future as researchers gain insight of the pathogenesis of UTI.  
 
We should, however, always keep in mind that there are limitations in the small animal model 

that can affect the final result when compared to clinical trial. Many in vivo and in vitro 
experiments show promising results but are not effective in human trials, a difference that could 
be due to the different in the immunity and the physiological different betw een the models and 

human and partly due to the complexity of an in vivo model.  
 
Understanding the pathogenesis of UTIs may lead to new and better ways to treat and prevent 

these diseases. The murine model is a valuable and robust tool in the identification and 
characterisation of bacterial virulence factors and host responses pertinent to the pathogenesis 
of uropathogen in the urinary tract and the mechanisms underlying ascension to the kidneys. 

Importantly, a standardised model will serve as an ideal plat form for testing potential 
therapeutics against uropathogen.  
 

Technological innovations to prevent UTI infection are likely to be most effective if they are 
based on a clear understanding of the pathogenesis of the infection [233]. The greatest hope for 
a major reduction in UTIs is likely to be through vaccines against important multidrug -resistant 

uropathogens, such as the enteric gram -negative bacilli and staphylococci. 
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Interleukin-10 in the host immune response and the impact on infectious 

disease pathogenesis  
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Chapter 3 

Novel applications of murine UTI models to study the pathogenesis of 
disease and new prophylactic approaches  
Together, the data presented in Chapter 3 demonstrate the use of murine UTI models in several 
UPEC UTI pathogenesis studies. The first publication that is presented examines the role of 

alpha-hemolysin in cytokine production the murine UTI model and uroepithelial cells. The 
second publication describes the whole bladder transcriptome of UPEC UTI in mice (at 2h) 
based on genome-wide expression profiling to define innate immune activation mechanisms 

stemming from UPEC colonization. The last publication describes the use of a murine UTI 
model to examine a recombinant E. coli 83972 ABU strain displaying a surface-located 
oligosaccharide P fimbriae receptor mimic that might be useful as a preventative or therapeutic 

strain to control acute UTI.  Collectively, these three publications describe the application of and 
the utility of distinct murine models of UTI to understand fundamental understanding of the host 
immune response, virulence factors, and potential disease prevention strategies for UTI.  
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Study of murine UPEC UTI to investigate the role of alpha-hemolysin on 
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Chapter 5 

A novel murine model of GBS urogenital tract colonization 
Genital tract carriage of GBS is prevalent among adult women, however the dynamics of 

chronic GBS genital tract carriage, including how GBS persists in this immunologically active 
host niche long-term, are not well-defined. Here, we report the first animal model of chronic 
GBS genital tract colonization using female mice synchronised into estrus by delivery of 17β-

estradiol prior to intra-vaginal challenge with wild-type GBS 874391. Overall, this study defines 
key infection dynamics in a novel murine model of chronic GBS genital tract colonization, and 
establishes previously unknown cellular and soluble defense responses to GBS in the female 
genital tract.   
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Chapter 6  

General Discussion 
This section will offer an initial discussion of UPEC UTI and GBS urogenital tract infection. This 

discussion will preface an account of the outcomes of this research to address the use of 
murine models to further the understanding of colonisation, virulence factors, host immune 
responses and treatments. This will include the advantages, disadvantages, limitations and 

potential of murine models in order to understand the pathogenesis of urinary tract infection 
caused by UPEC and GBS, as well as the pathogenesis of genital tract colonisation by GBS. 
Finally, the section will showcase the use of murine models to endorse findings discovered from 
the in vitro experiments.  

 
UTI is one of the most common bacterial infections, affecting all ages and genders. UTI i s 
estimated to cost $6 billion dollars per year in health care expenditure globally and cause more 

than one million hospitalisations in the USA [234-236]. More than 60% of women will sustain at 
least one episode of UTI in their li fe-time [170, 211, 237]. UTI includes cystitis, pyelonephritis 
and the symptoms embrace a combination of painful and frequent urination, blood in urine, 

fever and nausea [170, 235, 237]. In addition, UTI during pregnancy can also potentially affect 
the pregnancy outcome [238-241]. 
 

