
Approximately 60% of all hospital-associated infections, over one million cases 
per year, are due to biofi lms that have formed on indwelling medical devices. 
Device-related biofi lm infections increase hospital stays and add over one billi-
on dollars/year to U.S. hospitalization costs. Since the use and the types of ind-
welling medical devices commonly used in modern healthcare are continuously 
expanding, especially with an aging population, the incidence of biofi lm infec-
tions will also continue to rise. Th e central problem with microbial biofi lm 
infections of foreign bodies is their propensity to resist clearance by the host 
immune system and all antimicrobial agents tested to date. In fact, compared to 
their free fl oating, planktonic counterparts, microbes within a biofi lm are 50 – 
500 times more resistant to antimicrobial agents. Th erefore, achieving therapeu-
tic and non-lethal dosing regimens within the human host is impossible. Th e 
end result is a conversion from an acute infection to one that is persistent, chro-
nic, and recurrent, most oft en requiring device removal in order to eliminate the 
infection. Th is text will describe the major types of device-related infections, 
and will explain the host, pathogen, and the unique properties of their interac-
tions in order to gain a better understanding of these recalcitrant infections.
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 Complicated Urinary Tract Infections 
due to Catheters      

      G.   A.   O ’ May   ,    S.   M.   Jacobsen   ,    D.   J.   Stickler   ,    H.   L.   T.   Mobley   , 
and    M.   E.   Shirtliff         (✉)

  1 Introduction   

 Indwelling urinary catheters are standard medical devices utilized in both hospital 
and nursing home settings to relieve urinary retention and urinary incontinence. 
The urinary catheter used most commonly is the Foley indwelling urethral catheter, 
comprising a tube inserted through the urethra and held in place by an inflatable 
balloon to allow drainage of the bladder. Long-term indwelling catheter use is 
becoming more commonplace. 

 Owing to frequent and sometimes unnecessary use of indwelling catheters dur-
ing hospitalization (21 – 50% of patients (Jain et al.  1995) ), many individuals are 
placed at risk from associated sequelae. A study of 1,540 nursing home residents 
determined that the risk of hospitalization, length of hospitalization, and length of 
antibiotic therapy were three times higher in catheterized residents than in noncath-
eterized residents (Kunin et al.  1992) . The most notable complication associated 
with indwelling urinary catheters is the development of nosocomial urinary tract 
infections (UTIs) known as catheter-associated UTIs (CAUTIs). 

  1.1 Epidemiology of the Infection 

 CAUTIs, the most common type of nosocomial infection, account for more than 
1   million cases annually (Tambyah and Maki  2000)  or more than 40% of all noso-
comial infections in hospitals and nursing homes (Stamm  1991 ; Stamm and Hooton 
 1993 ; Warren  1997) , and constitute 80% of all nosocomial UTIs (Hartstein et al. 
 1981) . Furthermore, catheter-associated bacteremia is estimated to cost  ~  $ 2,900 
per episode (Saint  2000) . 
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 Individuals requiring an indwelling catheter are predisposed to the development of 
CAUTIs because of the presence of both the catheter itself and potentially pathogenic 
multidrug-resistant organisms in the hospital setting. This fact is underscored by the 
fact that the majority of these patients, by the nature of their visit, are also immuno-
compromised. Most cases of catheter-associated bacteriuria or the presence of bacteria 
in the urine are asymptomatic. However, when an episode of CAUTI becomes symp-
tomatic, the resulting sequelae can range from mild (fever, urethritis, cystitis) to 
severe (acute pyelonephritis, renal scarring, calculi formation, bacteremia).  

  1.2 Pathogenesis of CAUTIs 

 Similar to other mucosal pathogens, uropathogens use specific strategies to infect 
the urinary tract, including colonization of a urinary catheter and/or mucosal site 
(uroepithelial cells), evasion of host defenses, replication, and damage to host cells. 
The insertion of a foreign body such as an indwelling catheter into the bladder 
increases the susceptibility of a patient to UTIs. The majority of uropathogens are 
fecal contaminants or skin residents from the patient ’ s own native or transitory 
microflora that colonize the periurethral area (Clegg and Gerlach  1987 ; Daifuku 
and Stamm  1986 ; Leranoz et al.  1997 ; Old et al.  1983 ; Yamamoto et al.  1985) .  

 Once firmly attached on the catheter surface or the uroepithelium, bacteria begin 
to change phenotypically, moving into the sessile, biofilm mode of growth (Fig.    1 ). 
Indwelling urinary catheters favor colonization of uropathogens by providing a 
surface for the attachment of host cell binding receptors that are recognized by 
bacterial adhesins, thus enhancing microbial adhesion. Upon insertion, urinary 
catheters may damage the protective uroepithelial mucosa, leading to exposure of 
new binding sites for bacterial adhesins (Garibaldi et al.  1980) . Finally, the pres-
ence of the indwelling catheter in the urinary tract disrupts normal host mechanical 
defenses, resulting in an overdistension of the bladder and incomplete voiding, 
which leaves residual urine for microbial growth (Hashmi et al.  2003) .  

 It was surprising indeed to discover during the composition of this chapter how 
little effort has been directed toward understanding the role of biofilm in the initia-
tion and persistence of CAUTIs. This is particularly so when one considers the 
large  –  and growing  –  body of evidence implicating biofilm growth in the patho-
genesis of a wide variety of infections in multiple anatomical sites. It is our view 
that research involving CAUTIs should be redirected and focused on the biofilm 
growth of organisms if there is ever to be hope for improved patient health.   

  2 CAUTIs Caused by  Escherichia coli   

  Escherichia coli  is a facultative anaerobe and member of the family 
 Enterobacteriaceae . These organisms are serotypically diverse, spanning over 250 
serotypes based on the O, H, and K antigens (Orskov et al.  1977) . UPEC are the 
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most commonly isolated organisms in community-acquired UTIs (70 – 90%) and 
among the most commonly isolated in nosocomial-acquired UTIs (50%), including 
CAUTIs (Kucheria et al.  2005) .  E. coli  has been identified as the causative agent in 
90% of all cases of UTI in ambulatory patients (Johnson and Stamm  1989) . 

  2.1 E. coli Virulence Factors Implicated in CAUTIs 

  2.1.1 Adhesion 

  E .  coli  (and, indeed, any other potential uropathogens) must attach to uroepithelial 
cells and the catheter surface to colonize and initiate CAUTI and express a variety 
of adhesins to assist in this initial attachment. Adhesins also contribute to the direct 
triggering of host and bacterial signaling pathways, assisting in the delivery of bacte-
rial products to host tissues, and promoting bacterial invasion into host cells (Mulvey 
 2002) . A study by Reid et al. (1996) suggested that nonspecific adhesins, not specific 
fimbriae, expressed by UPEC, are responsible for attachment to urinary catheter 
material, emphasising the central role of biofilm in pathogenesis. Currently, it is 
unknown which specific adhesin molecules are involved with the colonization of 

  Fig.   1      Pathogenesis of biofilm formation on urinary catheters during CAUTIs.  Insert:  a scanning 
electron micrograph of a urinary catheter encrusted with  Pseudomonas aeruginosa  (Stickler et al. 
 1998)        
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UPEC to catheter surfaces. However, potential adhesins associated with UTIs, 
including type 1, P, S, FC1 and F9 fimbriae and Iha and Dr adhesions, could possibly 
play a role during CAUTIs. The most extensively studied adherence factors of UPEC 
are type 1 and P fimbriae (Mulvey  2002) ; an in-depth description on these structures 
has been reviewed elsewhere (Fernandez and Berenguer  2000 ; Mulvey  2002) . 

 Since UPEC are more commonly associated with infections of the intact urinary 
tract, it is thought that less virulent organisms are capable of causing CAUTIs. 
These bacteria may express less and perhaps different virulence factors during this 
process, compared with organisms that are able to infect structurally and function-
ally normal urinary tracts (Mobley et al.  1987) . It has been implied that  E .  coli  
strains that infect the catheterized urinary tract have a reduction in the expression 
of P fimbriae and possibly other factors such as hemolysin, serum resistance, colicin 
production, and certain H, O, and K serotypes (Mobley et al.  1987) . This suggests 
that the presence of a urinary catheter and a neuropathic bladder increases suscep-
tibility to colonization of the urinary tract (Benton et al.  1992) . These data also 
strongly suggest that the ability to colonize and exist as a biofilm community on the 
urinary catheter surface is central to the pathogenesis of CAUTIs. 

 Type 1 fimbriae are critical for the interaction of UPEC to uroepithelial cells 
during colonization of the bladder (Connell et al.  1996 ; Langermann et al.  1997 ; 
Mulvey et al.  1998 ; Thankavel et al.  1997) . FimH of type 1 pili are involved in the 
adherence of these organisms to the bladder epithelium through the recognition and 
binding of mannosylated integral membrane glycoproteins uroplakin Ia (Zhou et al. 
 2001)  and Ib located on superficial epithelial cells. These pili have been suggested 
to be expressed for the initial interactions between  E .  coli  and various surfaces; thus 
it is speculated that type 1 pili could be involved in the initial interactions with the 
catheter surface or in interactions with uroepithelial cells during CAUTIs caused by 
this microorganism. 

 P fimbriae or pyelonephritis-associated pili ( pap ) are the second most common 
virulence factor associated with  E .  coli  uropathogenesis.  E .  coli  expressing P fim-
briae attach to globoside residues present on human kidney epithelial cells and play 
a role in the pathogenesis of pyelonephritis as well as ascending UTI (Dodson et al. 
 2001 ; Plos et al.  1995) . However, experimental evidence suggests that these adhesins 
appear to have a less important role in colonizing abnormal or obstructed urinary 
tracts (Jantunen et al.  2000 ; Tseng et al.  2001) . Based on these findings, it is 
thought that P pili may have either no role or a limited role during CAUTIs caused 
by  E .  coli . 

 Recently, Ulett et al.  (2007)  described a novel fimbria for UPEC strain CFT073 
known as the F9 fimbria. These fimbriae were suggested to play a role during bio-
film formation and are found in other UPEC and pathogenic  E. coli  strains. UPEC 
is capable of expressing other surface adhesions, including S pili (Mulvey  2002) , 
F1C pili, IrgA adhesin, and Dr adhesins (Mulvey  2002) . The precise role of these 
surface structures during CAUTI is yet to be elucidated. 

