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ABSTRACT 

 

Urinary tract infections (UTI) are among the most common infections in 

humans. Uropathogenic Escherichia coli (UPEC), the main causative agent of 

UTIs, can invade and replicate within bladder epithelial cells, and recent evidence 

demonstrated that some UPEC strains also survive within macrophages. To 

understand the mechanisms of host subversion that enable UPEC to survive 

within macrophages, and the contribution of macrophages to UPEC-mediated 

pathology, I performed host�pathogen co-transcriptome analyses using RNA 

sequencing. I developed an effective computational framework that 

simultaneously separated, annotated, and quantified the mammalian and 

bacterial transcriptomes. First, mouse bone morrow-derived macrophages (BMM) 

were challenged over a 24 h time course with UPEC reference strains, UTI89 

(cystitis strain), 83972 and VR50 (asymptomatic bacteriuria strains) that possess 

contrasting intramacrophage phenotypes. My results showed that BMM 

responded to the three different UPEC strains with broadly similar gene 

expression programs. In contrast to the conserved pattern of BMM responses, 

the transcriptional responses of the different UPEC strains diverged markedly 

from each other. Hypothesizing that genes upregulated at 24 h post-infection 

may contribute to intramacrophage survival, I identified UTI89 genes upregulated 

at this time point, and showed that deletion of one of these genes (pspA) 
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compromised intramacrophage survival of UPEC strain UTI89. Second, human 

monocyte-derived macrophages (HMDM) and BMM were challenged over a 24 h 

course with the UPEC strain EC958, a globally disseminated, multi-drug resistant 

strain. My analysis identified extensive divergence in UPEC-regulated 

orthologous gene expression between HMDM and BMM, and I validated both 

known and novel genes in the context of differential regulation. On the contrary, 

the transcriptional response of EC958 showed a broad conservation across both 

mammalian intramacrophage environments. My study thus provides both a 

unique co-culture approach to study infection in vitro and a technological 

framework for simultaneously capturing global changes in host�pathogen 

interactions at the transcriptional level in co-cultures. In conclusion, this work has 

generated new insights into the mechanisms that UPEC strains exploit to persist 

within the mouse intramacrophage environment, as well as differences in the 

transcriptional repertoire of HMDM and BMM challenged with the same UPEC 

strain. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

 

Urinary Tract Infections (UTI) 

Introduction 

A urinary tract infection (UTI) can be termed as a condition where one or 

several parts of the urinary system such as the uterus, urethra, kidney or bladder 

become infected. These infections are the most common form of bacterial 

infections and may be experienced at any particular period of the human being 

life time. Approximately 95% of reported UTI cases are caused by bacteria that 

multiply at the entrance of the urethra and move up to the bladder. In some 

cases, the bacteria can ascend to the kidney and disseminate into the circulatory 

system. 

 

The urinary system 

The major function of the urinary system is to help in maintaining proper 

balance of water and salt in the body as well as to help in the expulsion of urine 

from the body. It consists of various structures and organs that include the 

following. 

The two kidneys situated on either side and below the ribs toward the 

central part of the back. This plays the major role as it is involved in filtering of 
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water, waste products, and salts from the blood to form urine. The urine passes 

from each of the kidneys and enters into the bladder through thin tubes that are 

known as ureters.  

Ureters then empty the urine into the bladder resting on top of the pelvic 

floor. The pelvic floor is in the form of a muscular structure that is similar to a 

sling running between the pubic bone in front to the bottom of the spine. The 

bladder is the storage of urine. Once the bladder is filled, the muscle found within 

the wall of the bladder shrinks forcing the urine to flow out of the body through a 

tube known as the urethra. The urethra in men is closed in the penis whereas in 

women it leads directly out. 

 

Defense mechanisms against bacteria 

Infections do not necessarily occur when bacteria are introduced into the 

bladder. There are various defense systems that help towards protecting the 

urinary tract against bacteria that cause infections. 

Urine plays a role as an antiseptic agent and washes bacteria that are 

potentially harmful out of the human body during the process of urination. The 

ureters enter into the bladder in a way such that it prevents urine from flowing to 

the kidney when the urine is squeezed outside the bladder through the ureters. 

In men, the prostate gland produces substances that help fight infections. 

The antibacterial substances and the immune system in the mucous lining of the 



21 

 

bladder help in the elimination of various organisms. In women who are healthy, 

the vagina is occupied by lactobacilli, which are important microorganisms that 

help maintain an environment, which is highly acidic hence becoming hostile to 

other bacteria. Lactobacilli manufacture hydrogen peroxide, which helps in 

elimination of bacteria and reduces the ability of Escherichia coli to help adhere 

to cells in the vagina. 

 

Types of UTIs 

UTIs are classified under the following categories: a) the complicated or 

uncomplicated UTI, which depends on the factors that can trigger the infections, 

and b) the recurrent or primary UTIs that depend on the type of infection that 

occurs for the first time or is an infection that repeats.  

 

Uncomplicated UTIs 

Uncomplicated urinary tract infections are a result of bacterial infections, 

which are in most cases E. coli. This normally affects women more than men. 

Cystitis or bladder infection is the common type of urinary tract infection that 

occurs in the lower part of the urinary tract and is most common in females 

(Azzarone et al. 2007). This infection is usually acute and brief and only affects 

the surface of the bladder. The deeper side of the bladder can only be affected if 

the infection persists or becomes chronic or in cases where the urinary tract 
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becomes structurally abnormal. Pyelonephritis infection or kidney infection is a 

case where the infection spreads towards the upper tract of the kidneys and 

ureters. 

 

Complicated UTIs 

Complicated urinary tract infections normally occur in women or men of all 

age groups and are caused by bacteria. These infections tend to be more difficult 

to treat, are severe and also recurrent. These infections are always a result of 

some structural or anatomical abnormality that can impair the ability of the urinary 

tract to help in the removal of urine out as well as bacteria. Catheter can be used 

in hospital settings or some of the chronic indwelling catheter in the outpatient 

setting. Kidney and bladder dysfunction or kidney transplant occurs especially in 

the first three months in the outpatient setting. Recurrences may occur in patients 

who have complicated UTI if the underlying anatomical or structural abnormalities 

are not properly corrected. 

 

Recurrent UTIs 

The majority of women with an uncomplicated UTI occasionally have 

recurrences. Approximately about 25 percent to 50 percent of these women are 

expected to contract another infection within one year from the previous one. 
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Between 3 to 5 % of females have an ongoing urinary tract infection that is 

recurrent and follows the resolution of the untreated and treated past episodes. 

Recurrence can be classified as either reinfection or relapse. Reinfection 

is a case where the recurring UTIs are reinfections. This occurs several weeks 

after the treatment when the antibiotic has cleared the first episode. It can be 

caused by a similar bacterial strain that caused the first one or a separate one. 

The organism that causes infection is normally introduced via fecal bacteria and 

moves upwards via the urinary tract. Relapse on the other hand is a form of the 

recurrent urinary infection that happens less commonly. It can be diagnosed 

when urinary tract infection recurs within duration of two weeks of treatment of 

the initial episode and is normally due to treatment failure. In most cases relapse 

occurs within the kidney infection or is related to obstructions that include 

structural abnormalities, kidney stones or in men with chronic prostatitis. 

 

Asymptomatic UTIs (Asymptomatic Bacteriuria) 

When an individual shows no sign of infection but significant numbers of 

bacteria occupy the urinary tract, the condition can be termed as asymptomatic 

UTI (asymptomatic bacteriuria) (Colgan et al. 2006). This condition is not harmful 

to the majority of individuals and rarely persists. It does enhance the risk for 

contracting symptomatic UTIs. 

It is not necessary to screen asymptomatic bacteriuria during all routine 

medical examinations, except in the following scenarios. 
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Pregnant women who have asymptomatic bacteriuria have high risk of 

acute pyelonephritis during their second or third trimester. This implies that they 

need to be screened and treated for this condition. It is recommended that 

pregnant women be screened for asymptomatic bacteriuria at 12 weeks to 16 

weeks gestation or at the first pre-natal visit, if later. 

Individuals undergoing urologic surgery like prostate surgery in men, this 

is because the occurrence of infection in the process of surgery could potentially 

result in severe consequences. 

 

Incidence and prevalence of UTIs 

Urinary tract infections are common bacterial infection for females (Colgan 

and Williams 2011). They occur in most cases between the ages of 16 and 35 

years, with 10 percent of females acquiring an infection each year and 60 percent 

having an infection at certain time of their lives (Nicolle 2008; Salvatore et al. 

2011). Recurrences are common, with nearly half of people getting a second 

infection within a year. Urinary tract infections occur four times more frequently in 

females than males (Salvatore et al. 2011). Pyelonephritis occurs between 20�30 

times less frequently (Nicolle 2008). They are the common cause of hospital-

acquired infections and account for approximately 40 percent of all UTI. Rates of 

asymptomatic bacteria in the urine increase with age from two to seven percent 

in females of childbearing age to as high as 50 percent in older females in care 
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homes (Dielubanza and Schaeffer 2011). Rates of asymptomatic bacteria in the 

urine among men over 75 are between 7-10% (Woodford and George 2011). 

Asymptomatic bacteria in the urine occur in 2% to 10% of pregnancies (Smaill 

and Vazquez 2007). 

Urinary tract infections can affect up to 10 % of individuals during 

childhood (Salvatore et al. 2011). Among children urinary tract infections are the 

most common in uncircumcised males less than three months of age, followed by 

females less than one year (Bhat et al. 2011). Estimates of frequency of 

occurrence among children vary widely. In a group of children having fever, 

ranging in age between birth and two years, two to 20 percent were diagnosed 

with a UTI (Bhat et al. 2011). 

 

!

Causes 

The pathogenic bacterial strains that cause urinary tract infections (UTIs) 

include Escherichia coli, Staphylococcus saprophyticus, Klebsiella /Enterococci 

/Proteus mirabilis, Ureaplasma urealyticum and Mycoplasma hominis. 

Escherichia coli causes most of uncomplicated cystitis infections in 

females, especially in younger females. E. coli is usually a harmless 

microorganism that originates from the intestines. If it enters into the vaginal 

opening, it might invade and occupy the bladder hence causing an infection. The 
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spread of E. coli to the vaginal opening in most cases occurs when female or 

girls wipe themselves from back to front after urination, or after sexual activity. 

Staphylococcus saprophyticus accounts for 5 percent ��15 percent of 

UTIs, mostly in younger women. Klebsiella, Enterococci, and Proteus mirabilis 

account for most of remaining bacterial organisms that cause UTIs. They are 

generally found in UTIs in older women. Rare bacterial causes of UTIs include 

Ureaplasma urealyticum and Mycoplasma hominis, which are typically harmless 

organisms. 

 

Organisms in severe infections 

The bacteria that spread kidney infections (pyelonephritis) are similar 

bacteria that cause cystitis. There is evidence, however, that pyelonephritis E. 

coli strains are more virulent and have the potential to cause and spread illness. 

Complicated UTIs related to structural conditions are caused by a number 

of organisms. E. coli is the most popular organism among others that include 

Klebsiella, P. mirabilis, and Citrobacter. Fungal organisms that include Candida 

species such as Candida albicans are the cause of the "yeast infections" that 

also occur in the digestive tract, mouth and vagina. Other types of bacteria that 

are associated with complicated infection are Enterobacter, Pseudomonas 

aeruginosa and Serratia species gram-positive organisms and can include 

Enterococcus species. 
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Bacterial strains in recurrent UTIs 

Recurring infections are in most cases caused by various bacteria other 

than those that cause previous infection. 

 

Factors that overcome the bacterial defense systems 

The variations in the amount of acid within the urinary and genital tracts 

can contribute to reducing infection resistance. As an illustration, beneficial 

organisms such as lactobacilli, enhance the acidic environment of the urinary 

tract in females. Therefore reduction in numbers of lactobacilli that is often 

associated with estrogen loss during menopause causes an increase pH and 

hence the risk of infection increases. 

 

 

Stages of UTI 

The urinary tract is one of the familiar sites of bacterial infection and E. coli 

is also the typical infecting agent within this site. The subgroup of E. coli that 

often causes uncomplicated cystitis and acute pyelonephritis is different from the 

commensal E. coli strains that are made up of most of the E. coli concentrating 

the lower colon of humans. E. coli from a small number of O serogroups (six O 
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groups cause 75% of UTIs) have phenotypes that are epidemiologically related 

with cystitis and acute pyelonephritis in the normal urinary tract, consisting of 

expression of haemolysin, P fimbriae, serum resistance, aerobactin and 

encapsulation. Clonal groups and epidemic strains associated with UTIs have 

already been identified (Phillips et al. 1988; Manges et al. 2001). 

 

 

Figure 1: Pathogenesis of UTIs caused by uropathogenic E. coli 
The figure shows the different stages of a urinary tract infection (Kaper et al. 2004). Panels 2, 4, 5 
and 11 are courtesy of N. Gunther, A. Jansen, X. Li and D. Auyer (University of Maryland), 
respectively. CFU, colony-forming units; PMNs, polymorphonuclear leukocytes. 
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Although various UTI isolates appear to be clonal, there is no one 

phenotypic profile causing UTIs. Specific adhesins, including P (Pap), type 1 and 

other fimbriae (such as S, Dr and F1C), appear to help in colonisation (Nowicki et 

al. 1989; Johnson 1991). Various toxins produced include cytotoxic necrotizing 

factor, haemolysin and an autotransporter protease called Sat. These virulence 

factors are found in differing percentages among various subgroups of UPEC 

(Johnson and Stell 2000). Uropathogenic strains have small and large 

pathogenicity islands that contain blocks of genes not found within the 

chromosome of faecal strains. The availability of the genome sequence of E. coli 

CFT073 (Welch et al. 2002) and contributions by various investigators to help 

identify virulence genes by signature-tagged mutagenesis (Bahrani-Mougeot et 

al. 2002) have enabled the invention of a model of pathogenesis for UPEC. 

It appears likely that infection starts with the occupation of the bowel with a 

uropathogenic strain together with the commensal flora. This strain, by virtue of 

variables encoded in pathogenicity islands, is able to infect an immunocompetent 

host, as it occupies the periurethral region and moves up the urethra into the 

bladder. Between duration of 4 and 24 hours of infection, new environment within 

the bladder do selects for the expression of type 1 fimbriae (Gunther et al. 2001), 

which play an essential role in the early stages of a UTI (Connell et al. 1996). 

Type 1 fimbriated E. coli is attached to mannose moieties of the uroplakin 

receptors that galvanize transitional epithelial cells (Mulvey et al. 1998). 

Attachment triggers apoptosis and exfoliation; for a minimum of one strain, 
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invasion of the bladder epithelium is accompanied with formation of pod-like 

bulges on the bladder surface having bacteria enclosed in a polysaccharide-rich 

matrix circled with a shell of uroplakin (Anderson et al. 2003). It can be argued 

that an invaded epithelial cell that contains a tightly packed bacterial �biofilm��can 

act as a reservoir for recurrent infections (Mulvey et al. 1998; Anderson et al. 

2003), and in some cases of recurrent infections, similar serotype is encountered. 

A number of studies however, have come up with different serotypes as 

responsible for the recurring infection. This observation is however not consistent 

with the hypothesis. The acquisition of Iron and the capability to grow in urine are 

also important for survival. 

Strains causing cystitis, type 1 fimbriae are constantly expressed and the 

infection is limited to the bladder (Connell et al. 1996). In pyelonephritis strains, 

the invertible components controlling type 1 fimbriae expression turns to the �off ��

position and type 1 fimbriae are less well expressed (Gunther et al. 2001). It can 

be suggested that this releases the E. coli strain from bladder epithelial cell 

receptors and enables the organism to move up through the ureters to the 

kidneys, where the organism can attach by P fimbriae to digalactoside receptors 

that are expressed on the kidney epithelium (Korhonen et al. 1986). In this stage, 

haemolysin can damage the renal epithelium (Trifillis et al. 1994) in addition to 

other bacterial products such as the Gram-negative bacterial cell wall component 

lipopolysaccharide (LPS), an acute inflammatory response recruits PMNs 

(polymorphonuclear leukocytes) to the site. Haemolysin has also been found to 
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produce Ca2+ oscillations in renal epithelial cells, and this results to enhanced 

production of IL-6 and IL-8 (Uhlen et al. 2000). Secretion of Sat, a vacuolating 

cytotoxin, damages glomeruli and is cytopathic for the surrounding epithelium 

(Guyer et al. 2000). In certain instances, the barrier provided by the one-cell-thick 

proximal tubules may be damaged making bacteria to penetrate the endothelial 

cell and enter into the bloodstream, leading to bacteraemia. 

 

!

Risk factors 

After common cold and flu the UTIs are the familiar medical complication 

in women in their reproductive years. UTIs are far more familiar among female 

than among men. Most female develop a UTI at certain time in their lives, and 

majority will have recurrences. 

!

Specific risk factors in women 

Structure of the Female Urinary Tract: generally, the high risk in female is 

mainly due to the shortness of the women urethra, which is approximately 1.5 

inches when compared to 8 inches in men. Bacteria from fecal matter at the anal 

opening can be transferred with ease to the opening of the urethra. 

Sexual Behavior: regular sexual activity is an important risk factor that can 

cause urinary tract infection in young women. Approximately 80% of the total 
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urinary tract infections in a premenopausal female happen within 24 hours of 

sexual activity. UTIs are very rare in celibate women. However, UTIs are not 

sexually transmitted infections. 

Overall, it can be argued that the actual act of sexual activity itself results 

in conditions that increase susceptibility to the UTI bacteria, with certain factors 

helping to increase the risk. As an example, female having intercourse frequently, 

for the first time or who have intense are at risk for a condition that is termed as 

�honeymoon cystitis." 

Some kinds of contraceptives can increase the risk associated with UTIs. 

For example, females that use diaphragms tend to develop UTIs more often than 

those that do not. The spring-rim of the diaphragm can bruise the region next to 

the bladder, making it prone to bacteria. Spermicidal foam used with diaphragms, 

and spermicidal-coated condoms, also enhances the susceptibility to UTIs. Most 

spermicides consist of nonoxynol-9, a chemical that that can increase UTI risk. 

Menopause: the danger of UTIs, both asymptomatic and symptomatic, is 

highest in female after period of menopause. This is mainly as a result of the 

decrease in estrogen, which makes the walls of the unitary tract to become thin 

and decreases its ability to resist against bacteria. The loss of estrogen can also 

reduce some of the immune factors in the vagina that can help block E. coli from 

adhering to vaginal cells.  
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Other urinary conditions that are related to ageing, such as urinary 

infections, can increase the danger associated with the recurrent urinary tract 

infections. 

Allergies: female having skin allergies to ingredients in vaginal creams, 

soaps, bubble baths, among other chemicals used in the genital region are at 

increased danger of UTIs. In such events, the allergies can cause injuries that 

can lead to the introduction of bacteria. 

Antibiotic Use: in most cases antibiotics eliminates lactobacilli, the bacteria 

that are protective, alongside other harmful bacteria. This can lead to an 

overgrowth of E. coli in the vagina. 

 

Specific risk factors in men 

Men are in most cases more prone to UTIs after age 50. This is the period 

when they start developing prostate problems. Benign prostatic hyperplasia 

(BPH), increase of the prostate gland, can ensure obstruction in the urinary tract 

and increase the danger for infection. Recurrent urinary tract infections in men 

are associated with prostatitis, which is an infection of the prostate gland. 

Although only approximately 20 percent of UTIs occur in men, these infections 

can lead to more serious challenges than they can do in women. Men with UTIs 

are much more likely to be hospitalized than women. 
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Specific risk factors in children 

Every year, approximately 3 percent of American children are contracted 

with urinary tract infections. During the initial few months of life, UTIs are familiar 

in boys than in girls (Conway et al. 2007). Uncircumcised boys are approximately 

10 - 12 times more likely than the boys that are circumcised to contract UTIs by 

the time they are 1 year old. After the age of 2 years, UTIs are common in girls 

than boys. In the case of adults, E. coli is the popular cause of UTIs in children. 

Vesicoureteral Reflux (VUR): Vesicoureteral reflux (VUR) is the main 

cause of up to half of urinary tract infections happening during childhood. VUR 

also puts children at danger for UTI recurrence. VUR is a state in which the urine 

flows back into the kidneys. Usually, when the bladder is filled, the muscle in the 

wall of the bladder contracts, and the urine gets out of the body through a tube 

known as urethra. There is a valve-like mechanism where the ureters join the 

bladder. These valves��function is to keep urine from flowing backward towards 

the kidneys when the bladder contracts. If the valves do not work well, urine may 

remain in the bladder where bacteria can grow.  

 

Catheterization and UTI risk 

The majority of UTIs that develop in hospitalized patients are as a result of 

the urinary catheters. The longer any urinary catheter is in place, the higher the 

danger for growth of bacteria and an infection. In many occasions of the catheter-
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induced UTIs, there are no signs. Due to the danger for wider infection, however, 

anybody in need of a catheter should be screened for infection. Catheters should 

be used only when appropriate. All older adults who are immobilized, 

catheterized, or dehydrated are at increased risk for UTIs. Nursing home 

residents, particularly those who are incontinent, are at very high risk. 

 

Medical conditions that increase the risk of UTIs 

Diabetes: Diabetes puts women at significantly higher risk for 

asymptomatic bacteriuria. The longer a woman has diabetes, the higher the risk. 

(Control of blood sugar does not affect this condition.) The risk for UTI 

complications, and fungal-related UTIs, is also higher in people with diabetes. 

Kidney Problems: approximately any kidney disorder, including kidney 

stones, increases the risk for complicated UTIs. 

Neurogenic Bladder: A number of brain and nerve disorders can affect the 

nerves of the bladder and cause problems with the ability to empty the bladder 

and control urine leakage. Multiple sclerosis, stroke, spinal cord injury, and 

diabetic neuropathy are common examples. 

Sickle-Cell Anemia: Patients with sickle-cell anemia are particularly 

susceptible to kidney damage from their disease, and UTIs put them at even 

greater risk. 
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Immune System Problems: People with immunocompromised systems, 

such as those who have HIV/AIDS or who are undergoing treatment for cancer, 

are at increased risk for all types of infections, including UTIs and pyelonephritis. 

Urinary Tract Abnormalities: Some people have structural abnormalities of 

the urinary tract that cause urine to stagnate or flow backward into the upper 

urinary tract. A prolapsed bladder (cystocele) can result in incomplete urination 

so that urine collects, creating a breeding ground for bacteria. Tiny pockets called 

diverticula sometimes develop inside the urethral wall and can collect urine and 

debris, further increasing the risk for infection. 

 

 

Complications 

In a number of cases, urinary tract infections are annoyances that cause 

urinary discomfort. However, if left untreated, UTIs can develop into severe and 

life-threatening kidney infections (pyelonephritis) that can permanently damage 

the kidneys. The infection may also spread into the bloodstream (called sepsis) 

and in the rest of the body. 

UTIs in pregnant female have serious health dangers for both mother and 

child. UTIs that happens during pregnancy have a higher than average risk of 

developing into kidney infections. Any pregnant woman who suspects she has a 

urinary tract infection should immediately contact her doctor. Many doctors 
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recommend that women receive periodic urine testing throughout their 

pregnancies to check for signs of bacterial infection. 

In some adults, recurrent UTIs may cause scarring in the kidneys, which 

over time can lead to renal hypertension and eventual kidney failure. Most of 

these adults with kidney damage have other predisposing diseases or structural 

abnormalities. Recurrent urinary tract infections, even in the kidney, almost never 

lead to progressive kidney damage in otherwise healthy women. Scarring and 

future kidney problems are also concerns for children who experience severe or 

multiple kidney infections. 

 

 

Signs 

In most cases the signs associated with urinary tract infections are always 

immediate after being infected. Some of the notable signs that are common 

among patients of the disease involve: visiting the urinary regularly, soreness 

during urinating, a bulging effect in the lower abdomen, aching in the pelvic 

section and the back, the urine has a strong pungent smell and in some 

instances the patient may exhibit fever-like conditions. 

 

Signs of acute infection in the kidney (Pyelonephritis) 



38 

 

When the kidney is infected, in most cases systemic symptoms are 

experienced and the impact surpasses those associated with cystitis. The signs 

that are evident in this situation are slightly different from those in urinary tract 

infections. There are cases whereby there has been confusion between this 

condition and that of urinary tract infection (UTI). This is because this condition is 

diagnosed if the symptoms associated with UTI are felt beyond a period of two 

weeks. However the condition is epitomized by increased desire to urinate at 

night. Secondly, there is sustained chills and fever that may be felt for more than 

two days. Thirdly, there will be body aches in regions such as the back and the 

waistline. Finally, it is common for such an individual to exhibit characteristics 

such as vomiting and nausea. 

 

Signs of infants and toddlers suffering from UTIs 

The case among infants is very dangerous considering that it might extend 

to the kidney. Research has indicated that UTIs is in most cases detected among 

infants if they exhibit the following conditions: if the infant shows signs of reduced 

appetite that is sometimes occurred with fever, restlessness and fatigue, if it 

produces urine with extraordinarily pungent smell, if the color of the urine is 

misty, reappearing lack of control of urine that results in unique cases of 

bedwetting, aches in the regions including the abdomen and back and finally 

infants may exhibit vomiting and a feeling of being nauseated. 
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Signs of UTIs among people of advanced ages 

This is an exception group considering that reports have found that the 

common signs such as regular visits to the urinary, aches in the flanks and chills 

tend to be minimal among this group. This group has distinct signs such as 

memory lapse, nausea, abdominal aches and difficulty in breathing due to 

coughing. There are associated conditions that tend to make diagnosis of this 

condition to be a challenging task. 

 

 

Diagnosis 

The ideal approach during diagnosis by a heath worker involves carrying 

out examinations on an individual�s urine. An exception of the diagnosis may be 

carried out among ladies of a tender age. This is mostly advisable when it has 

been detected that such ladies have a reduced chance to be infected with 

difficulties associated with UTIs. In such a situation, the health expert diagnoses 

depend on the depicted signs. 

 

Urine tests 
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Urinalysis is among the common urine tests. It entails an examination of 

the significant compositions that are found in urine. The focus of this test is to 

determine urine color and clarity. It is carried out using a distinct dipstick. The 

dipstick is very significant since it is used for to perform varied chemical 

evaluations. There are cases whereby the urine under test is placed under a 

microscope view to get finer details during the evaluation. The data collected 

from a urinalysis examination is enough for a health expert to recommend 

treatment. 

 

Urine culture 

This is a more advanced examination of a patient�s urine. It entails 

nurturing and developing bacteria present in urine. This is very ideal in helping 

the health expert to discern the bacteria responsible for the infection. This 

therefore serves as a starting point through which the health attendant can give 

the prescription of antibiotics. Urine culture is an advanced stage if urinalysis has 

failed to give vivid results and there are strong indications for the presence of 

infection. In addition, it is highly recommended if it is believed that the infection is 

acute. 

 

Clean-catch sample 
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This is advisable when the health attendant wants to get urine that is not 

distorted with other foreign substances. There are several processes that are 

involved during this practice. To begin with, the patient cleans the hands to get 

rid of any substances, and then the patient has to clean his penis or vulva. A soft 

soapy piece of cotton is used to clean the private parts. The next step involves 

urinating small trickles into the toilet for a short time and then halting. Since 

women have difficulties in controlling urine it is advisable that they use their 

fingers to help in supporting their labia. The next step involves urinating in a 

container. The container has to be placed in the midway of your flow of urine. 

Remove the container when it is half-full. The urine has to be covered with a 

special lid and the patient should ensure that his hands do not get into contact 

with the sides of the container. The sample should be placed in a suitable place 

as advised by the attendant. 

 

Collection with a catheter 

There are exceptional cases where an individual may experience 

difficulties in producing sample urine. This may be because of age or medical 

conditions. In such a situation, a catheter is placed into the bladder. It is effective 

since it provides urine that is free from foreign substances. However, reports 

have indicated that it might be a carrier for the infection. 
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Other tests 

There are cases when the prescribed antibiotics fail to effectively fight the 

infection. During such situations it is advisable for the health attendant to request 

for more specialized examination to investigate the problem. Ultrasound and 

computerized tomography have proven to be ideal in such situations. Some of 

the cases that two tests have proven to effectively examine are: complicated and 

reappearing pyelonephritis, structural defects, and blockages by kidney stones or 

vesicoureteral reflux in infants. 

Distinct categories of x-rays are very useful in the examination of structural 

defects, urethral contraction or partial draining of the bladder. Another x-ray that 

is very powerful is the voiding cystourethrogram. It is commonly used in the 

bladder and urethra. The process involves placing a dye known as a contrast 

material into the urethra using a catheter it is inserted through the bladder. The 

third x-ray is the intravenous pyelogram (IVP), which is commonly associated 

with kidney complications. Unlike the cystourethrogram, in this one the contrast 

material is placed into a vein and expunged by the kidneys. During this process 

the dye goes through the urinary tract and it records cases of blockages or 

defects through the use of x-ray images. Cystoscopy is very useful in recording 

structural defects, intestinal cystitis and other complications that the x-rays may 

fail to record. The practice involves placing the individual on less strong 

anesthetics. Water is then placed into the bladder till it is tight. 
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There are cases when the x-ray tests are overwhelmed by the conditions 

of the patient. Cystoscopy is very useful in recording structural defects, intestinal 

cystitis and other complications that the x-rays may fail to record. The practice 

involves placing the individual on less strong anesthetics. Water is then placed 

into the bladder till it is tight. Another test that is different from the x-rays involves 

blood cultures. This is meant to show the health attendant if the infection has 

affected the blood stream or other body organs. 

 

Isolating similar cases with same signs 

Reports indicate that majority of ladies who exhibit signs of UTI may have 

other complications. Some of these complications include: urethra, vaginitis, 

interstitial cystitis or sexually transmitted diseases. Indications also designate 

that some of these complications may occur together with UTIs. To begin with, 

vaginitis is popular vaginal condition that is brought by various bacteria. In most 

cases the signs are closely related to those of cystitis such as regular visits to the 

urinal. However, the typical signs of vaginitis are itching and peculiar release 

from the vagina. 

The second condition is the sexually transmitted diseases. Reports have 

shown that hurting urination that is not accompanied by evidence of bacterial 

presence would be a result of sexually transmitted diseases. Some of the 
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identical sexually transmitted conditions include Chylamdia trachomais, 

gonorrhea and genital herpes. 

Thirdly, interstitial cystitis is a condition that affects the bladder. It involves 

irritation of bladder walls and the prevalence rate is higher among ladies. 

According to reports, averagely most patients with this condition are within the 

age 40 bracket. However most of this happens among ladies. The signs tend to 

resemble those associated with cystitis but in this case there is the absence of 

bacteria. One of the typical symptoms is irritation during sex and depression 

would catalyze the worsening of the condition. 

Kidney stones is another condition that tends to exhibit similar symptoms 

such as those of UTIs. This is because the irritation that is caused by the kidney 

stones in combination with traces of blood in the urine may be confused with 

pyelonephritis. Distinction is detected through the presence of bacteria in kidney 

stones. 

Another condition is the contraction of urethral and vaginal walls. 

Inflammation may occur along the walls of the vagina and urethra after 

menopause. This is because the walls are dehydrated and there is a presence of 

minor breakages that would reveal signs that may be associated with UTI. 

There are also certain defects among children that may resemble UTI. 

There are certain substances found in children products that may lead to irritation 

during urination. These substances may be found in soaps, diapers or through 

the pinworm parasite. Finally, prostate cancer is another condition that may be 
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confused with UTI. This is because prostate cancer exhibits pain in the prostate 

that is identical with UTI. 

 

 

Treatment 

Antibiotics have remained to be the traditional form of curing UTI. There 

are several antibiotics that are present in leading health centers. The usage of 

these antibiotics is based on certain considerations. For example acute levels of 

infections will be treated with a different antibiotic with that of a mild infection. 

Another consideration is based on the patient and this involves aspects such as 

gender, age and health status. Another factor that dictates the usage is the 

compatibility level of the antibiotic with the prevailing environmental conditions. It 

is advisable that health attendants should not concentrate on the bacteria count 

but they should administer treatment on the basis of the presence of infection. 

 

Treatment of uncomplicated UTIs 

In this case the treatment is usually easier considering that the infection is 

mild. The patient can be given a three-days out-patient treatment and in most 

cases it is suitable for ladies who do not exhibit reappearing characteristics of the 

infection. Another treatment for mild cases involves antibiotic regimen. Below is a 
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list of some of the antibiotics that are commonly used in treatment of 

uncomplicated UTIs. 

The standard regimen is prescription that is supposed to cover three days. 

Medically it is referred to as TMP-SMX (Bactrim, Septra, generic). TMP-SMX 

should be used together with a sulfa drug. There are cases when it may be 

effective for a patient to take a single dose, it has, however, been associated with 

reduced effectiveness compared to the three-day dose. It is also advisable that 

an attendant should consider if the patient reacts negatively to sulfa related 

drugs. Nitrofurantion (Furadantin, macrobid, macrodantin generic) is also a 

recognized antibiotic that should be administered within five days. Fosfomycin 

(monurol) is a drug that is usually administered to expectant mothers. 

Fluoroquinolone is also used in the treatment of UTIs. It is very unique since it 

has reduced negative effects on the user. An example is ciprofloxacin. However, 

it is highly discouraged among expectant mothers. Amoxicillin-clavunate, cefdinir, 

cefaclor and cefpodoxime-proxetil are also another category of antibiotics that 

can be administered. 

It has been found that the antibiotic treatment should last for 

approximately two weeks. After this period a responding treatment would have 

cleared the infection from the body of the patient. In case there is no 

improvement, it is advisable that women should halt the antibiotic treatment. 

Subsequently, they should give their urine samples for culturing to help in 

detailed examination of the prospective bacteria. 



47 

 

 

Curing a deterioration infection 

A deterioration infection is a case whereby the infection has failed to 

respond to the treatment. Reports have indicated that it is likely to occur among 

10% of women who undergo treatment. In this case the treatment is supposed to 

be handled like a fresh case. The difference is that the antibiotics are supposed 

to be administered for 7-14 days. Before initiating a relapse treatment, the 

attendant is supposed to examine other conditions that exhibit similar signs as 

those associated with UTIs.  

 

Treating a reappearing infection 

This is evidence in women who exhibit signs associated with UTIs every 

six months or three times a year. In this case it is advisable for the health 

attendant to administer preventive antibiotics. However there are measures that 

are meant to ensure that women embrace changes in their living that would 

inhibit UTIs. 

There are situations when women can engage in self-treatment practices 

without involving a medical attendant. This is referred to as intermittent self-

treatment. In observation of this, it is advisable that they observe a particular 

procedure. For infections that happen on less than two occasions in a year, they 

should be handled as a fresh infection. This would involve taking a three-day 
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antibiotic regimen. To ensure that process observes the medical conditions, it is 

recommended that the woman should do a clean-catch urine test for analysis by 

an expert to verify the infection. There are cases when the woman practicing this 

type of treatment should visit a health attendant. They include: if the signs persist 

for more than 48 hours, incase of alterations in the signs, if she feels that she is 

pregnant and if the infections have happened four times within a year. This type 

of treatment is not suitable for ladies who have a vulnerable immune system, a 

history of kidney complications, structural defects in the urinary tract or previous 

infections of antibiotic resistant bacteria. 

Postcoital antibiotics are also suitable for reappearing cases of infections. 

This is common if the infections are associated with sexual practices. This is 

usually if they appear more than twice within a 6 month period. In this case it is 

advisable that the patient takes a single inhibitive dose after a sexual activity. In 

this case, TMP-SMX, nitrofurantoin, cephalexin or fluoroquinoline is highly 

recommended. Antibiotics such as prophylactic are not ideal for ladies, who are 

resistant to other treatment practices. For such women it is recommended that 

they use low-dose antibiotics for a continuous period that exceeds six months. 