UPEC is one of the most common pathogens responsible for UTI [32, 98, 242]. Extensive 
research has been carried out to understand the host pathogen relationship between UPEC 
virulence factors and the host immune response [118, 243-246]. Virulence factors identified to 

date include hemolysins, flagella and fimbriae [194, 247-253], while the host immune responses 
include the secretion of pro-inflammatory cytokines IL-6 and IL-8 and a variety of host defence 
factors [99, 113, 134, 245, 254]. Studies carried out using in vitro or in vivo models, for example, 

show that virulence factor FimH and host immune receptor TLR4 encourage the recruitment 
and production of PMN [255-259].  
 

In Chapter 3, the murine model of UTI was utilised to characterise the function of UPEC α -
hemolysin with regards to the host immune responses. This experiment demonstrated that the 
hlyCABD operon mutation did not have an impact on host immune responses, similar to the 

results obtained from the human samples. Alpha-hemolysin has been shown to interact with 
different cells such as epithelial cells, erythrocytes and mast cells [251, 260-262]. An advantage 
of an in vivo model in this instance lies in the fact that the murine bladder is a complex structure 

consisting of multiple layers of transitional epithelium and the presence of macrophages, 
neutrophils and lymphocytes communicate with each other [122, 263-265]. The in vitro model 
offers a complete contrast to the in vivo model. Here, a single layer of cells with simple immune 

responses means cannot fully model the complex bladder structure that mounts complex 
immune responses to the infection aimed at preventing tissue damage and pathology [261, 266, 
267]. The murine model of UTI used in this study accommodates a high infectious dose of 

pathogen in direct comparison to previous in vitro studies [267-269]. This allows study of the 
pathogenesis and therefore overcomes the simple immune response observed in the single 
layer in vitro model [263, 270, 271]. A high MOI of toxigenic/cytotoxic pathogens may causes 

rapid cell lysis and lower MOI are not realistic representations of infection and do not generate 
detectable responses [187, 272-277].  
 

UPEC modulates the host innate immune response at an early stage of infection [187, 278, 
279]. In Chapter 3, a microarray study was performed on murine bladders to examine the early 
host immune response in reaction to a UPEC UTI. One thousand five hundred and sixty seven 

genes were differentially expressed in comparison to the same PBS control at 2 hours post 
infection. Altered pathways included cytokine-cytokine receptor interaction, TLR signalling, TCR 
signalling, and JAK-STAT signalling [280-282]. One of many genes that showed a marked 

change in gene expression at 2 hours post infection is IL-10, an immune-suppressive cytokine, 
which functions to down regulate the inflamm atory responses [283]. In an infection, the host 
responds with innate immune responses such as expression and secretion of pro -inflammatory 

cytokine and activation of the complement cascade [284-286], followed by production of 
immune down-regulation cytokines such as as IL-10 to limit inflammation that might adversely 
damage the host [287-290]. The early expression of IL-10 at 2 hours post infection in this study 

(Chapter 3) indicates that this pathogen is able to suppress host innate immune response. 
Much UPEC UTI transcriptomic research has focused on the transcriptome of the pathogen, 
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and therefore there is a lack of understanding of the host transcriptomic response [211, 291-
293]. Some research has looked at the effect of UPEC on in vitro host cells, showing for 
example that UPEC suppresses pro-inflammatory cytokine production by bladder epithelial cells 

[211, 294-296]. This research demonstrated that using a global transcriptomic expression array 
in a murine model helps to understand the host immune response from a dynamic viewpoint, 
where various pathways and gene expressions can be identified. The results in Chapter 4 also 

corroborate other research that shows that various UPEC strains have a cytokine-suppression 
phenotype such as UPEC CFT073 suppresses NF -κB activation [187, 277, 297]. This research 
(Chapter 4) indicated that using the murine model is effective in gaining knowledge of an in vivo 

host response as it provides more comprehensive information that cannot be seen in an in vitro 
culture system.  
 