  E .  coli  expresses a number of virulence factors that assist in its ability to persist 
in the urinary tract. However, there is limited research on how this organism 
adheres to catheter surfaces. It can be speculated that some of the known adhesins 
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UPEC uses during UTIs could be expressed during CAUTIs caused by this organism 
as host cell components attach to the catheter surface to provide binding sites. 
However, more extensive research on adherence of  E .  coli  during CAUTIs is 
warranted and necessary to better understand the pathogenesis of this infection.  

  2.1.2 Motility 

 Once  E .  coli  is established on the catheter surface, flagellar-mediated motility is 
important for the ascent of this uropathogen from the catheter to the bladder and 
subsequently to the upper urinary tract (ureter, kidney). Two recent mutagenesis 
studies by Lane et al.  (2005)  and Wright et al.  (2005)  demonstrated that flagella, 
although not absolutely required for virulence during UTIs, greatly enhanced 
persistence and fitness of  E .  coli  during this type of infection. Therefore, flagellar-
mediated motility should likely be considered as important for movement of  E .  coli  
on the catheter surface and from the catheter surface to the uroepithelium. This, 
however, has not yet been demonstrated directly.  

  2.1.3 Invasion and Formation of Biofilm 

 Invading bacteria must possess strategies for avoiding the host immune response in 
order to persist in the urinary tract; these include fimbriae that are subject to phase 
variation, production of capsular exopolysaccharide, and formation of biofilm. 
Type 1 fimbriae are subject to phase variation to evade the host immune response 
and have been implicated in the initial stages of biofilm formation (see earlier text). 
 E .  coli , as with other uropathogens, has been shown to produce an exopolysaccha-
ride capsule as a means of avoiding the immune response and thereby contributing 
to serum resistance. There are over 80 types of these capsular polysaccharides 
(K antigens), with K1 capsules most frequently observed among urinary and clinical 
isolates (Johnson  1991 ; Orskov  1978) . These capsules are thin, highly anionic 
structures that tend to aggregate spontaneously, aiding in biofilm formation 
(Jorgensen et al.  1976) . These acidic polysaccharide capsules assist in avoiding 
phagocytosis and complement activation (Johnson  2003) . Currently, there are no 
studies that have investigated the role of these structures during CAUTIs caused by 
 E .  coli . 

 The ability of  E .  coli  strains to persist in the urinary tract has been demonstrated 
by the Hultgren group to reside  within the superficial umbrella cells of C3H and 
BALB/c murine bladders due to the formation of biofilm structures known as intra-
cellular bacterial communities (IBCs) (Justice et al.  2004) . These IBCs are formed 
in a sequential manner. First, during murine cystitis, the invading bacteria are 
attached to the cell surface by type 1 fimbriae and then invade the uroepithelium 
(Martinez and Hultgren  2002 ; Martinez et al.  2000)  1 – 3   h after the initial inocula-
tion. Localized actin rearrangements occur and engulf the bound organism via a 
zipper-like phagocytosis (Martinez and Hultgren  2002) . After being internalized in 
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the murine superficial bladder cell, UPEC replicates rapidly forming clusters 
known as early IBCs (Justice et al.  2004) . Recently, type 1 fimbriae have been 
shown to have an additional intracellular role during this stage of IBC formation 
(Wright et al.  2007) . As IBCs mature around 6 – 8   h postinoculation of the murine 
bladder (Justice et al.  2004) , they more closely resemble classical biofilm structures 
(Dunne  2002)  where the bacterial doubling time is increased (from  ~ 30 to 60   min) 
and the bacterial cell length is shortened (0.7    µ m vs. 3    µ m). At this stage, podlike 
protrusions are observed on the surface of murine bladder epithelial cells (Anderson 
et al.  2003) . Around 12   h postinoculation, bacterial detachment is observed (Justice 
et al.  2004)  as either a whole community or individual highly motile cells that burst 
out of the murine bladder lumen in a process referred to as fluxing, comparable to 
classical shedding of biofilm flocs (Anderson et al.  2004) . IBCs and biofilms likely 
contribute to the persistence of these organisms due to the increase in resistance to 
antibiotics and the host immune response. IBC formation has not yet been demon-
strated in humans. 

 Several factors contribute to the formation of biofilms by  E. coli . These include 
fimbriae, curli, flagella, antigen 43 (Ag43), and extracellular matrix molecules, 
including cellulose, colanic acid, and poly- β -1,6- N -acetyl- d -glucosamine (Danese 
et al.  2000 ,  2001 ; Davey and O ’ Toole  2000 ; Donlan and Costerton  2002 ; Wang 
et al.  2004 ; Zogaj et al.  2001) . Specifically, biofilm formation mediated by type 1 
fimbriae may assist in colonization of urinary catheter surfaces (Mulvey  2002) . 

 There have been recent studies examining biofilm formation on catheters by 
UPEC. Ferri è res et al .   (2007)  demonstrated that certain catheter materials such as 
silicone and silicone – latex actually select for and promote biofilm formation for the 
most virulent UPEC strains whereas asymptomatic bacteriuria strains form better 
biofilms on polystyrene and glass. Koseoglu et al .   (2006)  revealed that UPEC type 
O4 had formed mature biofilms after 12 – 24   h and developed biofilms completely 
in almost all latex/silicone balloon catheters samples after 4 – 7   days, as examined 
by scanning electron microscopy. 

 Thus biofilm formation is critical for initiating and maintaining CAUTIs. Any 
factors involved in this process are likely important virulence factors during 
CAUTIs caused by UPEC. However, there are currently very few studies that have 
examined biofilm formation, structure, and importance in these infections. Our 
understanding of the pathogenesis of  –  and ability to treat  –  CAUTIs would most 
likely be enhanced greatly by further research in this area.    

  3 CAUTIs Caused by  Proteus mirabilis   

  Proteus  species, members of the family  Enterobacteriaceae  (Penner  1984) , are 
distinguishable from most other genera by their ability to swarm across an agar 
surface. These organisms are widely distributed in the environment and in the 
intestinal tract of humans and other mammals.  Proteus  bacilli are more commonly 
associated with UTIs in those individuals with structural or functional abnormalities, 
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especially ascending infections in patients undergoing urinary catheterization 
(Warren et al.  1982 ,  1987) . Colonization of the intestinal tract allows  Proteus  to 
establish reservoirs for transmission into the urinary tract by intermittent coloniza-
tion of the periurethral region. This intermittent colonization can lead to subsequent 
contamination of the catheter, thus allowing nosocomial infections to develop 
(Chow et al.  1979) . 

  Proteus -associated UTIs are difficult to treat and the bacterium persists because 
of complications associated with this type of infection, including bladder and kidney 
stone formation (urolithasis), that can lead to obstruction of catheters and the 
urinary tract (Krajden et al.  1987 ; Scott  1960 ; Warren et al.  1982) . The three species 
of  Proteus  associated with UTIs are  Proteus mirabilis ,  Proteus vulgaris , and 
 Proteus penneri . While UTIs caused by  P. vulgaris  (Senior and Leslie  1986)  
and  P. penneri  (Krajden et al.  1984 ,  1987)  have been identified,  P. mirabilis  is the 
third most common cause of complicated UTI (12%) and second most common 
cause of catheter-associated bacteriuria in long-term catheterized patients (15%) 
(Warren  1996) . To establish and maintain infections of the urinary tract and coloni-
zation of catheters,  Proteus  species must adapt to the catheterized urinary tract and 
produce an arsenal of strictly regulated virulence factors. 

  3.1 P. mirabilis Virulence Factors Implicated in CAUTIs 

  3.1.1 Adhesins 

 Indwelling urinary catheters serve as the initiation site of CAUTIs by introducing 
uropathogens such as  Proteus  spp. into the urinary tract and providing a surface for 
coating by host cell debris and protein that may be recognized by bacterial adhesins. 
 P. mirabilis  strains tend to attach to catheters with a greater propensity, compared 
with other Gram-negative bacteria (Roberts et al.  1990) . Studies have demonstrated 
that  P. mirabilis  attaches to a number of catheter polymers, including ethylene, 
propylene, polystyrene, sulfonated polystyrene, silicone, and red rubber (Hawthorn 
and Reid  1990 ; Roberts et al.  1990) . 

 To facilitate binding to these different surfaces,  P. mirabilis  must be capable of 
producing a variety of adherence factors, such as fimbriae and hemagglutinins, 
that play an important role in the establishment of CAUTIs.  Proteus  species 
have been shown to produce various fimbriae and hemagglutinins involved with 
colonization of the urinary tract and possibly catheter surfaces, including mannose-
resistant/Proteus-like (MR/P) fimbriae (Old and Adegbola  1982) , mannose-resistant/
Klebsiella-like (MR/K) hemagglutinin (Old and Adegbola  1982) , uroepithelial 
cell adhesin/nonagglutinating fimbriae (UCA/NAF) (Wray et al.  1986) ,  P. mirabilis  
fimbriae (PMF) (Bahrani et al.  1993) , and ambient temperature fimbriae (ATF) 
(Massad et al.  1996) . 

 MR/P fimbriae are perhaps the best-understood fimbriae expressed by  P. mirabilis  
strains during UTIs. These fimbriae are thick channelled (7 – 8   nm) and are classified 
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as mannose-resistant fimbriae (Brinton  1965 ; Silverblatt and Olek  1978) . Expression 
of MR/P fimbria is subject to phase variation (Bahrani and Mobley  1993 ,  1994) . 
Many studies have suggested that MR/P fimbriae play a role in the virulence 
observed during UTIs caused by uropathogenic  P. mirabilis . In the CBA model of 
ascending UTI, infection with  P. mirabilis  elicited a strong immune response to 
MrpA, the major structural subunit of MR/P fimbria, indicating that MR/P fimbriae 
were expressed in vivo (Bahrani et al.  1991) . Isogenic mutants incapable of 
expressing MR/P fimbriae were attenuated when examined in this mouse model 
(Bahrani et al.  1994 ; Li et al.  1997 ,  1999 ,  2002) . A mutant constitutively expressing 
MR/P fimbria outcompeted the wild-type strain in the murine bladder but not the 
kidneys in a cochallenge experiment, thereby establishing MR/P fimbria as an 
important colonization factor of the bladder for  P. mirabilis  (Li et al.  2002) . Tissue-
binding studies by Sareneva et al.  (1990)  revealed the propensity of this fimbrial 
type to adhere specifically to the human renal tubular epithelial cells and to the 
exfoliated uroepithelial cells of urinary sediment. 