 

Treatment for kidney infections (pyelonephritis) 

Individuals with mild kidney infections can be subjected to a home-based 

care through the use of oral antibiotics. Ciproflaxacin (Cipro, generic) or a 
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different fluoroquinolone is advisable. However other antibiotics including 

trimethroprim-sulfamethoxazole are also useful in this situation. Individuals with 

characteristics of mild and acute kidney infections may require admission to 

hospitals. Another consideration is that pyelonephritis may require an elongated 

period of admission of antibiotic drugs. 

 

Treatment for specific populations 

Treating pregnant women 

This stage is very critical among women since they are more prone to UTI 

infections. It is advisable that women in this stage should undergo extensive 

evaluation to determine the presence of the infection. They are also required to 

use specific antibiotics to avoid complications arising from reactions associated 

with this stage. Some of these antibiotics include ampicillin and amoxicillin. Some 

of the antibiotics that are not favorable among ladies within this stage include 

fluoroqinolones and tetracyclines. 

Complications such as asymptomatic bacteriuria are very challenging 

among pregnant women. This is because there are indications of the presence of 

the infection but the signs are absent. Under this condition a considerable 

percentage of women are at risk of getting severe pyelonephritis in their second 

or third trimester. Specialized examination and treatment is highly recommended 
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under such conditions. Mild cases of UTI among this group of women require an 

elongated treatment period. 

 

Treating children with UTIs 

TMP-SMX is the commonly used antibiotic for treatment among this group. 

Others include cephalosporins, cephalexin and amoxicillin. The form of 

administration is oral through pill and liquefied forms. The response rate among 

children to treatment is considerably higher.  

Vesicouretal reflux is one of the risky conditions to children (Faust and 

Pohl 2007; Hodson et al. 2007). This is because it may result in pyelonephritis, 

which is highly injurious to the kidney. The ideal treatment for such a condition is 

elongated treatment period with antibiotics. This is meant to avert conditions that 

may result in the need for surgery and to also cure the condition. Recent 

research has indicated that reappearing UTI among children tends to be resistant 

to inhibitive antibiotics. Severe cases among this population are treated with 

multiple types of antibiotics. They include: oral cefixime or intravenous antibiotic. 

 

Management of catheter-induced UTIs 

These are among the popular cases and the most ideal measure is the 

use of inhibitive practices. It is advisable that health attendants should avoid in-

dwelling catheters unless conditions are favorable for its use. They should not be 
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allowed to over-stay in the body. Elongated use of catheters has been associated 

with certain negative side effects. This has been an uphill task among various 

medical experts. In men the condom catheter has proved to be somehow less 

risky. There are certain precautions that should be observed to inhibit infections 

resulting from the use of catheters. They include: hydrating the body through 

drinking enough fluids, the catheter tube should not have knots, the urethra 

region and the catheter should be cleaned regularly using soapy water, avoid 

contaminating the catheter by using clean hands when handling it, specialized 

attention should involve advice from a health expert, the drainage bag should 

never come into contact with the floor and ensure that it is firm against the leg by 

using strengthening measures such as tapes. 

 

Antibiotics for catheter-induced infections 

For unique cases such as development of UTI when someone is using the 

catheter, it is recommended that such an individual should be treated for every 

phase. Furthermore, it is also recommended for removal or changing. Organisms 

may complicate the treatment of catheter associated UTI. This is because these 

organisms undergo consistent transformations. Another concern is that such 

organisms tend to be a variety of bacteria. This has made health attendants to 

prescribe antibiotics that may handle a myriad of bacteria. 

Inhibitive treatment is recommended among UTI related infection albeit the 

fact such patients tend to have more bacteriuria. It is exceptional since their 
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nature of bacteriuria is not connected to cases such as symptomatic UTIs. It is 

challenging if the catheter has to be used for a longer period and the bacteriuria 

is present but the signs are absent in a patient. 

 

 

Medications 

The universally accepted use of antibiotics has encountered challenges 

arising from resistant strains such as E. coli. Nitrofuranton and fosfomycin have 

proven to be effective compared to TMP-SMX that has been rendered ineffective 

due to resistant strains. The following is a closer evaluation of the antibiotics that 

have been associated with treatment of UTIs. 

 

Trimethropin-sulfamethoxazole (TMP-SMX) 

This is the most commonly used antibiotic. It is used in the treatment of 

mild UTI. The prescription is given in different forms. There is a three-day dose 

and a single dose. The three-day dose comprises of TMP-SMX such as Bactrim, 

sepra and generic. A one-day dose is considerably weaker but is highly 

embraced when there is need for reducing the side-effects. Elongated doses are 

not that more effective than the normal three-day dose and their use is 

associated with a higher rate of side-effects. 
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TMP-SMX is not recommended for individuals who react negatively to 

drugs that contain sulfa. This is because the reactions are grave. Trimethoprim is 

one of the antibiotics that are commonly administered to those who exhibit 

negative reactions with sulfa drugs. One of the side effects of TMP-SMX is that it 

may disrupt normal functioning of oral contraceptives. United States is one of the 

countries that has reported higher levels of resistant bacterial to TMP-SMX. 

 

Nitrofurantoin 

This is one of the antibiotics that has been embraced as a replacement to 

TMP-SMX. Nitrofurantoin (Furadantin, Macrodantin, Macrobid, generic) is 

prescribed for a period of five days and the patient is supposed to take it two 

times in a day. Reports indicate that it is not effective in handling kidney 

complications. One of the side-effects is that it may cause stomach discomfort 

and it tends to be compatible with other forms of medication. Secondly, its 

effectiveness is highly compromised by the presence of severe health 

complications or medication. This antibiotic is not suitable for expectant mothers 

who are about to deliver, breastfeeding parents and those who have kidney 

complications. 

 

Fosfomycin 
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This antibiotic is always preferred among special population patients such 

as expectant ladies. This is because it is associated with a reduced level of side-

effects. However this has made fosfomycin (monurol) to be considerably weaker 

compared to others such as TMP-SMX. 

 

Beta-lactams 

Antibiotics under this category have similar components. Examples of 

these antibiotics are: penicillin, cephalosporins and other recent ones. Penicillin 

had been a traditional treatment for UTI that comprised amoxicillin. This has 

changed since strains such as E. coli have proven to be resistant to this 

antibiotic. There are cases when amoxicillin is mixed with clavunate to fight 

resistant strains like E. coli. 

Cephalosporins are distinctively used for situations associated with 

children. This is, however, used when the infection in an individual within this 

group is resistant to the given normal treatment. They are categorized into: first, 

second and third. Some of the antibiotics under this group include cephalexin, 

cefadroxil, cefuroxime, loracarbef and cefixime. Recent research has led in 

development of other beta-lactam antibiotics such as piymecillinam in areas such 

as Europe. 

 

Fluoroquinolones (Quinolones) 
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It is also used as a replacement for TMP-SMX. However, currently most 

health attendants prescribe it when other antibiotics have been found to be 

unsuitable. They are very vital in treatments involving kidney complications. They 

include: ofloxacin, ciproflaxin and levofloxacin. These drugs have adverse side 

effects and they are not recommended for special groups such as expectant 

mothers unless under the instructions of a health attendant. 

 

Other antibiotics used for UTIs 

They include: doripenem, which is a recent antibiotic meant for the 

treatment of severe UTIs and it is administered in form of injection. Tetracyclines 

is another antibiotic that is very effective in cases that have resulted from 

Chlamydia and mycoplasma. It has side effects such as sunlight-caused defects 

on the skin and change of color in teeth. In addition it is has severe effects on 

ladies and children. Another category is aminoglycosides that are administered in 

form of a injection. They are meant to handle severe infections and they only 

work when used with other antibiotics. One of the antibiotics that are used 

together with aminoglycosides is gentamicin.  

There are cases when the use of antibiotics may take a longer period to 

eliminate the bacteria. There are other forms of medication that can be used in 

reducing the impact of the symptoms upon the patient. They include: 

phenazopyridine that eases aching and irritation. However, the use should not 



56 

 

exceed two days. It has lighter side effects such as aches in the stomach and the 

head and changes on urine color. Another drug is antispasm drugs, which 

include methanamine and flavoxate. Their role is to lower bladder contractions 

that maybe associated with UTIs. 

 

Antibiotic resistance 

It suffices to state that the microbial composition of the vaginal cavity can 

be affected by short antibiotic�s courses (Tempera et al. 2009), as well as the 

gastrointestinal tract (Dethlefsen et al. 2008). For instance, yeast infections that 

affect the vagina commonly result from UTI antibiotic therapy (Kurtaran et al. 

2010). Healthy volunteers that did not undergo antibiotic medication two years 

ago exhibited a loss of some taxa from their gut microbiota following a 

ciprofloxacin course that lasted for five days. In fact, some taxa failed to appear 

even after the end of six months (Dethlefsen et al. 2008). Second to otitis media, 

UTI is the other reason that warrants the prescription of antibiotics. However, it 

affects the normal microbiota. Besides considering the effect of antibiotics to the 

taxa that exist in the microbial community, the use of antibiotics targets 

commensal organisms and resistant pathogens. Initial use of an antibiotic is a 

major risk that may give rise to UTIs that are resistant to antibiotics (Colodner et 

al. 2008; Kurtaran et al. 2010). 
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A �fitness cost��is imposed on the bacterium by the resistance to antibiotics 

at the initial stage; thus resulting into a reduced growth rate. Consequently, the 

removal of the selecting antibiotic from the environment should restore the 

sensitivity of the resistant bacteria. However, recent research indicates that the 

reversion of resistant bacteria to sensitivity seldom occurs since the fitness costs 

caused by resistance are compensated for by bacteria through rapidly developed 

mechanisms. For instance, an interventional trial conducted in Sweden revealed 

no resistance loss to the E. coli antibiotic patients who were isolated from UTI 

patients. During the trial, drugs that contained trimethoprim were not used for a 

period of 24 months (Sundqvist et al. 2010). Resistance to various antibiotics 

may be acquired by a bacterium since the horizontal transfer of genes is the 

common mechanism of obtaining antibiotic resistance. The resistance may also 

simultaneously apply to different classes of antibiotics. Consequently, the use of 

an antibiotic may result into resistance to other different antibiotics. Moreover, 

some resistance mechanisms have been proven to result into resistance of many 

other antibiotics��classes.  

Based on the results of different international systems of surveillance that 

reported UPEC�s frequency of resistance towards specific antibiotics in Europe 

and America, a considerable resistance variation was noted. For instance, the 

global resistance to Ampicillin in uropathogens ranges between 33% in Quebec, 

Canada and about 80% in Mexico (Karlowsky et al. 2002; Alos et al. 2005; 

Zhanel et al. 2005; Moreira et al. 2006). Trimethoprim resistance (the first 
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uncomplicated UTI antibiotic therapy) ranges between 9% and 61% in Quebec 

and Mexico respectively. There was a constant low rate of ciprofloxacin 

resistance in certain areas (none in Nova Scotia, Canada) but high (72%) in 

Mexico�s isolates. The results also showed that ciprofloxacin-resistant 

uropathogens in the USA are 5-10% (Zhanel et al. 2005). Such surveillance data 

may portray an overestimate of the resistance. With the complicated and 

recurrent UTI being recorded and cultured, the results are alarming. The 

emergence of UTI of E. coli containing enzyme -lactamase is also disturbing. 

The enzyme fosters third generation cephalosporins, penicillin and monobactams 

resistance (Doi et al. 2007; DeBusscher et al. 2009; Azap et al. 2010). 

 

 

Bacteriology 

Pathogens 

There are few microorganisms whose versatility can be compared to that 

of Escherichia coli. E. coli thrives in an endotherm�s gut. It was discovered by 

Theodor Escherich, a German pediatrician, in 1885. It is classified under 

Enterobacteriaceae family that is a member of gamma-proteobacteria. The 

microorganism colonizes the gastrointestinal tract of human children after some 

few hours following childbirth. Numerous E. coli type�s existence occurs as that of 

the normal flora of the human gut. Its functions entail synthesizing vitamin K2 and 
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averting harmful pathogenic bacteria. Disease is hardly caused by the 

commensal E. coli. However, the bacterium may cause diseases in 

immunocompromised individuals as a result of the gastrointestinal barriers��

breaching. The bacterium thrives in the mucous layer of the mammalian colon.  

 

 

Pathogenic strains of Escherichia coli 

A large percentage of the strains of the bacterium do not harm humans. 

However, some E. coli strains have specific features that enable its survival in 

diversified niches. This guarantees the ability to cause diseases. The specific 

attributes are encoded on inheritance elements that can be converted into 

different forms to develop original combinations of the specific attributes, or on 

mobile genetic; though have changed to be �tied��in the genome. Definite 

pathotypes of E. coli that cause diseases to healthy humans bear the most 

successful adaptive attributes.  

The three clinical syndromes that may develop from the infection caused 

by a member of the pathotypes include: infections of the urinary tract, 

diarrhoeal/enteric diseases and meningitis/sepsis. There are six definitive 

categories of the intestinal pathogens: enterohaemorrhagic E. coli (EHEC), 

enteropathogenic E. coli (EPEC), enteroaggregative E. coli (EAEC), 

enterotoxigenic E. coli (ETEC), diffusely adherent E. coli (DAEC) and 
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enteroinvasive E. coli (EIEC). UTIs are the widespread extraintestinal infections 

caused by E. coli. The causative pathogen is uropathogenic E. coli (UPEC). 

ExPEC is the term that is currently used to refer to the E. coli pathotypes 

caught up in infections that affect the outer part of the intestine. Animal diseases 

can be caused by ETEC, EPEC and EHEC that bear virulence characteristics 

that are also prevalent in the human strains and other features that are non- 

existent in humans. The clonal pathotypes have H (flagellar) antigens and O 

(lipopolysaccharide, LPS) that define the groups of serum (antigen O) or 

serotypes (H and O antigens). 

 

 

Figure 2: Contribution of mobile genetic elements in the evolution of pathogenic E. coli 
The uptake of mobile genetic elements (phages, virulence plasmids and pathogenicity islands), 
as well as the loss of chromosomal-DNA regions in different E. coli lineages, has enabled the 
evolution of separate clones, which belong to different E. coli pathotypes and are associated with 
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specific disease symptoms (Ahmed et al. 2008). LEE, locus of enterocyte effacement; PAI, 
pathogenicity island; pEAF, enteropathogenic E. coli adhesion-factor plasmid; pENT, enterotoxin-
encoding plasmids; Stx, Shiga-toxin-encoding bacteriophage. 

 

E. coli colonisation factors 

E. coli pathogens have exact factors of adherence that enable them to 

control E. coli uninhabited sites. Such sites include the urethra and the small 

intestine. In most cases, particular morphological structures are formed by the 

adhesions. These structures are known as fimbrillae or fimbriae/pilli. These are 

rod-like structures having a diameter of 5-10 nm. This distinguishes them from 

flagella. The diameter of fimbrillae is 2-4 nm. They either take curly or wiry 

shapes that are flexible (Cassels and Wolf 1995). Afimbrial adhesins are referred 

to as the afa adhesions when they are produced by multiple uropathogenic and 

diarrhoeagenic E. coli. However, visualization of their fimbrillar structure is 

difficult (Keller et al. 2002).  

Outer-membrane proteins also form part of the adhesins of E. coli 

pathogens. They include: intimin of EHEC and UPEC, or other proteins that are 

non-fimbrial. Pathways of signal transduction are also triggered by certain 

surface structures. These surfaces are also referred to as cytoskeletal 

rearrangements. Some surface structures trigger signal transduction pathways or 

cytoskeletal rearrangements that can lead to disease. For example, UPEC and 

DAEC express members of the adhesin�s Dr family. CD55 or DAF (decay 
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accelerating factor) is bound onto by DAEC and UPEC. This gives rise to 

phosphatidylinositol PI-3-kinase activation. This is also referred to as PI-3-kinase 

and an expression of the surface of the cell of the MHC (major histocompatibility 

complex) class I-related molecule MICA (Tieng et al. 2002). The nucleation of 

EIEC�s nucleate ICsA protein occurs at one bacterium pole. This allows the 

mobility in the cytoplasm using the polymerized actin�s tail (Goldberg and Theriot 

1995). Signaling cascades can also be induced by commensal E. coli�s surface 

structures when the proper receptor is encountered by the organism. 

 

 

E. coli virulence factors 

Effector proteins and secreted toxins are many as compared to structures 

of the surface membrane. Pathways of signal transduction are triggered by these 

proteins, which further affect different eukaryotic processes. An increase in the 

concentrations of significant intracellular messengers can be increased to result 

into the secretion of ion through the actions of heat-stable enterotoxin a (STa) 

and heat-labile enterotoxin (LT). The messengers include: cyclic GMP, Ca2+ and 

cyclic AMP. Diverse ETEC strains are responsible for the production of STa and 

LT (Sears and Kaper 1996). The EHEC�s Stx (Shiga toxin) cleaves ribosomal 

RNA. This results into a disruption of the synthesis of proteins and the death of 

intoxicated epithelial. The cytolethal distending toxin (CDT) bears the DNaseI 
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activity. Cell division is eventually blocked in the G2/M cell cycle�s phase (De 

Rycke and Oswald 2001). Cell division is also blocked by CIF (cycle-inhibiting 

factor) toxin. It does not have DNaseI activity. It acts by inhibiting the activity of 

Cdk1 kinase (Marches et al. 2003). A crucial glutamine residue is deaminated by 

cytotoxic necrotizing factors (CNF 1 and CNF 2) residue of RhoA, Rac and 

Cdc42. The vital signaling molecules are then locked in the �on��position resulting 

into cytoskeletal alterations that are marked, cellular enlargement 

multinucleation, and necrosis (Lerm et al. 1999).  

There are two autonomous activities of the Map protein of EHEC and 

EPEC. These include the stimulation of the formation of filopodia that are 

dependent on and targeting mitochondria in order to interrupt the potential of the 

membrane in the organelles (Kenny et al. 2002). There are several mechanisms 

that transport the different toxins from the bacterial cytoplasm to the cells of the 

hosts. LT is an A�B subunit toxin that is released to the extra-cellular milieu by a 

system of type II secretion (Tauschek et al. 2002). Numerous toxins, such as 

EspC , Pet and Sat are referred to as autotransporters since part of these toxins 

develop a -barrel pore in the surface membrane that permits extracellular 

access to the other part of the protein (Henderson et al. 1998). The SPATEs 

(serine protease autotransporters of enterobacteriaceae) are a subfamily of 

serine protease autotransporters that are synthesized by uropathogenic and 

diarrhoeagenic E. coli and Shigella types. EHEC, EPEC and EIEC have type III 
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systems of secretion, which are composite structures that contain more than 20 

proteins developing a �needle and syringe��apparatus that permits effector 

proteins, such as IpaB and Tir, to be introduced directly into the host cell (Hueck 

1998). The UPEC haemolysin is the sample of the type I secretion mechanism. It 

uses TolC for export from the cell (Balakrishnan et al. 2001). Pathogenic E. coli 

do not have any described type IV secretion systems, apart from the type IV-like 

systems that take part in conjugal transfer of some plasmids. Through different 

means, pathogenic E. coli have developed several mechanisms to damage host 

cells and cause illness. 

 

 

Figure 3: Gram-negative bacterium 
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Electron micrograph of Escherichia coli (Beutler and Rietschel 2003) A. together with a schematic 
representation of the location of lipopolysaccharide (LPS; endotoxin) in the bacterial cell wall B. 
and the architecture of LPS C. Also shown is the primary structure of the toxic centre of LPS, the 
lipid A component D. The electron micrograph was kindly provided by M. Rhode, German 
Research Centre for Biotechnology, Braunschweig, Germany. GlcN, D-glucosamine; Hep, L-
glycero-D-manno-heptose; Kdo, 2-keto-3-deoxy-octulosonic acid; P, phosphate. 

 

Pathogenicity islands 

The idea of PAI was developed in the late 1980s by J	rg Hacker and 

friends in Werner Goebel's group at the University of W
rzburg, W
rzburg, 

Germany. They were determining the genetic foundation of virulence of UPEC 

varieties 536 and J96 (Knapp et al. 1986; Hacker et al. 1990). The group focused 

on a genetic link of determinants encoding P-related fimbriae, hemolysins and P 

fimbriae, in these types and could also identify a co-deletion of the connected 

genes (Hacker et al. 1990). Analogous DNA segments having more than one 

connected virulence gene were earlier described and termed virulence gene 

blocks in conformance to the names assigned by other authors (Low et al. 1984; 

High et al. 1988; Hacker 1990). However, the study that a single event of deletion 

results in the loss of two linked virulence gene clusters alongside additional DNA 

segments above 30 kb resulted into the definition of the epithet �pathogenicity 

DNA islands��and later on to �pathogenicity islands��(PAI) (Hacker et al. 1990; 

Blum et al. 1994).  

Hacker and colleagues revealed that deletion of a PAI led to an E. coli 

phenotype strain that was nonpathogenic, i.e. E. coli strain 536, and it has been 
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recommended the deletions are a genetic approach to adapt bacterial virulence. 

In an afterward study, the genetic structure and size of these E. coli strain 536 

PAI were observed in detail (Hacker et al. 1983; Knapp et al. 1985; Hacker et al. 

1990). The P-related fimbriae and hemolysin production (hly) gene regions, 

termed PAI I and II, were mapped at centisomes 82 and 97 in the E. coli gene. It 

was also determined that the tRNA loci selC and leuX are located at the 

connection to the chromosome. Furthermore, direct repeats of 16 and 18 

nucleotides border these PAI. After the early discovery of PAI, the genetic 

structures have been determined increasingly in other E. coli groups and also in 

other bacterial strains (Hacker and Kaper 2000). 

PAI has one or more virulence genetic materials; genomic elements with 

features similar to PAI but not having virulence genes are called metabolic or 

genomic. PAI exist in the genomes of a pathogenic bacterium but do not exist in 

the genomes of a nonpathogenic representative of a similar species or a closely 

related species. Relatively large genomic regions are occupied by PAI. Most of 

PAI ranges from 10 to 200 kb. PAI is often different from the nucleus genome in 

their base structure and also exhibit a different use of codon. The base structure 

is expressed as a guanine and cytosine (GC) bases percentage, and the average 

GC composition of bacterial DNA can vary between 25 and 75%. Most 

pathogenic bacterial species contain GC contents that range between 40 and 

60%; with the variation reason unknown. However, the conservation of a genus- 

or species-specific base structure is a remarkable bacterial feature. It is viewed 



67 

 

that the horizontally acquired PAI still bears the base structure of the donor 

species. On the other hand, it is also noted that the base structure of horizontally 

acquired DNA will descend to the base structure of the recipient's genome in the 

event of evolution. Thus it proves difficult to explain why �ancient��PAI still exhibit 

a diverse base composition. Other factors such as the topology of DNA or 

particular codon utility of the virulence genes in PAI may also be responsible for 

the maintenance of the divergent base profile. 

PAI are commonly located next to tRNA genes. This resulted into the 

hypothesis that tRNA genes act as support points for introduction of foreign DNA 

acquired by horizontal transfer of genes. The common insertion at tRNA loci 

occurs as a result of genes encoding tRNAs being highly preserved between 

different bacterial strains. After the horizontal gene transfer acquisition, a DNA 

section that contains a tRNA gene can insert into genome of the recipient by 

recombination between the tRNA genes. The second result was that particular 

bacteriophages use tRNA genes as exact insertion points in the host genome. 

tRNA genes may characterize precise points of support for the incorporation of 

foreign DNA. PAI are recurrently linked to mobile genetic elements. They are 

frequently flanked by direct repeats (DR). DRs are defined as DNA sequences of 

16 to 20 bp (up to 130 bp) with an ideal or nearly perfect repetition of the 

sequence. DR might have performed as detection sites for the incorporation of 

bacteriophages, and their addition resulted in the doubling of the DR. Moreover, 

DR act as detection sequences for enzymes that take part in excision of movable 
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genetic elements, thus contributing to the unsteadiness of a PAI flanked by DR. 

Deletion of a PAI is most likely enhanced similar mechanisms that add to the loss 

of factors of antibiotic resistance without selective pressure. In the two situations, 

the deletion results in a decrease in the size of the genome leading to a reduced 

production time that is advantageous to competition with other microorganisms. 

PAI frequently bear hidden or even functional movement genes such as 

integrases or transposases. Integrases, which may have been obtained from 

lysogenic bacteriophages, mediate the incorporation of the phage genome into 

the host bacteria genome, besides the excision required to enter a lytic cycle. 

Such genes still function in particular PAI, and the encoded proteins can mediate 

the removal of the PAI and its loss. Other PAI have genes that are the same as 

transposons�s resolvase and integrase genes. The mobile hereditary elements 

can vary their chromosomal position, but transposons can also jump from their 

position in the chromosome to a plasmid and vice versa. Insertion sequence (IS) 

elements are commonly observed in PAI. Insertion of the elements of IS can 

result in the inactivation of genes, but the blend of two or more Insertion 

Sequence elements can also lead to the mobilization of larger DNA portions. PAI 

can also stand for integrated plasmids, bacteriophages, conjugative transposons 

or parts of these elements (Hacker et al. 1997). 

PAI often are unsteady and delete with precise frequencies. Virulence 

functions determined by particular PAI are lost with a rate of recurrence that is 

higher than the normal mutation rate. Analyses revealed that such aberrations 
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are caused not by defects in individual virulence genes within the PAI but, rather, 

by loss of the large portions of a PAI or even the entire PAI. These mutations can 

be studied during the in vitro cultivation of pathogens, but they may also exist in 

the isolates of infected persons, for example in the event of persistent infections. 

This shows that such PAI bear an inherent genetic instability. The same 

hereditary mechanisms that allow the distribution of PAI by horizontal transfer of 

genes also determine genetic instability. Numerous characteristic elements, such 

as integrases, transposases, and IS elements, have been found to contribute to 

mobilization and as well as to unsteadiness. PAI regularly represent mosaic-like 

structures rather than homogeneous segments of horizontally acquired DNA. 

Some PAI represent an incorporation of a single hereditary element. Others 

exhibit a more complex structure, because elements of diverse origin are 

present. During evolution, some genetic elements have been acquired separately 

at diverse time points and from dissimilar hosts. However, these DNA 

acquisitions are incorporated at the same location into the genetic material of the 

bacterial cell of the recipient. This result in the accumulation of horizontally 

acquired elements at a definite chromosomal location, and the same target 

structures (e.g. tRNA genes) served continually for the incorporation of the 

different elements. 
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Uropathogenic E. coli (UPEC) 

The urinary tract is among the most common bacterial infection sites and 

E. coli is by far the most widespread infecting agent at the site. The member of E. 

coli that causes uncomplicated cystitis and acute pyelonephritis is discrete from 

the commensal E. coli species that encompass most of the E. coli inhabiting the 

lower colon of humans. E. coli from a small number of O serogroups (six O 

groups cause 75% of UTIs) have outward appearances that are epidemiologically 

linked to cystitis and acute pyelonephritis in the ordinary urinary tract, which 

incorporate expression of P fimbriae, aerobactin, haemolysin, encapsulation and 

serum resistance. Groups of clones and epidemic varieties that are linked to UTIs 

have been determined (Phillips et al. 1988; Manges et al. 2001). 

 

 

Figure 4: Schematic diagram of uropathogenic E. coli and virulence factors 
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Although numerous isolates of UTI appear to be clonal, there is no 

particular phenotypic profile that causes UTIs. Explicit adhesins, including P 

(Pap), type 1 and other fimbriae (such as F1C, S, M and Dr), appear to aid in 

colonization. Some toxins are produced, including haemolysin, cytotoxic 

necrotizing factor and an autotransported protease known as Sat. These 

virulence factors are found in differing percentages among various UPEC 

subgroups. Uropathogenic species have large and small pathogenicity islands 

that contain blocks of genes that are not found in the chromosome of faecal 

species. The presence of the genome sequence of E. coli CFT073 (Welch et al. 

2002) and efforts by other researchers to identify virulence genes by signature-

tagged mutagenesis (Bahrani-Mougeot et al. 2002) and other methods have 

permitted the development of a model of pathogenesis for UPEC. 

 

 

Immunology 

Innate immune responses 

The resistance of the host to urinary tract infection (UTI) is dependent on 

innate immunity, particularly during the severe phase of infection. Previous 

studies discovered the significance of innate immunity to UTI vulnerability and 

discovered the first genetic defects that either exacerbated the most acute 

infections or enhanced the mildest forms (Hagberg et al. 1984; Frendeus et al. 



72 

 

2000). A past study discovered mutant mice with a paradoxical phenotype; they 

had high bacteria numbers in urine, suggesting impaired infection resistance, but 

developed an asymptomatic carrier state without pathology (Hagberg et al. 

1985). Their mutation (Lps d/d) repressed the mucosal response to UTI and was 

later identified as a point mutation in the Toll/interleukin 1 receptor (TIR) domain 

of Toll-like receptor 4 (Tlr4), which controls many aspects of innate immune 

signaling in Gram negative infection (Poltorak et al. 1998). Tlr4�/��mice were later 

shown to develop a similar phenotype (Fischer et al. 2006). By contrast, a 

dramatic increase in susceptibility to acute pyelonephritis (APN) and renal 

scarring was identified in mice bearing a chemokine receptor deletion that affects 

neutrophil function (Frendeus et al. 2000). 

Human polymorphisms that affect the TLR4 and CXCR1 (encoding CXC 

chemokine receptor type 1) genes have been identified in patients with 

asymptomatic bacteriuria (ABU) or APN, respectively, supporting their 

significance in human disease (Lundstedt et al. 2007; Ragnarsdottir et al. 2010). 

Consequently, several of primary natural immune deficiencies have identified to 

predispose children to bacterial infections, especially of the skin and upper 

respiratory tract, mostly caused by Pseudomonas aeruginosa and 

Staphylococcus aureus (Picard et al. 2010). Acute viral, parasitic, or fungal 

diseases are normally not observed. The main threat to individuals deficient in 

MYD88 (myeloid differentiation primary response protein MyD88) and IRAK4 

(interleukin 1 receptor associated kinase 4) appears to be invasive 
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pneumococcal disease with weak or delayed inflammation signs (Doffinger et al. 

2001; Picard et al. 2003; von Bernuth et al. 2008), but to the best of my 

knowledge, UTI vulnerability has not been studied in the group. The catalog of 

genes linked with UTI susceptibility is progressively increasing, making UTIs an 

exceptional model for decoding genetic regulation of natural immunity and 

infectious disease vulnerability. 

 

 

Infection overview 

Uropathogenic Escherichia coli (UPEC) strains invade the urinary tract 

from reservoirs in the intestinal, perineal or preputial microflora (Lidin-Janson et 

al. 1977). In patients with APN, the most virulent E. coli strains ascend into the 

renal pelvis where they make contact with the mucosa, through an attachment 

process involving specific bacterial ligands and host cell receptors (Eden et al. 

1976). Receptor perturbations alert the host cell to the presence of the pathogen 

and, depending on the type of receptor engaged, different signaling pathways are 

activated, which leads to a cascade of innate immune response effectors 

including defensins, cytokines, inflammatory cells and specific immunity. 

Uropathogens have, in turn, evolved molecules to inhibit these signaling 

pathways and the resulting bactericidal host effector functions. For example, 
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TcpC is a TIR domain containing protein that impairs TLR and MYD88 dependent 

signaling (Cirl et al. 2008). 

UPEC also cause direct tissue damage through the secretion of toxins that 

permeabilize and kill host cells (for example, hemolysin and cytotoxic necrotizing 

factor), thereby disrupting the mucosal barrier and opening access to underlying 

tissues including the bloodstream. Bacterial survival is enhanced by capsule 

formation, which confers resistance to bactericidal host molecules (such as 

defensins or antibodies), by competition for nutrients that enhance virulence and 

by metabolic adaptation mechanisms (Oelschlaeger et al. 2002; Nielubowicz and 

Mobley 2010). Invasion and establishment of intracellular bacterial communities 

have been proposed to constitute a mechanism of long term survival in the 

bladder mucosa (Anderson et al. 2003; Justice et al. 2006; Mysorekar and 

Hultgren 2006). 

E. coli strains that cause ABU differ markedly from APN strains. Many 

strains entirely lack the typical E. coli virulence factors but at least 50% have 

evolved from virulent strains by genome reduction (that is, inactivation of 

virulence genes either by the accumulation of point mutations or by deletions) 

(Roos et al. 2006; Zdziarski et al. 2008). Genetic alterations also occur in 

metabolic genes and pleiotropic regulators of bacterial gene expression. This 

evolutionary process is ongoing as ABU strains continue to evolve in the host 

environment, resulting in the establishment of new, host specific strains 

(Zdziarski et al. 2010). In this way, genetic variation driven by the host 
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environment may have direct effects on the evolution of bacteria in the urinary 

tract. 

Uroepithelial cells are initially contacted by the contaminating bacteria 

through attaching to the cell surface and are the initial sensors of microbial 

challenge. These cells act in response to pathogenic bacteria by triggering the 

immune system and through the discharge of chemical mediators (for example 

chemokines and cytokines), they organize the innate as well as the adaptive 

immune response. Chemokines set off resident immune cells (mast and dendritic 

cells) and enlist inflammatory cells (monocytes, PMNs, and lymphocytes) from 

the blood stream. PMNs traverse the epithelial barrier into the urine and bacteria 

are phagocytosed and exterminated. Pathogenic bacteria also attack the 

superficial layer of the urothelial mucosa, therefore, avoiding elimination by the 

host defense. Virulent bacteria may be shielded from death by a number of 

survival mechanisms including: metal-binding for example iron attaching 

molecules, polysaccharide capsules, or by discharge of molecules (such as TcpC 

protein) that purposely inhibit critical facets of innate host response. In 

symptomless patients, bacteria institute a commensal-like state with weak innate 

immune activation. Regardless of this weak response, ABU forms undergo 

hurried genetic alterations in response to the host environment. 
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Figure 5: Overview of the infection process 
Interaction between mucosal surfaces and pathogens and commensals during symptomatic UTI 
or asymptomatic bacterial carriage (Ragnarsdottir et al. 2011). ABU, asymptomatic bacteriuria; 
IBC, intracellular bacterial community; PMN, polymorphonuclear neutrophil; UTI, urinary tract 
infection.  

 
 

Cell receptors 

Typically, UPEC possess fimbriae (thin, hair-like appendages on the 

bacterial cell surface) that aid adhesion. P fimbriae are direct, molecular 

activators of host TLR4 signaling and this property defines, in part, their role as 
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virulence factors. P fimbriae are expressed by up to 100% of strains causing APN 

and urosepsis in otherwise healthy individuals, but are rare in ABU strains 

(Leffler and Svanborg-Eden 1981; Plos et al. 1995). These fimbriae mediate 

attachment by binding to glycophospholipid receptors, which are antigens in the 

P blood group system (Eden and Leffler 1980), through the PapG adhesin 

located at the tip of the fimbrial rod (Lindberg et al. 1987). Early studies identified 

P fimbriae as tissue-attacking virulence factors that activate mucosal 

inflammation in vitro and in the murine UTI model (Linder et al. 1991). 

Subsequently, human inoculation studies have confirmed that expression of P 

fimbriae is sufficient to trigger an innate mucosal immune response in the human 

urinary tract (Bergsten et al. 2004). 