Multiple vaccination strategies have been trialled including vaginal, nasal or oral administration 
routes and vaccines that target different bacterial antigen, adhesins and hemolysin [40, 64, 66, 
103, 298-301]. However, these vaccine strategies provided limited efficacy, prompting 

investigation into the use of alternative preventative strategies [194, 302-304]. One recent 
clinical trial using an asymptomatic E. coli strain ABU 83972 by Darouiche et al showed ABU 
83972 might be a safe and effective strategy in preventing UTI [305, 306]. A strategy to 

enhance the efficacy of the ABU 83972 is an addition of receptor mimic constructs onto ABU 
83972 strain as a preventative strategy for UTI treatment. Research has shown that by using a 
mutant UPEC strain, NU14 DwaaL, as a live-attenuated vaccine to treat UTI in mice, it is 

possible to produce protective immunity for up to eight weeks [298, 307]. The use of the 
surface-located oligosaccharide P fimbriae receptor mimics mutant used in this murine model 
(Chapter 3) shows that it is possible to genetically modify a strain of bacteria to make it a more 

suitable agent to prevent UTI. The use of the murine UTI model revealed that the receptor 
mimic mutant binds to pathogenic UPEC in urine, indicating its potential to control bacteriuria in 
human patients. There was no significant difference in the bladder and kidneys, This may be 

due to the C57Bl/6 mouse strain that was used. C57Bl/6 mice are more resistant to UPEC 
infection compared to other mouse strains [164, 165, 170]. To achieve a significant UTI, a high 
dose of UPEC is required, whereas in human infection, the initial infection dose of UPEC could 

be limited to a few bacteria infecting the bladder and propagating to a higher number, causing 
UTI.  
 

The second part of this thesis looked at how the murine model can assist with understanding of 
the pathogenesis of UTI caused by GBS, and how it can be utilised to establish a model of long 
term GBS genital tract colonisation. GBS is a leading cause of infection in neonates, the elderl y 

and immuno-compromised patients and colonises approximately 25% of healthy women [308]. 
It is also often found as a commensal bacterium within the gastrointestinal tract [61, 309]. GBS 
has been known to colonise the female GT for a long period of time [310], This colonisation is 

one of the contributing factors leading to GBS UTI in women and neonatal infection occurring 
during birth, often leading to severe morbidity [310-312]. It is a causative agent of UTI, with an 
occurrence rate of around 1% to 2% of all cases, it causes complications in up to 7% of 

pregnancies, and accounts for 10% of pyelonephritis during pregnancy [48, 49, 313]. However, 
the pathogenesis of GBS UTI as an acute disease is unknown. The interactions between GBS 
and the vaginal mucosal, along with certain clinical parameters of these infections, require 

further in-depth investigation. This thesis hereby addresses these unknown questions from the 
broader host immune response perspective. 
 

During the course of the work discussed in this thesis, a library of GBS UTI isolates of patient 
database was used to select uropathogenic strains for the study of GBS virulence and its 
associated host immune response and parameters of the disease. The clinical aspect of this 

work resulted in two studies related to the thesis: one dealing with a case in which 
abdominopelvic abscess was reported and one offering a statistical analysis to understand the 
relationship between QBC and GBS UTI. The case study reported an abdominopelvic abscess, 

adding to the known GBS infection complications [314-318]. The statistical analysis was carried 
out to understand if QBC could be a predictor of GBS UTI as numbers of bacteria could 
fluctuate in the urine and affect the utility of QBCs for diagnostic purposes, This would possibly 

be due to the fact that urine has limited nutrients, including iron, which affects bacterial growth 
[265, 302, 319-321]. 
 

