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ABSTRACT
Urinary tract infection (UTI) is a major bacterial infectious disease among women.
Uropathogenic Escherichia coli is the most dominant causative agent. Clinical
observations indicate that repeated cystitis induces a protective immune response and
secretory IgA has been suggested as one of the candidates involved in the defence
mechanisms against bladder infections.
The aims of the present study were to study the importance of E. coli fimbriae in the
pathogenesis of urinary tract infections and especially the role of the P-fimbria PapG class
II tip adhesin in the adherence of E. coli to cultured human urogenital cells, the
importance and protective effect of the PapG class II adhesin in establishing acute cystitis
in an experimental model, and antibody response following experimental bladder
infections. In addition we studied the induction of protective immunity via immunization
with a fragment of the Type 1-fimbria adhesive FimC/H protein.
We have demonstrated P-fimbriated specific adhesion in vitro to cultured human
urogenital cells in both light microscopy and flow cytometry analyses. The PapG class II
positive DS17 and JR1 adhered avidly, while the two mutants lacking PapG class II did
not. We were able to inhibit adhesion with a soluble digalactoside-containing receptor
analogue, indicating the specificity of the PapG-mediated adhesion.
In an experimental cystitis model in primates, both the PapG class II positive E. coli
strain DS17 and its two PapG class II negative mutants were able to induce bladder
infections. DS17, but not the two mutants, gave rise to protection against subsequent
bladder inoculation with both DS17 and the non-adhesive mutants. The acquired
protection was correlated to a local production of secretory IgA in urine. In addition, a
rise in IgA and IgG was observed in serum. Since the P-fimbriae are expressed in less
then 50% of E. coli isolates causing cystitis, but the Type 1-fimbriae in a vast majority of
these strains, we immunized monkeys with a FimH/C fragment derived from the Type 1fimbria components. Three of the four immunized monkeys were protected against
bladder infection when challenged with the Type 1-fimbriated strain NU14. One monkey
developed a partial infection. None of four control monkeys were protected when
challenged (one partial infection). The protection was correlated to levels of IgG against
FimH in serum as well as in vaginal secretions. Furthermore, antibodies in serum and
urine were able to inhibit adhesion of the strain NU14 to cultured bladder cells.
Our conclusions are that E. coli’s virulence factors P- and Type 1-fimbriae are
important in the pathogenesis of urinary tract infection. The PapG class II tip adhesin of
P-fimbriated E. coli mediates specific adhesion to urogenital cells. A bladder infection
with a PapG class II positive E. coli strain induces protection against subsequent
challenge with homologous strain, while PapG class II negative mutants do not. The
protective immune response following experimental bladder infections with a PapG class
II positive strain correlates to levels of secretory IgA in urine. Immunization with a
fragment of the FimC/H protein derived from E. coli Type 1-fimbriae mediates protection
against cystitis caused by E. coli in a primate model.
Our results contribute to the understanding of the pathogenesis of lower urinary tract
infections, and their induction of an immune response. This knowledge should be useful
in future vaccine strategies.
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ABBREVIATIONS