Inherent immune identification of P-fimbriated E. coli requires receptor 

patterns present in the extracellular oligosaccharide domains of the 

glycophospholipid receptors. Adhering releases ceramide, that otherwise 

attaches the receptor in the outer parts of the lipid bilayer of the host cells. The 

discharged ceramide then sets off TLR4 signaling (Hedlund et al. 1996; Hedlund 

et al. 1998; Fischer et al. 2007), via phosphorylation of the TLR4 adaptor proteins 

TRAM (also referred to as TIR domain containing adaptor molecule 2 or TICAM2) 

and TRIF (TIR domain containing adaptor molecule or TICAM1) instead of TIRAP 

(Toll/interleukin 1 receptor domain containing adaptor protein) and with minute 

involvement of MYD88.  
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Utilizing a combination of phosphorylation and transcription layouts it has 

been showed that downstream signaling calls for the phosphorylation of mitogen-

activated protein (MAP) kinases, p38, activating JNK (c-Jun N-terminal kinases), 

phospholipase C �, FOS�JUN as signaling intermediates, and CREB (cyclic AMP 

response element-binding), leading to IRF3-dependent and AP1- dependent 

transcription of innate immune response genes.  

Transcribed genes encode several cytokines and chemokines that are 

upregulated in human UTI and in animal models, as well as more unexpected 

mediators such as interferon (IFN)-�(Fischer et al. 2010). By engaging specific 

receptors in other cells, these mediators amplify the effects of the initial signaling 

cascade, resulting in inflammatory cell recruitment and symptoms. Interleukin 

(IL)-6 is a pyrogen and acute-phase-response activator. The binding of CXC-

chemokine ligand (CXCL) 8 (also known as IL-8) to its receptors CXC-chemokine 

receptor (CXCR) 1 and 2 is essential to amplify inflammation past the early 

phase (by recruitment of neutrophils to the site of infection) to, ultimately, cause 

the elimination of bacteria from the tissues (Godaly et al. 2001). The innate host 

response is also enhanced by signaling through the IFN-�/�pathway and further 

modified by IL-1�signaling, which leads to the infiltration and activation of 

numerous immune cell types (Fischer et al. 2010). 

Type 1 fimbriae act as virulence factors in the murine urinary tract 

(Hultgren et al. 1985; Mobley et al. 1987; Schaeffer et al. 1987; Svanborg-Eden 
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et al. 1987) and mechanisms of tissue interaction have been extensively 

investigated. Type 1 fimbriae improve bacterial attachment to the murine bladder 

mucosa and several mannosylated host cell glycoconjugates act as receptors. 

The FimH adhesin of type 1 fimbriae binds to secretory IgA (Wold et al. 1990). 

Uroplakins (UPs) in a particle formed from UP1A, UP1b, UP2 and UP3a (Xie et 

al. 2006), CD48 (a membrane-anchored protein on mucosal mast cells) 

(Malaviya et al. 1999), N-oligosaccharides on integrins 1 and �3 (Eto et al. 

2007) and to the Tamm�Horsfall protein (THP, also known as uromodulin) on the 

cell membrane (Pak et al. 2001). 

Type 1 fimbriae facilitate invasion of uroepithelial cells. The development 

of intracellular bacterial colonies has been recommended to facilitate bacterial 

perseverance in mice (Mulvey et al. 2001; Anderson et al. 2003; Wright et al. 

2007) and human urinary tract infection (Rosen et al. 2007). UP1a supports 

bacterial uptake through Rac1, together with caveolin-1. Incorporation may also 

be due to FimH binding to the CD48 receptor that inhabit the microdomains 

enriched in glycolipid and cholesterol in the plasma membrane (Baorto et al. 

1997; Shin et al. 1999; Shin et al. 2000) and guide bacterial through a route 

different from classical opsonin-mediated phagosome-endosome route. Lastly, 

attaching of type-1 fimbriated E. coli to N-oligosaccharides on integrins 1 and �3 

and phosphorylation of the integrin tail assist E. coli entry into host cells 

modulated by the Rac1 and CDC42 GTPases, in addition to PTK2 (also referred 

to as FAK) and Src family kinases, that control actin reorganization during FimH-
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dependent bacterial invasion (McLean et al. 2005; Eto et al. 2007). Ironically, 

type 1 fimbrial attachment to UP-surfaced murine bladder epithelial cells also 

activate exfoliation of uroepithelial cells via speedy apoptosis (Mulvey et al. 

1998), with cytochrome C release, activation of caspase 2, caspase 8 and Bid 

(BH3-interacting domain death agonist) in addition to rescue by BclXL (Bcl2 

antagonist of cell death) (Klumpp et al. 2006; Thumbikat et al. 2009). UP3a 

phosphorylation in response to FimH�FimC binding activates casein kinase II 

and triggers calcium fluxes (Thumbikat et al. 2009). In addition, cyclic AMP 

regulates the incorporation of E. coli into fusiform vesicles and exocytosis of E. 

coli from bladder epithelial cells. Most of the vesicles with incorporated E. coli 

were Rab27b�CD63-positive and knockdown of Rab27b markedly reduced 

bacterial invasion. Forskolin, which elevates intracellular levels of cyclic AMP, 

eliminated >99% of intracellular E. coli by exocytosis without affecting bacterial 

viability (Bishop et al. 2007). 

The role of type 1 fimbriae as immune response activators in murine and 

human UTI is poorly understood. Type 1 fimbriae trigger TLR4 signaling, which 

activates nuclear factor �B (NF�B) through the TIRAP�MYD88 adaptors 

(Hedlund et al. 2001; Schilling et al. 2001; Backhed et al. 2002; Samuelsson et 

al. 2004; Fischer et al. 2006; Song et al. 2007). TLR4 has been hinted to control 

the response to FimH via the release of calcium ions, raising of cyclic AMP levels 

and activating protein kinase A (Song et al. 2007). Phosphorylation of the 
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transcription factor CREB potentiates the effects of NF�B. The human relevance 

of these intricate mechanisms remains unclear. Type 1 fimbriae are showed by 

majority of E. coli strains, and, as a consequence, epidemiological studies do not 

clearly resolve their association with human disease. Human inoculation studies 

have failed to detect an effect of type 1 fimbrial expression alone on acute 

inflammation or bacterial persistence in the bladder (Bergsten et al. 2007). 

Paradoxically, ABU strains accumulate Fim deletions, suggesting that inactivation 

of type 1 fimbrial expression is needed for long-term persistence in the human 

urinary tract (Zdziarski et al. 2008). A positive effect of type 1 fimbriae in APN 

was suggested in children infected with E. coli O1K1H7. However, a variant 

expressing type 1 fimbriae was associated with increased disease severity in 

patients and in the murine UTI model, suggesting an effect on human disease in 

the background of a fully virulent genotype (Connell et al. 1996).  

 

 

Pattern recognition receptors 

The natural immune system is an evolutionary maintained system working 

as the first line of defense against incursive microbial pathogens and other 

potential menaces to the host. A range of pattern recognition receptors (PPRs) 

identify specific pathogen-associated molecular patterns (PAMPs) solely present 

on microbes for example bacteria, viruses, fungi and parasites. Additionally, 
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PPRs are also involved in detecting endogenous danger signals by identifying 

danger associated molecular patterns (DAMPs). The identification of PAMPs or 

DAMPs by the PRRs activates an inflammatory response. Inherent inflammatory 

responses consist of the secretion of chemokines/cytokines, the initiation of 

antimicrobial peptides, pyroptotic cell death and the enrollment of phagocytes. 

Keen coordination of the multiple natural immune pathways is important to the 

effective destruction and clearance of attacking pathogens and other molecular 

threats. Significantly, the innate immune system not only antecedes but enables 

the extremely specialized adaptive immune system to bestow long lasting 

immunological memory. The chief PRRs categories of the innate immune system 

are the NOD-Like receptors (NLRs), the Toll-Like receptors (TLRs), cytosolic 

DNA sensors (CDS), the RIG-I-Like receptors (RLRs), the C-type lectin receptors 

(CLRs), and also performing central roles are inflammasomes and autophagy.  

 

Toll-like receptors 

Toll-like receptors (TLRs) are critical in early innate immune response to 

the attacking pathogens by perceiving microorganisms and are required in 

sensing endogenous danger signals. TLRs are evolutionary maintained receptors 

are homologues of the Drosophila Toll protein, observed to be vital for the 

defense against microbial infection (Medzhitov et al. 1997).  
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PAMPs consist of a number of bacterial cell wall constituents for example 

lipopolysaccharide (LPS), peptidoglycan (PGN) and lipopeptides in addition to 

flagellin, bacteria DNA and viral RNA. DAMPs consist of intracellular proteins 

such as heat shock proteins in addition to protein fragments from the extracellular 

matrix. Stimulation of TLRs by the matching PAMPs or DAMPs instigates 

signaling reactions leading to the activating of transcription elements, such as 

AP-1, NF-�B with interferon regulatory factors (IRFs). Indication by TLRs lead to 

a number of cellular responses including the yielding of interferons (IFNs), pro-

inflammatory cytokines and effector cytokines that conduct the adaptive immune 

response.  

 

The TLR family 

TLRs are type I transmembrane proteins qualified by an extracellular 

sphere containing leucine-rich repeats (LRRs) and a cytoplasmic tail that hold a 

conserved region referred to as the Toll/IL-1 receptor (TIR) domain. The makeup 

of the extracellular domain of TLR3 was uncovered by crystallography studies as 

a large horseshoe shape (Choe et al. 2005). TLRs are mainly expressed in 

tissues involved in the immune function, especially the spleen and peripheral 

blood leucocytes, as well as those displayed to the external environment such as 

lungs and gastrointestinal tract. Their appearance profiles differ among tissues 

and cell types. TLRs are situated on the plasma membrane with the exception of 



84 

 

TLR3, TLR7, and TLR9 that are localized in the endosomal compartment 

(Nishiya and DeFranco 2004). 

Ten human and twelve murine TLRs have been identified; in humans, 

TLR1 to TLR10 while in mice, TLR1 to TLR9, TLR11, TLR12 and TLR13 (the 

homolog of TLR10 is a pseudogene). TLR2 is vital for the identification of an 

array of PAMPs from Gram-positive bacteria, including bacterial lipomannans, 

lipoproteins, and lipoteichoic acids. TLR3 is found in virus-derived double-

stranded RNA. TLR4 is principally set off by lipopolysaccharide. TLR5 perceives 

bacterial flagellin and TLR9 is necessary for response to unmethylated CpG 

DNA. Lastly, TLR7 and TLR8 identify small artificial antiviral molecules (Jurk et 

al. 2002), and single-stranded RNA was described to be their normal ligand (Heil 

et al. 2004). TLR11 (12) has been reported to identify uropathogenic E. coli 

(Zhang et al. 2004) and a profilin-like protein from Toxoplasma gondii (Lauw et al. 

2005). 

The diversity of the TLRs is in fact extended by the aptitude of TLRs to 

heterodimerize with each other. For instance, dimers of TLR2 and TLR6 are 

essential for reactions to diacylated lipoproteins while TLR2 and TLR1 interrelate 

to identify triacylated lipoproteins (Ozinsky et al. 2000). Particularities of the TLRs 

are also predisposed by different adapter and accessory molecules, for instance 

MD-2 and CD14 that form an intricate with TLR4 in response to LPS (Miyake 

2003). 
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TLR signaling 

TLR signaling comprises of at least two dissimilar pathways: a MyD88-

dependent pathway that result in the production of inflammatory cytokines, and a 

MyD88-self-regulating pathway connected with the stimulation of IFN-�and the 

development of dendritic cells. The MYD88-dependent pathway is similar to all 

TLRs, excluding TLR3 (Adachi et al. 1998). On activation by DAMPs or PAMPs, 

TLRs hetero- or homodimerize causing the enrollment of adaptor proteins 

through the cytoplasmic TIR domain. 

Conscription of MyD88 for example, in turn enlists IRAK1 and IRAK4. 

IRAK4 consequently triggers IRAK1 by phosphorylation. Both IRAK1 and IRAK4 

allow the MyD88-TLR complex and affiliate momentarily with TRAF6 resulting to 

its ubiquitination. MALT1 and Bcl10 form oligomers that attach to TRAF6 

encouraging TRAF6 self-ubiquitination (Sun et al. 2004). Lately, IRAK2 was 

revealed to play a vital role in TRAF6 ubiquitination (Keating et al. 2007). 

Resulting ubiquitination, TRAF6 forms a multifaceted with TAB2/TAB3/TAK1 

encouraging TAK1 initiation (Kanayama et al. 2004). TAK1 then pairs to the IKK 

complex, which comprises the scaffold protein NEMO, resulting to the 

phosphorylation of I�B and the ensuing nuclear fix of NF-�B. Activation of NF-�B 

activates the creation of pro-inflammatory cytokines such as IL-12, TNF-��and IL-

1. 

Distinct TLRs prompt different signaling reactions by usage of the different 

adaptor molecules. TLR2 and TLR4 signaling needs the adaptor TIRAP/Mal, 
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which is required in the MyD88-dependent pathway (Horng et al. 2002). TLR3 

activates the making of IFN-�in reply to double-stranded RNA, in a MyD88-

independent manner, via the adaptor TRIF/TICAM-1 (Yamamoto et al. 2002). 

TRAM/TICAM-2 is alternative adaptor molecule intricated in the MyD88-

independent pathway (Heil et al. 2004), work that is controlled to the TLR4 

pathway (Yamamoto et al. 2003). 

TLR9, TLR8, TLR7 and TLR3 identify viral nucleic acids and bring on type 

I IFNs. The indicating mechanisms resulting to the initiation of type I IFNs change 

depending on the TLR actuated. They comprise the interferon regulatory factors, 

IRFs, a class of transcription factors known to play a vital role in antiviral 

defense, immune regulation and cell growth. Three IRFs (IRF7, IRF5 and IRF3) 

operate as direct transducers of virus-mediated TLR signaling. TLR4 and TLR3 

activate IRF7 and IRF3 (Doyle et al. 2002), whereas TLR8 and TLR7 activate 

IRF7 and IRF5 (Schoenemeyer et al. 2005). Additionally, type I IFN product 

motivated by TLR9 ligand CpG-A has been demonstrated to be intermediated by 

mTOR and PI(3)K (Costa-Mattioli and Sonenberg 2008). 

 

TLR-targeted therapeutics 

Extensive progress has been achieved over the past years in the 

apprehension of TLR function (Kawai and Akira 2011). TLRs are vital receptors in 

host defense against infectious agents by activating the innate immune system, a 
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prerequisite to the instigation of adaptive immune responses. Though TLR-

mediated signaling is vital in eliminating microbial infections and stimulating 

tissue repair, the regulation must be tight. TLRs are conserved in a number of 

inflammatory and immune disorders and play a part in cancer (Rakoff-Nahoum 

and Medzhitov 2009). Many SNPs have been recognized in various TLR genes 

and are connected with specific diseases. Numerous therapeutic agents directing 

the TLRs are now under pre-clinical and clinical appraisal (Hennessy et al. 2010). 

Nevertheless, the complication lies in that TLRs act as double-edged 

swords either endorsing or hindering disease progression. Moreover, therapeutic 

agents affecting the TLRs must be able to upset the harmful properties resulting 

without disturbing host defense functions.  

 

NOD-like receptors 

The cytosolic NOD-like receptors (NLRs, also referred to as 

CATERPILLERs,�NODs or NALP/PAN/PYPAFs) are nucleotide-binding 

oligomerization�sphere controlling receptors. To date, 22 NLRs have been 

described in humans�and comprise a main class of intracellular pattern 

recognition receptors�(PRRs). The mammalian NLRs can be split up into four 

subfamilies, founded on�different N-terminal effector domains. The effector 

domains found in NLRs�are CARDs, baculoviral inhibitor of apoptosis 
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repeat�(BIR) domains, pyrin domains (PYDs), or the transactivator domain (AD). 

The assigned subfamilies�are (depending on the initials of the domain name): 

NLRP (formerly known as NALPs), NLRC (formerly known as�NODs), NLRB 

(formerly known as Birc�or NAIP) and NLRA. NLRs detect infection and 

emphasize through the recognition�of cytoplasmic PAMPs and DAMPs, 

respectively. Consequently, NLRs�masterminds an inflammatory response, cell 

death or autophagy. The�physiological significance of these cytosolic sensors is 

emphasized by a high�occurrence of genetic mutations that are connected with 

autoimmune disorders or chronic inflammatory diseases. 

 

NOD1 and NOD2 

The establishing NLRs members NOD2 (CARD15) and NOD1 (CARD4) 

fall under the NLRC subfamily and have one and two N-terminal CARD�domains, 

respectively. NOD2 and NOD1 recognize distinguishable receptors of 

peptidoglycan, a crucial constituent of the bacterial cell wall. NOD1�detects the D-

�-glutamyl-meso-DAP dipeptide (iE-DAP), which is located in�peptidoglycan of all 

Gram-negative, Gram-positive and certain bacteria (Chamaillard et al. 2003; 

Girardin et al. 2003) whereas�NOD2 identifies the muramyl dipeptide (MDP) 

structure found in virtually�all bacteria. Thus NOD1 is�involved in the recognition 
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of a specific subset of bacteria and NOD2 acts as a general sensor of 

peptidoglycan. 

Both MDP and�iE-DAP must be conveyed intracellularly either by bacteria 

that attack the cell�or through other cellular uptake mechanisms. Ligand bound 

NOD2 and�NOD1 oligomerize and signal through the threonine/serine RIP2 

(CARDIAK, RICK)�kinase through CARD-CARD homophilic interactions 

(Kobayashi et al. 2002). Once stimulated, RIP2�facilitates ubiquitination of 

NEMO/IKK��resulting to the stimulation of NF-�B�and the production of 

inflammatory cytokines. Additionally, poly-ubiquitinated�RIP2 enlists TAK1, which 

results to IKK complex stimulation and�the stimulation of MAPKs (Kobayashi et 

al. 2005). Signaling by NOD2 has been exposed to involve the�adapter protein 

CARD9, to facilitate p38 and JNK signaling via RIP2 (Hsu et al. 2007). Genetic 

mutations in NOD2 are connected with Crohn�s disease, a lasting�inflammatory 

bowel disease (Ogura et al. 2001). Graphic structure of Lys-peptidoglycan is 

located in Gram-positive bacteria and DAP-peptidoglycan is located in Gram-

negative bacteria. 

 

NLRC4 and NLRX1 

NLRC4 (IPAF, CLAN/CARD12) is part of the NLRC subfamily. 

NLRC4�plays a vital role in the modulation of caspase-1 by creating a 
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multiprotein�complex known as the �inflammasome�. Caspase-1 partakes in the 

processing�and ensuing release of pro-inflammatory cytokines, such as IL-18 

and�IL-1. Caspase-1 activation is prompted by cytosolic flagellin has been 

demonstrated to�be TLR5-independent, but NLRC4-dependent (Mariathasan and 

Monack 2007). Therefore, it appears that NLRC4 and�TLR5 are distinct sensors 

that react to cytosolic�flagellin and extracellular flagellin, respectively (Zamboni et 

al. 2006).� 

Further, it has been proven that NAIPs�(NLRB subfamily members) work 

as a conserved type III secretion system (TTSS) rod component and NLRC4 

inflammasome receptors for�flagellin (Zhao et al. 2011).�NLRX1 (NOD9) is the 

first NLR protein revealed to be restricted at the�mitochondria (Hong et al. 

2012).�NLRX1 deleteriously impacts antiviral inflammatory response�through the 

RIG-I/IPS-I sensing pathway (Moore et al. 2008; Xia et al. 2011) and LPS-evoked 

responses through the�TRAF6-IKK signaling pathway (Allen et al. 2011; Xia et al. 

2011).�Equally, it has been demonstrated that NLRX1�positively controls JNK and 

NF-�B signaling pathway to trigger reactive�oxygen species (ROS) production in 

reaction to pathogens, and�TNF-�, poly(I:C) (Abdul-Sater et al. 2010; Xiao and 

Ting 2012). Additional research is required to clarify the role of NLRX1 in�antiviral 

immunity. 
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NLRPs (NALPs) 

Consisting of 14 members, the NLRP subfamily is characterized by 

PYD�effector domains. More than two types of NLRP inflammasomes have 

been�identified and which include the NLRP1 inflammasome comprising NLRP1 

(NALP1, CARD7),�ASC, caspase-1 and caspase-5, and the NLRP3 

inflammasome containing�NLRP3 (NALP3, cryopyrin, CIAS1, ASC, Cardinal and 

caspase-1 (Martinon and Tschopp 2004). In recruiting, NLRP1�and NLRP3 use 

their PYD domain and adaptor protein ASC,�which in turn interacts with caspase-

1 via a CARD-CARD interaction. On the other hand, NLRP1by itself recruits 

caspase-5 via its additional CARD effector domain at the C-terminus. On its part, 

NLRP3 interacts with the CARD-containing�adaptor CARD8, which is the cardinal 

CARD Cardinal to recruit additional caspase-1 because it lacks such a CARD.  

MDP and the anthrax toxin are the two molecules, which activate NLRP1. 

However, the NLRP1�oligomerization, which is induced by MDP, needs the 

presence of ATP to function properly. Anthrax toxin is used to trigger the 

activation of murine variant of NLRP1 (NALP1b) and this suggests the activation 

of NLRP1�inflammasome in the immune system in response to Bacillus 

anthracis�infection (Boyden and Dietrich 2006). NLRP3 at this point mediates 

caspase-1 activation, which is a response to a range�of stimuli, which include 

whole bacteria, bacterial RNA, synthetic�purine-like compounds, uric acid 
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crystals, amyloid-b, extracellular�ATP and pore-forming toxins like nigericin and 

maitotoxin (Kanneganti et al. 2006; Mariathasan et al. 2006; Sutterwala et al. 

2006). The mutations, which are found in NLRP3,�have an association to 

inherited auto-inflammatory diseases known as cryopyrin-associated�periodic 

syndromes (CAPS) ranging from familial cold auto-inflammatory�syndrome and 

Muckle-Wells syndrome among others (Ting et al. 2006).�The cytoplasmic RNA 

helicases�that are critical for host antiviral responses are constituted of RIG-I-like 

receptors (RLRs). 

 

RIG-I and MDA-5 

Retinoic-acid-inducible protein 1 (RIG-I) which is also known as Ddx58 

and melanoma-differentiation-associated gene 5 (MDA-5) also known as Ifih1 or 

Helicard) sense double-stranded RNA (dsRNA) which is a replication 

intermediate for RNA viruses and leads to the production of type I interferons 

(IFNs) in infected cells (Yoneyama and Fujita 2007). Recognized by Toll-Like 

receptor 3 (TLR3) is the viral dsRNA and it is expressed on the cell surface 

membrane or endosomes. 

The process of the recognition of dsRNA by RIG-I/MDA-5 or TLR3 is 

termed as cell-type dependent. Research studies have been conducted about 

RIG-I- and MDA-5-deficient mice and in the findings, it has been exposed that 

conventional dendritic cells (DCs), macrophages and fibroblasts, which are in 
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isolation from the mice have impaired IFN inductions after RNA virus infection. 

On the other hand, the production of IFN continues to be observed at this point in 

plasmacytoid DCs (pDCs) (Kato et al. 2005). As thus, cDCs, macrophages and 

fibroblast RLRs are the core sensors for viral infections while in pDCs, TLRs are 

the main determinants. 

 

RLR pathway 

DExD/H box RNA helicase and two caspase recruiting domain (CARD)-

like domains are present in RIG-I and MDA-5. These helicase domains engage 

with dsRNA and on the other hand, the presence of CARD domains is necessary 

to relay the produced signal. There is an overall structural similarity between 

these two sensors but in their detection, they are able to detect distinct viral 

species. The recognition of Paramyxoviruses (Newcastle disease virus (NDV), 

Sendai virus (SeV), Rhabdoviruses (vesicular stomatitis virus (VSV), Flaviviruses 

(hepatitis C (HCV) and Orthomyxoviruses (Influenza) is aided by RIG-I. For the 

recognition of Picornaviruses (encephalo-myocarditis virus (EMCV) and poly (I:C) 

which is a synthetic analog of viral dsRNA, MDA-5 is required (Kawai and Akira 

2007). 

It is important to observe that RIG-I binds itself specifically to single 

stranded RNAs containing 5�-triphosphate such as viral RNA and in vitro-

transcribed long dsRNA (Pichlmair et al. 2006).�Evidently, RIG-I binds itself 
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to�short dsRNA while the recognition of preferentially long dsRNA is done by 

MDA-5 (Kato et al. 2008). Further,�transfected poly (dA:dT) which is an example 

of cytosolic B DNA can be transcribed by RNA�polymerase III into a double-

stranded RNA intermediate. This RNA�intermediate contains a 5�-triphosphate 

moiety, which is detected by RIG-I (Ablasser et al. 2009; Chiu et al. 2009). 

RIG-I detection of different ligands is possible through MDA-5 because 

ligands share common signaling features. As the recognition of dsRNA takes 

place recruitment by adaptor IPS-1 (also known as MAVS, CARDIF or VISA) also 

happens simultaneously in the outer membrane of the mitochondria leading to 

the activation of several transcription factors including IRF3, IRF7 and NF-�B 

(Kawai et al. 2005). The control of the expression of type I IFNs happens through 

IRF3 and IRF7 while NF-�B regulates the production of inflammatory cytokines. 

IRF3 and IRF7 activation includes TNF (tumor necrosis factor) receptor-

associated factor 3 (TRAF3), NAK-associated protein 1 (NAP1), TANK and the 

protein kinase TANK-binding kinase 1 (TBK1) or I�B kinase epsilon (IKK�) 

(Kawai et al. 2005; Saha et al. 2006; Sasai et al. 2006).�DDX3 is a DEAD box 

helicase and it was shown interacting with TBK1/IKK��(Schroder et al. 2008). 

IPS-1also interacts with Fas-associated-death-domain (FADD) and receptor 

interacting protein 1 (RIP1) which induces the activation of the NF-�B pathway 

(Kawai et al. 2005; Saha et al. 2006; Sasai et al. 2006; Schroder et al. 2008). 
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Suppressors of the RIG-I/MDA-5 signaling pathway 

LGP2 (or DHX58) can be described as the third aspect. In this one, a RNA 

binding domain is contained in it but there is an absence of the CARD domains 

and this behaves as a negative feedback regulator of RIG-I and MDA-5. LGP2 

also exerts this activity at multiple levels by sequestering dsRNA II leading to the 

formation of a protein which is complex with IPS-1, and/or III. It binds directly to 

RIG-I through a repressor domain (Yoneyama et al. 2005; Komuro and Horvath 

2006; Saito et al. 2007). 

There are other molecules and they seem to be involved in a negative 

control of RIG-I/MDA-5-induced in the IFN production. Physiological suppressors 

of the RIG-I/MDA-5 signaling pathway include Dihydroxyacetone kinase (DAK), 

A20, ring-finger protein 125 (RNF125), suppressor of IKK��(SIKE), and peptidyl-

propyl isomerase 1 (Pin1). 

 

Cytosolic DNA sensors 

The recognition of cytosolic RNA by RLRs has been researched and 

recently, the recognition of cytosolic DNA has been under�the spotlight. First, 

cytosolic DNA sensor, which was named as DNA-dependent�activator of IFN-

regulatory factors (DAI) was discovered and it binds cytosolic dsDNA�to lead to 

the production of type I IFNs (Takaoka et al. 2007). DAI induces the production 

of�type I IFNs through the TBK1/IRF3 pathway and the endoplasmic reticulum 
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(ER)-resident transmembrane protein stimulator of IFN genes (STING) 

functions�as an essential signaling adaptor that links the cytosolic detection of 

DNA to�the TBK1-IRF3 signaling axis (Burdette et al. 2011). STING is induced by 

an IFN-inducible ligase�called TRIM56 (Tsuchida et al. 2010). It has been 

identified that the DNA sensor IFI16 has been realized to recruit STING which in 

turn�activates a TBK1-IRF3-dependent pathway to IFN-�induction. It is also part 

of�a larger protein family termed the pyrin and HIN domain (PYHIN) family. 

AIM2 (absent in melanoma 2) is another member of the PYHIN family and 

which is a�cytosolic DNA receptor that forms an inflammasome with ASC 

triggering�caspase 1 that activates the subsequent production of IL-1�and IL-18. 

DNA from various origins like poly(dA:dT), plasmidic DNA and DNA from�the 

bacterium L. monocytogenes have been shown to activate AIM2 (Jones et al. 

2010). Upon�activation, AIM2 interacts with ASC, a common adapter of the 

inflammasomes leading to the cleavage of caspase-1 and the secretion of IL-

1�and IL-18.�P202 is also a PYHIN family member, shown to bind 

cytoplasmic�dsDNA but, in contrasts with AIM2 and it represses caspase 

activation (Roberts et al. 2009). 

LRRFIP1�can also identify AT-rich B-form dsDNA and GC-rich Z-form 

dsDNA (Yang et al. 2010). The use of LRRFIP1-specific siRNA makes�LRRFIP1 

to trigger the production of IFN-�in a -catenin-dependent manner.�-Catenin 
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binds to the C-terminal domain of IRF3 and this leads�IFN-�expression. In a 

recent study, helicase DDX41 has an additional DNA sensor that depends on 

STING to sense pathogenic�DNA (Zhang et al. 2011). Cytosolic DNA recognition 

is more complicated than first�anticipated. A large number of sensors have been 

realized and that trigger different signaling�pathways in a cell type-specific 

manner. A common consensus is that�another unknown cytosolic DNA-

recognition system, which is independent of the�TLRs and RIG-I may be in 

existence. Additionally, to pose the complex�mechanisms of cytosolic DNA 

recognition help to develop new�strategies that treat inflammation. 

 

C-type lectin receptors 

C-type lectin receptors (CLRs) are a composition of a family of receptors 

that bind to carbohydrates in a calcium-dependent way. The lectin activity of 

these receptors is mediated by conserved carbohydrate-recognition domains 

(CRDs). In their molecular structure, two groups of�membrane-bound CLRs can 

be distinguished and a group of soluble CLRs too.�DEC-205 and the macrophage 

mannose receptor (MMR) are very crucial in the uptake antigens, which are type 

I transmembrane proteins containing several CRDs�or CRD-like domains. Type II 

transmembrane CLRs contain a single�CRD domain, which include Dectin-1, 

Dectin-2, macrophage-inducible C-type�lectin (Mincle), the dendritic cell-specific 
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ICAM3-grabbing nonintegrin (DC-SIGN),�and DC NK lectin group receptor-1 

(DNGR-1). The receptors are used in fungal recognition and modulation of 

the�innate immune responses.�Soluble CLRs include MBL oligermeric protein that 

binds arrays of carbohydrate patterns on pathogen surfaces. CLRs are 

expressed�by most cell types including macrophages and dendritic cells (DCs) 

and�phagocytoze with various glycoproteins and microbes for the purposes 

of�clearance and antigen presentation to T lymphocytes.� 

 

Dectin-1 

Dectin-1 has a role in antifungal innate immunity. Dectin-1 is a specific 

receptor for -glucans (Brown et al. 2003) and�-glucans are the glucose 

polymers present in cell walls of fungi including the yeasts Saccharomyces 

cerevisiae and Candida albicans. Dectin-1 has CRD enjoined by a stalk to the 

transmembrane region and it proceeded by a cytoplasmic tail containing an 

ITAM-like motif. As it binds to its ligand, Dectin-1 causes the activation of 

phagocytosis and activation of Src and Syk kinases through its ITAM-like motif. 

Syk induces the CARD9-Bcl10-Malt1 complex triggering production of ROS, 

activation of NF-�B and subsequent secretion of proinflammatory cytokines 

(Gross et al. 2006; Dennehy and Brown 2007).�ROS contains a direct 

microbicidal�role in the phagosome but also can affect IL-1�secretion by 
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activating the�NLRP3 inflammasome, which in turn activates caspase-1 and 

permits�processing of pro-IL-1�(Kankkunen et al. 2010). The Dectin-1 signaling 

works together with TLR2 signaling and this causes responses triggered by each 

receptor (Gantner et al. 2003; Dennehy and Brown 2007; Kankkunen et al. 

2010). Furthermore, Dectin-1 can modulate cytokine expression by inducing 

NFAT through the Ca2+-calcineurin-NFAT pathway (Goodridge et al. 2007). 

 

Dectin-2 

Dectin-2 has a core role in antifungal innate immunity. Dectin-2 binds 

high�mannose-type carbohydrates and was shown to be the functional 

receptor�for �-mannans. Again, Dectin-2 in anti-bacterial�immunity and allergy is 

observed (Drummond et al. 2011). Just like, Dectin-1, Dectin-2 belongs to the 

selective group�of CLRs that link pathogen recognition to adaptive immunity. It 

has been shown that Dectin-2 is the predominant receptor in response�to fungal 

infection and the induction of Th17 immunity. Same to�Dectin-1 is the activation 

of Dectin-2, triggers ROS and potassium efflux, leading�to NLRP3 inflammasome 

activation and processing of pro-IL-1�(Sancho and Reis e Sousa 2012). 
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Mincle 

Mincle�belongs to the Dectin-2 family. It recognizes some�exogenous and 

endogenous stimuli members like mycobacteria, certain fungi and�necrotic cells 

(Brown 2008; Yamasaki et al. 2009). Exogenous ligands for Mincle include fungal 

�-mannose,�and the mycobacterial glycolipid, trehalose-6�6�-dimycolate (TDM), 

which is also referred to as core factor of the immunostimulatory component of 

Mycobacterium�tuberculosis (Ishikawa et al. 2009). Mincle also senses damaged 

cells by recognizing the�endogenous DAMPs. One such�DAMP identified is the 

spliceosome-associated protein 130 (SAP130) which is a�soluble factor released 

by necrotic cells (Yamasaki et al. 2008). It interacts with the Fc�receptor common 

�-chain (FcR�) that causes intracellular signaling�through Syk leading to CARD9-

dependent NF-�B activation. Syk is also known to induce mobilization of 

intracellular calcium (Ca2+) and activation of�calcineurin-NFAT pathway. 

 

DC-SIGN 

DC-SIGN causes an interest because it is involved in the recognition of 

several�viruses (HIV-1, HCV, dengue virus, CMV, ebola virus) and other 

microbes�of the Leishmania and Candida species. It is a type II transmembrane 

protein�that has a single C-type lectin domain and is expressed on immature 

monocyte-derived�DCs. DC-SIGN modulates TLR signaling at the level of 
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the�transcription factor NF-�B, however, prior TLR activation of NF-�B is�required. 

It has been demonstrated that pathogens trigger DC-SIGN on�human DCs to 

activate serine and threonine kinase Raf-1 and they lead to acetylation of the NF-

�B subunit p65. Acetylation of�p65 both prolonged and increased IL-10 

transcription further producing the�anti-inflammatory cytokine response 

(Gringhuis et al. 2007). Up to now, it has been shown that�M. tuberculosis, M. 

leprae, C. albicans, measles virus, and HIV-1 interact with�DC-SIGN to activate 

the Raf-1-acetylation-dependent signaling pathway�and modulate TLR signaling 

(den Dunnen et al. 2009). The created pathway is involved in regulation 

of�adaptive immunity by DCs to bacterial, fungal and viral pathogens. 

 

DNGR-1 

The restricted�pattern of expression in DCs present in DNGR-1 (CLEC9A) 

is the interesting bit and it is exploited for cancer therapy. It has been realized 

that DNGR-1 binds damaged or dead cells via�exposed actin filaments (Ahrens et 

al. 2012; Zhang et al. 2012). It is thus considered to be DAMPs�receptor as no 

microbial ligand has yet been identified. 
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MBL 

MBL�(Mannose-binding lectin) is a soluble C-type lectin. In innate 

immunity against yeast by enhanced complement activation and enhanced 

uptake of polymorphonuclear cells it has a crucial role to play (van Asbeck et al. 

2008). MBL binds to repetitive mannose and/or N-acetylglucosamine residues on 

microorganisms and this leads to opsonization and activation of the lectin 

complement pathways. Additionally, it interacts with carbohydrates on the 

glycoprotein (gp) 120 of HIV-1. MBL may inhibit DC-SIGN-mediated uptake and 

spread of HIV (Ji et al. 2005).  