UTI is defined as the presence of >105 bacteria per ml of microorganisms in a clean-catch urine 
sample [18, 322]. QBC has been use as a tool to predict the presence of UTI [323-327], and 
accurate diagnosis of UTI could assist with the reduced use of antibiotics; hence, reducing the 
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likelihood of antibiotic resistance developing [328]. The clinical and prognostic value of QBC for 
GBS is unknown [49]. A collection of the urine of 1593 patients infected with GBS was analysed 
to identify a value to predict GBS UTI (Appendix). The finding demonstrated that QBC alone is 

not a predictor for acute GBS UTI; however, combined with patient age data, it can categorise 
the patients into high and low risk groups of acquiring an acute GBS UTI. Immune responses 
change as humans age, making them more susceptible to certain infections [329-333]. 

Research shows that the cumulative probability of UTI increases with age and the appropriate 
use of antibiotic would prevent further UTI complications [334]. The statistical analysis in 
Appendix illustrated that age ≥ 40 years of age is a useful marker for identifying patients at a 

high risk for acute GBS UTI; however, more investigations are required to improve the diagnosis 
of GBS UTI in the elderly. 
 

Chapter 4 reports the first murine model of GBS UTI host transcriptomic research. A serotype III 
GBS 247 strain was chosen as the bacterium for the study of host immune response during a 
GBS UTI. GBS 247 was harvested from a 35-year-old woman with no diabetic symptoms and 

used in various research studies including the induction of IL-1α [49, 61]. In mice, GBS elicited 
a delayed host immune response at 24 hours post infection compared to UPEC and stimulated 
a 10-fold less transcriptomic change compared to UPEC UTI. A few key expression pathways 

that were altered include cytokine-cytokine receptors, toll-like receptor signalling and natural 
killer cell-mediated cytotoxicity. These pathways were similar in both bacterial infections, 
however GBS caused stimulation of pathways to a far lesser extent than UPEC. Some of the 

significant findings include the altered expression of TLR pathways. In their role in GBS UTI, 
these pathways have been confirmed in other non-UTI models both in vitro and in vivo [335-
337]. Increases were also seen in various cytokines, including IL-1β and IL-6, which correlate 

with findings in the human blood-GBS culture model [338, 339].  
 
Due to the relationship between age and increased risk of UTI, an aged murine UTI model was 

performed to examine the link between age, immune responses mounted in response to 
infection and ability to clear infection [340-343]. Aged, aged dam and young mice were infected 
with GBS to observe the effect of age in GBS UTI. This procedure revealed that age is 

significantly correlated with the immune response mounted in response to GBS and ability to 
clear infections rapidly. The aged mice have higher GBS count in the urine both 24 hours and 
48 hours post infection and the cytokines IL-1α, IL-6, IL-17 level is higher in aged mice 

compared to young mice 24 hours post infection [309]. These results open up the opportunity to 
look in more depth at the effect of age on host defence against GBS UTI.  
 

Chapter 5 reports the first murine model of chronic human GBS GT colonisation model. This 
model was developed to understand pathogenesis in GBS GT colonisation, and as a potential 
model to study vertical transmission of infection [344, 345] and neonatal infection [346, 347]. 

GBS was able to sustain a stable infection over 90 days in a continuous hormone treat ment 
model as well as a normal hormonal cycling model. This is in contrast to other pathogens such 
as C. trachomatis and N. gonorrheae, which are cleared from the female genital tract within a 

month [348-353]. This long-term colonisation model not only characterised the dynamics of 
infection over a long time period, but also showed that GBS is able to sustain infection despite 
influx of PMNs and lymphocytes, and regular sloughing and regeneration of the epithelial cell 

layers [10, 310, 348, 354-359]. The result demonstrated that expression of β-hemolysin 
contributed to the survival of GBS in the genital tract. β-hemolysin has been shown to be 
involved in the invasion of human lung epithelial cells, and to induce nitric oxide production in 

macrophages and activate neutrophil signalling pathway in humans [360-368]. Known traits of 
GBS infection, including its ability to survive phagocytosis and induce apoptosis, will provide 
strong starting points for further investigation in our model of long -term infection within the 