ABU

Asymptomatic bacteriuria

bp

base pair

CFU

Colony forming unit

E. coli

Escherichia coli

ELISA

Enzyme-Linked ImmunoSorbent Assay

FITC

Fluorescein isothiocyanate

HA

Haemagglutination

IL

Interleukin

LPS

Lipopolysaccharide

MFI

Mean fluorescence intensity

MRHA

Mannose-resistant haemagglutination

MSHA

Mannose-sensitive haemagglutination

PBS

Phosphate buffered saline

PMT

Photo Multiplier Tube

SC

Secretory component

sIga

Secretory IgA

TGF-β

Transforming growth factor-β

TNF

Tumor necrosis factor

UTI

Urinary tract infection

INTRODUCTION
URINARY TRACT INFECTION
Urinary tract infection (UTI) is one of the most common bacterial infections among
humans, especially in women. UTIs cause severe morbidity, suffering and high costs,
both for the individual patient and for society. A growing bacterial resistance against
several antibiotics used in the treatment of UTIs has been described (1-4).
The incidence of symptomatic UTI is 0.9-1.4% per year in girls under the age of six years
(5) and 0.5-0.7% in adult females who are at highest risk. About 40% of adult women in
the United States experience at least one UTI during their lifespan (6) resulting in about 7
million outpatient visits per year (7). 20-50% of adult women have recurrent episodes of
UTI and 20% of women who have one UTI will have more than three recurrences within
a year (8, 9).
The incidence of symptomatic UTI in men is very low, even though an increase to a
prevalence of 6 -15% of bacteriuria in men over 70 years old is seen due to prostatic
diseases (10).
UTI AND SOCIO-ECONOMICAL ASPECTS
It has been reported that each period of UTI in young women in the United States is
associated with 6.1 days of symptoms, 2.4 days of restricted activity, 1.2 days in which
they are not able to attend to work or classes, and 0.4 days in bed (11). The estimated cost
for the care of each episode of UTI in adults is 40-80 USD without taking the loss of
working days into account (12). The estimated annual health care cost was > 1 billion
USD early in the last decade (7) and the estimated annual cost of UTI cases with
prescriptions was 1.6 billion USD in 1995 (13). UTI acounts for 15% of all antibiotic
prescriptions in outpatient clinics (14). An incidence rate of 2.39 cases of nosocomial
UTIs per 100 acute hospital admissions has been documented (15, 16). It has been
estimated that a nosocomial UTI prolongs the length of hospital stay by 2 days on average
(0.6 – 5 days) (17). Furthermore, in a prospective study, an increased relative risk of death
was observed among these patients (18).
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PATHOGENESIS
The urinary tract is normally a sterile milieu. The source of uropathogenic bacteria is
often the faecal flora which spread via the perineal, vaginal and periurethral areas to the
lower urinary tract where they may establish a colonization (19).
Both virulence factors in the bacteria and individual host defence mechanisms in man will
decide the outcome of the infection (20). When only the lower urinary tract becomes
affected with symptoms such as dysuria and frequency, the infection is defined as an
acute cystitis. However, among these patients with symptoms of an acute cystitis, it has
been reported that 15-25% also have evidence of occult infection in the upper urinary
tract (21). If the infection ascends and also affects the upper urinary tract with symptoms
such as flank pain, fever, and malaise, the infection is defined as an acute pyelonephritis,
a more severe and, in some cases, a life-threatening disease. The scenario also includes an
asymptomatic involvement of the lower urinary tract, asymptomatic bacteriuria (ABU)
that can persist for long periods of time.
Complicated UTIs are, by defintion, infections in which an underlying structural or
neurological lesion exists. The term chronic pyelonephritis is still, somewhat misleading,
used as a diagnosis for non-infectious parenchymal scars in one or both kidneys,
correlated to upper UTIs in childhood and carrying a risk to develop kidney failure later in
the life.
ETIOLOGY
The most common cause of UTI is Gram-negative bacteria that belong to the family
Enterobacteriaceae. Members of this family include Escherichia coli, Klebsiella,
Enterobacter, and Proteus. Also the Gram-positive Staphylococcus saprophyticus plays a
role in the bacterial panorama, especially among young women. E. coli dominates as
causative agent in all patient groups. In uncomplicated UTIs, 80-90% are caused by E.
coli, (10, 22) while in younger women 5-20% are caused by Staphylococcus
saprophyticus (seasonal dependence) (23). In complicated UTIs, E. coli is less prominent
but still the major causative agent (24).
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UROPATHOGENIC E. coli AND VIRULENCE FACTORS
Uropathogenic E. coli clones are selected subsets of the faecal flora that possess different
virulence attributes that enable them to colonize the urinary tract. It is possible to classify
uropathogenic E. coli with help of cellular markers (serotyping). It is well known that
certain lipopolysaccharides (LPS), capsular and flagellar antigens (O:K:H) (25, 26) are
associated with symptomatic infections such as acute pyelonephritis, and others with
ABU. Other virulence factors of importance in the pathogenesis of UTI are adherence
structures (P-, Type 1-, S-fimbriae), haemolysin, aerobactin, invasion factors and serum
resistance (27). Many virulent genes are clustered on “pathogenecity islands”, which are
large chromosomal regions that often are associated with particular tRNA loci (28). The
expression of these factors is often co-regulated, and the regulation is sensitive to different
environmental signals.
P-FIMBRIAE
P-fimbriae are rod-like rigid heteropolymeric appendages that protrude from the cellsurface of E. coli bacteria. The P-fimbriae are encoded by the pap chromosomal gene
cluster. The major bulk subunit is composed of the PapA protein, which has a shaft-like
structure. This is anchored to the cell membrane with PapH (29). The thin flexible tip is
composed of four different subunits where PapK connects the adhesive PapE/PapF/PapG
to the shaft PapA. The binding adhesin, PapG, is located on the tip of the fibrillum (30,
31). Three classes of PapG adhesins with different variants of receptor specificity and
different clinical relevance have been described (Table 1) (32, 33). The different PapG
adhesins bind to isoreceptors of glycolipids in the urinary tract which all contain the
disaccharide Galα[1-4]Galβ, but its position in the glycolipid molecule differs. PapG
class I has no known clinical relevance in humans. The PapG class II adhesin recognizes
globoside and attaches to uroepithelial cells and erythrocytes from all P blood group
positive individuals. The class III adhesin binds to the Forssman antigen and to globoA. It
has been demonstrated that UTI caused by P-fimbriated E. coli expressing the PapG class
III adhesin is more common in blood group A1P1 secretor positive humans. These
individuals have been shown to carry globoA on their uroepithelial cells (33).
Thus, the P-fimbriae mediate mannose-resistant haemaggluttination (MRHA) of
erythrocytes from individuals with the common bloodgroup P1, but fail to agglutinate
erythrocytes of the more uncommon blood group p (34, 35).
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The expression of P-fimbriae on the bacterial surface is controlled by phase variation. The
phase variation in vivo is still unclear (36) but, in vitro, different conditions such as
changes in glucose concentration, pH and temperature may switch the P-fimbriae on or
off (37, 38). In clinical isolates, the papG gene is identified in 80-90% of the strains in
acute pyelonephritis, 50-60% in cystitis and ABU and 10-20% in the normal faecal flora
(39).
P-fimbriae mediated adherence to the oligosaccharide receptors induces epithelial cell
avctivation and production of cytokines such as IL-6 and IL-8 (40).