 

 

Technology 

Quantifying gene expression 

The progression and size data of mRNA molecules, which is evaluated 

through the northern blotting technique is significant in determining the levels of 

mRNA. A selected test of RNA is segregated on an agarose gel and hybridized to 

a radioactively identified RNA explore, which corresponds to the intended 

progression. The radio identified RNA is then sensed by an autoradiograph. 

Digoxigenin and biotin chemistries have been useful in reducing the time spent 

and risks associated with radioactive reagents. Apparent demerits of Northern 

blotting are that large quantities of RNA are needed. Another concern is that 



103 

 

quantification may not be satisfactory since it entails evaluating band strength in 

an image of gel. Conversely, the Northern blot encourages the segregation of 

interchangeable spliced transcripts. 

RT-qPCR is also a method of determining mRNA abundance. The process 

involved entails reverse transcription. This is subsequent step is quantitative 

PCR. In reverse transcription, there is the production of a DNA template from the 

mRNA. The resultant single strand is referred to as cDNA. The cDNA template is 

then magnified in the quantitative process. During this process the DNA 

magnification process proceeds and the fluorescence produced by intercalating 

dyes transforms. A strict developed strand curve is useful in facilitating qPCR to 

generate a complete evaluation of the number of copies of the initial mRNA. This 

happens in units of copies per nanolitre of homogenized tissue. However qPCR 

is costly depending on the kind of reporter that is used. For example, 

fluorescently identified oligonucleotide probes are costly than non-specific 

intercalating fluorescent dyes. 

In the case of expression profiling, or high-turn up analysis of numerous 

genes in a sample, quantitative PCR can be performed for hundreds of genes 

instantaneously in the case of low-density arrays. A subsequent method is the 

hybridization microarray. A single array may hold probes to regulate transcript 

levels for every identified gene in the genome of one or more organisms. On the 

other hand, "tag based" technologies such as Serial analysis of gene expression 

(SAGE) and RNA-Sequence, which can offer a relative measure of the cellular 
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concentration of dissimilar mRNAs, can be employed. The benefit of tag-based 

methods is the "open architecture", permitting for the meticulous measurement of 

any transcript, with a recognized or unidentified sequence. Next-generation 

sequencing (NGS) for example RNA-Seq is another method, producing massive 

quantities of sequence data that can be equated to a reference genome. Even 

though NGS is reasonably expensive, time-consuming, and resource-intensive, it 

can detect splice-variants, single-nucleotide polymorphisms, and novel genes. 

Can also be utilized to outline expression in organisms for which small or no 

sequence information is documented. 

 

Figure 6: Timeline of the landmarks of gene expression quantification 
 

Sequencing technology 
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A part of Illumina known as Solexa, was created by David Klenerman and 

Shankar Balasubramanian in 1998, and formulated a sequencing method 

founded on reversible dye-terminators technology, and orchestrated 

polymerases. The terminated chemistry was formulated internally at Solexa and 

the model of the Solexa system was designed by Klenerman and 

Balasubramanian from Cambridge University's chemistry department. In 2004, 

Solexa took on the company Manteia Predictive Medicine so as to gain a 

massively parallel sequencing technology founded on "DNA Clusters", which 

comprises the clonal amplification of DNA on a surface. Lynx Therapeutics of 

California co-acquired the cluster technology. Solexa limited later combined with 

Lynx to form Solexa Inc. 

In this procedure, DNA molecules and primers are initially attached on a 

slide and amplified with polymerase so that local clonal DNA colonies, later called 

�DNA clusters", are formed. To ascertain the sequence, four forms of reversible 

terminator bases (RT-bases) are imparted and non-incorporated nucleotides are 

washed away. Pictures of the fluorescently labeled nucleotides are taken by a 

camera, and then the dyed, accompanied by the terminal 3' blocker, is chemically 

detached from the DNA, permitting for the next cycle to commence. In contrast to 

pyrosequencing, the DNA chains are protracted one nucleotide at a time and 

image acquisition can be done at a delayed moment, letting for very large arrays 

of DNA colonies to be taken by successive images taken from a single camera. 
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Uncoupling the enzymatic reaction and the image capture consents for 

optimal turnout and hypothetically infinite sequencing capacity. With an ideal 

configuration, the ultimately reachable instrument output is therefore dictated 

exclusively by the analog-to-digital conversion rate of the camera, reproduced by 

the number of cameras and distributed by the number of pixels per DNA colony 

expected for visualizing them optimally (approximately 10 pixels/colony). In 2012, 

with cameras working at more than 10�MHz A/D conversion rates and existing 

optics, fluidics and enzymatics, output can be multiples of 1 million 

nucleotides/second, equating roughly to 1 human genome equivalent at 1x 

coverage per hour per instrument, and 1 human genome re-sequenced (at 

approx. 30x) per day per instrument (equipped with a single camera). 
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Figure 7: Illumina sequencing workflow 
Stages in the library preparation (Quail et al. 2008). 

 

Bioinformatics analysis 

Estimating transcript expression levels 

For a long time now, expression quantification has been important. In the 

last ten years, DNA microarrays have been the technology of choice for high-
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throughput transcriptome profiling. When using RNA-Seq to estimate gene 

expression, the read is used to count the needs to be properly normalized to 

extract meaningful expression estimates (Cloonan et al. 2008; Mortazavi et al. 

2008; Nagalakshmi et al. 2008; Sultan et al. 2008; Wang et al. 2008; Blencowe et 

al. 2009; Lister et al. 2009; Pepke et al. 2009; Wang et al. 2009). In 

normalization, there are two aspects and the first is the RNA fragmentation which 

is experienced during library construction and which causes longer transcripts to 

generate more reads as compared to shorter transcripts present at the same 

abundance in the sample (Marioni et al. 2008; Oshlack and Wakefield 2009; 

Robinson and Oshlack 2010). In the second aspect, the variability in the number 

of reads produced for each run causes fluctuations in the number of fragments 

mapped across samples (Marioni et al. 2008; Mortazavi et al. 2008).  

The reads are used in accounting for the issues as reads per kilobase of 

transcript per million mapped reads (RPKM) metric normalize transcript's read 

counts through both length and total number of mapped reads in the sample 

(Mortazavi et al. 2008). As data comes from paired-end sequencing, the 

analogous fragments per kilobase of transcript per million mapped reads (FPKM) 

metric are used to account for the dependency between paired-end reads in the 

RPKM estimate (Trapnell et al. 2010). 

Many genes have multiple isoforms and a great number of them share 

exons. In addition, many gene families have close paralogs despite the fact that 

some reads cannot be assigned unequivocally to a transcript. The 'read 
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assignment uncertainty' present in this situation will affect expression 

quantification accuracy (Jiang and Wong 2009; Li et al. 2010; Trapnell et al. 

2010). Alternative expression analysis by RNA sequencing (Alexa-seq) method is 

used as one of the strategies. Griffith and his colleagues estimated isoform-level 

expression values by counting only the reads that map uniquely to a single 

isoform (Griffith et al. 2010). In spite of the fact that it works to some extent in 

alternatively spliced genes, it does not contain unique exons from which to 

estimate isoform expression. Alternative methods termed 'isoform-expression 

methods' such as Cufflinks (Trapnell et al. 2010) and mixture of isoforms (MISO) 

(Katz et al. 2010) are able to deal with the pressure and in the process, they 

handle uncertainty through constructing a 'likelihood function' that models the 

sequencing process and identifies isoform abundance estimates that are used to 

properly explain the reads obtained in the experiment (Jiang and Wong 2009; 

Katz et al. 2010; Trapnell et al. 2010). The estimates created are used to define 

isoform abundance that maximizes the likelihood function and which are said to 

be the maximum likelihood estimate (MLE). When genes are expressed at low 

levels, the MLE generated is in most time not an accurate expression estimate. 

Bayesian inferences enhance the robustness of expression quantifications trough 

'sampling' alternative abundance estimates and at the same time create 

confidence measures on the estimates. 

A lot of potential isoforms greatly impact the results with incorrect or 

misassembled isoforms introducing uncertainty. With this in mind when working 
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with methods that produce the maximal isoform sets, importance is tied to the 

prefilter transcripts before expression estimation for some genes. The same is 

applied to both genome-guided algorithms and genome-independent algorithms. 

Often, the objective is to estimate expression per gene rather than for 

each isoform or transcript (Marioni et al. 2008; Mortazavi et al. 2008; Wang et al. 

2009). A gene's expression is defined as the sum of the expression of all of its 

isoforms. However, calculating isoform abundance can be computationally 

challenging especially for complex loci. Rather than computing isoform 

abundances, it is possible to define simplified schemes for quantifying gene 

expression. The two most commonly used counting schemes are: the 'exon 

intersection method��(Bullard et al. 2010), which counts reads mapped to its 

constitutive exons, and the 'exon union method��(Mortazavi et al. 2008; Griffith et 

al. 2010), which counts all reads mapped to any exon in any of the gene's 

isoforms. The exon intersection method is analogous to expression microarrays, 

which typically probe expression signal in constitutive regions of each gene. 

Although convenient, these simplified models come at a cost; the exon union 

model underestimates expression for alternatively spliced genes (Trapnell et al. 

2010; Wang et al. 2010b), and the intersection can reduce power for differential 

expression analysis. 

 

Differential expression analysis with RNA 
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Having quantified and normalized expression values, an important 

question is to understand how these expression levels differ across conditions. 

The last decade saw the development of extensive methodology for the statistical 

analysis of differential expression using microarrays (Tusher et al. 2001; Grant et 

al. 2005; Grant et al. 2007). Although in principle these approaches are directly 

applicable to RNA-Seq data as well, using read coverage to quantify transcript 

abundance provides additional information such as a distribution for expression 

estimates in a single sample. Moreover, the power to detect differential 

expression depends on the sequencing depth of the sample, the expression of 

the gene, and even the length of the gene (Oshlack and Wakefield 2009; Bullard 

et al. 2010). 

To accommodate the count-based nature of RNA-Seq data, initial methods 

modeled the observed reads using count-based distributions such as the Poisson 

distribution (Marioni et al. 2008; Jiang and Wong 2009; Trapnell et al. 2010). 

However, several studies have reported that these distributions do not account 

for biological variability across samples (Robinson and Smyth 2007; Langmead 

et al. 2010). Ideally, if one had enough replicates the variability across replicates 

could be estimated empirically using a permutation-derived approach (Tusher et 

al. 2001; Grant et al. 2005; Grant et al. 2007) similar to that used by the Myrna 

method (Langmead et al. 2010). However, to date few RNA-Seq expression 

studies have generated a sufficient number of replicates to achieve this goal. To 

overcome this, many methods attempt to model biological variability and provide 
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a measure of significance in the absence of a large number of biological 

replicates. These methods, such as EdgeR (Robinson et al. 2010), differential 

expression analysis of count data (DESeq) (Anders and Huber 2010) and recent 

versions of Cuffdiff (Trapnell et al. 2010), model the count variance across 

replicates as a nonlinear function of the mean counts using various different 

parametric approaches (such as the normal and negative binomial distributions) 

(Marioni et al. 2008; Jiang and Wong 2009; Anders and Huber 2010; Li et al. 

2010; Robinson and Oshlack 2010; Trapnell et al. 2010; Wang et al. 2010a). 

It is important to note although these approaches can assign significance 

to differential expression, the biological conclusions must be interpreted with 

care. For example, although the variability of the sequencing process is low 

compared to microarray hybridization (Marioni et al. 2008), measurements can 

vary substantially because of differences in library construction protocols (Levin 

et al. 2010) and most importantly because of intrinsic variability in biological 

samples. As with any biological measurement, biological replicates provide the 

only measure of intrinsic, nontechnical transcript expression variability and thus 

are as critical as ever for differential expression analysis. 

 

!
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CHAPTER 2: DEVELOPMENT, CHARACTERIZATION AND MANIPULATION 

OF AN IN VITRO SYSTEM FOR UTI 

 

 

TIER I: In vitro Infection Assays 

Ethics Statement and Animal Experimentation 

A University of Queensland institutional animal ethics committee approved 

all animal experimentations. Female C57BL/6 mice (6�8 weeks old) were 

purchased from the Animal Resources Center, Australia. All human monocyte 

preparations were performed by Dr. Kolja Schaale and all mouse monocyte 

preparations were performed by Dr. Nilesh Bokil. All UPEC preparations were 

performed by Dr. Makrina Totsika, while the UTI89pspA mutant strain was kindly 

generated by Asha Kakkanat. 

 

Generation of human macrophages 

Human monocytes were isolated from buffy coats of healthy blood donors 

(2-4 donors pooled per experiment, kindly provided by Red Cross Australia Blood 

Service, Kelvin Grove, QLD, Australia) by Ficoll density centrifugation and 

subsequent positive selection for CD14 using MACS technology. Therefore buffy 

coats (approximately 60 ml) were diluted 1:1 with saline (0.9% NaCl w/v, Baxter, 
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Deerfield, IL, USA). 30 ml of the diluted buffy coat were layered carefully on top 

of 12.5 ml Ficoll-Paque PLUS (GE Healthcare, Pittsburg, PA, USA).  

Erythrocytes were separated from lymphocytes by centrifugation at 200xg 

at RT for 45 min (brakes off to prevent disturbance of layers). The lymphocyte-

containing layer was collected using Pasteur pipettes and washed twice with 

saline (topped up to 50 ml and spun down at 600xg for 10 min). Lymphocytes 

were counted and resuspended in 20 �l MACS buffer (saline, 0.5% FCS, 2 mM 

EDTA, both Life Technologies, Carlsbad, CA, USA) + 5 �l human CD14 

MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) and incubated at 4 

�C for 15 min. Lymphocytes were washed once (topped up to 50 ml with MACS 

buffer and spun down at 500xg, 5 min), resuspended  (2 ml MACS buffer per 

1x109 cells) and loaded on primed LS columns (500 �l ea) in a QuadroMACS 

separator (both Miltenyi Biotec).  

Columns were washed with 9 ml MACS buffer and bound cells were eluted 

with 5 ml MACS buffer after removal of the columns from the magnetic field. 

CD14-positive cells were spun down and resuspended in IMDM medium (10 

ml/15x106 cells) containing 10% FCS, 1% GlutaMAX (Life Technologies) and 

104 U/ml human CSF-1 (Chiron Corporation, Emeryville, CA, USA) and 

differentiated for 7 days (37 �C, 5% CO2) in 10 cm Nunclon cell culture dishes 

(Thermo Fisher Scientific, Waltham, MA, USA) into human monocyte-derived 

macrophages (HMDM).  
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Generation of mouse macrophages 

Murine bone marrow-derived macrophages (BMM) were differentiated 

from bone marrow of C57BL/6 mice. Mice were sacrificed by cervical dislocation, 

femora and tibiae were dissected and bone marrow was flushed out using a 

syringe and 25G needle and RPMI-1640 medium (Life Technologies). Bone 

marrow was spun down (500xg, 5 min) and resuspended in 20 ml RPMI-1640 

containing 10% FCS, 1% GlutaMAX and 104 U/ml human CSF-1 per bone and 

differentiated into BMM for 7 days (37 �C, 5% CO2) in square 100 mm Sterilin 

dishes (Thermo Fisher Scientific). 
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Figure 8: Generation of murine bone marrow-derived macrophages 
 

Culture of Bacterial Strains 

E. coli UTI89 is a well-characterized cystitis isolate (Mulvey et al. 2001). E. 

coli strains ABU83972 and VR50, which were carried without symptoms by a girl 

and a young woman, respectively, were originally isolated from the urine of these 

individuals (Andersson et al. 1991; Roos et al. 2006). E. coli strain ST131 

serotype EC958 isolates were obtained from urine samples received by 

microbiology laboratories at hospitals in Manchester and Preston, Northwest 

England and Brisbane, Australia. For macrophage infection assays, UPEC 

strains were inoculated in 10 ml LB medium and cultured statically at 37 �C 
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overnight (15-16 h). Type 1 fimbriae expression was assessed by yeast cell 

agglutination prior to infection as previously described (Schembri et al. 2000). 

Bacteria were pelleted (5000xg, 10 min), washed and adjusted to OD600=0.4. 

The MOI used for infection was checked by plating out serial dilutions (10-2-10-6) 

on LB agar plates.  

 

Intramacrophage survival assays 

Intramacrophage survival assays were performed essentially as described 

previously (Bokil et al. 2011). BMM and HMDM were harvested 24 h prior to 

infection by flushing cells of plates (using a syringe and 18G blunt needle) and 

plated out in 10 cm Nuclon dishes (for RNA, 3 plates per time point) at 7x106 

cells/plate and in 24 well plates (for LDH assay and CFU) at 4x105 cells per well 

in RMPI-1640 containing 10% FCS, 1% GlutaMAX and 103 U/ml human CSF-1 

(complete RPMI, 2.5 ml/106 cells, 10-fold lower CSF-1 concentration should 

reduce proliferation of BMM but prevent cells from undergoing cell death). Cells 

were infected in duplicates (Chapter 3) or triplicates (Chapter 4) with 10 �l/ml 

(175/10 �l respectively) of adjusted bacterial suspension. 3.5 ml bacterial 

suspension was inoculated in 70 ml complete RPMI medium as a bacteria only 

control. Control macrophages, control bacteria and infected macrophages were 

incubated for additional time at 37�C in a humidified 5% CO2 atmosphere. 1 h 

post infection cell were washed twice with RPMI-1640 containing 200 �g/ml 
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Gentamicin (Life Technologies) and incubated for another hour with complete 

RPMI containing 200 �g/ml Gentamicin to kill extracellular bacteria. Subsequently 

cell were washed twice with RPMI-1640 containing 20 �g/ml Gentamicin and 

incubated for another 4-22 hours with complete RPMI containing 20 �g/ml 

Gentamicin to prevent growth of extracellular bacteria. 

At appropriate time points (1h, 2h and 24h), cells were washed twice with 

antibiotic-free media, and then lysed with PBS/0.01% Trition X-100. Lysates were 

cultured on LB agar plates overnight at 37�C and colony counts were used to 

assess intra-cellular bacterial loads. For standard infection assays, complete 

exclusion of viable extracellular bacteria was con�rmed by performing colony 

counts on culture supernatants.  

 

 

Figure 9: Infection assays methodology 
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Cytotoxicity assay 

Cell culture supernatants from 24 well plates were collected 1, 2 and 24 h 

post infection, centrifuged for 5 min at 500xg and analysed for LDH release using 

the In Vitro Toxicology Assay Kit (Sigma-Aldrich, St Louis, MO, USA) according 

to the manufacturer�s recommendations. Cytotoxicity was calculated in % 

normalized to supernatant from cells lysed by addition of 0.1% Triton X-100 

(Sigma-Alrdich, St. Louis, MO, USA). 2 and 24 h values represent added up 

measurements of the same wells after 1, 2 and 24 h since me medium was 

changed completely 1 and 2 h post infection (see above). 

 

Colony-forming unit (CFU) 

Cells (24 well plates, washed twice with gentamicin-free RPMI-1640) were 

lysed 2 and 24 h post infection by addition of 1 ml 0.05% Triton-X-100 in PBS 

(Life Technologies), incubation for 5 min and pipetting up and down 10 times. 

CFU/ml were determined by plating out serial dilutions (100-10-4) on LB agar 

plates (10 �l droplets in triplicates) and overnight incubation at 37 �C. 

 

ELISA 



144 

 

Cell culture supernatants (1, 2, 6 and 24 h post infection) were analysed 

using the human or mouse CXCL13 DuoSet ELISA kits (R&D Systems, 

Minneapolis, MN, USA) and human or mouse TNF-alpha ELISA kits (PeproTech, 

Rocky Hill, NJ, USA). 

 

 

TIER II: RNA Preparation and Sequencing 

mRNA Isolation, Enrichment, and Purification 

RNA was extracted using RNeasy Maxi kits (Qiagen, Hilden, Germany). 

3.5 ml of buffer RLT (with added 2-mercaptoethanol) was added per 10 cm dish 

(1, 2, 6 and 24 h post infection) and to bacterial pellets from bacteria grown 

separately as well as from cell culture supernatants 1 h post infection (from 9 

plates each for BMM and HMDM) and frozen at -80 �C. Lysates were 

homogenized by passing them 20 times through a 25G needle and RNA was 

extracted according to the manufacture�s protocol (including on-column DNase 

digestion). Microbial total RNA in co-culture samples was enriched 

(MICROBEnrich, Ambion). rRNA was removed from all purified RNA samples 

using kits targeting mammalian and Gram-negative bacterial rRNAs (Ribo-Zero; 

Epicenter, Madison, WI, USA).  Prior to sequencing, all samples were further 

quantified and examined for protein and reagent contamination using a Nanodrop 

ND-1000 spectrophotometer. RNA samples for analysis were selected based on 
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a 28S/18S rRNA band intensity of 2:1, a spectroscopic A260/A280 nm ratio of 1.8�

2.0, and an A260/A230 nm ratio > 1.5. 

 

RNA Sequencing 

Next-generation sequencing analyses were performed for two biological 

replicates on an Illumina Cluster Station and the Illumina HiSeq 2000 System 

using primarily reagents from the Illumina Gene Expression Sample Preparation 

Kit and the Illumina Sequencing Chip (Flowcell; Illumina, San Diego, CA, USA). 

Sequence tags were prepared using the Digital Gene Expression Tag Profiling 

Kit (Illumina), according to the Illumina protocol.  

 

 

TIER III: Data Pre-processing 

Image analysis, base calling, and quality calibration were performed 

using the Solexa Automated Pipeline. Quality control of RNA-Seq reads were 

preprocessed by custom java script, which checks the raw sequence data from 

high-throughput sequencing pipelines for any problems. RNASeq reads were 

subject to quality trimming in order to remove Illumina adapters, low quality 

leading and trailing bases, bases with low average quality, and reads shorter 

than 36 bases long. I employed Trimmomatic, a flexible read trimming tool for 

Illumina NGS data (Bolger, Lohse et al. 2014). 
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TIER IV: Alignment and Differential Gene Expression Analysis 

Alignment of Reads 

Bowtie indexes were created for the mouse (version 37.1 and 37.2) and 

human (Homo sapiens NCBI build 37.2) and the four E. coli strains (UTI89, 

83972, VR50 and EC958) using the bowtie-build algorithm and reference 

sequences from the GenBank database. My protocol began with mapping of the 

raw RNA-Seq reads (fastq files) to the reference genomes using TopHat. TopHat 

uses Bowtie as an alignment engine and breaks up reads that Bowtie cannot 

align on its own into smaller pieces (Kim and Salzberg 2011). Using the standard 

parameters, I mapped both reads of my paired-end libraries. All simulations were 

performed using a 30-core, high-memory node cluster system; total computation 

duration was 3 hours. 

 

Transcript Annotation 

In the experiment described in Chapter 3, after running TopHat, the 

resulting alignment files were provided to Cufflinks to generate a transcriptome 

assembly for each condition. During this analysis step, adapter tags; 

mitochondrial sequences; poly A, poly C, and phiX sequences; and remaining 

ribosomal sequences were filtered out. Estimated normalized expression levels 
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were reported in Fragments (i.e., reads) Per Kilobase of exon per Million mapped 

reads (FPKM). These assemblies were compared with annotation files using the 

Cuffcompare utility, which is included in the Cufflinks package (Roberts et al. 

2011; Trapnell et al. 2012).  

In the experiment described in Chapter 4, after running TopHat, the 

resulting mapped short reads in SAM format, along with the gene annotation in 

GTF format were provided to GFOLD count to count the number of reads 

mapped to each gene (Feng, Meyer et al. 2012). Estimated normalized 

expression levels were reported in Reads per Kilo base of exon per Million 

mapped reads (RPKM). 

 

Differential Expression Analysis 

In the experiment described in Chapter 3, the reads and assemblies were 

imported to Cuffdiff, which calculates expression levels and tests the statistical 

significance of observed changes. For comparison of DEG across samples, the 

number of raw clean tags in each library was normalized to FPKM using the 

Cufflinks package. The minimum number of alignments in a locus needed to test 

for significance of changes in that locus between samples was set to 50 fragment 

alignments. If no testing was performed, changes in the locus were deemed 

insignificant, and the changes observed in the locus did not contribute to 

corrections for multiple testing. The Cuffdiff output files were then imported to 
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cummeRbund, which plots abundance and differential expression results as 

commonly used expression plots for quality control (Trapnell et al. 2012). 

In the experiment described in Chapter 4, the reads were further imported 

to GFOLD diff, which generalizes the fold change by considering the posterior 

distribution of log fold change, such that each gene is assigned a reliable fold 

change. GFOLD overcomes the shortcoming of p-value that measures the 

significance of whether a gene is differentially expressed under different 

conditions instead of measuring relative expression changes, which are more 

interesting (Feng, Meyer et al. 2012). It also overcomes the shortcoming of fold 

change that suffers from the fact that the fold change of genes with low-read 

count is not as reliable as that of genes with high read count. The GFOLD output 

files were further processed for quality control using the R package. 

 

 

TIER V: Functional Analysis 

Ortholog identification 

Identification of orthologous genes is an essential part of my approach. I, 

therefore, employed the Ensembl database that was specifically designed for 

identifying true orthologs solely based on the protein sequence (Flicek, Amode et 

al. 2014). All genes that shared orthology where converted to orthologous groups 

(OG). In the case of one-to-one orthology an orthologous group (OG) is the pair 
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of the two orthologous genes. In the cases of one-to-many and many-to-many 

type of orthology, an orthologous group (OG) is defined as the set of genes that 

share this relationship. A new annotation file was prepared with only orthologous 

interactions, and I performed a second differential expression analysis this time 

between infected human co-cultures and infected mouse co-cultures for each 

time point. This step is necessary since it eliminated genes with no significant 

expression differences between human and mouse, filtering out false-positives. 

 

Dimensionality Reduction 

Dimensionality reduction is necessary for exploring the relationships 

between conditions in my experiment. The MCE method performs a nonlinear 

dimension reduction by embedding high-dimensional data points into a lower-

dimensional space using the minimum curvilinear kernel in combination with 

multidimensional scaling (MDS) (Cannistraci et al. 2010) or in alternative the 

singular value decomposition (Cannistraci et al. 2013). The nonlinear data 

distances for MDS or SVD were computed and stored in the minimum curvilinear 

kernel as the traversal distances over the minimum spanning tree between the 

data points (in my study the samples� conditions) in the multidimensional space 

(in my case the gene space). The minimum spanning tree was constructed from 

the Pearson correlation-based distances between the samples (Cannistraci et al. 

2010):  
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MCE is a parameter-free projection algorithm that was shown to be 

particularly effective in discriminating classes in small-n (samples: here 

conditions), large-m (features: here gene expressions) datasets using only the 

first dimension of embedding (Cannistraci et al. 2010). The fact that my datasets 

have n<<m led us to adopt MCE algorithm for unsupervised analysis of the 

patterns present between the different sample conditions. 

 

Clustering of Genes 

Genes with similar expression patterns often serve overlapping functions. 

Accordingly, the optimal number of clusters in the dataset was determined by 

performing a cluster analysis of gene expression patterns using the R package 

NbClust. Selected lists of expression profiles of DE genes were compiled for 

each hypothesis tested and clustered using the Ward�s methodology.  

 

 Pathway-enrichment analyses of DEG 

Genes involved in common biological processes or pathways tend to show 

overlapping expression profiles. In gene expression profiling analyses, 

significantly enriched pathways were identified by mapping all DEG to terms in 
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the KEGG databases by applying two-sided Fisher�s exact and �2 tests, 

respectively (Huang da et al. 2009b; Huang da et al. 2009a). P-values were 

corrected by calculating the FDR, and only pathways with a FDR < 0.01 were 

chosen.  

 

Identification of key BMM TFs 

Promoter sequences of all DEG were retrieved using the RSAT and were 

further input into the RSAT matrix-scan tool along with mouse-related JASPAR 

matrices for TFBS prediction (Thomas-Chollier et al. ; Thomas-Chollier et al. 

2008; Turatsinze et al. 2008). The RSAT output was filtered using an adjusted P-

value < 0.05 as a cut-off, and lists of the most significant TFBSs and their known 

corresponding TFs were compiled. The expression profiles of the mouse DEG 

were clustered and each cluster was correlated with TFs profiles using Pearson 

correlation in R. Finally, the clusters were annotated using GO to fully elucidate 

the molecular processes in which each TF was involved. 

 

Screening for strain-specific UPEC gene expression patterns 

Flagella-related gene lists were compiled based on Macnab�s review on 

bacterial flagellar assembly (Macnab 2003). A list of 35 genes related to the 

flagellar apparatus was used as background for screening my UPEC datasets. 
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For oxyR regulon and hydrogen peroxide-induced genes, gene lists were 

similarly compiled using previously published data on the response of bacteria to 

hydrogen peroxide (Zheng et al. 2001). Finally, lists of genes involved in Psp 

regulation were compiled, and my datasets were screened for their expression 

patterns. The expression patterns of the screened genes were further clustered 

as described above, and all results were visualized using pheatmap package in 

R.  

 

Identification of UPEC Genes Associated with Intramacrophage Survival 

Putative bacterial genes associated with intramacrophage survival were 

considered as those that remained highly upregulated at 24 hpi. Bacterial genes 

upregulated at this time point were compiled and filtered based on their 

significance of expression. All DEG were filtered using an FDR-adjusted P-value 

of the test statistic < 0.01 and a log2 fold change > 3. The filtered lists of DEG 

enabled us to screen for survival genes, cluster their expression, and further 

annotate them using the GO database to better understand the biological 

processes they regulated. 

 

 

TIER VI: Gene Validation 

cDNA synthesis and RT-qPCR 
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cDNA was synthesized using a SuperScript III First-Strand Synthesis kit 

(Invitrogen). qPCR was then performed on a 7900HT Fast Real-Time PCR 

system (Applied Biosystems) using RNA samples from two independent 

biological replicates, similar to those employed for the RNA-Seq experiments. 

TaqMan Fast Universal PCR Master Mix 2X (Applied Biosystems) was used for 

BMM gene validation, and SYBR Green Master Mix (Applied Biosystems) was 

used for UPEC gene validation. Each cDNA was analyzed in triplicate, after 

which the average threshold cycle (Ct) per sample was calculated. Raw data 

were processed with qBase Plus software (Biogazelle), which performs 

downstream processing of qPCR data. The geNorm algorithm, integrated in the 

qBase Plus package, was used for determining the optimal number and identity 

of reference genes needed to normalize the data in both BMM (Actb and Polr2a) 

and UPEC (gapA and purC) qPCR libraries. Relative expression levels were 

calculated with the 2-��Ct method (�Ct is the difference in Ct between the 

reference genes and the target gene products); the average Ct value for all 

genes was used to correct for differences in cDNA input. Other statistical 

procedures were performed with the R program.  

 

Construction of UTI89pspA deletion mutant 

Chromosomal DNA purification, PCR and DNA sequencing of PCR 

products was performed as previously described (Allsopp et al. 2010). The pspA 
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gene was mutated in UTI89 using the �-Red mediated homologous 

recombination method with some modifications (Datsenko and Wanner 2000; 

Allsopp et al. 2012). Briefly, a three-step PCR procedure was employed to 

generate a DNA fragment comprising the chloramphenicol cassette from plasmid 

pKD3 and two 500-bp fragments homologous to the flanking regions of the pspA 

gene. The following primers were used: 5376_UTI89pspA FwUP (5�-

gccgtagcgagttcatca) and 5377_UTI89pspA RvUP (5�-

ggaataggaactaaggaggaagcgttgatgttggcatt), 5378_UTI89pspA Fwdn (5�-

cctacacaatcgctcaagacgccgaactgaaagccgat) and 5379_UTI89pspA Rvdn (5�-

taaacagcgccagaccga) to generate the 500bp homology arms; 3746-Cm.3a (5�-

tcctccttagttcctattcc) and 3747-Cm.4a (5�-gtcttgagcgattgtgtagg) to generate the 

chloramphenicol resistance gene fragment. This DNA fusion product was 

electroporated into UTI89 harboring plasmid pKD46, and chloramphenicol 

resistant mutants were selected and confirmed by PCR (using primers 

5375_UTI89pspA FwSc: 5�-tcgtcgcgcataccaacc and 5380_UTI89pspA Rvsc: 5�-

acttcatccagcaattcgc). The UTI89pspA mutant was confirmed by sequencing. 
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CHAPTER 3: THE CO-TRANSCRIPTOMES OF HIGH AND LOW 

PATHOGENICITY UPEC STRAINS IN THE MURINE INTRA-MACROPHAGE 

ENVIRONMENT 

!

!

Abstract 

Urinary tract infections (UTI) are among the most common infections in 

humans and are a major cause of morbidity and mortality. Uropathogenic 

Escherichia coli (UPEC) can invade and replicate within bladder epithelial cells, 

and recent evidence demonstrates that some UPEC strains can also survive 

within macrophages. To understand the UPEC transcriptional program 

associated with intramacrophage survival, I performed host�pathogen co-

transcriptome analyses using RNA sequencing. Mouse bone morrow-derived 

macrophages (BMMs) were challenged over a 24 h time course with two UPEC 

reference strains that possess contrasting intramacrophage phenotypes: UTI89 

and VR50, which survives in BMMs, and 83972, which is killed by BMMs. Using 

open-source tools, I developed an effective computational framework that 

simultaneously separated, annotated, and quantified the mammalian and 

bacterial transcriptomes. Mouse macrophages responded to the two different 

UPEC strains with a broadly similar gene expression program. In contrast to the 

conserved pattern of macrophage responses, the transcriptional responses of the 
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different UPEC strains diverged markedly from each other. I identified UTI89 

genes upregulated at 24 h post-infection, and hypothesized that some of these 

may contribute to intramacrophage survival. Indeed, I showed that deletion of 

one such gene (pspA) significantly attenuated UTI89 survival within BMM. My 

study provides a technological framework for simultaneously capturing global 

changes in host�pathogen interactions at the transcriptional level in co-cultures, 

and has generated new insights into the mechanisms that UPEC strains use to 

persist within the intramacrophage environment.  
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Introduction 

Urinary tract infections (UTIs) represent one of the most significant 

community-acquired and healthcare-associated diseases (Foxman 2010; Horvath 

et al. 2012). Uncomplicated UTIs result in more than 14 million medical visits and 

account for almost $4 billion in medical expenditure each year in the USA alone 

(Salvatore et al. 2011). Approximately 50% of women will experience a UTI at 

some point in their life, with almost 25% of patients experiencing a recurrence 

within the first 6 months following treatment of the initial UTI (Salvatore et al. 

2011). An estimated 68% of recurrent UTIs arise from the same bacterial strain 

that caused the initial infection (Hunstad and Justice 2010). Uropathogenic 

Escherichia coli (UPEC) is the most common causative agent of UTIs, being 

responsible for ~80% of all community-acquired infections (Foxman 2010). In the 

majority of acute, uncomplicated UPEC-mediated UTIs, single cultured isolates 

are diagnostic of the infection (Willner et al. 2014). 

UPEC employ a range of virulence factors, including adhesins, toxins and 

iron-acquisition systems, to colonize the urinary tract and cause infection (Totsika 

et al. 2012; Ulett et al. 2013). Different UPEC strains display extensive genetic 

diversity owing to the presence of mobile DNA elements such as �pathogenicity 

islands�, prophages, and plasmids (Hacker and Kaper 2000; Mysorekar and 

Hultgren 2006; Wiles et al. 2008; Hunstad and Justice 2010; Hannan et al. 2012). 

The UPEC strains UTI89 (Mulvey et al. 2001) and 83972 (Lindberg et al. 1975c; 
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Klemm et al. 2007; Zdziarski et al. 2010) are representative of cystitis and 

asymptomatic bacteriuria (ABU) isolates, respectively. 