female genital tract of mice [369-371]. This long-term GBS GT model not only showed striking 
fitness traits of GBS, but also paves the way for future vertical transmission models and allows 
the link between maternal GT colonisation and the increased risk of GBS UTI during pregnancy 

to be examined. To understand the possibility of transfection of GBS from the GT to the urinary 
tract, a pilot GT–urinary tract transfection model was established. This model demonstrated that 
GBS within the GT was able to transfer to the bladder within 24 hours, correlating with what has 

been observed in pregnant women [61, 372, 373].  
 
This thesis has shown that the mouse model is a useful tool for the study of the human UTI 

host-pathogen relationship. The in vivo murine model acts as a tool to mimic human disease 
and provides a means to investigate the host responses by way of protein expression, RNA 
expression, and histology and morphology changes. This thesis has shown that post in vivo 
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model, many molecular and cellular techniques can be applied and used to investigate these. It 
is also one of the safer ways to investigate new treatments, vaccines, and probiotics, before 
being applied in human clinical trials. With the aid of technology advancement, the ability to 

create specific knock-out strain of mice and bacteria, it helps researchers to answer specific 
questions in regards to the function of a gene, which leads to potential treatment discovery  
 

In summary, the use of murine models in UPEC UTI provides researchers with a plat form to 
examine the effects of β-hemolysin, host cytokine expression and testing of cytokine expression 
with live bacteria over a long period of time; to understand the global transcriptomic expression 

during a UPEC UTI; and to understand whether a treatment/vaccination would be effective in 
preventing UTI. It allows us to understand the global transcriptomic expression during a GBS 
UTI and examine the mechanism of infection and host immune response in GBS long -term 

colonisation of the GT. These chapters demonstrate that the mouse model is an invaluable tool 
for understanding the pathogenesis of urogenital tract infections.  

Future Directions and General Conclusion 
To date, there has been little investigation into the link between UTI and age. In this thesis 
preliminary data demonstrated a strong link between the two. This, however, requires addition 
confirmatory experiments to cement the link between age, immune response mounted to 

various UTI-causing pathogens, and clearance ability.  
 
Of the 1593 human patient urine samples, a small portion of the samples were tested and 

interesting cytokine expressions that correlated with the murine transcriptomic data were 
observed. To reaffirm these findings, a large cohort of normal human urine samples is required 
for use as controls for comparison to the infected patient urine samples. Due to the fact that the 

patient samples are mainly from middle-aged women, the control samples would need to 
employ similar criteria to the patient samples. After careful data mining of the patient data, a 
group of recurrent UTI patients was identified and serology tests were carried out to understand 

if a specific GBS serotype is more prominent in causing recurrent UTI. Initial data shows 
serotype III is the main GBS serotype contributing to the recurrent UTI, and further investigation 
with antibiotic-resistant test and sequencing could help confirm these data.  

 
The microarray data collected from both UPEC and GBS isolates indicated a vast array of 
pathways being stimulated. The current focus looks at the relationship of IL-10 expression with 

the pathogen. Other genes and protein expression pathways are also inter esting and could 
possibly show keys to the potential therapeutic targets for UTI treatment. All of these data are 
potential future project directions.  

 
In conclusion, murine UTI models applied in this thesis showcased the advantages, 
disadvantages and opportunities of an in vivo model. Data generated from this thesis has 

provided significant novel information and opportunities for future research directions.  
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Appendices 

Method:  