 Experiments conducted by Jansen et al.  (2004)  suggest that MR/P fimbriae 
dictate the localization of bacteria in the bladder and contribute to biofilm forma-
tion, a process essential for the establishment of CAUTIs. A  P. mirabilis  HI4320 
construct engineered to constitutively express MR/P fimbriae colonized the luminal 
surfaces of murine bladder umbrella cells and formed significantly more biofilms 
after 2   days of growth in urine ( P    =   0.05), compared with a deletion mutant. 
Although studies have associated the expression of MR/P fimbriae with virulence 
during UTIs caused by  P. mirabilis , there is no direct evidence substantiating a role 
of these fimbriae during CAUTIs. 

 On the other hand, MR/K fimbriae have been linked with the attachment of 
organisms to catheter surfaces and with persistence of catheter-associated bacteriuria 
(Mobley et al.  1988 ; Rozalski et al.  1997 ; Yakubu et al.  1989) . Expression of these 
thin (4 – 5   nm) nonchanneled type 1 mannose-resistant fimbriae (Brinton  1965 ; 
Silverblatt and Olek  1978)  enables  P. mirabilis  to attach tightly to the Bowman ’ s 
capsule of the host kidney glomeruli and to the tubular basement membranes 
(Sareneva et al.  1990) . Although more associated with  P. penneri  strains (Yakubu 
et al.  1989) , it is speculated that MR/K fimbriae play a possible role in the initial 
adherence to catheter biomaterials during  P. mirabilis  CAUTIs. 

 Besides MR/P and MR/K fimbriae, the other fimbriae produced by  P. mirabilis  
during UTIs may contribute to attachment to the catheter surface. Surface adhesins 
determined not to be involved in the hemagglutination caused by MR/P and MR/K 
fimbriae have been identified in  P. mirabilis , including UCA/NAF (Bahrani et al. 
 1993 ; Bijlsma et al.  1995 ; Cook et al.  1995 ; Tolson et al.  1995 ; Wray et al.  1986) , 
PMF (Massad  et al.  1994  a,b), and ATF (Massad et al.  1994 a,b). Wray et al. 
 (1986)  characterized UCA, a NAF from  P. mirabilis  HU1069 that was demonstrated 
to weakly attach to exfoliated human desquamated uroepithelial cells. The 540-bp 
 ucaA  gene that encodes the major fimbrial subunit of UCA has nucleic acid 
homology to the F17A  gene of  E. coli  F17 pilin (58%) (Cook et al.  1995)  and was 
identified in all 26  P. mirabilis  strains tested (Bijlsma et al.  1995) . Owing to its  
homology to the F17 pilin of  E. coli  (Cook et al.  1995) , these fimbriae might be 
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involved in the colonization of the intestines (Coker et al.  2000) . Based on studies 
conducted by Bahrani and colleagues (Bahrani et al.  1991 ,  1993 ; Bahrani and 
Mobley  1993) , there was some ambiguity as to which fimbrial types were identified 
as UCA (Wray et al.  1986)  since thin (4   nm) and thick (6   nm) fimbrial filaments 
were observed by electron microscopy and multiple bands were isolated on sodium 
dodecyl sulfate polyacrylamide gel (Tolson et al.  1995) . These fimbrial subunits 
were isolated and characterized from  P. mirabilis  strain 7,570 isolated  from a 
patient with struvite urolithiasis and renamed nonagglutinating fimbriae (NAF) by 
Tolson et al.  (1995) . The N-terminal sequence of this fimbrial subunit was con-
firmed to be identical to the N-terminal sequence from  P. mirabilis  HU1069 strain 
of the Wray study and not homologous to the N-termini of MR/P, ATF, or PMF 
fimbrial subunits (Tolson et al.  1995) . Bacteria expressing NAF adhered strongly to 
a number of cell lines in vitro, including uroepithelial cell (Tolson et al.  1997) , 
MDCK (Madin-Darby canine kidney) (Altman et al.  2001 ; Lee et al.  2000) , and 
EJ/28 urinary tract tumor cell lines (Latta et al.  1998) . Purified NAF from  P. mira-
bilis  binds to a number of glycolipids such as asialo-GM1, asialo-GM2, and lacto-
syl ceramide (LacCer), as demonstrated by thin layer chromatography overlay 
assays and solid-phase binding assays (Lee et al.  2000) . Because of its homology 
to fimbriae that assist in intestinal tract colonization, it is possible that these fim-
briae may play a role in the initiation of CAUTIs by allowing  P. mirabilis  to attach 
and establish in the intestines and thus form a reservoir of organisms that can poten-
tially cause CAUTIs. However, there have been no definitive studies examining this 
possibility. 

  P. mirabilis  fimbriae are encoded by the genes located in the  pmf  gene cluster. 
There are conflicting results as to the function these fimbriae during UTI. In a study 
by Massad et al. (1994a,b), PMF were demonstrated to play a role during coloniza-
tion of the bladder since an isogenic mutant in the  pmfA  gene of  P. mirabilis  HI4320 
was 83-fold more attenuated when compared with the wild-type strain during 
independent challenge in the CBA mouse model of ascending UTI (Massad et al. 
 1994  a,b). However, in this same study, PMF could not be shown to be involved 
with attachment to human uroepithelial cells since attachment to this cell type is 
similar in both the wild type and the  pmfA  mutant. These conflicting results require 
resolution. 

 Ambient-temperature fimbriae were classified as a new fimbrial type as exam-
ined by electron microscopy and immunogold labeling (Massad et al.  1996)  and 
were identified in all eight  P. mirabilis  strains analyzed. An allelic replacement  atf  
mutant colonized the murine urinary tract at a comparable gene to the wild type in 
independent challenge and outcompeted the wild type in cochallenge experiments 
in the murine model of ascending UTI (Massad et al.  1996) . As nonclinical strains 
of  Proteus  express AtfA as observed by Western blot analysis (Zunino et al.  2000) , 
it was suggested that these fimbriae are involved in colonization of  P. mirabilis  in 
the environment and are most likely not involved in CAUTIs. 

 Currently, only MR/K fimbriae are known to be associated with the process of 
attachment during CAUTIs. Clearly, additional studies must ascertain whether 
known factors or currently uncharacterized factors are involved in adherence as this 
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process is essential for these types of infections. The identification of novel 
adherence factors as well as other virulence factors will be facilitated by the recent 
annotation of the  P. mirabilis  HI4320 genome by the Sanger Centre in conjunction 
with the Mobley Laboratory.  

  3.1.2 Motility 

 In general, flagella on the surface of bacterial pathogens assist in host colonization 
and dissemination, initial attachment, and sensing the extracellular environment 
(Belas and Suvanasuthi  2005) . For  Proteus  species, these surface structures are 
important in the process known as swarming, a distinct characteristic of these 
organisms. Therefore, flagellar motility and potentially swarming are important 
during CAUTIs as the ability of  P. mirabilis  to disseminate from the initial site of 
colonization on the catheter surface to the uroepithelial cells of the urinary tract is 
critical for the establishment of these types of infections. 

 Swarming is a surface-induced, multicellular differentiation process that allows 
organisms to move in a coordinated manner and expand the population to new 
locations over solid surfaces (Mobley and Belas  1995 ; Rather  2005 ; Williams and 
Schwarzhoff  1978) . During growth in liquid medium,  Proteus  species assume the 
form of an infectious single-cell, motile, 1.0 – 2.0- µ m-long bacilli that display a dis-
tinct phenotype including the presence of peritrichous flagella on its cell surface 
and swimming behavior. However, when transferred onto solid medium, these 
swimmer cells differentiate into hyperflagellated, multinucleated, nonseptated, 
elongated swarmer forms, measuring 20 – 80  µ m in length. These differentiated 
swarmer cells migrate out from the original inoculation site in a rapid and highly 
coordinated manner that is dependent upon multicellular interactions and cell-
to-cell signaling (Belas,  1992) . 

 Swarmer cells align themselves in multicellular rafts and are enveloped in the 
colony migration factor Cmf extracellular slime material that is required for and 
facilitates translocation through a reduction in surface friction (Gygi et al.  1995 ; 
Jones et al.  2004 ; Stahl et al.  1983) . The swarming process continues until the cell 
number is reduced by cell loss or when the bacterial mass changes direction of 
motion (Belas,  1992) . The cessation of movement, known as consolidation, is 
accompanied by the dedifferentiation and replication of swarmer cells into vegeta-
tive swimmer cells. This periodicity distinguishes  P. mirabilis  swarming from other 
swarming processes. For a more in-depth description on the process of  Proteus  
swarming, refer to the reviews by Rather  (2005)  and Rozalski et al.  (1997) . 

 Since swarming is such a dominant characteristic of this genus, any factors that 
affect or regulate this phenomenon would likely affect the fitness of the organism. 
The swarming phenomenon is a metabolically complicated and demanding process 
that must genetically coordinate the expression of more than 50 genes (Belas et al. 
 1991) , including those involved in the production, assembly, and operation of flagella 
and virulence factors such as flagellin, urease, hemolysin, and the ZapA metallo-
protease (Allison et al.  1992 ; Belas et al.  2004) . 
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 The definitive roles of flagella and swarmer cell differentiation in the virulence 
of  P. mirabilis  during UTIs remain controversial but some of these suggested roles 
include dissemination of  P. mirabilis  from the initial site of infection to other 
sections of the catheter or to the urinary tract and avoidance of the host immune 
response. Flagella are believed to contribute to the virulence of swimmer cells by 
allowing motility from the catheter to the bladder epithelium and onward, ascending 
into the ureters and kidneys. An isogenic nonpolar, nonmotile, flagella-negative 
mutant in  flaD  of  P. mirabilis  WPM111 was attenuated 100-fold when compared 
with the wild type in the CBA model of ascending UTIs, indicating the importance 
of flagella in murine UTIs (Mobley et al.  1996) . 

 The biosynthesis of flagella is a key process in both motility and swarming and 
involves numerous genes on the  Proteus  chromosome (Belas and Flaherty  1994) . 
Flagellin is encoded by  flaC,  and the  flaD  gene encodes for the flagellar filament 
capping protein (Belas  1994) . Studies suggest that the major flagellin protein for 
 P. mirabilis  is subject to antigenic variation through homologous recombination as 
three copies of flagellin-determinant gene ( flaA ,  flaB ,  flaC ) that reside on the 
 P. mirabilis  genome with only one copy that is actively expressed (Belas  1994 ; 
Murphy and Belas  1999) . It was proposed that flagellin gene rearrangement is a 
mechanism for host immune system evasion by  P. mirabilis  and is extremely 
relevant for  Proteus  infections since flagella are highly immunogenic. As a result, 
any antigenic change could increase the survival of  Proteus  species in the urinary 
tract through the evasion of sIgA directed toward flagella during colonization in the 
bladder (Belas  1994) . Owing to its relevance during UTIs, it is probable that 
antigenic variation via flagellin gene rearrangement is a method of host immune 
response evasion by  P. mirabilis  during CAUTIs. 