Table 1. Characteristics of the three PapG adhesin variants (41)
PapG
variant
class

Clinical
relevance
in humans

Glycolipid
Receptor
preferences

HaemAgglutination
of erythrocytes

I

Not known

Ceramide
trihexoside

Human,
Rabbit

II

Dominates in
acute pyelonephritis

Globoside

Human

III

Occurs in
acute cystitis

Forssman antigen,
globoA

Sheep,
Dog

TYPE 1-FIMBRIAE
Type 1-fimbriae are widely spread among different E. coli strains causing UTI (42, 43).
They mediate adhesion to secreted and cell-bound mannosylated glycoproteins and
exhibit mannose sensitive haemagglutination (MSHA) of guinea pig erythrocytes (44),
(45). Addition of D-mannose inhibits this haemagglutination. The Type 1-fimbriae are
encoded by the chromosomal fim gene cluster. In similar manner to the P-fimbriae, the
major subunit of the Type 1-fimbriae consists of FimA (46) and it is arranged in a tight
right-handed helical rod (47). There are at least three minor pilus proteins that are
organized into structures seen on the end of the fimbria, FimF, FimG and the specific
binding adhesin FimH (48, 49). The assembly of the Type 1-fimbriae depends on two
chaperone proteins that do not form a part in the final structure: FimC and FimD (50, 51).
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Phase variation controls the expression of Type 1-fimbriae by site-specific recombination.
A 314-bp phase-variable invertible element, containing the promotor, in the gene cluster
controls the transcription of the fimbrial genes fimACDFGH. The promoter drives the
expression of the Type 1-fimbriae when the switch is in the ON orientation but not when
it is in the OFF orientation (52, 53). It has recently been shown in mice that during acute
cystitis, a significantly larger percentage of the isolates kept their invertible element in the
ON phase compared to isolates during acute pyelonephritis (54).
Receptor-epitopes for Type 1-fimbriae binding FimH adhesins are present on a variety of
cells, such as buccal, tubular, urethral, and vaginal cells from different species (44, 55).
The FimH protein also adheres to the Tamm Horsfall protein present on the mucosa in the
human urinary tract. Wu et al. have shown that Type 1-fimbriae in vitro bind to mucin
and uroplakin, which the latter is crystalloid structures deposited on the uroepithelial cells
(56). It has been suggested that Type 1-fimbriae may be more important in bladder
colonization then P-fimbriae. Schilling and colleagues have previously shown that the
FimH adhesin mediates invasion of the superficial bladder epithelial cells and, via LPS,
induces an IL-6 response, which may be important in the host response to acute cystitis
(57).
HOST FACTORS IN URINARY TRACT INFECTIONS
Host factors involved in bacterial clearance can be divided into: 1) natural host resistance
factors existing prior to bacterial challenge, and 2) acquired host resistance factors that are
activated in response to bacterial infections.
The normal periurethral bacterial microflora is a part of the resistance against colonization
with pathogenic bacteria. It makes up the first line of defence against ascending UTIs. It
has been shown that females who are prone to UTI harbour larger numbers of
Enterobacteriaceae even during infection-free periods, as compared to healthy subjects
(58, 59)
In healthy individuals, the urinary flow and the regular emptying of the bladder are
important defence mechanisms. The mucous layer covering the bladder epithelium and
slime soluble in the urine, prevent bacterial attachment and probably enhance the
effectiveness of bladder washout (60, 61).
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The uroepithelium normally has a low regeneration turnover. However, in UTI an
increased rate of exfoliation is seen, which removes adherent bacteria (62, 63).
Specific immunity
The role of specific immunity in UTI remains unclear. Elevated titers of serum and
urinary antibodies have been detected after UTIs. These antibodies consist mainly of IgM
and IgG in serum and secretory IgA (sIgA) in urine (64, 65). Both induced antibodies
directed against LPS, e.g. the O antigen, as well as those directed to adhesive structures
such as the P- and Type 1-fimbriae have been detected (66-69). Type specific protection
has been demonstrated in experimental animals immunized with O, K antigens or Pfimbriae (70, 71).
The main portion of urinary sIgA orginates from the bladder and the urethra where it is
secreted by the urothelium (72). It has been proposed, but little has been shown, that