 
Murine model of GBS cystitis 
Young female C57BL/6 mice (8 to 10 weeks of age), DAME female C57BL/6 mice (48 - 52 

weeks of age) were purchased from the Animal Resources Center (Australia). A separate group 
of young female C57BL/6 mice (8 to 10 weeks of age) were purchased from the Animal 
Resources Center (Australia) 10 months ahead of the young and DAME mice and age within 

the animal facility. Urine was collected 24 h prior to challenge and examined microscopically 
and by culture to exclude mice with a pre-existing. Mice were anesthetised by isoflurane, and 
the periurethral area was sterilised with 10% povidone–iodine. Mice were catheterised using a 

sterile catheter, and 40 μl o f PBS containing the challenge inoculum was instilled into the 
bladder in a transurethral manner. Control mice received PBS only. Urine was collected at 24 h 
and 48 h for colony counts, after which mice were euthanised and bladders and Kidney 

removed and homogenised for bacteria recovery counts and cytokine expression quantification. 
A challenge dose of approximately 3 × 10

9
 CFU was used. All animal studies were performed 

with approval from and in accordance with the ethical standards of the Animal Ethics Committee 

of Griffith University (MSC/14/08/AEC).  
 
 

 
 
 

Results: 
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Method:  
 
Murine model of GBS GT Urinary tract transmission 

Young female C57BL/6 mice (8 to 10 weeks of age) were purchased from the Animal 
Resources Center (Australia). Mice received 0.1 mg 17β-estradiol (Sigma-Aldrich, Castle Hill, 
NSW) in castor oil, subcutaneously one day prior to infection to synchronise mice into a state of 

estrus for consistency of infection. Urine was collected daily and examined the present of GBS 
in the bladder by spotting the urine on Granada agar plate. Swabs were inserted into the vaginal 
vault to confirm the present of GBS and plated on Granada agar (BioMeriuex, France), which is 

highly selective for GBS.  
 
All animal studies were performed with approval from and in accordance with the ethical 

standards of the Animal Ethics Committee of Griffith University (MSC/14/08/AEC).  
 
Results: 

 
 

 
 

File: GBS GT UTIxlsx 
Additional published works arising from this thesis 
 

Group B Streptococcus (GBS) cystitis presenting in a diabetic patient with massive 
abdominopelvic abscess: a case report. (2012) Ulett KB, Shuemaker JH, Benjamin WH Jr, Tan 
CK, Ulett GC. J Med Case Rep. 10;6(1):237.  
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Prognostic value of semi -quantitative bacteruria counts in the diagnosis of group B 
streptococcus urinary tract infection: a 4-year retrospective study in adult patients. (2012) Tan 
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and demographic data were recorded. Potential prognostic indicators were collected 137 

by medical record review to encompass, on average, the three-week period either 138 

side of the date when the sample was collected. A provisional diagnosis of acute 139 

GBS UTI was defined by the presence of single-organism GBS bacteruria (any 140 

count; limits of detection, 103 to ≥105 CFU/ml) with  ≥1   sy mptom  that  included  dysuria,  141 

increased urinary frequency and/or urgency, fever >38°C, flank pain and/or lumbar 142 

tenderness. All GBS isolates cultured from urine were identified by typical colony 143 

morphology on BBL trypticase soy agar with 5% sheep blood (Becton, Dickinson and 144 

Company, Franklin Lakes, NJ), tested for catalase, grouped using the Remel 145 

PathoDx latex agglutination kit (Thermo Fisher Scientific, Lenexa, KS), and stored at 146 

-80°C in Todd-Hewitt broth supplemented with 15% glycerol. 147 

 148 

In cases where urinalysis (UA) was undertaken as part of the diagnosis, acute 149 

UTI was confirmed on the basis of positive urinary leukocyte esterase and significant 150 

pyuria  (

≥

1 07 white blood cells/L; non-spun). Thus, the case definition for acute GBS 151 

UTI in this study was symptomatic patients with a s-QBC of any level and UA findings 152 

consistent with (C/W) acute infection. This definition was taken as appropriate since 153 

acute UTI has been described in patients with s-QBC as low as 102 CFU/ml in a prior 154 

study [14]. Exclusion criteria were the isolation of multiple organisms from urine, or 155 

incomplete medical records. GBS ABU was defined as single-organism bacteruria of 156 

any count, in the absence of UTI symptoms. This definition was chosen as rationally 157 

inclusive since GBS s-QBC may vary considerably in individual patients over several 158 

hours [14]. Additional inclusion criteria for GBS ABU were negative UA laboratory 159 

values for leukocyte esterase and pyuria, where UA had been undertaken. All study 160 

subjects who satisfied these inclusion criteria were allocated to one of two infection 161 
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with acute GBS UTI have significantly higher mean s-QBC values than those with 237 