 Swarming cell differentiation is important for the virulence of  P. mirabilis  during 
UTIs since several virulence factors, including flagellin, urease, hemolysin HmpA, and 
IgA metalloprotease ZapA, are upregulated in the differentiated swarmer vs. 
swimmer cells (Allison et al.  1992 ; Fraser et al.  2002) . Mutants in  FlhA  synthesis, 
proteins required for flagellar synthesis, are nonmotile because of the loss of  fliC  
transcription, but also have a reduced transcription of  hpmA  hemolysin (Gygi et al. 
 1995) . Therefore, on the basis, in part, of the evidence of coordinate expression of 
virulence factors during swarming cell differentiation, factors involved in the 
swarming process are critical in pathogenesis and a similar signal must be regulating 
both swarming and virulence (Allison et al.  1992 ,  1993 ; Chippendale et al.  1994 ; 
Mobley and Belas  1995) . Interestingly, however, swarmer cells are rarely observed 
in the murine model of ascending UTI, bringing into question the relevance of this 
morphotype in the absence of a catheter (Jansen et al.  2003) . 

 Swarming may play a role in the migration of  Proteus  strains on catheter materials. 
Swarmer cells of  Proteus  species are capable of migrating across 1-cm-long 
sections of Foley catheters made of hydrogel-coated latex, hydrogel/silver-coated 
latex, silicone-coated latex, or all-silicone in vitro (Sabbuba et al.  2002) . Swarmer 
cells of  P. mirabilis  have been observed to migrate through populations of  E. coli , 
 Klebsiella pneumoniae ,  Staphylococcus aureus , and  Enterococcus faecalis , and 
then continue to migrate with little or no reduction over hydrogel-coated latex 
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catheter sections (Sabbuba et al.  2002) . Nonswarming mutants lost the ability to 
migrate over these catheter sections (Jones et al.  2004) . However, upon their intro-
duction into models of the catheterized bladder, these mutants were just as capable 
as the wild type of encrusting and blocking catheters (Jones  et al.  2005 a,b). It seems 
that although swarming might have a role in the initiation of infection, facilitating 
the passage of the cells from the urethral meatus to the bladder, it is not required 
for the rapid formation of crystalline biofilm, once bacteria have colonized the 
residual urine in the bladder.  

  3.1.3 The Role of Biofilm in  P. mirabilis  CAUTIs 

 During CAUTIs, after initial colonization of the catheter surface,  Proteus  species, as 
with other uropathogens, form distinctive crystalline biofilm structures. Biofilm 
assists in persistence of  P. mirabilis  in the urinary tract by protecting these organisms 
from antibiotics and the host immune response and obviously contributes to 
adhesion to surfaces (Hoyle et al.  1992)  . Urinary stone formation during  Proteus -
mediated UTI is characteristic of this type of infection and is critical for the 
development of crystalline biofilms. Bacterial-derived stones account for up to 30% 
of all urinary tract stones worldwide and account for ~  75% of those urinary stones 
classified as staghorn calculi (Hochreiter et al.  2003) . Crystalline biofilms are espe-
cially problematic during CAUTIs since catheters become blocked because of 
encrustation caused by the formation of these structures. 

 It should be recognized that there are powerful physical and chemical factors 
involved in the initiation and development of the crystalline biofilms that block 
catheters. Experiments in parallel-plate flow cells showed that when urine cultures 
flow over polymer surfaces, the pH of the urine can be a major factor in determin-
ing bacterial adhesion. For example, some polymers with strongly electron-donating 
surfaces will resist colonization by cells until the pH of the urine rises above the pH 
at which calcium and magnesium phosphates precipitate out of solution. In the 
alkaline urine, macroscopic aggregates of cells and crystals form in the urine, settle 
on the polymer surface, and initiate crystalline biofilm formation (Stickler et al. 
 2006) . These observations indicate that to stop biofilm formation on devices in the 
urinary tracts of patients infected with  P. mirabilis , it is essential to prevent the rise 
in urinary pH and the crystallization of apatite and struvite. 

 Bacterial urease and capsule polysaccharides are two major factors known to be 
involved with urinary crystal formation and, hence, crystalline biofilm formation in 
 P. mirabilis  (Musher et al.  1975) . Since urea is present in concentrations of up 
500   mM in human urine (Breitenbach and Hausinger  1988 ; Jones and Mobley 
 1987) , it is not surprising that bacterial ureases play a pivotal role in the  Proteus -
associated UTI. Urease contributes to the development of urinary stones due to 
urease-mediated hydrolysis of urea to ammonia and carbon dioxide, which alkali-
nizes the local environment. This increase in urinary pH causes the local supersatu-
ration and precipitation of calcium phosphate and magnesium ammonium 
phosphate from urine to form crystals of carbonate apatite [Ca 

10
 (PO 

4
 ) 

6
 CO 

3
 ] and 

[Au8][Au8]

[Au9][Au9]

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

0000781921.INDD   Sec12:120000781921.INDD   Sec12:12 6/28/2008   7:04:36 PM6/28/2008   7:04:36 PM



Complicated Urinary Tract Infections due to Catheters 13

BookID 7142_ChapID 6_Proof# 1 - 9/5/2008

struvite (MgNH 
4
 PO 

4
 .6H 

2
 O), respectively (Griffith et al.  1976) . These crystals 

accumulate in the biofilms of catheters and urinary epithelial surfaces and eventually 
obstruct the flow of urine through the catheter and from the bladder or kidney. 

 The importance of urease as a virulence factor of  Proteus -associated UTIs as 
well as CAUTIs has been demonstrated in the CBA mouse model. An insertion 
mutation in the  ureC  gene abolished urease activity and was attenuated in the 
murine model (Jones et al.  1990) . This urease-negative construct colonized the 
bladder and kidneys in 100-fold fewer bacteria than did the urease-positive strain 
2   days postinoculation and caused no urolithiasis during infection (Johnson et al. 
 1993) . A study by Li et al .   (2002)  revealed that catheterized CBA mice were more 
susceptible to infection by the wild-type  P. mirabilis  strain after 7   days, compared 
with uncatheterized CBA mice. However, although catheterized CBA mice were 
more susceptible to bladder colonization by the  ureC  insertion mutant than were 
uncatheterized mice, the mutant was unable to colonize the kidneys under any 
circumstances (Li et al.  2002) . These results suggest that even though urease is 
important during colonization of the urinary tract during uncatheterized infection, 
it is not necessary for the initial colonization of the bladder during CAUTIs in the 
mouse model. 

 Besides bacterial urease, capsular structures assist in crystalline stone formation 
observed during UTIs and CAUTIs associated with  P. mirabilis . These structures 
are believed to accelerate struvite crystal growth (Clapham et al.  1990 ; McLean 
et al.  1991)  by aggregating precipitated components of urine into stones (McLean 
et al.  1988) .  Proteus  capsular polysaccharides (CPS) tend to be acidic because of 
the presence of uronic acid, pyruvate, or phosphate groups, thus, enabling this 
structure to bind to metal cations such as Ca 2+  and Mg 2+  (Rozalski et al.  1997) . 
Purified partially anionic CPS of  P. mirabilis  ATCC 49565 added to  artificial urine 
at a pH of 7.5 – 8.0 induced more struvite formation than did other CPS types, as 
examined by particle counting (Coulter counter) and by phase-contrast microscopy 
(Dumanski et al.  1994) . With the exception of one polymer (curdlan) that did not 
bind Mg 2+  ions, enhancement of struvite crystallization by CPS polymers was 
inversely proportional to their Mg 2+  binding ability. Therefore, it is suggested that 
weak binding of Mg 2+  ion by the partial anionic structure of  P. mirabilis  CPS 
enhances struvite crystallization by enabling the weakly concentrated Mg 2+  ions to 
be readily released from lipopolysaccharide (LPS) for crystal formation (Dumanski 
et al.  1994 ; Rozalski et al.  1997) . 

 Once a mature biofilm develops on the surface of uroepithelial cells or catheters, 
organisms within the mushroom-shaped structure communicate with each other 
utilizing diffusible chemical signals that regulate a variety of cellular functions, 
including glutamine (Allison et al.  1993) , autoinducer-2 (Schneider et al.  2002) , 
cyclic dipeptides, and putrescine (Sturgill and Rather  2004) . However, the role of 
these signaling molecules in the process of biofilm formation or swarming during 
 P. mirabilis  UTIs or CAUTIs is unclear. 

 In short, crystalline biofilms are known to form during CAUTIs associated with 
 P. mirabilis  and are responsible for some of the more severe sequelae experienced. 
Only a few of the proteins involved with this process in  P. mirabilis , including 
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bacterial urease, have been identified and studied. Therefore, more extensive studies 
need to be completed, including the identification of these potential proteins.  

  3.1.4 Avoidance of Host Immunity 

 Besides the formation of crystalline biofilms,  P. mirabilis  uses several immunoa-
voidance factors to persist in the urinary tract, including antigenic variation, capsule 
production, IgA proteases, and LPS. The flagellin protein of  P. mirabilis  may 
undergo antigenic variation as a means of avoiding an antibody response. Capsular 
polysaccharides, also referred to as slime material or glycocalyx, are a highly 
hydrated polymer present on the bacterial cell surface. These structures have 
several known functions during UTIs and CAUTIs caused by  P. mirabilis , such as 
a role in crystalline stone formation (McLean et al.  1988)  which was discussed in 
the previous section. Other known functions of CPS include protection against the 
host immune response and antibiotics, attachment to surfaces (Hoyle et al.  1992) , 
and potentially for swarming. Little is known about these structures in  Proteus  
species. Studies of certain O antigens of  P. mirabilis  (O6, O57) and  P. vulgaris  
(O19) demonstrated that capsular antigen structures are produced that are identical 
to the O-specific chains of their LPS (Beynon et al.  1992 ; Perry and MacLean  1994 ; 
Uhrin et al.  1994) . One capsular structure of  P. mirabilis  (ATCC 49565) has 
been identified as an acidic CPS consisting of a high molecular weight polymer 
of branched trisaccharide units composed of 2-acetamido-2-deoxy- d -glucose 
( N -acetyl- d -glucosamine), 2-acetamido-2,6-dideoxy- l -galactose ( N -acetyl- l -
fucosamine), and  d -glucuronic acid (Beynon et al.  1992) . 