urinary sIgA may play a major role in the local defence mechanisms of the human urinary
tract (73). It has further been suggested that urinary sIgA inhibits bacterial colonization by
lowering the bacterial adherence to the mucosa (67, 74). Svanborg-Eden et al. showed
that adhesion of E. coli to human urinary tract epithelial cells was inhibited by sIgA
fractions of urine from patients with acute pyelonephritis (68). Hopkins et al. observed
that the cystitis resolution, in primates, is correlated to levels of urinary IgA and IgG
antibodies (75).
The secretory IgA system is common to all mucosal surfaces. sIga is the mutual product
of plasma cells and mucosal epithelial cells. The B cells which are first exposed to
antigens in mesenteric lymph nodes and at mucosal surfaces migrate through the
lymphatic vessels into the systemic circulation prior to differentiation. Thereafter the B
cells “home” to the lamina propria beneath the mucosal surface and differentiate into IgAsecreting cells. As a late event in synthesis, the J-chain, a 15-kDa protein, initiates the
polymerization of two sIgA monomers and becomes incorporated into the molecule (76,
77). The secreted dimeric IgA is then transported across the epithelial cells by endocytosis
initiated by binding to a poly-Ig receptor. At the apical surface of the epithelial cells, the
poly-Ig receptor is cleaved enzymatically and becomes the secretory component (SC), a
80-kDa transmembrane glycoprotein. The dimeric IgA is then released into the mucous
secretion bound to SC (78-80).
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Innate immunity
Mucosal inflammation is an important factor for clearance of the bacteria from the urinary
tract and linkage has been demonstrated between pyuria and eradication of bacteria (81).
Cytokines are small proteins that mediate signals between cells and play an important role
in the regulation of the host defence against bacterial infections (82). Cytokines such as
tumour necrosis factor (TNF), Interleukin (IL)-1, IL-6 and IL-8 are produced from local
epithelial cells, macrophages, leukocytes and endothelial cells. IL-8 is a chemokine with
chemotactic properties for neutrophils.
Earlier studies have demonstrated that UTI is accompanied by a cytokine response both in
mice with experimental UTI as well as in patients who had been colonized with E. coli in
the urinary tract (83-85). Il-6 has been found in the urine of children with febrile UTI and
the highest levels in urine and serum were detected in children with reflux and renal
scarring (86). In adults, IL-6 was detected in the urine of patients with acute
pyelonephritis and ABU (85). Furthermore, in women and children suffering from acute
pyelonephritis, IL-6 and IL-8 have been detected in urine (87, 88)
Patients deliberately colonized with E. coli in the urinary tract secreted IL-8 into the urine
within hours of colonization while serum IL-8 was not detected (84). Urinary IL-8 has
also been detected in patients with pyuria due to acute pyelonephritis or ABU (89). In
mice, mRNA for proinflammatory and regulatory cytokines (IL-1, IL-6, TNF-α, IL-4, IL10, transforming growth factor β (TGF-β)) has been demonstrated following experimental
acute pyelonephritis (90), as well as secretion of urinary IL-1α and IL-6 (91).
Epithelial cell-lines and primary cell cultures from the urinary tract produced cytokines
when exposed to uropathogenic E. coli and production of IL-1α, IL-1β, IL-6 and IL-8
was detected (84, 88, 92, 93).
Thus, both locally secreted and systemically generated cytokines seem to play an
important role in the host defence against UTI.
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Vaccines against UTI
Vaccination trials using systemically, perorally or vaginally applicated antigens from
uropathogenic E. coli have indicated possible protection against recurrent cystitis (94-97).
Roberts and coworkers have shown that immunization with purified P-fimbriae gave rise
to protection against acute pyelonephritis in a primate model (71). It has been proposed
that the FimH adhesin may be used as a common antigen in the development of vaccine
against UTI. In vivo studies in mice have demonstrated that immunization with FimH
results in a significant protection against challenge with a Type 1-fimbriated E. coli strain
(98). Induced anti-FimH antibodies blocked in vitro attachment of E. coli to bladder cells
and the concomitant inflammatory response (98).
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THE PRESENT STUDY