All pathogens must be able to overcome the innate immune system to 

cause disease. Although macrophages are key cellular mediators of innate 

immunity (Tegner et al. 2006), there is a paucity of knowledge on the interactions 

between these cells and UPEC. We previously examined distinct clinical isolates 

of UPEC, and found that the cystitis strain UTI89 and the asymptomatic 

bacteriuria strain VR50 could be recovered from primary mouse macrophages at 

24h post-infection, whereas bacterial loads for CFT073 and 83972 were much 

lower (Bokil et al. 2011). This suggests that UTI89 and VR50 are able to partly 

subvert macrophage antimicrobial pathways, though the mechanisms 

responsible are unknown. 

Acute pyelonephritis and ABU represent the two extremes of UTI. Acute 

pyelonephritis is a severe, acute systemic infection caused by UPEC clones 

containing virulence genes clustered on pathogenicity islands (Eden et al. 1976; 

Funfstuck et al. 1986; Stenqvist et al. 1987; Orskov et al. 1988; Johnson 1991; 

Welch et al. 2002). ABU, on the other hand, is an asymptomatic carrier state that 

resembles commensalism. A single E. coli strain may be present in ABU patients 

at levels of more than 105 colony-forming units (CFU)/ml for months or years 

without provoking a host response. Because the majority of ABU-associated E. 

coli strains are non-hemolytic, non-adherent and lack hemagglutination ability, 

early studies suggested that this behavior reflected a lack of virulence genes 
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(Lindberg 1975; Lindberg et al. 1975a; Lindberg et al. 1975b; Lindberg et al. 

1975c; Eden et al. 1976; Kaijser and Ahlstedt 1977). Molecular epidemiology has 

shown, however, that many ABU strains carry virulence genes despite failing to 

express the phenotype (Plos et al. 1990; Plos et al. 1995; Mabbett et al. 2009). 

As with all infectious agents, UPEC must overcome innate immunity, a 

biological system compromising both cellular mediators (e.g. neutrophils) and 

soluble mediators (e.g. complement proteins) that act synergistically. Several 

studies have investigated the role of neutrophils in UPEC-mediated pathology 

(Ingersoll et al. 2008; Sivick and Mobley 2010; Lau et al. 2012; Tourneur et al. 

2013), whereas there is a paucity of information on the interactions between 

UPEC and macrophages, another key cellular component of innate immunity 

(Tegner et al. 2006). We previously demonstrated that the ability of UPEC to 

survive in mouse macrophages differs markedly between different strains; some 

strains, such as UTI89 and VR50, are able to survive over a 24-hour infection 

period, whereas others, such as 83972, are rapidly killed (Bokil et al. 2011). This 

suggests that UPEC strains like UTI89 are able to subvert macrophage 

antimicrobial pathways, though the mechanisms responsible are still unknown. 

These findings are in keeping with a larger body of literature documenting 

intraepithelial cell survival of some UPEC strains, both in vitro and in vivo 

(Hunstad and Justice 2010). 

Next-generation sequencing technologies provide a powerful approach for 

studying co-transcriptomics during infection (t Hoen et al. 2008; Hegedus et al. 
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2009; Jager et al. 2009; Xiang et al. 2010b; Huang et al. 2012; Nie et al. 2012; 

Wang et al. 2012). These direct sequencing methodologies allow the 

measurement of millions of RNA transcripts in a sample, thus enabling 

identification of global differences in gene expression under different growth 

conditions (Morozova and Marra 2008; Wang et al. 2009). RNA sequencing 

generates information about absolute transcript levels, avoiding many of the 

limitations of microarrays (t Hoen et al. 2008; Llorens et al. 2011). To further 

understand the transcriptional programs that are simultaneously activated during 

host-pathogen interaction, I developed an approach for isolating total RNA from 

co-cultures and analyzing the simultaneous changes in expression that take 

place in the interacting organisms. Previous studies (Hegedus et al. 2009; Xiang 

et al. 2010a; Xiao et al. 2010; Ordas et al. 2011) have focused on either the host 

or the pathogen, without revealing simultaneous co-transcriptomic changes that 

occur during infection. Such methods have also relied on the isolation of species-

specific RNA, which can introduce biases in the analysis.  

To gain insights into novel strategies used by UPEC to subvert 

macrophage anti-microbial responses, I performed a global co-transcriptomic 

analysis of UPEC gene expression within primary mouse macrophages (BMMs). 

I used RNA sequencing to monitor (i) the transcriptional responses of UPEC 

strains UTI89 and 83972 within the intramacrophage environment across an 

extended time course, and (ii) differences in macrophage gene-expression 

responses to each strain. My comprehensive approach has generated new 
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insights into host�pathogen interactions and the possible consequences of these 

interactions for disease processes.  

 

 

Results 

Analysis of Digital Gene Expression Libraries 

The UPEC strains UTI89, 83972 and VR50 display contrasting 

intramacrophage survival phenotypes; UTI89 and VR50 are able to survive in 

significant numbers, whereas 83972 is rapidly killed (Bokil et al. 2011). To 

examine the molecular basis for this difference, I investigated the gene 

expression profiles of UTI89, 83972 and VR50 in BMMs in parallel over a 24 h 

period. As expected, when using a multiplicity of infection of 10:1 for both strains, 

bacterial loads of UTI89 and VR50 that were recovered from BMM were 

substantially higher than those of 83972 (Figure 10).  
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Figure 10: Intramacrophage survival of UPEC strains 
Bacterial loads of UTI89, 83972 and VR50 within BMM at 2, 4 and 24 hpi in gentamicin exclusion 
assays were assessed by colony counting. These samples were used for RNA-Seq analyses. 
Data represent average cfu/ml ± range (n = 2 independent experiments). 

 

Total RNA was harvested at 2, 4 and 24 h post-infection (hpi) and global 

gene expression profiles were analyzed using the Illumina Hi-Seq 2000 system, a 

tag-based transcriptome sequencing method. cDNA libraries were prepared from 

gentamicin-treated UPEC-BMM co-cultures, sequenced and analyzed together 

with bacterial and BMM control samples. The RNA-Seq files generated for all 

libraries were preprocessed by a custom java script.  

 

Mapping RNA-Seq Reads 

Alignment of sequencing reads to the respective mouse and UPEC 

reference genomes was performed using TopHat. Sequences were mapped 



166 

 

against their respective Mus musculus or E. coli genomes. The resulting BAM 

files were further used to compute alignment statistics for all libraries employing 

the samtool flagstat command. As expected, very few sequence reads were 

captured from 83972-BMM co-cultures at 24 hpi, consistent with the observation 

that these bacteria were essentially cleared by BMMs at this time point. Hence, 

subsequent analyses of 83972 strain�s gene expression excluded this specific 

condition.  

 

BMM Transcriptional Responses to UPEC 

To explore transcriptional relationships between different conditions, I 

performed dimensionality reduction analysis using minimum curvilinearity 

embedding (MCE) (Cannistraci et al. 2010; Cannistraci et al. 2013). This analysis 

revealed that the BMM genes whose expression was regulated by infection were 

not markedly different between the three different UPEC strains at the initial 

stage, 2hpi. However, after 4hpi, a slight difference emerges, that is also 

maintained at 24hpi. As expected, however, I did observe that the time-

dependent regulation of gene expression (Figure 11A) is the main pattern that 

emerges from the data, indicating that the macrophage transcriptional response 

follows a distinct temporal profile that is common to infection by both strains, and 

more distinctive than the difference between the strains� infections.  
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To gain further insights into the global transcriptional changes that take 

place in UPEC-infected macrophages, I catalogued differentially expressed 

genes (DEG) in normalized digital gene expression data through pairwise 

comparisons between controls (uninfected BMM cultures) and treatments (co-

cultures of UPEC-infected BMMs) using a previously described method (Trapnell 

et al. 2012) with a threshold of a false-discovery rate (FDR)-adjusted P-value < 

0.01 in at least one of the pairwise comparisons.  

Using this approach, I identified 946, 959 and 973 BMM genes that were 

differentially regulated by UTI89, 83972 and VR50, respectively, over a 24-hour 

infection time course. Further analyses of the BMM transcriptome identified 928 

genes that were commonly regulated by UTI89, 83972 and VR50, as well as 3, 7 

and 6 BMM genes that were differentially regulated after infection with UTI89, 

83972 or VR50, respectively (Figure 11B). The greatest divergence in responses 

to each strain occurred at the latest time point post-infection.  

To investigate the regulatory patterns of divergently expressed (DE) 

genes, I clustered genes as either up or downregulated. This analysis revealed a 

rapid response for upregulated genes that was maintained throughout the 

infection time course. In contrast, the number of downregulated genes was much 

lower at 2 and 4 hpi, but increased markedly by 24 hpi (Figure 11C). The 

substantial overlap in DEG, as well as their conserved pattern of regulation, 

suggests that the macrophage transcriptional response to UTI89, 83972 and 

VR50 is broadly conserved.  
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Figure 11: BMM transcriptome analysis 
A. MCE plot of the relationships between conditions for the BMM gene sets. Each sample from 
two independent biological replicates is represented as a dot in a two-dimensional space (C: 
Control; U: UTI89; A: 83972; V: VR50). B. Venn diagrams quantifying the overlap in the response 
of BMMs to the three UPEC strains for two independent biological replicates. The numbers of 
DEG are shown for the total response (top left), as well as for each of the three time points (2, 4, 
and 24 hpi). C. Histogram of the regulation of BMM DEG showing the numbers of up- (red) and 
downregulated (green) genes during the 24-hour infection time course. D. Pathways activated in 
BMMs during the course of UPEC infection. Each colored square in the matrix represents a 
significant fold-enrichment (log2) of the respective pathway term at each point. Red, upregulated 
DEG; green, downregulated DEG. 

 

Functional Annotation of DE Macrophage Genes  

The consequences of gene expression changes associated with UPEC 

infection were characterized by pathway (KEGG) enrichment analyses of DEG 

using the DAVID (Huang da et al. 2009b; Huang da et al. 2009a). As expected, 

the signaling pathways that were inferred, on the basis of gene expression 
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changes, to be regulated in macrophages upon UPEC infection showed common 

characteristics between both UPEC strains. Signaling pathways associated with 

upregulated genes included cytokine�cytokine receptor interaction, NOD-like 

receptor signaling, and Toll-like receptor (TLR) signaling pathways (Figure 11D). 

Pathways associated with downregulated genes included DNA replication, cell 

cycle, and systemic lupus erythematosus. 

I next independently validated both conservation and divergence in 

macrophage responses to UTI89, 83972 and VR50. Many of the well-validated 

TLR target genes such as cytokines (Il1a, Il1b, Il16) and chemokines (Cxcl1, 

Ccl8) were similarly inducible by all UPEC strains in BMM (data not shown). 

Although previous studies have demonstrated pathological roles for extracellular 

histones in mouse models of sepsis (Xu et al. 2009; Xu et al. 2011), there is little 

known about the regulation of histone gene expression downstream of TLR 

signaling. This may reflect the fact that canonical histone mRNAs are not poly-

adenylated, and so their regulated expression may not be captured by traditional 

microarray approaches.  

Interestingly, I found that a large suite of histone genes were 

downregulated in response to infection with either UPEC strain (Figure 12A), 

consistent with the inhibitory effect of TLR signaling on macrophage proliferation. 

This observation was validated for several individual histone genes using 

quantitative reverse transcription-polymerase chain reaction (RT-qPCR; Figure 

16B). My attempts to validate the small number of macrophage genes 
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differentially regulated by UTI89 and 83972 (Figure 12B) using qPCR were less 

successful, however I did confirm differential regulation of the cystine/glutamate 

exchanger Slc7a11. Whereas Slc7a11 mRNA expression was similarly 

upregulated by UTI89 and 83972 at 4 hpi in infected BMM, its expression 

remained elevated at 24 hpi in UTI89 and VR50-infected BMMs but was 

significantly reduced at this time point in 83972-infected BMMs (Figure 12C). 

 

 

Figure 12: BMM histone and Slc7a11 regulation 
A. Heat map summarizing the expression profiles of histone genes from the RNA-Seq libraries. 
The values are log-transformed FPKM counts. B. Bar plots showing the relative mRNA levels of 
selected histone candidate genes determined by RT-qPCR. qPCR data represent means relative 
expression ± range (n = 2 independent experiments). C. Bar plot showing the mean relative levels 
of the mRNA for Slc7a11, as determined by RT-qPCR. Error bars denote the range of the two 
biological replicates (C: Control; U: UTI89; A: 83972; V: VR50). 

 

Clustering analysis separated DE macrophage genes into two major 

clusters (Figure 13A). Cluster 1 (Figure 13B), which contained 388 genes, was 
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positively correlated with the profiles of the TFs Arnt (aryl hydrocarbon receptor 

nuclear translocator), Myc and Pparg (peroxisome proliferator-activated receptor 

gamma); negatively correlated with the profiles of Hif1a (hypoxia-inducible factor 

1-alpha) and Stat3 (signal transducer and activator of transcription 3); and 

enriched for pathways associated with DNA replication, cell cycle, and systemic 

lupus erythematosus.  

Cluster 2 (Figure 13B), which contained 595 genes, was positively 

correlated with the profiles of the TFs Hif1a, Nfkb2 (nuclear factor of kappa light 

polypeptide gene enhancer in B cells 2), Nr3c1 (nuclear receptor subfamily 3, 

group C, member 1) and Stat3; negatively correlated with the profile of Myc; and 

enriched for pathways associated with cytokine�cytokine receptor interaction, 

and NOD-like receptor, TLR, chemokine and Jak-STAT signaling. These results 

are in keeping with expectations; TLR signaling activates NF-κB and HIF (Rossol 

et al. 2011) and inactivates CSF-1 signaling.  

Various studies link the biology of CSF-1, Myc and Pparg (Dey et al. 2000; 

Bonfield et al. 2008; Pello et al. 2012), and as expected downregulated genes 

have an association with Myc and Pparg. That is, TLR signaling switches off 

signaling via CSF-1, which itself can signal, in part, by Myc; hence, TLR signaling 

downregulates Myc responses. Apart from the expected patterns, my analysis 

suggests a potential association between inactivation of CSF-1 signaling and 

Arnt (partner for Hif) responses, which has not been reported previously.  



172 

 

 

Figure 13: BMM transcription factor regulation 
A. Heat map showing results of k-means clustering of BMM DEG. The values are log-transformed 
FPKM counts for all DEG across all RNA-Seq libraries in the dataset. B. Expression profiles of 
TFs associated with binding motifs from the TFBS analysis that are highly correlated with each 
cluster. Each TF is represented with a different color, whereas the cluster mean expression is 
colored blue. All values are log-transformed FPKM counts. C: Control, U: UTI89, A: 83972; V: 
VR50). 

 

UPEC Transcriptional Responses upon Infection of BMMs 

As was the case with the macrophage gene expression analysis, I initially 

investigated transcriptional responses in both UPEC strains by performing 

dimensionality reduction analysis using MCE (Cannistraci et al. 2010; Cannistraci 

et al. 2013). I identified specific differences in the regulated expression of UPEC 
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genes within the intramacrophage environment (Figure 14A), which likely reflects 

the differential pathogenicity and capacity for intramacrophage survival of all 

strains (Figure 10) (Bokil et al. 2011).  

To gain insights into the global transcriptional changes that occur in UPEC 

during macrophage infection, I applied the same method described above and 

performed pairwise comparisons between controls (UPEC cultures alone) and 

treatments (co-cultures of UPEC-infected BMMs). Again, I employed an FDR-

adjusted P-value < 0.01 in at least one of the pairwise comparisons in my dataset 

as the threshold for differential expression. In total, I identified 204 UTI89 genes, 

38 83972 and 974 VR50 genes that were differentially regulated in BMMs. 

Surprisingly, an analysis of the intramacrophage transcriptomic profile identified 

only 2 regulated genes that were common to all strains, whereas 183 genes were 

uniquely regulated in UTI89, 25 genes were uniquely regulated in 83972, whilst 

952 genes were uniquely regulated by VR50 (Figure 14B).  

The UPEC transcriptional profiles also revealed a number of strain-specific 

responses; a substantial number of UTI89 and VR50 genes were upregulated at 

2 and 4 hpi, whereas a much smaller number of 83972 genes were upregulated 

at these time points (Figure 14C). This is consistent with the initiation of a UTI89 

and VR50 transcriptional program that permits intramacrophage survival. In 

contrast to the transcriptional responses observed for macrophage genes, few 

UPEC genes were downregulated over the infection time course, in contrast to 
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the dramatic shut down of gene expression observed in VR50, with down 

regulation of a large pool of genes. 

 

Functional Annotation of DE UPEC Genes 

The consequences of gene expression changes associated with UPEC 

infection were characterized by pathway (KEGG) enrichment analyses of DEG 

using the DAVID (Huang da et al. 2009b; Huang da et al. 2009a). This again 

provided clear evidence of strain-specific biological responses within the 

intramacrophage environment.  In keeping with the above findings, an analysis of 

the pathways activated during UTI89 infection revealed enrichment for pathway 

terms associated with bacterial chemotaxis and flagellar biosynthesis (Figure 

14D). I did not observe significant enrichment for any pathway term in the case of 

83972. Furthermore, the pathways inhibited during VR50 infection revealed 

enrichment for pathway terms associated with metabolism of pyruvate, galactose, 

sugars and glycerophospholipids as well as the two-component system, and 

ABC transporters. 
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Figure 14: UPEC transcriptome analysis 
A. MCE plot of the relationships between conditions for the UPEC gene sets. Each sample from 
two independent biological replicates is represented as a dot in a two-dimensional space (C: 
Control; U: UTI89; A: 83972; V: VR50). B. Venn diagrams quantifying the overlap in the response 
of the UPEC strains in the intramacrophage environment for two independent biological 
replicates. The numbers of DEG for the total response (top left), as well as for each of the three 
time points (2, 4, and 24 hpi), are shown. C. Histogram of the regulation of UPEC DEG showing 
the numbers of up- (red) and downregulated (green) genes during the 24-hour infection time. D. 
Pathways activated in UPEC during the course of infection. Each colored square in the matrix 
represents significant fold-enrichment (log2) of the respective pathway term at each point. Red, 
upregulated DEG; green, downregulated DEG. 

 

UPEC Genes Associated with Intra-Macrophage Survival 

I hypothesised that genes selectively upregulated by UTI89 may contribute 

to intramacrophage survival. Such genes included those encoding flagella and 

those associated with protection against oxidative stress. Notably, several genes 
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encoding flagella-related proteins were uniquely regulated in UTI89; these DE 

flagella genes included flgA-F, flgK, flgL, fliC-E, fliQ, motA, and motB. Figure 15A 

shows the expression patterns of all flagella-related genes in UTI89 versus 

83972 and VR50, revealing strong upregulation at 2 hours with a subsequent 

gradual decrease over time.  

 

 

Figure 15: UPEC flagella, OxyR regulon and hydrogen peroxide-induced genes 
A-C. Heat maps summarizing the RNA-Seq-derived expression profiles of flagellar genes (A), 
OxyR regulon genes (B), and hydrogen peroxide-induced genes (C). All values are log-
transformed FPKM counts. D. Bar plot showing the relative mRNA levels of ahpF and dps, as 
determined by RT-qPCR. qPCR data represent mean relative expression ± range (n = 2) of two 
biological replicates; ND: not detected. 
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A common mechanism used by bacterial pathogens to avoid host innate 

immune pathways is to employ defense mechanisms against oxidative stress 

(Imlay 2013). I therefore clustered the expression patterns of all the OxyR 

regulon genes (Figure 15B) and the most strongly hydrogen peroxide-induced 

genes in both UPEC strains (Figure 15C). Interestingly, the oxyR regulon, which 

included alkyl hydroperoxide reductase subunit F (ahpF), dps (DNA 

starvation/stationary phase protection protein), grxA (glutaredoxin 1), trxC 

(thioredoxin 2) and yaaA, was strongly upregulated in UTI89, with the effect 

being apparent at 2 hpi and peaking at 4 hpi. Hydrogen peroxide-inducible 

genes, which included ahpF, dps, grxA, heat-shock proteins/chaperones (ibpA, 

ibpB), phoH, soxS (DNA-binding transcriptional dual regulator), trxC and yaaA 

showed a similar pattern, with genes being significantly upregulated in UTI89 and 

less so in 83972 and VR50. RNA-Seq data, for the overlapping gene ahpF, were 

validated by RT-qPCR (Figure 15D). 

Although UTI89 persists at 24 h within macrophages, only a relatively 

small percentage of bacteria (< 5%) survive within BMM at 24 hpi compared to 

the bacterial loads at 2 hpi (Figure 10). I therefore reasoned that changes in 

UPEC gene expression at 24 hpi might be linked to intramacrophage survival. I 

identified 22 genes that were highly upregulated (> 3-fold) by UTI89 at 24 hpi 

(Figure 16A). The most highly expressed of these included those encoding ibpB 

(encoding a small heat shock protein); pspACDE (encoding the phage-shock 

protein system); rpoE and rpoH (encoding sigma factors); smpA (encoding outer 
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membrane lipoprotein); yadR (encoding the iron-sulfur cluster insertion protein 

ErpA); yceP (encoding the biofilm formation regulatory protein BssS); yebG 

(encoding DNA damage-inducible protein); and UTI89_C2624 and 

UTI89_C5162-3 (encoding proteins of unknown function). 

Phage-shock-protein (Psp)-related genes, which are required for bacterial 

survival during extracytoplasmic stress responses and changes in pH (Darwin 

2013), were also significantly upregulated in UTI89 compared to 83972 and 

VR50 (Figure 16B). RT-qPCR confirmed the elevated expression of pspA and 

pspE in UTI89 compared to 83972 at 24 h post-infection (Figure 16C). Finally, I 

validated the importance of pspA for intramacrophage survival of the UTI89 strain 

by constructing a UTI89pspA mutant (Figure 16D), and testing it for 

intramacrophage survival during a 24 h infection time course in BMM. In this 

assay, the UTI89pspA mutant was significantly attenuated for intracellular 

survival compared to the wild type strain (Figure 16E).  
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Figure 16: UPEC Survivor Genes and Psp Expression 
A and B. Heat maps summarizing the RNA-Seq-derived expression profiles of UTI89 genes 
elevated at 24 hpi (A) and UPEC Psp genes (B). C. Bar plots showing the relative quantity of 
pspA and pspE mRNA, as determined by RT-qPCR. qPCR data represent mean relative 
expression ± range (n = 2) of two biological replicates; ND: not detected. D. Insertion site for 
creation of UTI89 pspA mutant. E. Intramacrophage survival of UTI89 and UTI89pspA. BMMs 
were infected at an MOI of 10 and intracellular bacterial survival was assessed at 1, 2 and 24 
hours of infection. Data are compiled from three independent experiments, and show mean ± 
standard deviation (* p<0.05). 

 

 

 

Discussion 

In this study, I determined the co-transcriptomic program of UPEC-infected 

primary mouse macrophages during an infection time course. The use of three 

UPEC strains that differed in their ability to survive in these cells enabled the 

identification of both common and UPEC strain-specific responses. To my 

knowledge, this is the first RNA-Seq study that has simultaneously measured the 
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transcriptomes of both the host and pathogen during an infection. Using only 

open-source tools, I developed a computational framework that was capable of 

successfully separating, annotating, and quantifying the mammalian and bacterial 

transcriptomes. Whereas previous studies (Mysorekar et al. 2002; Bower et al. 

2009; Hagan et al. 2010; Duell et al. 2012) have been limited to microarrays, the 

RNA-Seq analysis reported here provides a more sensitive, comprehensive, and 

unbiased coverage of the entire transcriptome. I achieved an average 

sequencing depth of approximately 24 million tags per library and identified 983 

BMM and 1,187 UPEC genes that were differentially expressed following UPEC 

infection. By mapping my RNA-Seq tag data onto transcript databases and 

genomic sequences, I were able to identify genes that were regulated upon 

UPEC challenge.  

MCE confirmed the distinct temporal cascade of BMM responses to UPEC 

as well as differences in transcriptional programs of the three UPEC strains. The 

sets of DEG and regulatory processes and pathways identified in both BMMs and 

UPEC strains suggest coordinated expression and mutual influences. My study 

detected 928 DEG in BMMs that were common to infection with UTI89, 83972 

and VR50, accounting for the vast majority of changes in BMM gene expression. 

This was not unexpected, given that both UTI89, 83972 and VR50 present 

pathogen-associated molecular patterns, such as lipopolysaccharide that is 

recognized by TLR4. Macrophage-expressed genes that showed differences in 
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regulation in response to these three strains were a very minor component of the 

total signature and their significance remains to be determined. 

Despite the general conservation of the BMM response against UPEC 

infection, I nonetheless expected to detect some selective BMM responses at 24 

hpi for UTI89 and VR50 compared with 83972,�since the former condition reflects 

macrophages that are continuing to cope with intracellular UPEC, whereas the 

latter corresponds to macrophages that have cleared the infection. Of interest in 

this regard, was my validation of differential regulation of the cationic amino acid 

cysteine/glutamate antiporter Slc7a11, which is required for glutamate uptake 

and glutathione synthesis (Bannai 1986; Hayes and McLellan 1999; Pompella et 

al. 2003; Shih et al. 2006). This gene showed a sustained upregulation at 24 hpi 

following infection with UTI89 and VR50, whereas it was only transiently 

upregulated after infection with 83972. Given that macrophage antimicrobial 

responses typically involve subjecting pathogens to oxidative stress, the 

sustained expression of Slc7a11 upon infection with UTI89 may be required to 

maintain glutathione levels and cytoprotection during stress responses.  

My data is consistent with previous reports showing inducible cytokine and 

chemokine expression, as well as activation of pro-survival pathways (Sester et 

al. 1999; Sester et al. 2006), during bacterial infection and/or TLR stimulation of 

macrophages. I also found that the genes encoding histones H1, H2, and H4 

were dramatically downregulated at 24 hpi, and I further confirmed the regulated 

expression of several of these using RT-qPCR. Interestingly, previous studies 
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have reported a pathological role for extracellular histones during LPS-induced 

septic shock (Xu et al. 2009; Li et al. 2011). Xu et al. (2011) revealed that 

antibodies against extracellular histones rescued animals from LPS-mediated 

death (Xu et al. 2011), and a previous study showed that extracellular histones 

mediate endothelial dysfunction, organ failure, and death during sepsis 

(Semeraro et al. 2011). My findings could thus either reflect a host attempt to 

reduce inflammatory responses upon cell death and histone release, or the 

consequence of growth-inhibitory effects of TLR agonists on proliferating 

macrophages, which would also be expected to lead to downregulated histone 

expression.  

A transcription factor binding site (TFBS) analysis of the promoter 

sequences of the two BMM DE gene clusters further showed significant 

enrichment of seven motifs associated with TFs that have key roles in 

macrophage functions. The cluster containing inflammation-related genes 

correlated positively with the expression of Hif1a, found in mammalian cells 

growing at low oxygen concentrations; Nfkb2, which is activated by a wide variety 

of stimuli such as cytokines, oxidant-free radicals and bacterial or viral products; 

the glucocorticoid receptor Nr3c1, which up-regulates the expression of anti-

inflammatory genes and/or represses the expression of pro-inflammatory genes; 

and Stat3, a transcriptional activator stimulated in response to cytokines and 

growth factors. On the other hand, the cluster containing cell cycle-related genes 

correlated positively with the expression of Arnt, which is involved in the induction 
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of several enzymes that participate in xenobiotic metabolism; Myc, which is 

activated in response to various mitogenic signals and plays a very important role 

in apoptosis by downregulating Bcl2; and Pparg, which regulates fatty acid 

storage and glucose metabolism.  

In contrast to the general conserved pattern of BMM responses to both 

UPEC strains, the individual transcriptional responses of the three strains in 

BMMs differed markedly. This is consistent with their contrasting survival 

patterns in macrophages. MCE confirmed the different transcriptional programs 

of the three UPEC strains, revealing 183 UTI89-specific DEG, 25 83972-specific 

DEG, 982 VR50-specific DEG, and two DEG that were commonly regulated in 

both pathogens upon infection of BMMs. Given the different survival patterns of 

both UPEC strains in macrophages, I expected to detect increased expression of 

genes specific to UTI89 within macrophages at 24 hpi.  

Previous studies have shown that flagella contribute to the virulence of a 

number of pathogenic species (Tomich et al. 2002). Some bacteria, for example 

Salmonella enterica serovar Typhimurium (S. Typhimurium) and Yersinia 

enterocolitica, use flagella for invasion of epithelial cells (McNally et al. 2007; 

Ibarra et al. 2010). UPEC also employ flagella for the invasion of renal collecting 

duct cells (Pichon et al. 2009), but a role for flagella in the invasion of 

macrophages by UPEC has not been investigated. My co-transcriptomic analysis 

revealed the upregulation of multiple genes associated with flagella biosynthesis. 

This could reflect inducible gene expression in the intramacrophage environment 
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or selective uptake by macrophages of a sub-population of flagella-expressing 

UPEC, which would generate a similar gene expression profile. The acute 

upregulation at 2 hpi and subsequent downregulation at 24 hpi would suggest the 

latter may be the case.  

Macrophages employ both rapidly produced reactive oxygen species 

(ROS) and reactive nitrogen species (RNS), produced in a delayed fashion, as 

bacterial clearance strategies (Flannagan et al. 2009). The observation that 

UPEC strain UTI89 survives in macrophages suggests that it can overcome 

these pathways. Although the genes that respond to ROS have been well 

characterized in E. coli K-12, their expression during UPEC infection and their 

role in intramacrophage survival have not yet been studied. My transcriptomic 

approach identified UPEC genes that are likely involved in defense against ROS 

and RNS. Disturbances in the normal redox state of cells can cause toxic effects 

through the production of peroxides and free radicals that damage all 

components of the cell, including proteins, lipids, and DNA. An earlier study 

confirmed that the peroxide response regulator OxyR activates most of the genes 

that are highly induced by hydrogen peroxide (Zheng et al. 2001). My results 

show that the response of UTI89 to oxidative stress (upregulated expression of 

dps, grxA, ahpF, soxS, trxC, ibpA, and ibpB) is more robust than that of 83972 

and VR50. These differences imply that part of the UTI89 intramacrophage 

survival strategy includes robust protection against oxidative stress.     
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Several UTI89 genes were upregulated in BMM at 24 hpi, and I selected 

genes encoding the Psp system for further functional analysis. The Psp system 

responds to extracytoplasmic stress and contributes to the virulence of several 

pathogens, including Y. enterocolitica and S. Typhimurium (Karlinsey et al. 2010; 

Yamaguchi and Darwin 2012). PspA, the master effector of the Psp system, 

mediates its response via a dual mechanism: (i) binding to the transcriptional 

regulator pspF and preventing it from activating the transcription of pspACDE in 

the absence of extracytoplasmic stress, and (ii) binding to the cytoplasmic 

membrane-localized proteins pspB and pspC in the presence of extracytoplasmic 

stress, thus releasing pspF to induce pspACDE transcription (Yamaguchi et al. 

2013). I confirmed a role for the PSP system in UPEC by constructing a pspA 

mutant (UTI89pspA) and demonstrating the attenuation of this mutant for 

intramacrophage survival, thereby validating my co-transcriptomic approach. 

In conclusion, I have demonstrated the capacity to employ co-

transcriptomics to study host-pathogen interactions. My novel approach revealed 

new insights into the mechanisms used by UPEC to avoid macrophage 

responses and persist in the intra-macrophage environment, and has identified 

multiple target genes for further functional studies. On the other hand, I observed 

down-regulation of processes associated with metabolism of certain compounds 

such as enzymes and carbohydrates for VR50, which can be due to changes in 

the pH, or secretion of organic compounds or oxygen that led us to conclude that 
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the VR50 survival strategy is to globally shut down gene expression, to likely 

become metabolically inert. 
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CHAPTER 4: THE CO-TRANSCRIPTOME OF THE MULTI-DRUG RESISTANT 

UPEC STRAIN (EC958) IN THE HUMAN AND MOUSE INTRA-MACROPHAGE 

ENVIRONMENT 

!

!

Abstract 

Evolutionary change in gene expression is generally considered to be a 

major driver of phenotypic differences between species. We investigated innate 

immune diversification by analyzing differences in the transcriptional responses 

of primary human and mouse macrophages to infection with EC958, a recently 

emerged, globally dispersed Escherichia coli ST131 clone that is often multidrug 

resistant. We performed host�pathogen co-transcriptome analyses using RNA 

sequencing. Human monocyte-derived macrophages (HMDM) and mouse bone 

marrow-derived macrophages (BMMs) were challenged over a 24 h time course 

with E. coli ST131 clone EC958 that survives in the intramacrophage 

environment. Our results show extensive divergence in UPEC-regulated 

orthologous gene expression between humans and mice, and we validated both 

known and novel genes in the context of differential regulation. On the other 

hand, EC958 showed similar patterns of gene regulation in both HMDM and 

BMM. A substantial set of the DE transcripts represented phages that were 

activated upon infection stress, likely to be a potential virulence factor. Our study 



197 

 

thus provides a technological framework for simultaneously capturing global 

changes in host�pathogen interactions at the transcriptional level in co-cultures, 

and has generated new insights on the functional divergence of innate immunity-

related genes between human and mouse, as well as insights into mechanisms 

that E. coli strain EC958 uses to persist within the intramacrophage environment. 
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Introduction 

Urinary tract infections (UTIs) are among the most common bacterial 

infections acquired in the community and hospitals (Foxman 2010). Although 

they are self-limiting, treatment of UTIs with antibiotics has resulted in the quick 

resolution of symptoms and is more likely to clear bacteria (Bleidorn et al. 2010). 

However, the trade-off is that antibiotic treatments can also select for resistant 

pathogens and commensal bacteria, and can adversely affect the microbial 

component of the gut and vaginal areas. Escherichia coli O25b:H4-ST131 (E. coli 

ST131) is an emerging, globally dispersed clone (Petty et al. 2014) that is often 

multidrug-resistant and is responsible for a high proportion of UTI and 

bloodstream infections, as well as other complicated infections such as acute 

pyelonephritis, osteomyelitis, septic arthritis and septic shock (Phan et al. 2013).  

Similar to other uropathogenic E. coli (UPEC) strains, E. coli ST131 strains 

employ a diverse array of virulence factors, such as adhesives, toxins, and iron 

acquisition systems, all of which contribute to their ability to cause infection. 

Several studies supported the hypothesis that the enhanced virulence of ST131 

might contribute to the widespread success of this pathogen (Ender et al. 2009; 

Johnson et al. 2010). However, recent studies have shown that the virulence 

potential of ST131 is similar to that of other UPEC and B2 E. coli strains, 

suggesting that other factors (e.g. enhanced metabolic capacity) might be 

contributing to their enhanced virulence (Clermont et al. 2008; Lavigne et al. 

2012).  
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The genome sequence of one of the best-characterized E. coli ST131 

strains, EC958, was recently completed (Totsika et al. 2011). E. coli EC958 

showed resistance to eight classes of antibiotics, including oxyimino-

cephalosporins, fluoroquinolones and sulfonamides (Phan et al. 2013). This 

multi-drug resistance severely limits the treatment options currently available 

against this clinically predominant clone (Totsika et al. 2012). It has been 

previously shown that E. coli EC958 colonize the bladder of mice in a type 1 

fimbriae-dependent manner (Totsika et al. 2011). It then invades the bladder 

epithelial cells, where it forms intracellular bacterial communities that have the 

potential to cause both acute and chronic UTIs (Totsika et al. 2013) and can 

further inhibit the contraction of ureters in vitro (Floyd et al. 2012). 