 The colony migration factor Cmf, an extracellular slime material, from wild-
type  P. mirabilis  WT19 is an acidic CPS composed of a tetrasaccharide repeating 
unit. A mutant in  cmfA  was attenuated in a model of experimental uropathogenicity 
as compared to the wild type, thereby demonstrating a reduced ability to colonize 
the urinary tract (Allison et al.  1994) . Therefore, it is proposed that this factor con-
tributes to the uropathogenicity of  P. mirabilis  during CAUTIs by facilitating trans-
location of differentiated cell populations on catheter surfaces. 

 To combat invading microbes, during the course of UTIs, secretory IgA, the 
dominant immunoglobulin form in mucus secretion, is produced by the host 
immune system against antigenic components of uropathogens. Proteases targeting 
immunoglobulins and other host defense components such as complement (C1q 
and C3) and antimicrobial peptides (human beta-defensin 1, human cathelicidin 
LL-37) protect uropathogens from the host response (Belas et al.  2004) . 

 All the clinical strains of  P. mirabilis  and  P. penneri  and many of the strains of 
 P. vulgaris  examined produce an EDTA-sensitive protease (Loomes et al.  1992 ; 
Senior et al.  1987 ,  1988) . This protease cleaves the heavy chain of serum immu-
noglobulin IgA into two fragments (Senior et al.  1987) . The substrate specificity of 
the protease isolated from a chronic UTI isolate  P. mirabilis  64676 was expanded 
to include the cleavage of subclasses of IgA (secretory IgA1, IgA2) and IgG, both 
present in urine (Rozalski et al.  1997) , and the nonimmunoglobulin substrates such 
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as gelatin, secretory component, and casein (Loomes et al.  1990) . Cleavage of IgG 
occurs at the hinge region as a two-stage process that involves a pepsin-like activity 
and then a papain-like one to yield Fab and Fc fragments (Loomes et al.  1990) . It 
is produced during swarmer cell differentiation and is stimulated by divalent cations 
(Ca 2+    >   Mg 2+ ) (Walker et al.  1999) . 

 To summarize,  P. mirabilis  can persist in the urinary tract during UTIs or 
CAUTIs by evading the host immune response and are known to express several 
immunoavoidance factors. Currently, there is no direct evidence confirming that 
many of these factors are produced during CAUTIs and are important during these 
infections. Biofilms have been shown to protect organisms against the host immune 
response (Hoyle et al.  1992)   and are assumed to protect  P. mirabilis  against this 
response during CAUTIs. As  P. mirabilis  is known to produce a capsule and 
capsules are one mechanism of evading the host immune response, it has been sug-
gested that these structures protect these uropathogens against the immune system 
during UTIs and CAUTIs. The colony migration factor Cmf, an acidic CPS, is also 
proposed to assist in swarming across catheter surfaces. As the IgA protease ZapA 
has been demonstrated to be expressed during swarming and swarming has been 
shown to occur during the migration of  P. mirabilis  across catheter sections, it can 
be suggested that this protease is expressed during CAUTIs caused by these 
organisms.    

  4 CAUTIs due to Other Uropathogens  

 The organisms most commonly associated with the development of CAUTIs in 
patients are  E. coli  and  Proteus  species, in particular  P. mirabilis . However, a 
number of other bacterial species, although less commonly associated with 
CAUTIs, also cause a significant proportion of these infections and include 
 Enterococcus  species ( E. faecalis ),  Klebsiella  species ( K. pneumoniae ),  Enterobacter  
species ( E. cloacae ),  Citrobacter  species ( C. freundii ),  Morganella morganii , 
 Providencia  species ( P. stuartii ),  Serratia  species ( S. marcescens ),  Pseudomonas  
species ( P. aeruginosa ), and  Staphylococcus  species ( S .  aureus ,  S. epidermidis ). 
These bacterial species will be discussed in terms of monomicrobial infections, 
even though  E. coli  and  P. mirabilis  usually cause polymicrobic biofilm infections. 
The understanding of these complex bacterial populations in CAUTIs remains 
rudimentary. 

  4.1 Enterococcus spp .

  Enterococcus  species are the third leading cause of bacteremia in the USA (Emori 
and Gaynes  1993) . These pathogens are commonly isolated from chronic or recur-
rent UTIs, particularly those infections associated with catheterization (Guzman 
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et al.  1989 ; Lewis and Zervos  1990) . The  Enterococcus  species that cause the 
majority of human infections (80 – 90%) are  E. faecalis , followed by  E. faecium  
(Moellering  1992 ; Murray  1990 ; Ruoff et al.  1990) . Adherence factors have been 
shown to be important in the pathogenesis of entercoccus CAUTIs; an analysis of 
30 enterococcal urinary isolates revealed that  E. faecalis  and  E. faecium  strains 
displayed a higher capacity to adhere to urinary catheters in vitro than did other 
enterococcal species, as examined by sonication quantitative culture technique and 
scanning electron microscopy (Dworniczek et al.  2003) . There are conflicting 
views on the relevance of certain enterococcal virulence factors (Esp, AS, cytolysin, 
GelE) and their role in adherence to epithelial cells or catheters (Archimbaud et al. 
 2002 ; Joyanes et al.  2000) . 

 Clinical isolates of enterococci have been shown to form biofilms in vitro 
(Baldassarri et al.  2001 ; Sandoe et al.  2003 ; Toledo-Arana et al.  2001)  and in vivo on 
indwelling medical devices such as urinary catheters (Donlan   2001 a,b; Donlan and 
Costerton  2002 ; Tunney and Gorman  2002) . Urinary isolates of enterococci have 
been observed to produce the cell surface protein Esp. This protein is homologous 
to biofilm-associated protein (Bap) of  S. aureus  (Cucarella et al.  2001) ; however, 
there are conflicting reports on the relevance of this protein during biofilm formation 
by enterococci (Di Rosa et al.  2006 ; Shankar et al.  1999 ,  2001 ; Toledo-Arana et al. 
 2001) . Some studies suggest that Esp assists in biofilm formation and colonization 
of the urinary tract of CBA mice (Shankar et al.  1999 ,  2001)  and abiotic surfaces 
(Toledo-Arana et al.  2001) . Analysis of 152 clinical isolates of enterococci corre-
lated biofilm formation to the presence of Esp, as examined by microtiter plate bio-
film assays; however, upon further examination, mutants in  esp  were still capable of 
biofilm formation (Toledo-Arana et al.  2001) . 

 Besides Esp, other enterococcal components suggested to be involved in biofilm 
formation are SalB, autolysin, the  fsr  quorum-sensing (QS) system, gelatinase, 
serine protease SprE, cytolysin, enterococcal polysaccharide antigen Epa, and LTA. 
In general, the role of these factors in CAUTI pathogenesis remains unclear.  

  4.2 Klebsiella spp .

  Klebsiella  are Gram-negative nonmotile bacilli found ubiquitously in the environ-
ment and the mucosal surfaces of mammals. The most common site of  Klebsiella -
associated nosocomial infection is the urinary tract, causing 6 – 17% of all 
nosocomial UTIs, and ranking it as one of the top five causative agents for this type 
of infection (Bergogne-Berezin  1995 ; Ullmann  1986) . The species most commonly 
associated with  Klebsiella -associated nosocomial UTIs are  K. pneumoniae  and  K. 
oxytoca  (Tarkkanen et al.  1992) .  Klebsiella  produce a variety of virulence factors, 
including adhesins, capsule, LPS, siderophores, serum resistance, and enzymes 
(Podschun and Ullmann  1998) . 

 Adherence in the urinary tract by  Klebsiella  species is mediated by the produc-
tion of a number of adhesins classified as either fimbrial or nonfimbrial. Despite its  
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presence in urinary isolates of  K. pneumoniae , it is unknown what role, if any, type 
1 fimbriae play during CAUTIs associated with these organisms. A major factor in 
adherence to abiotic surfaces is thought to be the type 3 pilus; transformation of an 
afimbriated  K. pneumoniae  strain with the gene cluster for type 3 pili increased the 
strain ’ s ability to adhere to abiotic surfaces and increased biofilm formation (Di 
Martino et al.  2003) . Currently, it is not known what role the third  Klebsiella  fim-
bria  –  KPF-28  –  plays in  Klebsiella -associated CAUTIs. Nonfimbrial adhesins of 
 Klebsiella  spp. include the CF29K protein (Darfeuille-Michaud et al.  1992)  and the 
capsule-like extracellular material (Favre-Bonte et al.  1995) . 

 The capsular material contributes to  Klebsiella  spp. virulence during UTIs in 
other ways. It likely protects the organism from the bactericidal components of 
serum (Williams et al.  1983)  and from phagocytosis by polymorphonuclear granu-
locytes (Podschun and Ullmann  1992 ; Simoons-Smit et al.  1986) ; it also plays a 
role in late biofilm development (Schembri et al.  2005) .  

  4.3 Enterobacter spp .

  Enterobacter , Gram-negative motile coccobacilli (Acolet et al.  1994 ; Gallagher 
 1990 ; Gladstone et al.  1990 ; Karpuch et al.  1983)  that are ubiquitously isolated 
from water, plants, and animals (Falkiner  1992 ; Gaston  1988 ; John et al.  1982 ; 
Lindh et al.  1991) , reside in 40 – 80% of human intestinal tracts (Gaston  1988) . It is 
the fifth most isolated pathogen from the urinary tracts of ICU patients (6.1%) 
(Jarvis and Martone  1992)  and has been identified as the causative agent of 6 – 7% 
of the total cases of nosocomial UTIs in the USA (Jarvis and Martone  1992 ; 
Schaberg et al.  1991) . The species most commonly isolated from patients with 
UTIs are  Enterobacter cloacae ,  Enterobacter aerogenes , and  Enterobacter 
agglomerans  (Acolet et al.  1994 ; Gallagher  1990 ; Gladstone et al.  1990 ; Karpuch 
et al.  1983) . 