ABU, s-QBC alone is not useful as a predictor of infection category. The univariate 238 

model also showed a significant relationship between infection category and age, 239 

which classified 74.7% of subjects correctly into infection category with significant 240 

predictive power (p=0.025). In this analysis, age correctly predicted 3/147 patients 241 

with acute GBS UTI and 425/426 patients with ABU, compared to 0/147, and 242 

426/426 predicted by s-QBC. Thus, age alone was equally as useful as a predictor of 243 

UTI compared to s-QBC in the overall study cohort as analysed using this model. 244 

 245 

We also analyzed potential relationships between s-QBC, age, and gender for 246 

the prediction of infection category using a multivariate model with the results shown 247 

in Table 2. Here, the interactions between s-QBC and age did not increase predictive 248 

power for infection category, and similar predictive abilities were observed (p=0.021 249 

to 0.024) regardless of whether s-QBC was analyzed as a continuous variable, or as 250 

groups using nominal cut-off values. Gender did not alter the predictive ability of s-251 

QBC when included in the multivariate model (not shown). Thus, interactions 252 

between s-QBC and age do not increase the predictive power for GBS UTI infection 253 

category compared to either variable alone.  254 

 255 

We next analyzed whether an age-based cut-off might increase the predictive 256 

power of s-QBC for infection category. For this, we initially applied a cut-off of 40 257 

years, which we based on the finding that individuals aged 40 years or older in this 258 

study were at significantly increased risk for acute GBS UTI compared to ABU (OR 259 

1.7, 95% CI, 1.3-1.9). However, we found no increase in the predictive power of s-260 

QBC for acute UTI using this model. Further analyses of alternative age cut-offs 261 
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revealed similar increased risks (35 years: OR 1.5, 95% CI, 1.3-1.7; 45 years: OR 262 

1.6, 95% CI, 1.3-1.9; 50 years: OR 1.5, 95% CI, 1.2-1.8), but no significant effect 263 

towards predictive power of s-QBC. Collectively, these data show that age is a useful 264 

prognostic indicator for infection category in GBS UTI, however, it does not enhance 265 

the predcitive power of s-QBC in the differential diagnosis of these infections. 266 

 267 

In the second stage of the statistical analysis we investigated a subset of 245 268 

subjects for whom UA testing had been undertaken as part of the diagnosis. The 269 

laboratory findings from UA for these 245 patients, divided according to infection 270 

category, are shown in Table 3. In a multivariate model, there were no significant 271 

interactions between any of the variables; the predictive power of s-QBC was the 272 

same whether or not the UA variables were included in the analysis. Separate 273 

univariate models identified significant associations between infection category and 274 

proteinuria (p=0.03), and infection category and haematuria (p=0.025; Table 3). For 275 

other UA measures, such as glucose and ketones, differences between mean values 276 

of infection category groups were not significantly different.   277 
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traditional cut-off of 105 CFU/ml are clinically important [39]. These findings reiterate 303 

the notion that s-QBC values as low as 102 CFU/ml are especially significant in 304 

pregnant women. In the broader context, women with low-grade bacteruria due to 305 

other uropathogens have been shown to respond to therapy [40] supporting the 306 

notion that low-grade s-QBC values are important for uropathogens in general.  307 