An essential virulence trait for UPEC and other extra-intestinal E. coli 

(ExPEC) strains, including E. coli ST131, is their ability to resist the bactericidal 

activity of serum, and thus survive in the bloodstream (Phan et al. 2013). Several 

E. coli mechanisms have been suggested to contribute to serum resistance. 

Previous studies elucidated on the importance of O-antigens and K capsules and 

their multiple types, combinations and lengths and how these contribute to serum 

resistance (Feingold 1969; Opal et al. 1982; Cross et al. 1986; Stawski et al. 

1990; Porat et al. 1992; Burns and Hull 1998). In addition, other resistance 

mechanisms that have also been shown to contribute to serum resistance in E. 

coli include the major outer membrane protein OmpA (Weiser and Gotschlich 

1991), the plasmid-encoded proteins TraT (Moll et al. 1980; Montenegro et al. 



200 

 

1985) and Iss (Smith 1974), as well as the page membrane protein Bor 

(Barondess and Beckwith 1995). Even though serum resistance is a complex 

phenotype determined by multiple elements, very little is known about how these 

factors combine in order to promote resistance in a single strain. 

Innate immunity is the first line of defense and results from the rapid 

recognition of and response to invading microorganisms. Binding of pathogen-

associated molecular patterns (PAMPs) as well as signaling by pattern 

recognition receptors (PRRs), located at the cell surface, endosomal 

membranes, or the cytoplasm, cause intense changes in host gene expression. 

It, further, enables the innate immunity system to mount an antimicrobial 

response (Mogensen 2009).  

In keeping with the mode of uptake, it has been previously shown that 

UPEC stimulates signaling by cell surface-associated Toll-like receptors (TLRs), 

endosomal TLRs, and various cytoplasmic receptors, including NOD-like and 

RIG-I-like receptors (Thomas and Schroder 2013). Together, these receptors 

activate multiple signaling pathways, including those leading to NF-�B activation 

or the synthesis of type I interferons (IFN-I), to further promote the production of 

antimicrobial effectors and pro-inflammatory mediators that contribute to host 

defense (Mogensen 2009).  

Mice have been the experimental tool of choice for the majority of 

immunologists (Mestas and Hughes 2004). Studies of mouse innate immune 

genes and pathways have yielded tremendous insight into how the human 
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immune system works and have paved the way for the development of new or 

emerging therapies (Ariffin and Sweet 2013). However, as 65 million years of 

evolution might suggest, there are significant evolutionary differences between 

humans and mice that might be a contributing factor to failures in clinical trials. 

Experimental studies have elucidated differences in both innate and adaptive 

immunity, including defensins, Toll receptors, the B cell and T cell signaling 

pathway components, cytokines and cytokine receptors, and chemokine receptor 

expression (Mestas and Hughes 2004).  

At a genetic level, both evolutions of non-orthologous genes through 

natural selection mechanisms, and divergence in the functions of orthologous 

genes (e.g. level of expression, alternative splicing, biological function) play a key 

role in determining the phenotypic differences observed between human and 

mouse (Gharib and Robinson-Rechavi 2011). Consistent with the evolutionary 

arms race between host and pathogen, animal immune systems evolve rapidly 

(Messier-Solek et al. 2010), and this is reflected in the diversity of molecular 

strategies employed by different animal groups to defend against invading 

pathogens and symbionts in order to maintain homeostasis. Such phenotypic 

differences between human and mouse (e.g. iNOS, IDO) are potentially important 

for host defense, and, therefore, key to the study of infectious and inflammatory 

disease processes. 

Despite the broad conservation of LPS/TLR4-regulated gene expression 

between primary human and mouse macrophages, there is also substantial 
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divergence in the regulated expression of orthologous human and mouse genes 

(Schroder et al. 2012). In addition, it was recently shown that the regulatory 

regions of divergently regulated genes showed high conservation across species, 

in contrast to their complex promoter architecture that is likely susceptible to 

evolutionary change (Schroder et al. 2012). These observations led us to suggest 

this regulatory divergence to be one contributing factor to phenotypic differences 

between human and mouse innate immunity. 

Next-generation sequencing technologies provides a powerful approach 

for studying co-transcriptomics during infection (t Hoen et al. 2008; Hegedus et 

al. 2009; Jager et al. 2009; Xiang et al. 2010; Huang et al. 2012; Nie et al. 2012; 

Wang et al. 2012). These direct sequencing methodologies allow the 

measurement of millions of RNA transcripts in a sample, thus enabling the 

identification of global differences in gene expression under different growth 

conditions (Morozova and Marra 2008; Wang et al. 2009). RNA sequencing 

generates information about absolute transcript levels, avoiding many of the 

limitations of microarrays (t Hoen et al. 2008; Llorens et al. 2011).  

To further understand the transcriptional programs that are simultaneously 

activated in host and pathogen during their interaction, we used a previously 

documented approach for isolating total RNA from co-cultures and further 

studying the simultaneous changes in expression that take place in the 

interacting organisms. Simultaneously studying the co-transcriptome of two 

different organisms in co-cultures have already enabled us to monitor gene 
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expression changes that reflect �real world� conditions, providing a better 

understanding of the coordinated changes that occur during the process of 

infection.  

To gain insights into novel strategies used by E. coli ST131 to subvert 

macrophage antimicrobial responses, as well as new insights into the innate 

immunity differences between human and mouse macrophages, we performed a 

global co-transcriptomic analysis of EC958 gene expression within primary 

human and mouse macrophages (HMDMs and BMMs). We used RNA 

sequencing to monitor (i) the transcriptional responses of UPEC strain EC958 

within the intramacrophage environment across an extended time course, and (ii) 

differences in human and mouse macrophage gene-expression responses to this 

strain. The powerful and unbiased, novel approach described here has generated 

new insights into host�pathogen interactions and the consequences of these 

interactions for disease processes. Better knowledge of species' differences 

between human and mouse innate immunity repertoires is necessary for 

understanding the limitations of the mouse model, and for developing novelty 

therapeutic approaches that researchers can currently study with classic mouse 

models. 

 

 

Results 
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Analysis of Digital Gene Expression Libraries  

To examine the molecular basis of the differences between human and 

mouse innate immune mechanisms during infection with a multi-drug resistant 

strain, EC958, we investigated the parallel gene expression profile of EC958 in 

human monocyte-derived macrophages (HMDM) and bone marrow-derived 

macrophages (BMM) over a 24-hour period. When using a low multiplicity of 

infection of 10:1, bacterial loads of EC958 that were recovered from HMDM and 

BMM were similar, confirming the 24h survival of this strain within both 

mammalian intramacrophage environments (Figure 17).  

 

 

Figure 17: Intramacrophage survival of EC958 within HMDM and BMM 
A. MOI used for infection. B. Bacterial loads of EC958 within HMDM and BMM at 2 and 24 hpi in 
gentamicin exclusion assays were assessed by colony counting. These samples were used for 
RNA-Seq analyses. Data represent average cfu/ml ± range (n = 3 independent experiments). 

 

Furthermore, we confirmed that in the samples generated we observed 

human-specific regulation by measuring the response of two known genes for 

their regulation in HMDM and BMM (CXCL13 and TNF�). As expected, our 

ELISA results confirmed the human-specific response of CXCL13 and the 
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conserved response of TNF (Figure 18). Global gene expression profiles were 

analyzed at 1, 2, 6 and 24-hours post infection (hpi) using the Illumina Hi-Sec 

2000 system, a tag-based transcriptome sequencing method. cDNA libraries 

were prepared from gentamicin-treated EC958-BMM and HMDM co-cultures, 

sequenced and analyzed together with bacterial, BMM and HMDM control 

samples. The fastq sequencing files generated for all libraries were processed for 

quality control with the FastQC software. 

 

 

Figure 18: Validation of human-specific regulation 
ELISA results confirm A. the human-specific response of CXCL13 and B. the conserved 
response of TNF within HMDM and BMM at 1, 2, 6 and 24 hpi. Data represent average pg or 
ng/ml ± range for each of the three biological replicates (n = 3 technical replicates). BR1: 
biological replicate 1; BR2: biological replicate 2; BR3: biological replicate 3; Ctrl: control; Inf: 
infected. 
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Analysis of Tag Mapping 

Alignment of sequencing reads to the respective human, mouse and 

EC958-reference genomes was performed using Tophat. Sequences were 

mapped against their respective Homo sapiens, Mus musculus or E. coli 

genomes, using the default parameterization. First RNA-Seq reads were mapped 

to the genome (using Bowtie/2). Tophat identified potential exons and using this 

initial mapping information, TopHat built a database of possible splice junctions, 

and then mapped the reads against these junctions to confirm them. The 

resulting BAM files were further used to compute alignment statistics for all 

libraries with the samtool flag stat command.  

 

HMDM and BMM Transcriptional Responses to EC958 

To explore transcriptional relationships of orthologous groups of genes 

between different conditions, we performed dimensionality reduction analysis 

using minimum curvilinearity embedding (MCE) (Cannistraci et al. 2010). This 

analysis revealed marked differences in the regulated expression of HMDM and 

BMM orthologous genes responding to EC958, which likely confirms differences 

in the transcriptional response of HMDM and BMM. As expected, however, we 

did observe that the time-dependent regulation of gene expression (Figure 19A) 

across both mammalian responses, indicating that the macrophage 
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transcriptional response follows a distinct temporal profile that is common to 

infection.  

To gain insight into the global transcriptional changes that take place in 

EC958-infected HMDM and BMM, we applied a previously described method 

(Feng et al. 2012) to identify significantly differentially expressed genes (DEG) in 

normalized digital gene expression data through pairwise comparisons between 

controls (uninfected HMDM and BMM cultures) and treatments (co-cultures of 

EC958-infected HMDM and BMM). This process identified genes with a false-

discovery rate (FDR)-adjusted P-value < 0.01 in at least one of the pairwise 

comparisons.  

Using this approach, we identified 625 HMDM and 389 BMM genes that 

researchers differentially regulated over 24h infection time course by EC958. 

Further analysis of the HMDM and BMM transcriptomes, in conjunction with 

Ensembl data of orthologous genes of human and mouse (Flicek et al. 2014), 

identified 372 HMDM DEGs with mouse ortholog, and 253 HMDM DEGs unique 

to humans. In addition, we identified 154 BMM DEGs with human ortholog, and 

335 BMM DEGs unique to mice. The overlap in DE orthologous genes suggests 

that a part of the transcriptional response to EC958 is conserved, with the 

greatest divergence in responses occurring in the latest post-infection time point 

(Figure 19B).  

To investigate the regulatory patterns of DEGs, we clustered genes as 

either up or downregulated. This analysis revealed a rapid response of 
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upregulated genes that were maintained throughout the infection time course. In 

contrast, the number of downregulated genes was much lower at 1, 2 and 6 hpi, 

but increased by 24 hpi (Figure 19C). These patterns were broadly conserved 

across both human and mouse macrophages. 

 

 

Figure 19: HMDM and BMM transcriptome analysis 
A. MCE plot of the relationships between conditions for both the HMDM and BMM gene sets. 
Each condition is represented as a dot in a two-dimensional space. B. Venn diagrams quantifying 
the overlap in the response of HMDMs and BMMs orthologous genes to EC958. The numbers of 
DE genes are shown for each of the four time points (1, 2, 6, and 24 hpi). C. Histogram of the 
regulation of HMDM and BMM orthologous DE groups showing the numbers of up- (red) and 
downregulated (green) genes during the 24-hour infection time. D. Pathways activated in HMDMs 
and BMMs during the course of UPEC infection. Each colored square in the matrix represents a 
significant fold-enrichment of the respective pathway term at each point. Red, upregulated DE 
orthologous groups; green, downregulated DE orthologous groups.  
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Functional Annotation of DE HMDM and BMM Genes  

The functional consequences of gene expression changes associated with 

EC958 infection were characterized by pathway (KEGG) enrichment analysis of 

DEGs using the DAVID database (Huang da et al. 2009b; Huang da et al. 

2009a). These pathways are consistent with the known activation of innate 

immune responses by bacterial challenge. 

The signaling pathways that were inferred, on the basis of orthologous 

gene expression changes, to be activated in HMDM and BMM upon infection with 

EC958 showed common characteristics. All enriched pathways are shared 

between human and mouse, showing the broad conservation of response 

between the mammalian macrophages (Figure 19D). Pathways included typical 

inflammatory responses such as signaling of membrane and cytosolic receptors 

(Toll-like, NOD-like, cytokine-cytokine), chemokine and Jak-STAT signaling, as 

well as pathways involved in cytosolic DNA sensing. At the level of pathway 

activation, we were able to see a few differences in the timing and duration of 

these activities. In general, BMMs showed a faster onset of response to EC958 

than HMDM with a difference of 1 hour that was mainly in the beginning. 

 

Clustering and Validation of Expression Patterns 

We next independently validated both conservation and divergence in 

human and mouse macrophage responses to EC958. Solely based on 
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expression patterns and orthology relations between DEGs of both human and 

mouse, we clustered genes in five clusters to further elucidate on the dynamics 

during infection.  Genes were clustered as orthologous genes commonly 

expressed in HMDM and BMM, orthologous genes only expressed in HMDM, 

orthologous genes only expressed in BMM, non-orthologous HMDM genes, and 

non-orthologous BMM genes. As expected, our analysis captured 161 DE 

orthologous groups, the majority already known to be regulated in both human 

and mouse macrophages in response to LPS, with similar patterns of regulation 

that show strong induction at 6 and 24 hpi (Figure 20A). 

We validated a few standard inflammatory read-outs such as interleukin 

IL6, tumor necrosis factor (TNF) and CCL5, which show conserved regulation 

between HMDM and BMM (Figure 20B). In addition, we identified novel genes in 

the context of UPEC infections that showed similar regulatory patterns in both 

HMDM and BMM. Two such genes include FAM26F and NT5C3 that are highly 

upregulated at six hpi, patterns that were also validated with qPCR (Figure 20B).  
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Figure 20: Functional Conservation of Orthologous Groups 
A. Heat map summarizing the expression profiles of orthologous groups commonly expressed in 
both HMDM and BMM from the RNA-Seq libraries. The values are log-transformed fold change. 
B. Heat map showing the expression profiles of validation candidate genes. C. Bar plots showing 
the relative mRNA levels of selected candidate genes determined by RT-qPCR. qPCR data 
represent mean relative quantity ± range (n = 3). 

 

Furthermore, my analysis also captured 243 and 102 orthologous groups 

already known to be differentially regulated between human and mouse 

macrophages respectively. Figure 21A shows regulatory patterns of orthologous 

groups with expression induced only in HMDM. The patterns observed show a 

strong transcriptional response at 6 and 24 hpi. I selected six genes for validation 

of these dynamics, including known differentially expressed genes such as IL7R, 

IDO1, and CYP27B1, as well as genes such as IL7, HS3ST3A1 and HS3ST3B1 

(Figure 21B, C), which were not previously shown to display differential 

regulation.  
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Figure 21: Functional Divergence in Human Genes that Share Orthology with Mouse 
A. Heat map summarizing the expression profiles of orthologous groups specifically expressed in 
HMDM from the RNA-Seq libraries. The values are log-transformed fold change. B. Heat map 
showing the expression profiles of validation candidate genes. C. Bar plots showing the relative 
mRNA levels of selected candidate genes determined by RT-qPCR. qPCR data represent mean 
relative quantity ± range (n = 3). 

 

In addition, figure 22A shows regulatory patterns of orthologous groups 

with expression specifically in BMM. The patterns observed showed a weak 

induction of gene expression at the beginning of the infection, followed by a 

strong transcriptional response at 6 and 24 hpi. We selected six genes for 

validation of these dynamics, including known differentially regulated gene 

NOS2, as well as genes with expression co-regulated by NOS2 such as ARG1 

and HDC (Figure 22B, C).  
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Figure 22: Functional Divergence in Mouse Genes that Share Orthology with Human 
A. Heat map summarizing the expression profiles of orthologous groups specifically expressed in 
BMM from the RNA-Seq libraries. The values are log-transformed fold change. B. Heat map 
showing the expression profiles of validation candidate genes. C. Bar plots showing the relative 
mRNA levels of selected candidate genes determined by RT-qPCR. qPCR data represent mean 
relative quantity ± range (n = 3). 

 

In addition to conserved and divergent regulation of orthologous genes 

between human and mouse macrophages, we also captured and validated 

regulated expression of genes that do not share one-to-one orthology 

relationships in human and mouse. These genes are likely to give us insights in 

the species-specific modes of response to a highly pathogenic bacteria strain. 

Our analysis revealed regulated expression of 198 and 123 such human and 
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mouse genes, respectively. The expression patterns observed are similar to the 

previous clusters of genes, showing a weak induction of genes in the first two 

hours of infection, that gain magnitude from 6 hpi and onwards (Figure 23A, 

24A). The cluster of HMDM-specific DEGs revealed a strong co-expressed group 

of metallothionein coding genes that are up-regulated 24 hpi.  

We also captured the high expression of a few genes with poor annotation 

and unknown implications for infection response. The magnitude of induction was 

important in selecting these genes for further qPCR validation. Such genes 

include two non-coding RNAs C21orf71 and MIR155HG (Figure 23B, C).  

 

 

Figure 23: Human-Specific Expressed Genes 
A. Heat map summarizing the expression profiles of genes specifically expressed in HMDM that 
do not share a mouse ortholog, from the RNA-Seq libraries. The values are log-transformed fold 
change. B. Heat map showing the expression profiles of validation candidate genes. C. Bar plots 
showing the relative mRNA levels of selected candidate genes determined by RT-qPCR. qPCR 
data represent mean relative quantity ± range (n = 3). 
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Furthermore, the cluster of BMM-specific DEG revealed genes previously 

implicated with infection, such as Iigp, Mx1, Mx2, Pyhin, Serpina3g and 

Serpina3f, that showed profound induction at 6 hpi (Figure 24B, C). 

 

 

Figure 24: Mouse-Specific Expressed Genes 
A. Heat map summarizing the expression profiles of genes specifically expressed in BMM that do 
not share a human ortholog, from the RNA-Seq libraries. The values are log-transformed fold 
change. B. Heat map showing the expression profiles of validation candidate genes. C. Bar plots 
showing the relative mRNA levels of selected candidate genes determined by RT-qPCR. qPCR 
data represent mean relative quantity ± range (n = 3). 

 

EC958 Transcriptional Response 

To explore transcriptional relationships of EC958 gene expression 

between HMDM and BMM along different conditions, we performed 

dimensionality reduction analysis using minimum curvilinearity embedding (MCE) 

(Cannistraci et al. 2010). This analysis revealed that the EC958 genes whose 

expression was regulated by infection were not markedly different between the 

two mammalian intramacrophage environments. As expected, however, we did 

observe that the time-dependent regulation of gene expression (Figure 25A) is 
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the main pattern that emerges from the data, indicating that the EC958 

transcriptional response follows a distinct temporal profile that is common to 

infection of both HMDM and BMM, and more distinctive than the difference 

between the two intramacrophage environments. 

To gain insight into the global transcriptional changes that take place in 

EC958 when infecting human and mouse macrophages, we applied a previously 

described method (Feng et al. 2012) to identify significant DEGs in normalized 

digital gene expression data through pairwise comparisons between controls 

(uninfected EC958 cultures) and treatments (co-cultures of EC958-infected 

HMDMs and BMMs). This process identified genes with an FDR-adjusted P-

value < 0.01 in at least one of the pairwise comparisons.  

Using this approach, we identified 256 EC958 genes that were 

differentially regulated over 24h infection time course by EC958. Further analysis 

revealed a substantial overlap in DEGs, suggesting that the transcriptional 

response to human and mouse macrophages is broadly conserved, with the only 

divergence in responses occurring in the 2 hpi time point (Figure 25B).  

To investigate the regulatory patterns of DEGs, we clustered genes as 

either up or downregulated. This analysis revealed a very weak response of 

genes that were maintained during the first hours of infection followed by a rapid 

increase in transcriptional activity captured by the 24 hpi time point (Figure 25C). 

These patterns were broadly conserved across infection of both human and 

mouse macrophages. 
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Functional Annotation of DE EC958 Genes  

Annotation of the DEGs in the EC958 transcriptome revealed that the 

majority of them code for proteins with uncharacterized function at the moment. 

Blast analysis of these sequences showed that many share identities with other 

uncharacterized proteins in a variety of pathogenic E. coli species. Further 

characterization of Superfamily and Pfam domains resulted in a similar dead end. 

Topological analysis of the EC958-reference genome revealed genes that fall 

within the prophage regions of the EC958 chromosome. However, we also 

captured a few well-characterized genes encoding proteins that, as expected, 

were related metabolic pathways and two-component systems. 
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Figure 25: EC958 Transcriptome Analysis 
A. MCE plot of the relationships between conditions for EC958 gene sets. Each condition is 
represented as a dot in a two-dimensional space. B. Venn diagrams quantifying the overlap in the 
response of EC958 genes in the intramacrophage environment. The numbers of DE genes are 
shown for each of the four time points (1, 2, 6, and 24 hpi). C. Histogram of the regulation of 
EC958 DE genes showing the numbers of up- (red) and downregulated (green) genes during the 
24-hour infection time for each library. 

 

Validation of EC958 Expression Patterns 

Next, we validated conservation in EC958 response to both HMDM and 

BMM. Using RT-qPCR, we validated the expression patterns of genes located 

within the prophage regions of the EC958 genome (Figure 26A). Prophage 

protein-related genes have been shown to contribute to virulence gene 

expression, and bacterial pathogenesis was robustly regulated in EC958. RT-
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qPCR confirmed the elevated expression of 9 such genes from 5 different 

prophage regions in EC958 at 6 and 24 hpi (Figure 26B). 

  

 

Figure 26: Prophage-Related Gene Regulation 
A. Heat map showing the expression profiles of validation candidate genes located in prophage 
regions in the EC958 chromosome. The values are log-transformed fold change. B. Bar plots 
showing the relative mRNA levels of selected candidate genes determined by RT-qPCR. qPCR 
data represent mean relative quantity ± range (n = 3). 

 

 

 

Discussion 

In this study, we determined the co-transcriptomic program of EC958-

infected HMDMs and BMMs during a 24h infection time course. The use of 

human and mouse macrophages enabled the identification of both common and 

specific host responses to infection. Using a computational framework that we 
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previously developed, we were capable of successfully separating, annotating, 

and quantifying the mammalian and bacterial transcriptomes. We identified 625 

HMDM, 389 BMM and 256 EC958 genes that were differentially expressed 

following infection.  

MCE confirmed both the distinct temporal cascade, and divergence of 

HMDM and BMM responses to EC958 as well as the EC958 response in both 

HMDM and BMM environments. The sets of DEGs, regulatory processes and 

pathways identified in HMDMs, BMMs and EC958 suggest coordinated 

expression and mutual influences. Orthology analysis revealed a subset of 372 

HMDM and 154 BMM DEGs that shared an orthologous relationship with the 

other species, whereas a subset of 253 HMDM and 335 BMM DEGs that were 

unique to each of these species. Further analysis of the orthologous groups 

revealed 399 and 261 orthologous groups expressed in HMDM and BMM 

respectively, with an overlap of 159 DE orthologous groups. 

The HMDM and BMM genes that differed in responses to EC958 were a 

substantial component of the total and are likely to be biologically significant. 

Despite the general conservation of the mammalian responses against bacterial 

infections, we nonetheless expected to detect divergence in HMDM and BMM 

responses as they would be imposed by the phylogenetic footprinting. Indeed, 

our orthology analysis revealed similarities as well as differences in the way 

HMDM and BMM respond to EC958 infection. 
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We were able to confirm previous reports that Toll-like, NOD-like, cytokine 

and chemokine pathways were activated during bacterial infection in 

macrophages (He et al. 2006; Covert et al. 2009; Ragnarsdottir et al. 2011), 

demonstrating upregulation of similar inflammation-associated genes. Both 

human and mouse macrophages recognized the invading pathogen by a suite of 

pattern recognition receptors, which include the membrane-associated Toll-like 

Receptors (TLRs) as well as the cytoplasmic-associated NOD-like and RIG-I-like 

receptors. It was not unexpected, given that EC958 presents pathogen-

associated molecular patterns, such as lipopolysaccharide and CpG-containing 

DNA (Kaper et al. 2004; Nielubowicz and Mobley 2010).  

RT-PCR confirmed the expression patterns observed for standardly 

inflammatory read-outs such as IL-6, TNF and CCL5 that showed similar 

expression in both HMDM and BMM, confirming the general conservation of 

mammalian response to pathogenic bacteria. In addition, we also confirmed the 

expression patterns for two novel genes in the context of UPEC response, 

FAM26F and NT5C3. 

Previous studies have suggested that FAM26F is an important regulator of 

innate or adaptive immune response. Reports in the context of SIV/HIV had 

emphasized that FAM26F expression may be an early prognostic marker for 

infection, where low expression of FAM26F before infection indicated an immune 

status capable of limiting early viral replication, whereas a strong induction after 

infection indicated an early immune dysregulation that was later on associated 
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with higher viral load (Javed 2012). The clear implication of this gene with viral 

infections lead us to suggest that the strong induction that we observed in our 

study six hpi is associated to the up-regulation of EC958 genes that code 

putative phage proteins.  

NT5C3 encodes a member of the 5'-nucleotidase family of enzymes that 

catalyze the dephosphorylation of nucleotide 5'-monophosphates and play a 

critical role in nucleotide pool balance. Previous studies have shown that E. coli 

extracts can hydrolyze DNA to its constituent nucleotide 5�-monophosphates by 

at least five physically and catalytically enzymes (Kit 1968). Also, previous 

studies elaborated on the potential toxic effects of D-arabinose nucleotides and 

their corresponding nucleotide 5'-monophosphates on the viability of fibroblasts 

(Ortiz et al. 1972), suggesting that 5'-monophosphates are a more potent 

inhibitor of cell multiplication than the parent nucleoside. These findings suggest 

a role of NT5C3 in antioxidant defense of mammalian cells to potential 

cytotoxicity from toxic bacterial products. 

Furthermore, our analysis also captured orthologous groups that were 

differentially regulated between human and mouse macrophages suggesting 

functional divergence; as a result, of evolution. Similarly, we validated the 

expression patterns of known differentially expressed genes such as IL-7R and 

IDO1, as well as novel genes in the context of differential regulation in human 

and mouse such as IL-7 and HS3ST3A1.  
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It has been previously shown that IL-7R is differentially expressed 

between human and mouse macrophages (Schroder et al. 2012). Our approach 

also identified previously unrecognized regulatory divergence of IL-7, specifically 

induced in human macrophages. This species-specific coregulation of IL-7 and 

IL-7R leads us to suggest that maybe IL-7 signalling provides an autocrine 

survival signal to human macrophages. 

Heparan sulfate biosynthetic enzymes have played a significant role in 

generating a variety of distinct heparan sulfate structures that are involved in 

multiple biologic processes (Shworak et al. 1999). Our data suggest that the 

differential regulation of HS3ST3A1 contributes to reducing the susceptibility of 

human macrophages to the invading pathogen, suggesting that expression of 

HS3ST3A1 during infection is likely to indicate an immune status capable of 

dealing with EC958. 

We also elucidated and validated similar patterns of differentially regulated 

genes specifically induced in BMMs. Our analysis revealed NOS2, an already 

known differentially regulated gene in mice, as well as genes that are novel in 

this term such as ARG1 and HDC. Arginase 1 (Arg1) is a cytosolic enzyme 

(Pesce et al. 2009), whose expression in macrophages is tightly regulated by 

exogenous stimuli, including the Th2 cytokines IL-4 and IL-13 (Gordon 2003; 

Wynn 2004). Arg1 is known to compete with iNOS (encoded by Nos2) an 

enzyme that controls the production of nitric oxide in IFN-� stimulated classically 

activated macrophages (CAMs) (Bruch-Gerharz et al. 2003). Macrophage-
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specific expression of Arginase-1 is commonly believed to promote inflammation, 

fibrosis, and wound healing by enhancing L-proline, polyamine, and Th2 cytokine 

production. Previous studies showed that intracellular pathogens induced 

expression of Arg1 in mouse macrophages through the TLR pathway (El Kasmi 

et al. 2008). Our study confirmed these previous findings and suggested Arg1 as 

an important player of BMM response during infection with multi drug resistant 

pathogen and demonstrate that macrophage functions in the setting of EC958 

infection are critically dependent on NO. 

In addition to the conservation of response in human and mouse 

macrophages that were shown with the commonly expressed orthologous 

groups, and the divergence of function of some genes that showed differential 

regulation between the two species, we also revealed sets of genes that do not 

share orthology in human and mouse, and they are likely to give us insights into 

strain-specific responses to UPEC infection.  

Such a set of genes was a group of metallothioneins (MT) that was 

upregulated at 24 hpi in HMDM. MTs are cysteine-rich stress response proteins 

with unique metal-thiolate bonds that can efficiently scavenge most potent 

hydroxyl and other free radicals (Thornalley and Vasak 1985; Sato and Bremner 

1993; Sato and Kondoh 2002). They are highly induced in response to an array 

of pathological conditions, such as inflammation, bacterial infection, heavy 

metals, and agents that generate ROS. Previous reports demonstrated the 

activation of MT genes in response to viral infections and proposed that MTs are 
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part of the cellular antioxidant mechanism that protects the host from the 

cytopathic effect of free radicals generated upon viral infection (Ghoshal et al. 

2001). Since agents that produce reactive oxygen intermediates are known to 

induce the metallothionein, one should anticipate a marked induction of MTs 

during EC958 infections. 

In addition to the cluster of MTs, we also validated the expression patterns 

of two human non-coding RNA-related genes (C21orf71 and MIR155HG) that 

have no previously reported implications in infections. Our approach is the first to 

report high induction of these genes in HMDMs, and especially during the course 

of infection with a multi-drug resistant E. coli, strain. Further functional 

characterization of these genes in light of our results, will give us a better idea of 

the function of these DEGs and their role in HMDM response to an invading 

pathogen. 

Last but not least we also revealed mouse-specific genes that were 

differentially expressed six hpi, patterns that were also validated with qPCR for 

six genes.  A substantial amount of the BMM-specific genes is poorly annotated 

with unknown properties and functions that posed a challenge when selecting 

candidate primers for our validation. However, our validation analysis 

reconfirmed the critical role of Iipg in microbial clearance (Liesenfeld et al. 2011). 

Our results implicate Iigp1 in the control of infection with EC958 and further 

highlight the importance of the IRG system for resistance to this pathogen. 

Elevated expression of Mx1 and Mx2 dynamin-like GTPases in mice also 



226 

 

confirms their importance as a key component of the murine innate immune 

system that mediates protection against viral infection (Lee and Vidal 2002; 

Tumpey et al. 2007). Furthermore, the release of cysteine cathepsins (Serpina3g 

and Serpina3f) from the lysosome into the cytoplasm have been previously 

shown to trigger programs of cell death (PCD) that are mediated by toxic reactive 

oxygen species (ROS) (Liu et al. 2004). Our validation reconfirms the view of the 

physiological mechanism by which mouse macrophages are protected from 

caspase-independent programmed cell death. 

Regardless of the divergence observed in a substantial set of genes in 

human and mouse, the EC958 response revealed conservation of gene 

regulation despite the host environment. It is the first study to elucidate the 

transcriptional program of this newly emerged pathogenic strain, in an in vitro 

setup that reflects �real world� conditions. The global dissemination of E. coli 

ST131 and the confirmed resistance of this highly pathogenic clinical strain to a 

wide range of antibiotics poses a need further to understand its mode of survival 

in the intramacrophage environment. Our analysis revealed a weak induction of 

EC958 genes during the early stages of infection that was later increased, and 

reached culmination 24 hpi. 

Many of the DEGs are not properly annotated in this first draft of the 

EC958-reference genome that was recently published. Further analysis of the 

sequences of these unknown DEGs was unable to provide us with further insight 

on the function of these genes, limiting our ability to understand the 
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transcriptional repertoire EC958 fully. However, we were able to get some insight 

on a subset of these genes, based on their location in the EC958 genome. Our 

alternative approach elucidated a number of genes located within well-

characterized prophage regions of the chromosome. Further qPCR validation 

confirmed the patterns observed for 9 of these genes. Functional analysis of 

annotation associated these genes with putative phage proteins that are 

activated by stress encountered during intramacrophage survival.  

Bacteriophages are intimately involved in bacterial pathogenesis, including 

adhesion and invasion, evasion of immunity, and exotoxin production (Wagner 

and Waldor 2002; Boyd 2012). It is known that protein secretion is a common 

property of pathogenic microbes. Gram-negative bacterial pathogens use at least 

six distinct extracellular protein secretion systems have been described in gram-

negative bacterial pathogens that export proteins through their multilayered cell 

envelope and in some cases into host cells (Economou et al. 2006). 

Recent studies elucidated the remarkable homology of protein secretion 

system components with proteins of bacteriophage tails (Records 2011). For 

instance, the structural homology displayed by filamentous phages, type IV pili 

and the T2S apparatus or the similarities found between bacterial flagella and the 

T3S machine (Economou et al. 2006). Our results suggest that prophage 

induction is likely to contribute to the virulence gene expression and may be an 

important, underrecognized mechanism of bacterial pathogenesis. 
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In summary, this is the first study to simultaneous quantify conservation 

and divergence of regulated gene expression in human and mouse macrophages 

in response to a newly emerging, highly pathogenic, globally dispersed, multi-

drug resistant E. coli strain. In this work, we demonstrated the advantages of 

studying the co-transcriptome in co-cultures of two different species using a 

methodology that overcomes many of the limitations of single-species studies.  

Our study elucidated on the simultaneous changes in gene expression 

between host and pathogen, and we revealed both novel as well as previously 

reported sets of genes, whose patterns were validated using RT-qPCR. Many 

UPEC-responsive genes in mouse and human macrophages are conserved in 

their regulation, but we also identified and validated considerable divergence in 

TLR responses between these species. We suggest this regulatory divergence is 

likely to be one contributing factor to phenotypic differences between species in 

innate immunity. By extension, functional analyses of TLR target genes uniquely 

regulated in human macrophages are likely to provide important insights into 

human infectious and inflammatory diseases. Furthermore, by revealing control 

points not already used in humans, the alternative evolutionary path trodden by 

the mouse may also provide opportunities for therapeutic intervention in such 

diseases. Last but not least, our novel approach revealed insights into potential 

virulence factors used by EC958 to avoid macrophage responses and persist in 

the intramacrophage environment. Functional analysis of prophage-related genes 

is likely to provide us better insight on UPEC pathogenesis mechanisms. A better 
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understanding of the biology underlying complex host�pathogen interactions will 

provide a more accurate roadmap to eradicating infectious diseases. 
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CONCLUSIONS 

 

UTI are mainly caused by UPEC and represent one of the most significant 

community-acquired and healthcare-associated pathogen-induced diseases. For 

instance, uncomplicated UTIs result in more than 14 million medical visits and 

account for almost $4 billion in medical expenditure each year in the USA alone.  

To better understand the transcriptional programs that are simultaneously 

activated during host-pathogen interaction in a UTI�s model, in this dissertation I 

developed an approach for isolating total RNA from human and murine 

macrophages/UPEC co-cultures system and analyze, by means of genome-wide 

transcriptomes sequencing, the simultaneous changes in genes expression that 

take place in the interacting organisms.  

Thus, I monitored the transcriptional responses of the UPEC strains 

UTI89, 83972, VR50 and EC958 isolated from British and Australian patients, 

within the intramacrophage environment across an extended time course, as well 

as the differences in macrophage gene-expression responses to each of these 

strains. Previously, other studies have focused on either the host or the 

pathogen, without revealing simultaneous co-transcriptomic changes that occur 

during infection.  