 A general screen of virulence factors associated with  E. cloacae  strains revealed 
that these organisms were resistant to the bactericidal effects of serum and were 
capable of producing the siderophore aerobactin and a mannose-sensitive hemag-
glutinin (Keller et al.  1998) . Furthermore, all of the strains examined could adhere 
to and invade human laryngeal epithelial cells (HEp-2 cells) (Keller et al.  1998) . 
In a study by Podschun et al.  (2001)  of 72 clinical  E. cloacae  strains, 64 isolates 
(89%) expressed type I fimbriae; furthermore, 36 isolates (50%) produced type III 
fimbriae.  Enterobacter  species have been shown to form biofilms on abiotic 
surfaces (glass, poly(vinyl chloride)), and studies indicate the presence of two 
different types of acylated homoserine lactones (3-oxo-C6-HSL, 3-oxo-C8-HSL) 
produced by these organisms, which may play a role in cell-to-cell communication 
(Lehner et al.  2005) . As with other Gram-negative organisms and similar to that 
observed with  Klebsiella  species,  E. aerogenes  produces CPS, structures that are 
known to assist in the avoidance of phagocytosis during the host immune 
response.  
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  4.4 Morganella and Providencia spp .

 Formerly classified as members of the  Proteus  group, these organisms are distin-
guished as separate genera (Buttiaux et al.  1954 ; Rauss  1936)  and are commonly 
located in the human intestinal tract as part of the normal microflora (Ewing  1986 ; 
O ’ Hara et al.  2000) . The infrequent identification of these organisms as the causative 
agents in UTI despite their abundance in the urine of long-term-catheterized 
patients could be due to differences in commercial laboratory procedures (Damron 
et al.  1986) . 

  Morganella  and  Providencia  species produce a number of adhesion molecules 
that allow potential binding to uroepithelial cells (Mobley et al.  1986)  and catheters 
including type 3 or MR/K (mannose-resistant/Klebsiella-like) hemagglutination 
(Gerlach et al.  1989 ; Mobley et al.  1988 ; Old and Adegbola  1982) . Old and Scott 
(1981) demonstrated that  Providencia  strains produce at least five different patterns 
of hemagglutination (MR/K, mannose-sensitive hemagglutinin, mannose-resistant/
Proteus-like (MR/P) hemagglutinin) and at least six distinct types of fimbriae, as 
examined by electron microscopy. Expression of MR/K hemagglutination by the 
 P. stuartii  strains isolated from patients experiencing bacteriuria was observed 
more frequently during long-term catheterization (74%) than during short-term 
catheterization (26%,  P    =   0.004) (Mobley et al.  1988) . 

 Once attached, these organisms can migrate on catheters and subsequently ascend 
into the urinary tract through the utilization of flagella and subsequently produce 
urinary crystals (Keefe  1976 ; Oka et al.  1985 ; Silverman and Stamey  1983) . Their 
ability to form crystals can be potentially linked to their capacity to hydrolyze urea 
through the production of urease (Farmer  1999 ; Jones and Mobley  1987 ; Lim et al. 
 1998 ; Mobley et al.  1986 ; Mulrooney et al.  1988) ; however, their role in catheter 
encrustation is still in question (Kunin  1989 ; Stamm  1991 ; Stickler et al.  1998 a,b ).  

  4.5 Serratia spp .

  Serratia  species are commonly found inhabiting the environment (soil, water). 
These opportunist pathogens cause complicated UTIs associated with or without 
indwelling catheters (Maki et al.  1973) .  S. marcescens  is the main species of 
 Serratia  isolated from UTIs; however,  S. liquefaciens  has also been identified as a 
causative agent for this type of infection (Serruys-Schoutens et al.  1984) . Little is 
known about the pathogenesis of  Serratia  species within the host (Hejazi and 
Falkiner  1997) . 

 Several potential virulence factors have been associated with infections caused 
by these organisms, including the production of fimbriae, proteins associated with 
biofilms, O-antigens, LPS, digestive enzymes, hemolysin, siderophores, and bacte-
riocins, and the ability to swarm. 

 An analysis of 469  S. marcescens  strains identified the presence of hemaggluti-
nation (63%) and production of type 1 fimbriae (53%) in the serotype O14:K14 
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strains, commonly associated with clinical infections, compared with 7 and 12%, 
respectively, of three environmentally associated serotypes (Aucken and Pitt  1998) . 
To initiate infections associated with indwelling urinary catheters, uropathogens 
such as  Serratia  must establish close contact with various surfaces (catheters, 
uroepithelia). A number of fimbrial types, including type 1 fimbria, type 3 fimbria, 
MR/P thick fimbria, MR/P thin fimbria, and FGH MR/P fimbria, have been shown 
to be expressed by  Serratia  species (Clegg and Gerlach  1987 ; Grimont and Grimont 
 1992 ; Old et al.  1983) . Thus far, urinary isolates of  S. marcescens  produce type 1, 
type 3, MR/P, and MR/T fimbria, and presumably these fimbria play a role in the 
adherence of  Serratia  species to catheters and human uroepithelial cells (Clegg and 
Gerlach  1987 ; Daifuku and Stamm  1986 ; Grimont and Grimont  1992 ; Leranoz 
et al.  1997 ; Old et al.  1983 ; Yamamoto et al.  1985) . 

 The development of  S. marcescens  biofilms is dependent upon QS systems and 
environmental cues (Rice et al.  2005)  and involves a series of defined stages that 
culminate in a highly porous, filamentous biofilm consisting of cell chains, filaments, 
and cell clusters (Labbate et al.  2004) . This filamentous phenotype is prominent 
during nutrient-excess conditions, while typical microcolony biofilm phenotype is 
observed under nutrient-limiting conditions (Labbate et al.  2004) . Sloughing of the 
filamentous biofilm is regulated via QS systems implicating the involvement of 
these systems in multiple stages of the biofilm life cycle (Labbate et al.  2004) . 
Some  Serratia  strains possess QS systems that are dependent upon  N -acylhomoserine 
lactones (AHLs), which subsequently regulate population surface migration, 
biofilm formation, and carbapenem and prodigiosin production (Wei and Lai 
 2006) . These organisms possess LuxR and LuxI protein homologues, and evidence 
suggests that the genetic determinants that encode for these systems are transferred 
laterally, including one example of transfer via transposons (Wei and Lai  2006) . 
 Serratia  species also produce LuxS and autoinducer-2, which apparently function 
as a second QS system controlling many of the same phenotypes as the LuxR/AHL 
systems (Wei and Lai  2006) . Labbate et al.  (2004)  described mutants in a signal 
synthase that developed flat biofilms with the absence of cell chains and clusters 
and that attach weakly to abiotic surfaces (Labbate, unpublished data). Owing to 
the presence of these genetic determinants, it is probable that biofilms are formed 
during CAUTIs caused by  Serratia  species. 

  Serratia  spp. have the ability to swarm in a way similar to that observed by 
 Proteus  species (Givskov et al.  1995) .  S. marcescens  strains display a characteristic 
swarming phenotype in which motile short swimmer cells at the colony margin 
differentiate into elongated, aseptate, and hyperflagellate swarmer cells that coor-
dinately migrate away from the initial site of inoculation upon inoculated onto 
Luria broth agar plates at 30 ° C (Eberl et al.  1999 ; Harshey  2003) . QS systems of 
 Serratia  species regulate swarming motility through the expression of the surfactant 
serrawettin (Eberl et al.  1999 ; Lindum et al.  1998) . Since this swarming ability has 
been linked to the upregulation of virulence factors during UTIs caused by  Proteus  
species (Allison et al.  1992 ; Belas et al.  2004) , perhaps this same phenotype is 
observed during some part of the disease process of UTIs associated with  Serratia  
species.  
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  4.6 Citrobacter spp .

  Citrobacter  species are Gram-negative motile enterobacteria that are isolated from 
a variety of environments such as soil and the intestines of fish and cattle (Acres 
et al.  1975 ; Depaola et al.  1995) . Because untreated infections of the urinary tract 
can lead to episodes of bacteremia, CAUTIs associated with  Citrobacter  species 
are a major health risk because of the significant mortality rate (33 – 48%) 
(Drelichman and Band  1985)  associated with bacteremia caused by these organ-
isms. The most common species of  Citrobacter  isolated from clinical samples are 
 Citrobacter freundii  and  Citrobacter koseri . 

 Research into the pathogenesis of these organisms during infections such as 
CAUTIs is minimal. However, these organisms produce virulence factors known to 
be associated with CAUTIs, including fimbria, flagella, capsules, biofilms, 
siderophores, bacteriocins, and LPS. Strains of  Citrobacter  produce various adhesins 
that could potentially assist in the initial colonization of catheter and uroepithelial 
surfaces as well as in the invasion of epithelial cells. A urinary isolate,  C. freundii  
3009, (Oelschlaeger et al.  1993)  expresses a homolog of the type 1 pilus Fim from 
 Salmonella enterica  sv.  typhimurium . Besides its potential role in attachment, this 
Fim homolog is believed to play a role in the invasion of epithelial cells (Hess et al. 
 2004) . Additionally,  Citrobacter  spp. are strongly attracted to fresh human urine, as 
examined by capillary chemotaxis assay (Herrmann and Burman  1985) . 

  Citrobacter  species produce a fibrillar microcapsule that is closely related to the 
Vi capsule of  S. enterica  sv.  typhi  (Bondarenko et al.  1981 ; Hess et al.  2004) . Since 
strains of  S. typhi  that produce the Vi capsule resist phagocytosis and the bacteri-
cidal action of serum complement (Robbins and Robbins  1984) , it is possible that 
it serves a similar role for  Citrobacter  species that express this capsule during UTIs. 
Previous work by Bondarenko et al.  (1981)  has demonstrated that  C. freundii  
strains that possess capsules were capable of resisting lysosomal enzymes of 
guinea-pig macrophages. 

 The formation of biofilms, critical for the establishment of CAUTIs, has been 
shown for  Citrobacter  species. These organisms are capable of forming biofilms 
under lactose limitation with reduced formation exhibited under limiting phospho-
rus, nitrogen, or glucose conditions, as examined by microscopy (TEM, SEM, 
confocal laser scanning microscopy) (Allan et al.  2002) . The differences in biofilm 
formation in these conditions are thought to be related to differential expression of 
fimbriae on the cell surface (Allan et al.  2002) . Biofilm formation in  Citrobacter  
species has also been associated with the rdar morphotype or the expression of an 
extracellular matrix (ECM) composed of curli fimbriae and cellulose (Zogaj et al. 
 2003) . This matrix mediates interactions between organisms, adherence of organ-
isms to hydrophilic and hydrophobic abiotic surfaces, and multicellular behavior 
such as biofilm formation at liquid – solid interfaces (Romling et al.  1998 ; Zogaj 
et al.  2003) . The expression of curli fimbriae and cellulose has been linked to viru-
lence and transmission such as adherence and invasion of intestinal epithelial cells 
and chlorine resistance, respectively (Bian et al.  2001 ; Dibb-Fuller et al.  1999 ; 
Gophna et al.  2001 ; Solano et al.  2002 ; Sukupolvi et al.  1997) . Since  Citrobacter  
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species are frequently found to cause biofilm-related infections such as CAUTIs, 
the human gut could serve as a reservoir for dissemination of biofilm-forming 
isolates (Zogaj et al.  2003) .  