 308 

It is important to highlight the limitations of the current study, and the possible 309 

implications of lowering the s-QBC cut-off value for interpreting GBS culture-positive 310 

patients in the diagnostic setting of UTI. Contamination of specimens in the current 311 

work could not be suitably addressed due to the retrospective nature of the study and 312 

the unfeasibility of repeat urine cultures and catheterized samples for all patients in 313 

this setting. Overall, the number of catheterized samples was low (~10%), and 314 

related to both acute UTI and ABU patients. We defined ABU as the isolation of 315 

urinary GBS in pure culture from a single sample, which is an approach consistent 316 

with prior studies [14, 41]. Others have limited the definition of ABU to cases in which 317 

two- or three-consecutive samples from an individual are culture-positive for the 318 

same or similar organism [32, 42, 43]. Our goal was to incorporate the highest 319 

number of cases possible into our study, and its retrospective design ruled out repeat 320 

sampling. Thus, some of the asymptomatic women with urinary GBS in this study 321 

would represent cases of sample contamination, especially for low count samples, 322 

whilst others may reflect low-grade bacteruria. Despite this limitation, data related to 323 

symptomatic patients with low-grade s-QBC, and thus, the key finding of the study, 324 

remain valid. Future studies of subjects with repeat samples incorporating a higher 325 

proportion of catheterized patients would be useful to address this.  326 

 327 
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Contamination and recovery of multiple organisms occurs in approximately 328 

half of all urine specimens that are positive for GBS [14], and we excluded all such 329 

cases in the current study. In contaminated specimens, other organisms may 330 

overwhelm low numbers of GBS causing a large number of UTIs due to this 331 

organism to be missed. There were also many patients with high GBS s-QBC but 332 

much lower numbers of other organisms in the current study (also excluded), which 333 

probably indicates a real infection but is discounted in the diagnostic laboratory as a 334 

contaminated specimen due to reporting. Overall, this means that many true GBS 335 

UTI cases were probably missed in this study (only single-organism cultures were 336 

used per case definitions). In the broader context, such cases continue to be missed 337 

in microbiology laboratories due to routine reporting practices in the diagnostic 338 

setting. Finally, a high prevalence of low-grade GBS bacteruria [42] also means that 339 

revising down the s-QBC cut-off for GBS UTI would increase the rate of false 340 

positives. Despite these challenges, the data reported here show that a ≥105 CFU/ml 341 

threshold is insensitive as a marker for acute GBS UTI, which provides important 342 

new practical information for the diagnostic laboratory. 343 

 344 

This study also suggests that age is a useful prognostic indicator for predicting 345 

acute GBS UTI, perhaps equally so as compared to s-QBC. Despite this, age still 346 

only identified 3/147 acute GBS UTI patients in our patient cohort based on a logistic 347 

regression model. The age measure was confounded in our study because many of 348 

the urine specimens obtained from asymptomatic women (~25-30%) were primarily 349 

related to perinatal screening of pregnant women. Nonetheless, patients over the age 350 

of 40 years were shown to be at significantly higher risk for acute GBS UTI compared 351 

to younger patients, suggesting age may be useful as a surrogate risk marker. This 352 

  



 

213 
 

  



 

214 
 

18 

 

unable to grow in urine [51]. Proteinuria in ABU patients in this study also implies that 378 

diabetes may be associated with GBS ABU. Comparing the proteinuria and 379 

hematuria data in ABU patients irrespective of esterase and pyuria UA findings 380 

(possible bias per the exclusion criteria) would also be of interest for further study.  381 

 382 

In conclusion, this study shows that s-QBC is not useful as a prognostic 383 

measure in the diagnosis of acute GBS UTI. Whilst many laboratories continue to 384 

disregard s-QBC values <105 CFU/ml some are now using a  threshold  of  ≥103 385 

CFU/ml for voided specimens containing uropathogenic bacteria to increase the 386 

sensitivity of detection. This would be appropriate for GBS. This study also 387 

demonstrates that age over 40 years is a useful surrogate marker for identifying high 388 

risk patients for acute GBS UTI. Further investigations of ways to improve basic 389 

diagnostic approaches for these important infections are now warranted.  390 
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