My study provides a technological framework for simultaneously capturing 

global changes in host�pathogen interactions at the transcriptional level in co-
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cultures, and has generated new insights into the mechanisms that UPEC strains 

use to persist within the intramacrophage environment. In addition, my 

comparative analysis of human and mouse macrophage responses to a highly 

pathogenic UPEC strain revealed differences that must be taken into 

consideration when designing proper medical treatments for UTI. 

Last but not least, I were able to identify and validate the central role of the 

bacterial gene pspA as a main player in the intracellular survival of the 

pathogenic UPEC strain UTI89, the main causative agent of UTIs. 

Furthermore I present here a new computational framework based only on 

Open Source Software�s, for the analysis, integration and visualization of Next 

Generation Sequencing-based co-transcriptomes datasets.    

In conclusion, in this dissertation, I set the basis of the first co-

transcriptome analysis and I demonstrated the advantages of studying the co-

transcriptome in co-cultures using a methodology that overcomes many of the 

limitations of single-species studies. My novel approach revealed new insights 

into the mechanisms used by UPEC to avoid macrophage responses and persist 

in the intra-macrophage environment, thereby causing the onset of chronic 

infections. It also provides a clear picture of the strain specificities of UPEC 

mechanisms of action. In the future, I should focus on more gene validation and 

functional analysis. A better understanding of the molecular biology underlying 

complex host�pathogen interactions will provide a more accurate roadmap 

towards eradicating infectious diseases. 
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Unexpected complexity of the Reef-Building Coral
Acropora millepora transcription factor network
Taewoo Ryu, Charalampos Harris Mavromatis, Till Bayer, Christian R Voolstra* and Timothy Ravasi*

Abstract

Background: Coral reefs are disturbed on a global scale by environmental changes including rising sea surface
temperatures and ocean acidification. Little is known about how corals respond or adapt to these environmental
changes especially at the molecular level. This is mostly because of the paucity of genome-wide studies on corals
and the application of systems approaches that incorporate the latter. Like in any other organism, the response of
corals to stress is tightly controlled by the coordinated interplay of many transcription factors.

Results: Here, we develop and apply a new system-wide approach in order to infer combinatorial transcription
factor networks of the reef-building coral Acropora millepora. By integrating sequencing-derived transcriptome
measurements, a network of physically interacting transcription factors, and phylogenetic network footprinting we
were able to infer such a network. Analysis of the network across a phylogenetically broad sample of five species,
including human, reveals that despite the apparent simplicity of corals, their transcription factors repertoire and
interaction networks seem to be largely conserved. In addition, we were able to identify interactions among
transcription factors that appear to be species-specific lending strength to the novel concept of “Taxonomically
Restricted Interactions”.

Conclusions: This study provides the first look at transcription factor networks in corals. We identified a
transcription factor repertoire encoded by the coral genome and found consistencies of the domain architectures
of transcription factors and conserved regulatory subnetworks across eumetazoan species, providing insight into
how regulatory networks have evolved.

Background
Deciphering and predicting transcriptional regulatory
networks is of considerable importance in understanding
how organisms function, adapt, and respond to changes
in their environment. Much effort has been addressed to
elucidate these regulatory networks in several model
organisms. For instance, global transcription factors
(TFs) combinatorial interaction maps were built in
human and mouse [1] and developmental gene regula-
tory circuits were elucidated in the sea urchin embryo
[2,3]. However, little effort has been made so far in
understanding the structure, function, and conversation
of transcriptional networks in non-model organisms, e.g.
corals, despite their ecological importance.

Corals are members of the phylum Cnidaria that
includes such diverse forms as jellyfish, hydra, and sea
anemones. Reef-building corals (Cnidaria: Hexacorallia:
Scleractinia) in symbiosis with their unicellular photo-
synthetic dinoflagellate symbionts (Alveolata: Dinophy-
cea: Symbiodinium) provide the foundation of coral reef
ecosystems, and are well known for providing biodiver-
sity to marine ecosystems [4]. The sensitivity of corals
to environmental stresses such as temperature, salinity,
and nutrient loading make them highly vulnerable to cli-
mate change, ocean acidification, and other anthropo-
genic impacts [5]. As a consequence, coral cover has
continuously declined in recent decades [6]. A more
detailed understanding of how scleractinian corals and
their associated microbes will respond to environmental
changes is needed in order to eventually establish effec-
tive management policies that are able to conserve and
sustain coral reef ecosystems. So far only a few studies
have looked at the mechanisms on a molecular level
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[7-12] that go beyond transcriptome annotation and
ortholog identification [13,14]. The emerging picture
from these studies is that corals are complex organisms
as revealed by a diverse set of receptors and a compre-
hensive innate immunity reservoir which are important
for responses to the environment [15].
In this study, we developed and applied a systems-

wide integrative approach to assess the complexity of
the Acropora millepora transcription factor (TF) net-
work by reconstructing a TF interaction map from
known interactions and comparing it to those of four
model organisms (fruitfly, sea urchin, mouse, and
human). The A. millepora TF repertoire was identified
using sequence-specific DNA binding domains from
DBD [16]. Subsequently conserved combinatorial TF
interactions as well as species-specific TF interactions
were inferred by the integration of the fly, mouse and
human TFs interaction networks [1,17] followed by phy-
logenetic network footprinting analysis. Our study pro-
vides not only the first comprehensive catalog of A.
millepora TFs but also a first assessment of how these
are organized to form transcriptional networks. Evidence
of conservation and divergence across the phylogenetic
tree can also be inferred from this analysis. The analysis
presented here can be considered a starting point for a
more comprehensive study of regulatory networks in
corals based on coral reef genomics- and systems biol-
ogy-based interpretive framework.

Results and Discussion
The A. millepora TF repertoire
Recently, the planulae transcriptome of the staghorn
coral A. millepora was published using next generation
sequencing technology [13]. Even though comprehensive
information such as gene composition, gene ontology,
and associated signaling/metabolic pathways are
revealed, detailed mechanisms for the understanding of
coral-specific function including the TFs repertoire and
their interaction to form transcriptional networks
remain to be elucidated. In this study, the TF repertoire
and interaction network in A. millepora were computa-
tionally surveyed using a unique experiment-derived TFs
interactome [1] and a phylogenetic network footprinting
approach [18] as shown in Figure 1.
Firstly, all possible open reading frames (ORF) for each

contig and singleton were identified and translated by
applying GetORF [19]. To identify coral proteins whose
orthologs exist in other species, all coding sequences
were queried against NCBI non-redundant (nr) database
using BLASTp [20], the best-hit sequence for each contig
or singleton was chosen. If no best hit was found, the
longest coding sequence of contig/singleton was chosen.
The latter cases are most likely coral-specific proteins or
new proteins currently uncharacterized. 19,840 and

49,320 protein sequences were chosen from 104,005 con-
tigs/singletons in coral transcriptome data by abovemen-
tioned two approaches, respectively.
To identify the transcription factor repertoire we used

147 sequence-specific DNA binding domains which
have been manually curated recently [16]. Protein
sequences of the five analyzed species (Acropora mille-
pora, Drosophila melanogaster, Strongylocentrotus pur-
puratus, Mus musculus, and Homo sapiens) were
searched by InterProScan to identify those with DNA
binding domain signatures [21]. Any protein was
regarded as a TF if it had at least one such domain.
This approach yielded 359 TF signatures in coral, 1,047
in fruitfly, 839 in sea urchin, 1,462 in mouse, and 1,885
in human (see Additional files 1, 2, 3, 4, and 5).

Evolutionary signatures of the A. millepora transcription
factors repertoire
In order to define the evolutionary signatures of the A.
millepora TF repertoire, we analyzed the protein domain
composition of the TFs across the five species. We
scanned, the full-length protein sequences of all the TFs
using the Pfam database [22]. The 359 TFs identified in
A. millepora contained 60 Pfam domains. We also com-
pared the domain composition of A. millepora with that
of the fruit fly (1,047 TFs with 123 domains), sea urchin
(839 TFs with 157 domains), mouse (1,462 TFs with
166 domains) and human (1,885 TFs with 168 domains),
(see Additional file 6).
Interestingly, the ten most common domains in each

species were highly conserved across animal phylogeny
(i.e. all five organisms) (Figure 2). However, some
domains seemed to be more abundant in coral or mar-
ine organisms (i.e. sea urchin and coral) in comparison
to the other species (i.e. terrestrial organisms). Ets and
Fork head were more frequent in the TF repertoire of
coral and sea urchin compared to the fly, mouse, and
human. Common life style characteristics might result
in such similarities, but further analyses are needed to
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elucidate the underlying factors that cluster the organ-
isms in these groups. T-box domains were more abun-
dant in coral than other species. Interestingly,
proportion of hormone receptor domain is quite low in
coral. Four coral TFs contain this domain while fruit fly,
sea urchin, mouse, and human have 39, 56, 60, and 101
TFs containing this domain, respectively (see Additional
file 6). Hormone receptor domains code for a compo-
nent of steroid or nuclear hormone receptor TFs (func-
tion and origin reviewed in [23]). Even though the
origin of steroid receptors has been placed during late
stage of deuterostome divergence so far [23], our data
suggest that steroid receptors, or at least their functional
domains, might have emerged presumably before the
divergence of radiata and bilateria (Figure 2). As dis-
cussed in a previous study [24], the results of protein
family domains analyses have evolutionary implications
and can be used to describe evolutionary common life
styles and characteristics. Here, we applied an arcsine
transformation to the domain distribution in order to
reconstruct the evolutionary relationships across the five
species [25]. The resulting phylogenetic tree placed each

species according to the symmetry of their body design,
going from radial to bilateral symmetry, and further on
from protostomes to deuterostomes (Figure 2). Hence,
our TF domain-based phylogeny recapitulates the estab-
lished evolutionary relationships between species.

Inferring A. millepora transcriptional network using
phylogenetic network footprinting
Little is known about transcriptional networks in marine
organisms. This is especially true for corals and to a lesser
extent for the sea urchin that has been studied with a view
to learn more about embryonic transcriptional networks
[2], especially if compared to well-studied organisms such
as human and mouse. It is widely accepted that for a given
pair of interacting proteins, their corresponding orthologs
in other species also interact with each other and this pro-
pensity is stronger for highly connected proteins
[18,26-28]. These conserved interaction pairs across spe-
cies, referred to as interlogs, are at the conceptual center
of many comparative studies [18,26-28]. Here, for the first
step of interlog inference, we identified ortholog groups
for each pair of the five species using the Inparanoid
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algorithm [29] that is known as the most accurate algo-
rithm for true ortholog finding [29,30]. We collected 5,238
human and 1,145 mouse experimentally verified TF inter-
actions from recently published mammalian 2 hybrid
assay [1] and 45 fly TF interactions from DIP [17] to con-
struct a TF interaction dataset that represented our source
network for the following analysis. All orthologs for a
given known interacting TF pair (A-B) were retrieved
from Inparanoid result to infer interlogs for the experi-
mentally verified TF dataset source interactions. All possi-
ble ortholog combinations of A and B were assumed to
interact with each other. This occasionally yielded multiple
interlogs from single source interactions, e.g. we retrieved
one-to-many or many-to-many ortholog relationships as
seen in Figure 3. We consequently interpreted these cases
as network expansions. These ortholog relationships are
usually the result of gene duplication after speciation
events, and this property is specifically captured by the
Inparanoid algorithm [31]. We deemed those interactions
as true interactions for the following reasons. First, it is
widely accepted that one primary source of new genes in
eukaryotes is gene duplication followed by divergence.
The interacting partners are usually retained between
paralogs [32,33]. Second, paralogs duplicated after specia-
tion event (i.e. inparalogs) generally share similar functions
and interactions compared to paralogs that were dupli-
cated before speciation events (i.e. outparalogs) [31,34].
Consequently, inparalogs were deemed as true interac-
tions. During above procedure, TFs without any sequence-
specific DNA binding domains were excluded. Our
approach therefore assures reliable interaction networks
by integrating experimentally proven TF interactions,
sequence similarity, and functional units of TFs together
in a single framework. We were able to infer a total of
3,985 TF interactions with this phylogenetic network foot-
printing approach. The total number of interactions
including source and inferred interactions were 5,509 for
human, 2,323 for mouse, 524 for sea urchin, 599 for fruit-
fly, and 134 for coral (see Additional files 7, 8, 9, 10, and
11). Finally, protein interaction networks were aligned
across the five organisms, and conserved TF interactions
were identified (see Additional files 12, 13, 14, 15, and 16).
The resulting conserved interactions provide the first
insight into the structure and properties of combinatorial
transcriptional networks in coral and sea urchin
(Figure 3A and 3B).

A. millepora transcriptional network shows properties of
those of Bilaterian organisms
A close analysis of the conserved transcriptional net-
work depicted in Figure 3A reveals surprising and intri-
guing properties. A. millepora organization of TFs into
regulatory networks is similar to those of bilateral
organisms. For example A. millepora has a homeobox

gene regulatory sub-network, comprised of several Hox
genes, that is conserved across evolution. In general,
syntenic occurrence of these Hox genes was considered
a prerequisite for the correct function of these transcrip-
tion factors in animals [35]. However, disintegration of
Hox clusters has been observed in diverse taxa including
several cnidarians, and thus the evolutionary significance
of synteny regions is in question [36-40]. We wonder if
interaction retention between Hox genes might be more
important than merely close physical linkage of them.
More specifically, one of the larger and most conserved
transcriptional networks in A. millepora was identified
among Hox gene regulatory sub-networks (Figure 3A),
and this network is enriched for genes that are impli-
cated in developmental process such as neural tube for-
mation in mammals. Furthermore, there is evidence that
this network expanded during mammalian divergence.
This probably represents a net gain in modularity and
plasticity for the network in more complex organisms
(Figure 3A), which might reflect an increase in tran-
scriptional plasticity and control.
TF interaction network of A. millepora also showed

scale-free property despite relatively small number of
TFs compared to other species (Figure 4).

Evidence for Taxonomically Restricted Interactions (TRIs)
In evolutionary biology the concept of Taxonomically
Restricted Genes (TRGs) is associated with those genes
that are restricted to particular species and are responsi-
ble for species-specific phenotypes and/or lineage-speci-
fic adaptations [41]. These genes usually evolve and
adapt as a consequence of the specific environment and
lifestyle of the organism and are more common in
organisms that live in extreme environmental condi-
tions. Although we do not debate the existence of such
TRGs, we identified cases where the transcriptional net-
work differs between specific organisms. Most impor-
tantly this does not correlate with the complexity of the
organism but rather with its adaptation to a particular
environment. Consequently, we propose that modulation
of transcriptional networks might be a prime mechan-
ism for species-specific adaptations. For example in Fig-
ure 3B, we report cases where specific interactions were
gained or lost in specific species during evolution. In
other words, we can identify what we like to call “Taxo-
nomically Restricted Interactions” (TRIs). This new con-
cept is also supported by the network expansion that we
see in the mammalian lineage (Figure 3A). Overall, the
concept might give a better explanation how an organ-
ism adapts to specific environments than merely consid-
ering a set of TRGs. Note that we anticipate plentiful
examples of TRIs if whole protein interactomes were to
be compared. Our results also support the notion that
transcriptional networks evolve by gene duplication
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Figure 3 Conserved transcription factor (sub-) networks in eumetazoa. Conserved TF interactions across five eumetazoan species were
identified and example subnetworks are shown. Presence of these interactions in all five species implies they existed in the last common
ancestor before divergence of Radiata and Bilateria. A) The TF network mainly comprised of Homeobox and bZIP TFs. Organisms are ordered
according to evolutionary distance. Orthologous relations (dashed lines) are drawn only between adjacent organisms for brevity. Loops indicate
homodimeric interaction. B) Notable conserved interactions: Additional homeobox protein interactions essential in early development of all
eumetazoans and several TF interactions expanded in particular lineages are drawn. Species order and TF shapes in B are as in A. C) Helix-loop-
helix domain in MAX proteins are aligned by Clustal × [44] and conservation in each residue is depicted. D) Phylogeny of MAX proteins
estimated by the Mega 3 package [45] using the maximum-parsimony distance. Numbers along branches refer to bootstrapped values.
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followed by gain or loss of specific interactions [42]. For
example, the subnetworks in Figure 3B are typical exam-
ples of lineage-specific network expansions by gene
duplication and interaction retention.
We also identified an interesting subnetwork that is

composed of the oncogene MAX (Figure 3B network 7).
In mammals, this network is composed of the homodi-
mer of the oncogene MAX. In contrast, A. millepora
retained a paralog forming a redundant system that is
composed of two homodimers (Figure 3B). We argue
that this paralog diverged from its ortholog sister as
inferred from the alignment of the HLH domain and
the evolutionary tree (Figure 3C and 3D).

Conclusions
The here presented analysis scratches just the surface of
our understanding of the complex structure of the tran-
scriptional network in A. millepora. This study is a first
attempt toward understanding the structure of the tran-
scription factor networks in corals despite the paucity of
- omics-level datasets including genome sequences.
Contrary to the apparent simplicity of A. millepora, its
gene repertoire and more importantly its transcriptional
network are not so different from those of higher organ-
isms and definitely not less complex than the ones of
other model organisms such as D. melanogaster, making
Scleractinian corals a candidate for a new model
organism.

Methods
Coral protein sequence identification
To identify A. millepora TFs, ORFs were firstly searched in
A. millepora transcriptome data [13] and then all possible
coding sequences were translated using GetORF with
default parameters [19]. Coding sequences from each con-
tig/singleton were queried against the NCBI non-redun-
dant (nr) protein database, and then best hits were chosen
using BLASTP program. If there was no hit to nr database,
the longest coding sequence (CDS) of the contig/singleton
was chosen as a final CDS. Among 104,005 contigs from
the transcriptome data, 19,840 and 49,320 sequences were
chosen by above two approaches, respectively.

Identification of TFs with DNA binding domains
To identify transcription factors of five analyzed species,
we used 147 Pfam domains that bind DNA in a
sequence-specific manner [16]. InterProScan [21] was
used to search Pfam domains in protein sequences of
five organisms, and then a protein was regarded as a TF
if it contains at least one DNA binding domain. This
resulted in 359, 1,047, 839, 1,462, 1,885 TFs for A. mille-
pora (AM), D. melanogaster (DM), S. purpuratus (SP),
M. musculus (MM), and H. sapiens (HS), respectively.
To assess the accuracy of prediction, a ‘known’ human
TF set [43] was downloaded. 1,443 known TFs and
1,405 predicted TFs were obtained after converting TF
lists to Entrez gene IDs. Among the known TFs, 1,226

0.1

1.0

10.0

100.0

1000.0

1 10 100 1000

y = 736.29x-1.5499

R  = 0.8803

Homo sapiens
P(

k)

k

0.1

1.0

10.0

100.0

1000.0

1 10 100 1000

y = 422.86x-1.5211

R  = 0.9138

Mus musculus

P(
k)

k

0.1

1.0

10.0

100.0

1 10 100 1000

y = 66.734x-1.197

R  = 0.7988

Strongylocentrotus purpuratus

P(
k)

k

0.1

1.0

10.0

100.0

1 10 100 1000

y = 80.8x-1.2391

R  = 0.8223

Drosophila melanogaster

P(
k)

k

0.1

1.0

10.0

100.0

1 10 100 1000

y = 40.228x-1.5244

R  = 0.8313

Acropora millepora

P(
k)

k

Figure 4 Scale-free property of the transcriptional network. Degree distributions of TF networks in all five species asymptotically follow a
power law.
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were predicted correctly and 217 did not have any
sequence-specific DNA binding domains. 179 predicted
TFs did not overlap with known TFs. Positive predictive
value, ratio of true positives to sum of true and false
positives, was 87.26%.

Analysis of domain architecture
We searched the Pfam domain annotation for these 359
coral transcription factors, and recorded all types of
domains they contained. The results showed that the
total of all identified TFs consisted of 60 types of pro-
tein family domains.
To compare across species we applied an arcsine

transformation to above data [25]. The arcsine transfor-
mation converts a binomial random variable into one
that is nearly normal and whose variance depends very
little on the probability parameter, by taking the arcsine
of the square root of the abundance value for each func-
tional family domain.
If X is a binomial random variable with parameters n

and p, then Y = sin−1

!"
X
n

#

is the arcsine transforma-

tion of Χ.
We further applied a Fisher’s statistical test to measure

how significantly different the five organisms are, based on
their protein family domain composition. The contingency
table compiled data from the top ten Pfam domains. In
addition, we conducted pairwise comparisons to cluster
organisms based on their domain composition. We con-
structed a phylogenetic tree based on the top ten most
abundant protein domain families (Figure 2).

Ortholog identification
Identification of orthologous TFs is the essential part of
our approach. We therefore employed the Inparanoid
algorithm that was specifically designed for identifying
true orthologs solely based on the protein sequence
[29,30]. Protein sequences of analyzed species were
downloaded from NCBI (SP, MM, and HS) and Ensembl
(DM). Coral protein sequences were obtained as
described above. Inparanoid algorithm was applied for
each species pair and orthologous proteins were
retrieved.

Inference of interlogs
Based on the assumption that if two proteins interact in
one organism, their orthologs in other organisms will
also interact with each other [18], we inferred interact-
ing orthologs across species, i.e. interlogs, using available
TF interaction data. 5,238 human and 1,145 mouse TF
interactions data were obtained from mammalian 2
hybrid assay [1]. 45 fruitfly TF interaction data was
additionally downloaded from DIP [17]. For each known

interacting TF pair (A-B), we sought all orthologs of A
(Ai1, Ai2, ···, Aip, ···, and AiP, where 1≤p≤P) and B (Bi1,
Bi2, ···, Biq, ···, and BiQ, where 1≤q≤Q) in organism i
using Inparanoid result. All possible pairs of Aip and Biq

were then regarded as interlogs. In the case that an
interaction did not have at least one DNA binding
domain, this interaction was not considered. Finally,
3,985 interlogs were inferred using this approach, and
the total number of interactions including source and
inferred interactions were 5,509; 2,323; 524; 599 and 134
for human, mouse, sea urchin, fruitfly, and coral, respec-
tively (see Additional files 7, 8, 9, 10, and 11).

Conserved TF interactions
Essential proteins and interactions are usually conserved
across many species [27,28]. We therefore aligned pro-
tein networks of above five model organisms in order to
find such elements, and sought conserved interactions
across five organisms (see Additional files 12, 13, 14, 15,
and 16).

Additional material

Additional file 1: Table S1. List of TFs in coral defined by domains
composition.

Additional file 2: Table S2. List of TFs in fruitfly defined by domains
composition.

Additional file 3: Table S3. List of TFs in sea urchin defined by domains
composition.

Additional file 4: Table S4. List of TFs in mouse defined by domains
composition.

Additional file 5: Table S5. List of TFs in human defined by domains
composition.

Additional file 6: Table S6. The conserved domains in the species-
specific TFs repertoires.

Additional file 7: Table S7. TF-TF interactions in coral.

Additional file 8: Table S8. TF-TF interactions in fruitfly.

Additional file 9: Table S9. TF-TF interactions in sea urchin.

Additional file 10: Table S10. TF-TF interactions in mouse.

Additional file 11: Table S11. TF-TF interactions in human.

Additional file 12: Table S12. Conserved coral TF-TF interactions across
the five species.

Additional file 13: Table S13. Conserved fruitfly TF-TF interactions
across the five species.

Additional file 14: Table S14. Conserved sea urchin TF-TF interactions
across the five species.

Additional file 15: Table S15. Conserved mouse TF-TF interactions
across the five species.

Additional file 16: Table S16. Conserved human TF-TF interactions
across the five species.
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Strongylocentrotus purpuratus; MM: Mus musculus; HM: Homo sapiens.
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Summary 

 

Urinary tract infections (UTI) are among the most common infections in humans. 

Uropathogenic Escherichia coli (UPEC) can invade and replicate within bladder epithelial cells, and 

some UPEC strains can also survive within macrophages. To understand the UPEC transcriptional 

program associated with intramacrophage survival, we performed host–pathogen co-transcriptome 

analyses using RNA sequencing. Mouse bone marrow-derived macrophages (BMMs) were 

challenged over a 24 h time course with two UPEC reference strains that possess contrasting 

intramacrophage phenotypes: UTI89, which survives in BMMs, and 83972, which is killed by BMMs. 

We developed an effective computational framework that simultaneously separated, annotated, and 

quantified the mammalian and bacterial transcriptomes. BMMs responded to the two UPEC strains 

with a broadly similar gene expression program. In contrast, the transcriptional responses of the 

UPEC strains diverged markedly from each other. We identified UTI89 genes upregulated at 24 h 

post-infection, and hypothesized that some may contribute to intramacrophage survival. Indeed, we 

showed that deletion of one such gene (pspA) significantly attenuated UTI89 survival within BMMs. 

Our study provides a technological framework for simultaneously capturing global changes at the 

transcriptional level in co-cultures, and has generated new insights into the mechanisms that UPEC 

use to persist within the intramacrophage environment.
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Introduction 

 

Urinary tract infections (UTIs) represent one of the most significant community-acquired 

and healthcare-associated diseases (Foxman, 2010, Horvath et al., 2012). Uncomplicated UTIs result 

in more than 14 million medical visits and account for almost $4 billion in medical expenditure each 

year in the USA alone (Salvatore et al., 2011). Approximately 50% of women will experience a UTI at 

some point in their life, with almost 25% of patients experiencing a recurrence within the first 6 months 

following treatment of the initial UTI (Salvatore et al., 2011). An estimated 68% of recurrent UTIs arise 

from the same bacterial strain that caused the initial infection (Hunstad et al., 2010). Uropathogenic 

Escherichia coli (UPEC) is the most common causative agent of UTIs, being responsible for ~80% of 

all community-acquired infections (Foxman, 2010). In the majority of acute, uncomplicated UPEC-

mediated UTIs, single cultured isolates are diagnostic of the infection (Willner et al., 2014). 

UPEC employ a range of virulence factors, including adhesins, toxins and iron-acquisition 

systems, to colonize the urinary tract and cause infection (Totsika et al., 2012, Ulett et al., 2013). 

Different UPEC strains display extensive genetic diversity owing to the presence of mobile DNA 

elements such as “pathogenicity islands”, prophages, and plasmids (Hacker et al., 2000, Mysorekar et 

al., 2006, Wiles et al., 2008, Hunstad et al., 2010, Hannan et al., 2012). The UPEC strains UTI89 

(Mulvey et al., 2001) and 83972 (Lindberg et al., 1975c, Klemm et al., 2007, Zdziarski et al., 2010) are 

representative of cystitis and asymptomatic bacteriuria (ABU) isolates, respectively. 

Acute pyelonephritis and ABU represent the two extremes of UTI. Acute pyelonephritis is a 

severe, acute systemic infection caused by UPEC clones containing virulence genes clustered on 

pathogenicity islands (Eden et al., 1976, Funfstuck et al., 1986, Stenqvist et al., 1987, Orskov et al., 

1988, Johnson, 1991, Welch et al., 2002). ABU, on the other hand, is an asymptomatic carrier state 

that resembles commensalism. A single E. coli strain may be present in ABU patients at levels of more 
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than 105 colony-forming units (CFU) ml-1 for months or years without provoking a host response. 

Because the majority of ABU-associated E. coli strains are non-hemolytic, non-adherent and lack 

hemagglutination ability, early studies suggested that this behavior reflected a lack of virulence genes 

(Lindberg, 1975, Lindberg et al., 1975a, Lindberg et al., 1975b, Lindberg et al., 1975c, Eden et al., 

1976, Kaijser et al., 1977). Molecular epidemiology has shown, however, that many ABU strains carry 

virulence genes despite failing to express the phenotype (Plos et al., 1990, Plos et al., 1995, Mabbett 

et al., 2009). 

As with all infectious agents, UPEC must overcome innate immunity, a biological system 

compromising both cellular mediators (e.g. neutrophils) and soluble mediators (e.g. complement 

proteins) that act synergistically. Several studies have investigated the role of neutrophils in UPEC-

mediated pathology (Ingersoll et al., 2008, Sivick et al., 2010, Lau et al., 2012, Tourneur et al., 2013), 

whereas there is a paucity of information on the interactions between UPEC and macrophages, 

another key cellular component of innate immunity (Tegner et al., 2006). We previously demonstrated 

that the ability of UPEC to survive in mouse macrophages differs markedly between different strains; 

some strains, such as UTI89, are able to survive over a 24-hour infection period, whereas others, such 

as 83972, are rapidly killed (Bokil et al., 2011). This suggests that UPEC strains like UTI89 are able to 

subvert macrophage antimicrobial pathways, though the mechanisms responsible are still unknown. 

These findings are in keeping with a larger body of literature documenting intraepithelial cell survival of 

some UPEC strains, both in vitro and in vivo (Hunstad et al., 2010). 

Next-generation sequencing technologies provide a powerful approach for studying co-

transcriptomics during infection (t Hoen et al., 2008, Hegedus et al., 2009, Jager et al., 2009, Xiang et 

al., 2010b, Huang et al., 2012, Nie et al., 2012, Wang et al., 2012). These direct sequencing 

methodologies allow the measurement of millions of RNA transcripts in a sample, thus enabling 

identification of global differences in gene expression under different growth conditions (Morozova et 
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al., 2008, Wang et al., 2009). RNA sequencing generates information about absolute transcript levels, 

avoiding many of the limitations of microarrays (t Hoen et al., 2008, Llorens et al., 2011). To further 

understand the transcriptional programs that are simultaneously activated during host-pathogen 

interaction, we developed an approach for isolating total RNA from co-cultures and analyzing the 

simultaneous changes in expression that take place in the interacting organisms. Previous studies 

(Hegedus et al., 2009, Xiang et al., 2010a, Xiao et al., 2010, Ordas et al., 2011) have focused on 

either the host or the pathogen, without revealing simultaneous co-transcriptomic changes that occur 

during infection. Such methods have also relied on the isolation of species-specific RNA, which can 

introduce biases in the analysis.  

To gain insights into novel strategies used by UPEC to subvert macrophage anti-microbial 

responses, we performed a global co-transcriptomic analysis of UPEC gene expression within primary 

mouse macrophages (BMMs). We used RNA sequencing to monitor (i) the transcriptional responses 

of UPEC strains UTI89 and 83972 within the intramacrophage environment across an extended time 

course, and (ii) differences in macrophage gene-expression responses to each strain. Our 

comprehensive approach has generated new insights into host–pathogen interactions and the 

possible consequences of these interactions for disease processes.  
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Results 

 

Analysis of Digital Gene Expression Libraries 

The UPEC strains UTI89 and 83972 display contrasting intramacrophage survival 

phenotypes; UTI89 is able to survive in significant numbers, whereas 83972 is rapidly killed (Bokil et 

al., 2011). To examine the molecular basis for this difference, we investigated the gene expression 

profiles of UTI89 and 83972 in BMMs in parallel over a 24 h period. As expected, when using a 

multiplicity of infection of 10:1 for both strains, bacterial loads of UTI89 that were recovered from BMM 

were substantially higher than those of 83972 (Supplementary Figure 1). Total RNA was harvested at 

2, 4 and 24 h post-infection (hpi) and global gene expression profiles were analyzed using the Illumina 

Hi-Seq 2000 Digital Gene Expression Tag Profiling Kit, a tag-based transcriptome sequencing 

method. cDNA libraries were prepared from gentamicin-treated UPEC-BMM co-cultures, sequenced 

and analyzed together with bacterial and BMM control samples. The RNA-Seq files generated for all 

libraries were preprocessed by a custom java script (Supplementary Table 1).  

 

Mapping RNA-Seq Reads 

Alignment of sequencing reads to the respective mouse and UPEC reference genomes 

was performed using TopHat. Sequences were mapped against their respective Mus musculus or E. 

coli genomes. The resulting BAM files were further used to compute alignment statistics for all libraries 

employing the samtool flagstat command. These processes are summarized in Supplementary Table 

2. As expected, very few sequence reads were captured from 83972-BMM co-cultures at 24 hpi, 

consistent with the observation that these bacteria were essentially cleared by BMMs at this time 

point. Hence, subsequent analyses of 83972 strain’s gene expression excluded this specific condition.  
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BMM Transcriptional Responses to UPEC 

To explore transcriptional relationships between different conditions, we performed 

dimensionality reduction analysis using minimum curvilinearity embedding (MCE) (Cannistraci et al., 

2010, Cannistraci et al., 2013). This analysis revealed that the BMM genes whose expression was 

regulated by infection were not markedly different between the two different UPEC strains at the initial 

stage, 2hpi. However, after 4hpi, a slight difference emerges, that is also maintained at 24hpi. As 

expected, however, we did observe that the time-dependent regulation of gene expression (Figure 1A) 

is the main pattern that emerges from the data, indicating that the macrophage transcriptional 

response follows a distinct temporal profile that is common to infection by both strains, and more 

distinctive than the difference between the strains’ infections. To gain further insights into the global 

transcriptional changes that take place in UPEC-infected macrophages, we catalogued differentially 

expressed genes (DEG) in normalized digital gene expression data through pairwise comparisons 

between controls (uninfected BMM cultures) and treatments (co-cultures of UPEC-infected BMMs) 

using a previously described method (Trapnell et al., 2012) with a threshold of a false-discovery rate 

(FDR)-adjusted P-value < 0.01 in at least one of the pairwise comparisons. Using this approach, we 

identified 628 and 652 BMM genes that were differentially regulated by UTI89 and 83972, 

respectively, over a 24-hour infection time course. Further analyses of the BMM transcriptome 

identified 603 genes that were commonly regulated by UTI89 and 83972, as well as 25 and 49 BMM 

genes that were differentially regulated after infection with UTI89 or 83972, respectively (Figure 1B). 

The greatest divergence in responses to each strain occurred at the latest time point post-infection. To 

investigate the regulatory patterns of divergently expressed (DE) genes, we clustered genes as either 

up or downregulated. This analysis revealed a rapid response for upregulated genes that was 

maintained throughout the infection time course. In contrast, the number of downregulated genes was 

much lower at 2 and 4 hpi, but increased markedly by 24 hpi (Figure 1C). The substantial overlap in 

Page 8 of 45Cellular Microbiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 9 

DEG, as well as their conserved pattern of regulation, suggests that the macrophage transcriptional 

response to UTI89 and 83972 is broadly conserved.  

 

Functional Annotation of DE Macrophage Genes  

The consequences of gene expression changes associated with UPEC infection were 

characterized by gene ontology (GO) and pathway (KEGG) enrichment analyses of DEG using the 

DAVID (Huang da et al., 2009b, Huang da et al., 2009a). As shown in Supplementary Figure 2A, 

common highly enriched GO categories for upregulated genes included activation of inflammatory 

responses; regulation of chemokine, cytokine, and interleukin-6 and -12 production; T-cell activation; 

and regulation of transcription factor (TF) activity. Common biological processes associated with 

downregulated genes included DNA-replication initiation, DNA packaging, nucleosome assembly and 

organization, and cytokinesis. These pathways are consistent with the known activation of innate 

immune responses by bacterial challenge (Rosenberger et al., 2003, Mogensen, 2009, Portt et al., 

2011). As expected, the signaling pathways that were inferred, on the basis of gene expression 

changes, to be regulated in macrophages upon UPEC infection showed common characteristics 

between both UPEC strains. Signaling pathways associated with upregulated genes included 

cytokine–cytokine receptor interaction, NOD-like receptor signaling, and Toll-like receptor (TLR) 

signaling pathways (Figure 1D). Pathways associated with downregulated genes included DNA 

replication, cell cycle, and systemic lupus erythematosus. 