  4.7 Staphylococcus spp .

 Staphylococci are nonmotile Gram-positive cocci. These organisms often reside 
on the mucosal membranes and the epithelial surfaces of mammals as part of 
the normal human microflora (skin, nose, vagina, anterior urethra) with a car-
riage rate between 11 and 32% in healthy adults (Millian et al.  1960 ; Tuazon 
and Sheagren  1974) . Staphylococci, in particular  S. aureus , have a special pre-
dilection to cause infections involving the presence of foreign bodies, including 
indwelling urinary catheters, perhaps related to their affinity for ECM proteins 
that can mediate attachment to foreign material (Musher et al.  1994) . A study 
by Uesugi et al.  (1996)  of staphylococci urinary isolates revealed that the fre-
quency of staphylococci species encountered was about 10% of the total cases 
from 1984 to 1994. 

 Most  S. aureus  strains isolated from urinary samples are methicillin-resistant 
and since  ~ 40 – 60% of all nosocomially acquired  S. aureus  are resistant to methicillin, 
these strains are now considered endemic in hospitals (Novick  2003) . 

 Despite its ability to cause infections of the urinary tract and subsequent 
potentially severe complications, such as cervical spine abscess (Masood et al. 
 2003) , there is limited research examining the mechanisms by which staphylo-
cocci cause infections associated with urinary catheterization. Among MRSA 
strains with enhanced biofilm formation, the presence of three virulence deter-
minants hemolysins  hla  and  hlb , and  fnbA  predominated, suggesting that colo-
nization and infection of the urinary tract by MRSA strains may be promoted 
by these gene products. Staphylococci are known to produce a variety of viru-
lence factors all of which will not be discussed here. Instead, those factors that 
could potentially assist this organism in colonization and biofilm formation will 
be examined. 

 Staphylococci, as with other uropathogens, must express a number of factors 
coordinately to first adhere to the catheter surface and subsequently replicate, accu-
mulate, and develop into a complex biofilm structure. These biofilm communities 
confer protection to organisms against antibiotics and the host immune response 
(201)   due to metabolic changes in the biofilm (Eng et al.  1991) . Initial interactions 
during CAUTIs by staphylococci are accomplished through direct attachment to the 
catheter surface, through attachment of host ECM proteins bound to the catheter 
surface, or through cell-to-cell interactions, all dependent upon the utilization of 
cell-associated and secreted adhesin molecules. 

 Staphylococci attach to the host ECM proteins that coat the surface of the 
urinary catheter and colonize the catheter surface through the production of adhesin 
factors that recognize these proteins as potential receptors (Liang et al.  1995 ; Park 
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et al.  1991 ; Schwarz-Linek et al.  2004 ; Signas et al.  1989 ; Switalski et al.  1989) . 
These staphylococcal surface adhesins have been collectively designated 
MSCRAMMs (microbial surface components recognizing adhesive matrix mole-
cules) (Foster and Hook  1998 ; Patti et al.  1994)  and some of these molecules 
recognize and bind to multiple ECM proteins. Many of these proteins are cova-
lently bound to the staphylococcal cell wall by a C-terminal LPXTG sorting signal 
(Foster and Hook  1998) . 

 After initial attachment, staphylococci must be capable of permanent attach-
ment by intracellular adhesion since most of the organisms in the biofilm are not 
in contact with the catheter surface or the uroepithelia. One particular protein 
involved with this process of cell clustering and permanent attachment in  S .  epi-
dermidis  strains has been identified, a  β -1,6-linked glucosaminylglycan (Mack  
et al.  1996 a,b) known as the polysaccharide intracellular adhesin (PIA). The genes 
encoding for the proteins involved in PIA synthesis are located on the intracellular 
adhesion or  ica  gene locus ( icaADBC ). A homologous  ica  locus has been described 
in  S .  aureus  that is 59 – 78% amino acid identity to the  S .  epidermidis  locus 
(Cramton et al.  1999) . Approximately half (50.8%) of 179  S .  epidermidis  isolates 
examined by Mack et al.  (1996 a,b) were capable of forming biofilms, and of these 
biofilm-producing strains, 86.8% produced PIA, as determined by a specific coag-
glutination assay. In contrast, 88.6% of the biofilm-negative isolates did not 
express PIA ( P    <   0.001), suggesting that PIA production is significant for biofilm 
accumulation in the majority of clinical  S. epidermidis  isolates. PIA also protects 
the organisms against major components of human innate host defense, including 
killing by human polymorphonuclear leucocytes and antimicrobial peptides 
(Vuong et al.  2004) . 

 The biofilm-associated protein (Bap), a high molecular weight bacterial surface 
protein initially isolated from strains of  S. aureus , that caused chronic mastitis 
infections, has several homologs among staphylococcal species. Evidence indicates 
that this protein has a role in biofilm formation in primary and intracellular attach-
ment independent of the PIA/PNAG exopolysaccharide, as a mutant in the  bap  gene 
in  S. epidermidis  abolished its capacity to form a biofilm and that the CoNS strains 
possessing  bap  and not the  icaADBC  operon were capable of biofilm formation 
(Tormo et al.  2005) . Antibodies specific for Bap are produced in animals with con-
firmed  S. aureus  infections (Cucarella et al.  2004) . However, analysis of clinical 
strains demonstrated that many lacked the  bap  gene, yet were still quite capable of 
forming biofilms (REF). Therefore, the role of Bap in staphylococcal biofilm for-
mation is still in question. 

 Staphylococcal CPS have been implicated in attachment to catheter surfaces. 
One such factor known produced by  S. epidermidis  strains is the capsular polysac-
charide/adhesin PS/A that mediates bacterial adherence to polymer surfaces in vitro 
(Tojo et al.  1988) . Muller et al.  (1993)  compared 151 clinical isolates of CoNS for 
the expression of PS/A and extracellular biofilm or slime and revealed that of 
the 151 strains analyzed, 103 (68%) produced PS/A and 69 (46%) were found to 
express extracellular slime, and 87% of the slime-producing isolates were 
PS/A-producers.  
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  4.8 Pseudomonas spp .

 Pseudomonads are nonfermenting aerobic motile Gram-negative bacilli that are 
ubiquitous in the environment (Costerton  1980)  and nosocomial setting (Wilson 
and Dowling  1998)  and have been identified as the causative agent in infections of 
the urinary tract, especially in patients with indwelling urinary catheters. From 
1986 to 1990, this organism was the third leading cause of UTIs (11%) (Jarvis and 
Martone  1992) . 

 Adherence to host protein-coated catheter surfaces is essential for biofilm for-
mation and initiation of CAUTI. Urinary tract isolates of  P. aeruginosa  were 
found to attach more efficiently to Vero cells than did respiratory tract isolates, 
indicating differentiated attachment among  P. aeruginosa  strains based on the 
infection site of isolation (Izdebska-Szymona and Laziuk  1988) . Several  P. aeru-
ginosa  adhesins have been described, including pili (Comolli et al.  1999 ; Gupta 
et al.  1994 ; Lee et al.  1994 ; Schweizer et al.  1998)  and nonpilin adhesins such as 
flagella (Feldman et al.  1998 ; Ramphal et al.  1996) , LPS (Gupta et al.  1994 ; Zaidi 
et al.  1996) , alginate, and exoenzyme S (Olson et al.  1997 ,  1999 ; Rucks et al. 
 2003) . These adhesins recognize and attach to eukaryotic cell surface receptors 
to initiate adherence either on the catheter or on uroepithelial surface during 
CAUTIs. Attachment and colonization are further facilitated by the three mecha-
nisms of motility possessed by  P .  aeruginosa : flagellum-mediated swimming, 
type IV pilus-dependent twitching, and swarming (Deziel et al.  2001 ; Kohler et 
al.  2000) . Flagella also play a critical role in the development of biofilms, where 
they assist in initial surface adhesion as well as biofilm dispersal (O ’ Toole and 
Kolter  1998 ; Sauer et al.  2002) . 

 Upon the entry of  P. aeruginosa  into the urinary tract, these organisms begin 
the process of biofilm formation through the coordinated expression of a 
number of factors to first attach to the catheter surface and subsequently accu-
mulate and develop into a fully mature biofilm. After planktonic bacteria form 
initial reversible associations to a biomaterial surface, these organisms form 
more permanent attachments, which are essential for the formation of the mon-
olayer. Upon the completion of monolayer formation, these surface-associated 
organisms develop into microcolonies through clonal growth or cell aggrega-
tion, or both. Biofilm maturation is accompanied by the encasement of micro-
colonies within an exopolysaccharide matrix consisting of complex aqueous 
channel systems that permit the transport of nutrients, oxygen, metabolic end 
products, and various signaling molecules. The characteristic biofilm structure 
of  P. aeruginosa  consists of exopolysaccharides (alginate) and rhamnolipids 
(Davey et al.  2003 ; O ’ Toole et al.  2000)  that serve to protect the biofilm. 
Alginate consists of a simple, high molecular weight unbranched polysaccha-
ride composed of two uronic acids:  β - d -mannuronic acid and its C 

5
  epimer  α -

 l -guluronic acid. The presence of alginate serves as a virulence factor and 
confers several selective advantages to these organisms (Govan and Deretic 
 1996) , including the ability to resist opsonic phagocytosis, neutralize oxygen 
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radicals produced by inflammatory immune cells (148), stimulate inflammatory 
cytokine production indicative of a Th2-type immune response (Pedersen  1992 ; 
Pedersen et al.  1990) , reduce susceptibility to antibody-dependent bactericidal 
mechanisms, provide a polyanionic barrier that excludes cationic peptide anti-
biotics, and contribute to the matrix material of the mucoid  P .  aeruginosa  bio-
films (Baltimore and Mitchell  1980 ; Nivens et al.  2001 ; Pier et al.  1990 ,  2001 ; 
Schwarzmann and Boring  1971) . 