We next independently validated both conservation and divergence in macrophage 

responses to UTI89 versus 83972. Many of the well-validated TLR target genes such as cytokines 

(Il1a, Il1b, Il16) and chemokines (Cxcl1, Ccl8) were similarly inducible by both UTI89 and 83972 in 

BMM (data not shown). Although previous studies have demonstrated pathological roles for 

extracellular histones in mouse models of sepsis (Xu et al., 2009, Xu et al., 2011), there is little known 
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about the regulation of histone gene expression downstream of TLR signaling. This may reflect the 

fact that canonical histone mRNAs are not poly-adenylated, and so their regulated expression may not 

be captured by traditional microarray approaches. Interestingly, we found that a large suite of histone 

genes were downregulated in response to infection with either UPEC strain (Figure 2A), consistent 

with the inhibitory effect of TLR signaling on macrophage proliferation. This observation was validated 

for several individual histone genes using quantitative reverse transcription-polymerase chain reaction 

(RT-qPCR; Figure 2B). Our attempts to validate the small number of macrophage genes differentially 

regulated by UTI89 and 83972 (Figure 1B) using qPCR were less successful, however we did confirm 

differential regulation of the cystine/glutamate exchanger Slc7a11. Whereas Slc7a11 mRNA 

expression was similarly upregulated by UTI89 and 83972 at 4 hpi in infected BMM, its expression 

remained elevated at 24 hpi in UTI89-infected BMMs but was significantly reduced at this time point in 

83972-infected BMMs (Figure 2C). 

Clustering analysis separated DE macrophage genes into two major clusters (Figure 3A). 

Cluster 1 (Figure 3B), which contained 460 genes, was positively correlated with the profiles of the 

TFs Arnt (aryl hydrocarbon receptor nuclear translocator), Myc and Pparg (peroxisome proliferator-

activated receptor gamma); negatively correlated with the profiles of Hif1a (hypoxia-inducible factor 1-

alpha) and Stat3 (signal transducer and activator of transcription 3); and enriched for pathways 

associated with DNA replication, cell cycle, and systemic lupus erythematosus. Cluster 2 (Figure 3B), 

which contained 217 genes, was positively correlated with the profiles of the TFs Hif1a, Nfkb2 (nuclear 

factor of kappa light polypeptide gene enhancer in B cells 2), Nr3c1 (nuclear receptor subfamily 3, 

group C, member 1) and Stat3; negatively correlated with the profile of Myc; and enriched for 

pathways associated with cytokine–cytokine receptor interaction, and NOD-like receptor, TLR, 

chemokine and Jak-STAT signaling. These results are in keeping with expectations; TLR signaling 

activates NF-κB and HIF (Rossol et al., 2011) and inactivates CSF-1 signaling. Various studies link 
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the biology of CSF-1, Myc and Pparg (Dey et al., 2000, Bonfield et al., 2008, Pello et al., 2012), and as 

expected downregulated genes have an association with Myc and Pparg. That is, TLR signaling 

switches off signaling via CSF-1, which itself can signal, in part, by Myc; hence, TLR signaling 

downregulates Myc responses. Apart from the expected patterns, our analysis suggests a potential 

association between inactivation of CSF-1 signaling and Arnt (partner for Hif) responses, which has 

not been reported previously.  

 

UPEC Transcriptional Responses upon Infection of BMMs  

As was the case with the macrophage gene expression analysis, we initially investigated 

transcriptional responses in both UPEC strains by performing dimensionality reduction analysis using 

MCE (Cannistraci et al., 2010, Cannistraci et al., 2013). We identified specific differences in the 

regulated expression of UPEC genes within the intramacrophage environment (Figure 4A), which 

likely reflects the differential pathogenicity and capacity for intramacrophage survival of both strains 

(Supplementary Figure 1) (Bokil et al., 2011).  

To gain insights into the global transcriptional changes that occur in UPEC during 

macrophage infection, we applied the same method described above and performed pairwise 

comparisons between controls (UPEC cultures alone) and treatments (co-cultures of UPEC-infected 

BMMs). Again, we employed an FDR-adjusted P-value < 0.01 in at least one of the pairwise 

comparisons in our dataset as the threshold for differential expression. In total, we identified 137 

UTI89 genes and 33 83972 genes that were differentially regulated in BMMs. Surprisingly, an analysis 

of the intramacrophage transcriptomic profile identified only 13 regulated genes that were common to 

both strains, whereas 124 genes were uniquely regulated in UTI89, and 20 genes were uniquely 

regulated in 83972 (Figure 4B). The UPEC transcriptional profiles also revealed a number of strain-

specific responses; a substantial number of UTI89 genes were upregulated at 2 and 4 hpi, whereas a 
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much smaller number of 83972 genes were upregulated at these time points (Figure 4C). This is 

consistent with the initiation of a UTI89 transcriptional program that permits intramacrophage survival. 

In contrast to the transcriptional responses observed for macrophage genes, few UPEC genes were 

downregulated over the infection time course. 

 

Functional Annotation of DE UPEC Genes 

The consequences of gene expression changes associated with UPEC infection were 

characterized by GO and pathway (KEGG) enrichment analyses of DEG using the DAVID (Huang da 

et al., 2009b, Huang da et al., 2009a). This again provided clear evidence of strain-specific biological 

responses within the intramacrophage environment (Supplementary Figure 2B). Highly enriched GO 

categories associated with the upregulated transcriptional program included genes associated with 

chemotaxis and motility in UTI89 and genes involved in protein folding in 83972. We did not identify 

any significantly enriched GO categories associated with downregulated genes in common for the two 

strains. In keeping with the above findings, an analysis of the pathways activated during UTI89 

infection revealed enrichment for pathway terms associated with bacterial chemotaxis and flagellar 

biosynthesis (Figure 4D). We did not observe significant enrichment for any pathway term in the case 

of 83972. 

 

UPEC Genes Associated with Intra-Macrophage Survival 

We hypothesised that genes selectively upregulated by UTI89 may contribute to 

intramacrophage survival. Such genes included those encoding flagella and those associated with 

protection against oxidative stress. Notably, several genes encoding flagella-related proteins were 

uniquely regulated in UTI89; these DE flagella genes included flgA-F, flgK, flgL, fliC-E, fliQ, motA, and 
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motB. Figure 5A shows the expression patterns of all flagella-related genes in UTI89 versus 83972, 

revealing strong upregulation at 2 hours with a subsequent gradual decrease over time.  

A common mechanism used by bacterial pathogens to avoid host innate immune 

pathways is to employ defense mechanisms against oxidative stress (Imlay, 2013). We therefore 

clustered the expression patterns of all the OxyR regulon genes (Figure 5B) and the most strongly 

hydrogen peroxide-induced genes in both UPEC strains (Figure 5C). Interestingly, the OxyR regulon, 

which included alkyl hydroperoxide reductase subunit F (ahpF), dps (DNA starvation/stationary phase 

protection protein), grxA (glutaredoxin 1), trxC (thioredoxin 2) and yaaA, was strongly upregulated in 

UTI89, with the effect being apparent at 2 hpi and peaking at 4 hpi. Hydrogen peroxide-inducible 

genes, which included ahpF, dps, grxA, heat-shock proteins/chaperones (ibpA, ibpB), phoH, soxS 

(DNA-binding transcriptional dual regulator), trxC and yaaA showed a similar pattern, with genes being 

significantly upregulated in UTI89 and less so in 83972. RNA-Seq data, for the overlapping gene 

ahpF, were validated by RT-qPCR (Figure 5D). 

Although UTI89 persists at 24 h within macrophages, only a relatively small percentage of 

bacteria (< 5%) survive within BMM at 24 hpi compared to the bacterial loads at 2 hpi (Supplementary 

Figure 1). We therefore reasoned that changes in UPEC gene expression at 24 hpi might be linked to 

intramacrophage survival. We identified 22 genes that were highly upregulated (> 3-fold) by UTI89 at 

24 hpi (Figure 6A). The most highly expressed of these included those encoding ibpB (encoding a 

small heat shock protein); pspACDE (encoding the phage-shock protein system); rpoE and rpoH 

(encoding sigma factors); smpA (encoding outer membrane lipoprotein); yadR (encoding the iron-

sulfur cluster insertion protein ErpA); yceP (encoding the biofilm formation regulatory protein BssS); 

yebG (encoding DNA damage-inducible protein); and UTI89_C2624 and UTI89_C5162-3 (encoding 

proteins of unknown function). 
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Phage-shock-protein (Psp)-related genes, which are required for bacterial survival during 

extracytoplasmic stress responses and changes in pH (Darwin, 2013), were also significantly 

upregulated in UTI89 compared to 83972 (Figure 6B). RT-qPCR confirmed the elevated expression of 

pspA and pspE in UTI89 compared to 83972 at 24 h post-infection (Figure 6C). Finally, we validated 

the importance of pspA for intramacrophage survival of the UTI89 strain by constructing a UTI89pspA 

mutant (Figure 6D), and testing it for intramacrophage survival during a 24 h infection time course in 

BMM. In this assay, the UTI89pspA mutant was significantly attenuated for intracellular survival 

compared to the wild type strain (Figure 6E).  
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Discussion 

 

In this study, we determined the co-transcriptomic program of UPEC-infected primary 

mouse macrophages during an infection time course. The use of two UPEC strains that differed in 

their ability to survive in these cells enabled the identification of both common and UPEC strain-

specific responses. To our knowledge, this is one of the first RNA-Seq study that has simultaneously 

measured the transcriptomes of both the host and pathogen during an infection (Humphrys et al., 

2013). Using only open-source tools, we developed a computational framework that was capable of 

successfully separating, annotating, and quantifying the mammalian and bacterial transcriptomes. 

Whereas previous studies (Mysorekar et al., 2002, Bower et al., 2009, Hagan et al., 2010, Duell et al., 

2012) have been limited to microarrays, the RNA-Seq analysis reported here provides a more 

sensitive, comprehensive, and unbiased coverage of the entire transcriptome. We achieved an 

average sequencing depth of approximately 24 million tags per library and identified 677 BMM and 

157 UPEC genes that were differentially expressed following UPEC infection. By mapping our RNA-

Seq tag data onto transcript databases and genomic sequences, we were able to identify genes that 

were regulated upon UPEC challenge.  

MCE confirmed the distinct temporal cascade of BMM responses to UPEC as well as 

differences in transcriptional programs of the two UPEC strains. The sets of DEG and regulatory 

processes and pathways identified in both BMMs and UPEC strains suggest coordinated expression 

and mutual influences. Our study detected 603 DEG in BMMs that were common to infection with 

UTI89 and 83972, accounting for the vast majority of changes in BMM gene expression. This was not 

unexpected, given that both UTI89 and 83972 present pathogen-associated molecular patterns, such 

as lipopolysaccharide that is recognized by TLR4. Macrophage-expressed genes that showed 

differences in regulation in response to these two strains were a very minor component of the total 
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signature and their significance remains to be determined. Despite the general conservation of the 

BMM response against UPEC infection, we nonetheless expected to detect some selective BMM 

responses at 24 hpi for UTI89 compared with 83972, since the former condition reflects macrophages 

that are continuing to cope with intracellular UPEC, whereas the latter corresponds to macrophages 

that have cleared the infection. Consistent with this supposition, we found that at 24 hpi, BMM 

responses showed a greater divergence between UTI89 and 83972 (47.8% overlap) compared to 

earlier time points where this difference was not as evident. Of interest in this regard, was our 

validation of differential regulation of the cationic amino acid cysteine/glutamate antiporter Slc7a11, 

which is required for glutamate uptake and glutathione synthesis (Bannai, 1986, Hayes et al., 1999, 

Pompella et al., 2003, Shih et al., 2006). This gene showed a sustained upregulation at 24 hpi 

following infection with UTI89, whereas it was only transiently upregulated after infection with 83972. 

Given that macrophage antimicrobial responses typically involve subjecting pathogens to oxidative 

stress, the sustained expression of Slc7a11 upon infection with UTI89 may be required to maintain 

glutathione levels and cytoprotection during stress responses.  

Our data is consistent with previous reports showing inducible cytokine and chemokine 

expression, as well as activation of pro-survival pathways (Sester et al., 1999, Sester et al., 2006), 

during bacterial infection and/or TLR stimulation of macrophages. We also found that the genes 

encoding histones H1, H2, and H4 were dramatically downregulated at 24 hpi, and we further 

confirmed the regulated expression of several of these using RT-qPCR. Interestingly, previous studies 

have reported a pathological role for extracellular histones during LPS-induced septic shock (Xu et al., 

2009, Li et al., 2011). Xu et al. (2011) revealed that antibodies against extracellular histones rescued 

animals from LPS-mediated death (Xu et al., 2011), and a previous study showed that extracellular 

histones mediate endothelial dysfunction, organ failure, and death during sepsis (Semeraro et al., 

2011). Our findings could thus either reflect a host attempt to reduce inflammatory responses upon 
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cell death and histone release, or the consequence of growth-inhibitory effects of TLR agonists on 

proliferating macrophages, which would also be expected to lead to downregulated histone 

expression.  

A transcription factor binding site (TFBS) analysis of the promoter sequences of the two 

BMM DE gene clusters further showed significant enrichment of seven motifs associated with TFs that 

have key roles in macrophage functions. The cluster containing inflammation-related genes correlated 

positively with the expression of Hif1a, found in mammalian cells growing at low oxygen 

concentrations; Nfkb2, which is activated by a wide variety of stimuli such as cytokines, oxidant-free 

radicals and bacterial or viral products; the glucocorticoid receptor Nr3c1, which up-regulates the 

expression of anti-inflammatory genes and/or represses the expression of pro-inflammatory genes; 

and Stat3, a transcriptional activator stimulated in response to cytokines and growth factors. On the 

other hand, the cluster containing cell cycle-related genes correlated positively with the expression of 

Arnt, which is involved in the induction of several enzymes that participate in xenobiotic metabolism; 

Myc, which is activated in response to various mitogenic signals and plays a very important role in 

apoptosis by downregulating Bcl2; and Pparg, which regulates fatty acid storage and glucose 

metabolism.  

In contrast to the general conserved pattern of BMM responses to both UPEC strains, the 

individual transcriptional responses of the two strains in BMMs differed markedly. This is consistent 

with their contrasting survival patterns in macrophages. MCE confirmed the different transcriptional 

programs of the two UPEC strains, revealing 124 UTI89-specific DEG, 20 83972-specific DEG, and 13 

DEG that were commonly regulated in both pathogens upon infection of BMMs. Given the different 

survival patterns of both UPEC strains in macrophages, we expected to detect increased expression 

of genes specific to UTI89 within macrophages at 24 hpi.  
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Previous studies have shown that flagella contribute to the virulence of a number of 

pathogenic species (Tomich et al., 2002). Some bacteria, for example Salmonella enterica serovar 

Typhimurium (S. Typhimurium) and Yersinia enterocolitica, use flagella for invasion of epithelial cells 

(McNally et al., 2007, Ibarra et al., 2010). UPEC also employ flagella for the invasion of renal 

collecting duct cells (Pichon et al., 2009), but a role for flagella in the invasion of macrophages by 

UPEC has not been investigated. Our co-transcriptomic analysis revealed the upregulation of multiple 

genes associated with flagella biosynthesis. This could reflect inducible gene expression in the 

intramacrophage environment or selective uptake by macrophages of a sub-population of flagella-

expressing UPEC, which would generate a similar gene expression profile. The acute upregulation at 

2 hpi and subsequent downregulation at 24 hpi would suggest the latter may be the case.  

Macrophages employ both rapidly produced reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), produced in a delayed fashion, as bacterial clearance strategies (Flannagan 

et al., 2009). The observation that UPEC strain UTI89 survives in macrophages suggests that it can 

overcome these pathways. Although the genes that respond to ROS have been well characterized in 

E. coli K-12, their expression during UPEC infection and their role in intramacrophage survival have 

not yet been studied. Our transcriptomic approach identified UPEC genes that are likely involved in 

defense against ROS and RNS. Disturbances in the normal redox state of cells can cause toxic effects 

through the production of peroxides and free radicals that damage all components of the cell, including 

proteins, lipids, and DNA. An earlier study confirmed that the peroxide response regulator OxyR 

activates most of the genes that are highly induced by hydrogen peroxide (Zheng et al., 2001). Our 

results show that the response of UTI89 to oxidative stress (upregulated expression of dps, grxA, 

ahpF, soxS, trxC, ibpA, and ibpB) is more robust than that of 83972. These differences imply that part 

of the UTI89 intramacrophage survival strategy includes robust protection against oxidative stress.     
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Several UTI89 genes were upregulated in BMM at 24 hpi, and we selected genes 

encoding the Psp system for further functional analysis. The Psp system responds to extracytoplasmic 

stress and contributes to the virulence of several pathogens, including Y. enterocolitica and S. 

Typhimurium (Karlinsey et al., 2010, Yamaguchi et al., 2012). PspA, the master effector of the Psp 

system, mediates its response via a dual mechanism: (i) binding to the transcriptional regulator PspF 

and preventing it from activating the transcription of pspACDE in the absence of extracytoplasmic 

stress, and (ii) binding to the cytoplasmic membrane-localized proteins PspB and PspC in the 

presence of extracytoplasmic stress, thus releasing PspF to induce pspACDE transcription 

(Yamaguchi et al., 2013). We confirmed a role for the Psp system in UPEC by constructing a pspA 

mutant (UTI89pspA) and demonstrating the attenuation of this mutant for intramacrophage survival, 

thereby validating our co-transcriptomic approach. 

In conclusion, we have demonstrated the capacity to employ co-transcriptomics to study 

host-pathogen interactions. Our novel approach revealed new insights into the mechanisms used by 

UPEC to avoid macrophage responses and persist in the intra-macrophage environment, and has 

identified multiple target genes for further functional studies.  
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Experimental Procedures 

 

TIER I: In vitro Infection Assays 

Ethics Statement and Animal Experimentation 

A University of Queensland institutional animal ethics committee approved all animal 

experimentations. Female C57BL/6 mice (6–8 weeks old) were purchased from the Animal Resources 

Center, Australia. Murine bone marrow-derived macrophages (BMM) were generated by the in vitro 

differentiation of bone marrow cells from C57BL/6 mice on bacteriological plastic plates in the 

presence of 10,000 U ml-1 recombinant human CSF-1 (a gift from Chiron) for 6 days, after which cells 

were harvested and replated onto tissue culture plastic in the presence of CSF-1 for infection on day 

7. BMM were maintained at 37°C (5% CO2) in RPMI 1640 supplemented with 2mM L-glutamine 

(GlutaMAX), 10% heat-inactivated fetal bovine serum and 50 U ml-1 penicillin and 50 µg ml-1 

streptomycin (Life Technologies).  

 

Culture of Bacterial Strains and Infection of Mouse BMMs 

E. coli UTI89 is a well-characterized cystitis isolate (Mulvey et al., 2001). E. coli 83972, 

which was carried without symptoms by a young female, was originally isolated from the urine of this 

individual (Andersson et al., 1991, Roos et al., 2006). For macrophage infection assays, UPEC strains 

were cultured statically in Luria-Bertani (LB) broth at 37°C overnight. Type 1 fimbriae expression was 

assessed by yeast cell agglutination prior to infection as previously described (Schembri et al., 2000). 

Bacterial cells were centrifuged and washed in phosphate buffered saline (PBS), and then 

resuspended in antibiotic-free media at a concentration of 2 x 108 CFU ml-1.  Viable CFU counts of 

bacterial inocula were routinely confirmed in every infection assay by serial dilution and plating on LB 

agar. 
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Intramacrophage survival assays were performed essentially as described previously 

(Bokil et al., 2011). Briefly, following overnight adherence in antibiotic-free media, BMMs were infected 

for 1h with bacteria at an MOI of 10. Extracellular bacteria were killed by washing twice in 200 µg ml-1 

gentamicin, followed by 1h incubation in media containing the same gentamicin concentration. 

Subsequent exclusion of extracellular bacteria for the duration of the experiment was performed by 

incubation in 20 µg ml-1 gentamicin. At appropriate time points (1h, 2h and 24h), cells were washed 

twice with antibiotic-free media, and then lysed with PBS/0.01%Trition X-100. Lysates were cultured 

on LB agar plates overnight at 37°C and colony counts were used to assess intra-cellular bacterial 

loads. For standard infection assays, complete exclusion of viable extracellular bacteria was confirmed 

by performing colony counts on culture supernatants.  

 

TIER II: RNA Preparation and Sequencing 

Macrophage Infection and mRNA Isolation, Enrichment, and Purification 

Control macrophages, control bacteria and infected macrophages were incubated for an 

additional 1, 3 and 23 h at 37°C in a humidified 5% CO2 atmosphere, after the initial 1 h infection. 

Cells were then washed twice with antibiotic-free media, and then lysed on ice for RNA isolation and 

purification (RNeasy; Qiagen, Germantown, MD, USA). Microbial total RNA in co-culture samples was 

enriched (MICROBEnrich, Ambion). rRNA was removed from all purified RNA samples using kits 

targeting mammalian and Gram-negative bacterial rRNAs (Ribo-Zero; Epicenter, Madison, WI, USA).  

Prior to sequencing, all samples were further quantified and examined for protein and reagent 

contamination using a Nanodrop ND-1000 spectrophotometer. RNA samples for analysis were 

selected based on a 28S/18S rRNA band intensity of 2:1, a spectroscopic A260/A280 nm ratio of 1.8–

2.0, and an A260/A230 nm ratio > 1.5. 
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RNA Sequencing 

Next-generation sequencing analyses were performed for two biological replicates on an 

Illumina Cluster Station and the Illumina HiSeq 2000 System using primarily reagents from the Illumina 

Gene Expression Sample Preparation Kit and the Illumina Sequencing Chip (Flowcell; Illumina, San 

Diego, CA, USA). Sequence tags were prepared using the Digital Gene Expression Tag Profiling Kit 

(Illumina), according to the Illumina protocol.  

 

TIER III: Data Pre-processing 

Image analysis, base calling, and quality calibration were performed using the Solexa 

Automated Pipeline. Quality control of RNA-Seq reads were preprocessed by a custom java script. All 

sequences generated have a length of 101 bases and have been submitted to the BioProject 

database of NCBI under BioProject ID: PRJNA256028. 

 

TIER IV: Alignment and Differential Gene Expression Analysis 

Alignment of Reads 

Bowtie indexes were created for the mouse (version 37.1) and the two E. coli strains 

(UTI89 and 83972) using the bowtie-build algorithm and reference sequences from the GenBank 

database. Our protocol began with mapping of the raw RNA-Seq reads (fastq files) to the reference 

genomes using TopHat. TopHat uses Bowtie as an alignment engine and breaks up reads that Bowtie 

cannot align on its own into smaller pieces (Kim et al., 2011). Using the standard parameters, we 

mapped both reads of our paired-end libraries. All simulations were performed using a 30-core, high-

memory node cluster system; total computation duration was 3 hours. 

 

Transcript Annotation 
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After running TopHat, the resulting alignment files were provided to Cufflinks to generate a 

transcriptome assembly for each condition. During this analysis step, adapter tags; mitochondrial 

sequences; poly A, poly C, and phiX sequences; and remaining ribosomal sequences were filtered 

out. Estimated normalized expression levels were reported in Fragments (i.e., reads) Per Kilobase of 

exon per Million mapped reads (FPKM). These assemblies were compared with annotation files using 

the Cuffcompare utility, which is included in the Cufflinks package (Roberts et al., 2011, Trapnell et al., 

2012).  

 

Differential Expression Analysis 

The reads and assemblies were imported to Cuffdiff, which calculates expression levels 

and tests the statistical significance of observed changes. For comparison of DEG across samples, 

the number of raw clean tags in each library was normalized to FPKM using the Cufflinks package. 

The minimum number of alignments in a locus needed to test for significance of changes in that locus 

between samples was set to 50 fragment alignments. If no testing was performed, changes in the 

locus were deemed insignificant, and the changes observed in the locus did not contribute to 

corrections for multiple testing. The Cuffdiff output files were then imported to cummeRbund, which 

plots abundance and differential expression results as commonly used expression plots for quality 

control (Trapnell et al., 2012). 

 

TIER V: Functional Analysis 

Dimensionality Reduction 

Dimensionality reduction is necessary for exploring the relationships between conditions in 

our experiment. The MCE method performs a nonlinear dimension reduction by embedding high-

dimensional data points into a lower-dimensional space using the minimum curvilinear kernel in 
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combination with multidimensional scaling (MDS) (Cannistraci et al., 2010) or in alternative the 

singular value decomposition (Cannistraci et al., 2013). The nonlinear data distances for MDS or SVD 

were computed and stored in the minimum curvilinear kernel as the traversal distances over the 

minimum spanning tree between the data points (in our study the samples’ conditions) in the 

multidimensional space (in our case the gene space). The minimum spanning tree was constructed 

from the Pearson correlation-based distances between the samples (Cannistraci et al., 2010):  

!"##$%&'(")_+&,$-_-(,'&)!$./, 12 = 1 − 6$&#,")_!"##$%&'(").7&89%$:, 7&89%$;2	 

MCE is a parameter-free projection algorithm that was shown to be particularly effective in 

discriminating classes in small-n (samples: here conditions), large-m (features: here gene 

expressions) datasets using only the first dimension of embedding (Cannistraci et al., 2010). The fact 

that our datasets have n<<m led us to adopt MCE algorithm for unsupervised analysis of the patterns 

present between the different sample conditions. 

 

Clustering of Genes 

Genes with similar expression patterns often serve overlapping functions. Accordingly, the 

optimal number of clusters in the dataset was determined by performing a cluster analysis of gene 

expression patterns using the R package NbClust. Selected lists of expression profiles of DE genes 

were compiled for each hypothesis tested and clustered using the Ward’s methodology.  

 

GO and Pathway-enrichment analyses of DEG 

Genes involved in common biological processes or pathways tend to show overlapping 

expression profiles. In gene expression profiling analyses, significantly enriched GO terms and 

pathways were identified by mapping all DEG to terms in the GO and KEGG databases by applying 

two-sided Fisher’s exact and χ2 tests, respectively (Huang da et al., 2009b, Huang da et al., 2009a). 
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P-values were corrected by calculating the FDR, and only GO and pathway terms with a FDR < 0.01 

were chosen.  

 

Identification of key BMM TFs 

Promoter sequences of all DEG were retrieved using the RSAT and were further input into 

the RSAT matrix-scan tool along with mouse-related JASPAR matrices for TFBS prediction (Thomas-

Chollier et al., Thomas-Chollier et al., 2008, Turatsinze et al., 2008). The RSAT output was filtered 

using an adjusted P-value < 0.05 as a cut-off, and lists of the most significant TFBSs and their known 

corresponding TFs were compiled. The expression profiles of the mouse DEG were clustered and 

each cluster was correlated with TFs profiles using Pearson correlation in R. Finally, the clusters were 

annotated using GO to fully elucidate the molecular processes in which each TF was involved. 

 

Screening for strain-specific UPEC gene expression patterns 

Flagella-related gene lists were compiled based on Macnab’s review on bacterial flagellar 

assembly (Macnab, 2003). A list of 35 genes related to the flagellar apparatus was used as 

background for screening our UPEC datasets. For OxyR regulon and hydrogen peroxide-induced 

genes, gene lists were similarly compiled using previously published data on the response of bacteria 

to hydrogen peroxide (Zheng et al., 2001). Finally, lists of genes involved in Psp regulation were 

compiled, and our datasets were screened for their expression patterns. The expression patterns of 

the screened genes were further clustered as described above, and all results were visualized using 

pheatmap package in R.  

 

Identification of UPEC Genes Associated with Intramacrophage Survival 
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Putative bacterial genes associated with intramacrophage survival were considered as 

those that remained highly upregulated at 24 hpi. Bacterial genes upregulated at this time point were 

compiled and filtered based on their significance of expression. All DEG were filtered using an FDR-

adjusted P-value of the test statistic < 0.01 and a log2 fold change > 3. The filtered lists of DEG 

enabled us to screen for survival genes, cluster their expression, and further annotate them using the 

GO database to better understand the biological processes they regulated. 

 

TIER VI: Gene Validation 

cDNA was synthesized using a SuperScript III First-Strand Synthesis kit (Invitrogen). 

qPCR was then performed on a 7900HT Fast Real-Time PCR system (Applied Biosystems) using 

RNA samples from two independent biological replicates, similar to those employed for the RNA-Seq 

experiments. TaqMan Fast Universal PCR Master Mix 2X (Applied Biosystems) was used for BMM 

gene validation, and SYBR Green Master Mix (Applied Biosystems) was used for UPEC gene 

validation. Each cDNA was analyzed in triplicate, after which the average threshold cycle (Ct) per 

sample was calculated. Raw data were processed with qBase Plus software (Biogazelle), which 

performs downstream processing of qPCR data. The geNorm algorithm, integrated in the qBase Plus 

package, was used for determining the optimal number and identity of reference genes needed to 

normalize the data in both BMM (Actb and Polr2a) and UPEC (gapA and purC) qPCR libraries. 

Relative expression levels were calculated with the 2-∆∆Ct method (∆Ct is the difference in Ct 

between the reference genes and the target gene products); the average Ct value for all genes was 

used to correct for differences in cDNA input. Other statistical procedures were performed with the R 

program. All steps, from the experimental design to bioinformatic analysis and gene validation, are 

summarized in Supplementary Figure 3. 
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Construction of UTI89pspA deletion mutant 

Chromosomal DNA purification, PCR and DNA sequencing of PCR products was 

performed as previously described (Allsopp et al., 2010). The pspA gene was mutated in UTI89 using 

the λ-Red mediated homologous recombination method with some modifications (Datsenko et al., 

2000, Allsopp et al., 2012). Briefly, a three-step PCR procedure was employed to generate a DNA 

fragment comprising the chloramphenicol cassette from plasmid pKD3 and two 500-bp fragments 

homologous to the flanking regions of the pspA gene. The following primers were used: 

5376_UTI89pspA FwUP (5’-gccgtagcgagttcatca) and 5377_UTI89pspA RvUP (5’-

ggaataggaactaaggaggaagcgttgatgttggcatt), 5378_UTI89pspA Fwdn (5’-

cctacacaatcgctcaagacgccgaactgaaagccgat) and 5379_UTI89pspA Rvdn (5’-taaacagcgccagaccga) to 

generate the 500bp homology arms; 3746-Cm.3a (5’-tcctccttagttcctattcc) and 3747-Cm.4a (5’-

gtcttgagcgattgtgtagg) to generate the chloramphenicol resistance gene fragment. This DNA fusion 

product was electroporated into UTI89 harboring plasmid pKD46, and chloramphenicol resistant 

mutants were selected and confirmed by PCR (using primers 5375_UTI89pspA FwSc: 5’-

tcgtcgcgcataccaacc and 5380_UTI89pspA Rvsc: 5’-acttcatccagcaattcgc). The UTI89pspA mutant was 

confirmed by sequencing. 
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Figure Legends 

 

Figure 1: BMM Transcriptome Analysis 

A. MCE plot of the relationships between conditions for the BMM gene sets. Each sample from two 

independent biological replicates is represented as a dot in a two-dimensional space (C: Control; U: 

UTI89; A: 83972). B. Venn diagrams quantifying the overlap in the response of BMMs to the two 

UPEC strains for two independent biological replicates. The numbers of DEG are shown for the total 

response (top left), as well as for each of the three time points (2, 4, and 24 hpi). C. Histogram of the 

regulation of BMM DEG showing the numbers of up- (red) and downregulated (green) genes during 

the 24-hour infection time course. D. Pathways activated in BMMs during the course of UPEC 

infection. Each colored square in the matrix represents a significant fold-enrichment (log2) of the 

respective pathway term at each point. Red, upregulated DEG; green, downregulated DEG.  

 

Figure 2: Gene Regulation in BMM 

A. Heat map summarizing the expression profiles of histone genes from the RNA-Seq libraries. The 

values are log-transformed FPKM counts. B. Bar plots showing the relative mRNA levels of selected 

histone candidate genes determined by RT-qPCR. qPCR data represent means relative expression ± 

range (n = 2 independent experiments). C. Bar plot showing the mean relative levels of the mRNA for 

Slc7a11, as determined by RT-qPCR. Error bars denote the range of the two biological replicates (C: 

Control; U: UTI89; A: 83972). 

 

Figure 3: Transcription Factors Associated with DE BMM Genes  

A. Heat map showing results of k-means clustering of BMM DEG. The values are log-transformed 

FPKM counts for all DEG across all RNA-Seq libraries in the dataset. B. Expression profiles of TFs 

Page 36 of 45Cellular Microbiology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 37 

associated with binding motifs from the TFBS analysis that are highly correlated with each cluster. 

Each TF is represented with a different color, whereas the cluster mean expression is colored blue. All 

values are log-transformed FPKM counts. C: Control, U: UTI89, A: 83972 

 

Figure 4: UPEC Transcriptome Analysis 

A. MCE plot of the relationships between conditions for the UPEC gene sets. Each sample from two 

independent biological replicates is represented as a dot in a two-dimensional space (C: Control; U: 

UTI89; A: 83972). B. Venn diagrams quantifying the overlap in the response of the UPEC strains in 

the intramacrophage environment for two independent biological replicates. The numbers of DEG for 

the total response (top left), as well as for each of the three time points (2, 4, and 24 hpi), are shown. 

C. Histogram of the regulation of UPEC DEG showing the numbers of up- (red) and downregulated 

(green) genes during the 24-hour infection time. D. Pathways activated in UPEC during the course of 

infection. Each colored square in the matrix represents significant fold-enrichment (log2) of the 

respective pathway term at each point. Red, upregulated DEG; green, downregulated DEG.  

 

Figure 5: Regulation of UPEC Flagella, OxyR Regulon, and Hydrogen Peroxide-Induced Genes in the 

intramacrophage environment 

A-C. Heat maps summarizing the RNA-Seq-derived expression profiles of flagellar genes (A), OxyR 

regulon genes (B), and hydrogen peroxide-induced genes (C). All values are log-transformed FPKM 

counts. D. Bar plot showing the relative mRNA levels of ahpF, as determined by RT-qPCR. qPCR 

data represent mean relative expression ± range (n = 2) of two biological replicates; ND: not detected. 

 

Figure 6: UPEC Genes Associated with Intramacrophage Survival  
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A and B. Heat maps summarizing the RNA-Seq-derived expression profiles of UTI89 genes elevated 

at 24 hpi (A) and UPEC Psp genes (B). C. Bar plots showing the relative quantity of pspA and pspE 

mRNA, as determined by RT-qPCR. qPCR data represent mean relative expression ± range (n = 2) of 

two biological replicates; ND: not detected. D. Insertion site for creation of UTI89 pspA mutant. E. 

Intramacrophage survival of UTI89 and UTI89pspA. BMMs were infected at an MOI of 10 and 

intracellular bacterial survival was assessed at 1, 2 and 24 hours of infection. Data are compiled from 

three independent experiments, and show mean ± standard deviation (* p<0.05). 
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Supporting Information Captions 

 

Supplementary Figure 1: Intramacrophage survival of UTI89 versus 83972 

Bacterial loads of UTI89 and 83972 within BMM at 2, 4 and 24 hpi in gentamicin exclusion assays 

were assessed by colony counting. These samples were used for RNA-Seq analyses. Data represent 

average cfu ml-1 ± range (n = 2 independent experiments). 

 

Supplementary Figure 2: Enriched mouse and UPEC GO terms during the course of infection 

Gene ontology terms enriched in BMMs (A) and UPEC (B) during the 24h course of infection. Each 

colored square in the matrix represents a significant fold-enrichment (log2) of the respective GO term 

at each point. Red, upregulated DEG; green, downregulated DEG. 

 

Supplementary Figure 3: Bioinformatic analysis pipeline 

Summary of the steps followed for the generation and analysis of the RNA-Seq data produced by 

next-generation sequencing. Steps are grouped into 6 tiers, and details are provided on the 

algorithms, databases and software used for each of the analyses. 

 

Supplementary Table 1: Quality control of RNA-Seq libraries 

 

Supplementary Table 2: Alignment statistics of RNA-Seq reads 
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