 QS systems have developed in  Pseudomonas  that enable these organisms to 
communicate with each other and regulate numerous biofilm development, colo-
nization, and virulence factors in a coordinated, cell-density-dependent manner 
(Heydorn et al.  2002) . Mutants in  P. aeruginosa  QS are severely attenuated in 
virulence in animal infection models (Lesprit et al.  2003 ; Rumbaugh et al.  1999 ; 
Zhu et al.  2004) . However, a study by Schaber et al.  (2004)  identified five QS-
deficient mutants out of 200 total isolates from patients with urinary tract, lower 
respiratory tract, and wound infections, suggesting that although these systems 
are important for virulence, other factors contribute to the establishment of infec-
tion in humans.   

  5 Prevention of CAUTIs  

 Over 5 million patients per year receive urinary catheterizations (Maki and 
Tambyah  2001)  and all are at risk for developing CAUTIs. Current effective 
infection control measures against CAUTIs are ones that only delay the onset 
of bacteriuria since no methods have been developed that prevent these types of 
infections (Trautner and Darouiche  2004) . This section will describe the differ-
ent practices that have been proposed for reducing or eliminating the formation 
of biofilm on urinary catheters. These include the development of new bioma-
terials that reduce biofilm formation on the surface of catheters, the addition or 
impregnation of antimicrobial agents on catheter materials, and the use of 
probiotics. 

  5.1 Novel Surfaces 

 Once a uropathogen gains access to the urinary tract, adhesion to the catheter 
material and the uroepithelium are imperative to the initial establishment of bio-
films in CAUTIs. Bacterial attachment to catheter surfaces is dependent upon the 
hydrophobicity of the organisms and the biocompatible surface of the catheter 
which immediately becomes conditioned by serum and other fluids after implan-
tation. Following urine application in the catheter lumen, a conditioning layer is 
formed from the deposition of proteins, minerals, polysaccharides, and other 
host-derived factors in the urine (Donlan  2001 a,b). The resulting attachment of 
host factors provides binding sites for uropathogens. Therefore, the development 
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of surfaces resistant to organism colonization is important in the prevention of 
CAUTI and is going on. Although several control measures have been examined 
for the prevention of biofilm formation on catheters, no single biosurface, includ-
ing silicone, polyurethane, composite biomaterials, or hydrogel-coated materials, 
or method has been shown to be effective in preventing colonization due to the 
development of the conditioning layer (Donlan  2001 ; Maki and Tambyah  2001 ; 
Tunney et al.  1999) .  

  5.2 Catheters Containing Antimicrobial Agents 

 Preventive measures that have been examined but have not yielded any proven 
benefit in the prevention of bacteriuria in catheterized patients include the applica-
tion of antimicrobial solutions and lubricants on the catheter surface prior to catheter 
insertion and the addition of antimicrobial agents in the collection bag (Beizer 
 1996) . Conversely, in separate prospective, randomized trials, antimicrobial-
impregnated catheters containing either nitrofurazone (Maki et al.  1997)  or the 
combination of broad-spectrum antibiotics minocycline and rifampin (Darouiche 
et al.  1999)  demonstrated significant reductions in bacterial CAUTIs. However, 
these trials were limited and the emergence of resistant strains was not resolved 
(Maki and Tambyah  2001) . 

 Besides antibiotics, impregnation of catheter material with antiseptics, such as 
silver compounds, has been widely studied as a possible preventive measure with 
conflicting results. A full review of all such trials is outside the scope of this work. 
In one prospective clinical trial involving 482 acutely hospitalized patients , silver-
oxide-coated catheters reduced the incidence of UTI only among women not 
receiving antimicrobial agents (19% for control catheter vs. 0 for silver catheter, 
 P   =    0.04), compared with a control silicone catheter (Johnson et al.  1990) . A rand-
omized study of 1,309 patients catheterized longer than 24   h failed to demonstrate 
effectiveness of a silicone catheter coated externally with 5% silver oxide, com-
pared to a standard silicone elastomer-coated latex catheter. However, these silver 
oxide catheters did show a significantly increased incidence of bacteriuria in male 
patients and a significantly increased occurrence of staphylococcal bacteriuria 
(Riley et al.  1995) . Thus the efficacy of the various silver-based strategies remains 
controversial. 

 Besides silver, other antiseptics have been examined for their efficacy against 
bacterial colonization. Catheters impregnated with synergistic combinations of 
chlorhexidine, silver sulfadiazine, and triclosan prevented adherence of a broad 
spectrum of extraluminal bacteria on their outer surfaces, when compared with sil-
ver hydrogel latex and nitrofurazone-treated silicone catheters in an in vitro urinary 
tract model (Gaonkar et al.  2003) . 

 Catheter encrustation is a problem of long-term bladder management and to 
prevent its development, it is necessary that any antibacterial agent coated onto or 
incorporated into catheters should diffuse into the urine and prevent the rise in urinary 
pH and the crystallization of the calcium and magnesium phosphates. Maintaining 
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the release of effective concentrations of antibacterials for the life time of long-term 
catheters is a challenge. Bibby et al .   (1995)  suggested that the catheter balloon 
could be used as a reservoir for substantial quantities of antibacterial chemicals and 
that the membrane of the balloon might ensure its controlled release into the resid-
ual urine over extended periods. They found that mandelic acid diffused through the 
catheter balloon, achieving concentrations of around 0.1   mg   mL  − 1  in urine. 
Unfortunately, mandelic acid is not very active against  P. mirabilis  or other urinary 
pathogens, being bactericidal in urine at concentrations of around 5   mg   mL  − 1  
(Rosenheim  1935) . The biocide triclosan however is extremely active against 
 P. mirabilis . The MIC of this agent against  P. mirabilis  isolates from encrusted 
catheters was found to be 0.2    µ g   mL  − 1  (Jones et al.  2005) . In experiments in labora-
tory models supplied with artificial urine and infected with  P. mirabilis , triclosan 
was shown to diffuse through the balloons of all-silicone catheters into the residual 
urine. The rise in urinary pH and crystalline biofilm formation on the catheters was 
inhibited. Catheters with their retention balloons inflated with water blocked within 
24   h, while catheters inflated with triclosan (10   mg   mL  − 1  in 5% w/v poly(ethylene 
glycol)) drained freely and showed minimal encrustation at the end of a 7-day 
experimental period (Stickler et al.  2003) . As the triclosan strategy inhibits encrus-
tation under these severe experimental conditions, it may well extend the lifespan 
of catheters in patients infected with  P. mirabilis.   

  5.3 Probiotics 

 Bacterial interference or the instillation of nonpathogenic strains into the bladder has 
the potential for prevention of symptomatic infection through the hindrance of 
uropathogen colonization (Reid et al.  2001) . In vitro (Trautner et al.  2002 ,  2003)  and 
in vivo (Darouiche et al.  2001)  studies have shown that nonpathogenic strains of  E. 
coli  83972 reduce the colonization of catheters by a variety of uropathogens. In one 
study with 21 patients inoculated with  E. coli  83972, the patients experienced no 
symptoms of bacteriuria while this same group of patients experienced a mean of 3.1 
symptomatic UTIs per year prior to colonization (Hull et al.  2000) . On this same line 
of investigation, a study conducted by Trautner et al.  (2005)  colonized a urinary cath-
eter surface with a colicin-producing avirulent  strain of  E. coli  that subsequently pre-
vented colonization of a uropathogenic clinical isolate of  E. coli  in vitro.  

  5.4 Future Developments 

 Some approaches that offer promise in the reduction of bacterial adherence and 
biofilm formation to the catheter and the urinary tract include utilization of biofilm 
inhibitors on catheter surfaces, development of hydrophilic and nutrient-scavenging 
biomaterials and low-energy surface acoustic waves. 
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  Fig.   3       A cross-section of a silicone catheter removed from a patient after blockage. Crystalline 
material can be seen completely occluding the catheter lumen       

[Au21][Au21]

 Identifying the bacterial factors involved with biofilm formation on catheters 
and developing and/or determining inhibitors for these factors will be critical 
in preventing bacteriuria. One such factor is the protein GlmU ( N -acetyl- d -
glucosamine-1-phosphate acetyltransferase), involved in the biosynthesis of the 
activated nucleotide sugar UDP-GlcNAc. It also has a role in the synthesis of 
the  β -1,6- N -acetyl- d -glucosamine polysaccharide adhesin required for biofilm 
formation in  E. coli  and  S. epidermidis  (Itoh et al.  2005) . These compounds have 
antibiofilm activity against clinical isolates of  E. coli ,  P. aeruginosa ,  K. pneumo-
niae ,  S. epidermidis , and  E. faecalis , and oPDM-plus-PS-coated silicone catheters 
had a reduced bacterial colonization rate of  P. aeruginosa  and  S. epidermidis  than 
did catheters coated with silver hydrogel in vitro (Burton et al.  2006) . However, 
because of the number of different pathogens that can cause CAUTIs, it may be 
unlikely to find a universal compound or combination that prevents colonization 
and biofilm formation by all microorganisms. 

 Determining factors that inhibit QS may be important in the prevention of bio-
film formation and subsequent bacteriuria. Furanones, compounds isolated from a 
marine red macro alga  Delisea pulchra  that interfere with QS (Kjelleberg et al. 
 1997) , are of limited use because of toxicity, and results from studies examining the 
efficacy of these compounds for clinical use were found to be variable (Trautner 
and Darouiche  2004) . Therefore, other less toxic alternatives need to be 
discovered. 

 The development of new biomaterials for the manufacture of catheters that are 
not suitable for bacterial colonization and are nontoxic toward patients are a logical 
progression in the prevention of bacteriuria during catheterization. The use of 
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LoFric catheters (catheters with a hydrophilic coating such as poly(vinylpyrrolidone) 
and salt) was associated with less hematuria and a significant decrease in the inci-
dence of UTIs (Vapnek et al.  2003) . 

 A promising method of bacteriuria prevention is the development of biomateri-
als that scavenge essential nutrients such as iron. Preliminary studies of catecho-
lamine inotropes encourage biofilm formation by  S. epidermidis  by transferring 
iron to the bacteria from the host iron-binding protein transferrin (Lyte et al.  2003) . 
The addition of exogenous lactoferrin to  P. aeruginosa  prevents biofilm formation 
through the stimulation of twitching motility (Singh et al.  2002) . More work is 
needed to determine the efficacy of such materials.       
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