AIMS
To study the importance of Escherichia coli fimbriae in the pathogenesis of urinary tract
infections. The specific objectives of the investigations were:

•

to study the specificity of PapG class II adhesin in the adherence of E. coli to
cultured human proximal tubular cells

•

to study the importance of the PapG class II adhesin in establishing acute cystitis in
an experimental primate model and its protective effect against subsequent bladder
infection.

•

to further study the antibody response following experimental bladder infections in
primates and specifically the influence of the PapG class II adhesin.

•

to compare the systemic and local immune response elicited by induced cystitis and
correlate that to the protective effect.

•

to study the induction of protective immunity against E. coli bladder infection via
immunization with fragments of the FimC/H protein.
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MATERIAL AND METHODS
Cultured human urogenital cells
Human renal cortical tissue was obtained from nine patients suffering from renal cell
carcinoma and undergoing elective total nephrectomy. The extreme outer cortex from
unaffected tissue was excised, decapsulated and minced. The tissue fragments were
incubated overnight in culture medium with collagenase VIII (1 mg/ml) at 37º C in 5%
CO2-95% air. The culture medium consists of RPMI 1640 supplemented with 10% heat
inactivated fetal calf serum, 2 mM L-Glutamine, 10 mM HEPES, bensyl-penicillin (100
U/ml), and streptomycin (100 µg/ml). Half of the culture medium was changed regularly
and the cell culture reached confluence in 10-14 days. The cell cultures were
characterized as proximal tubular cells by their typical morphology appearance in lightand electron microscopy. They were then stained histochemically and they exhibited
positive staining for cytokeratine and negative staining for the von Willebrand factor,
indicating an epithelial origin.
Cultured uretheral cells were recovered from one of the nine patients. The luminal surface
of the ureter was gently scraped with a scalpel and the cells were cultured in the same
manner as described above. In addition, renal cancer cell cultures were obtained and used
from two patients in parallel with two established bladder cell lines, T24 and J82 (ATCC,
Manassas, VA, USA).
Escherichia coli strains
DS17 is a strain of E. coli isolated during an epidemic outbreak of pyelonephritis in a
neonatal ward (99). The strain is of serotype O6:K5:H-. DS17 carries a pap gene cluster
encoding P-fimbriae with a class II PapG-adhesin When the strain is cultivated on
colonizing factor agar (CF-agar), the expression of P-fimbriae is optimised and the
expression of Type 1-fimbriae depressed. The strain also has the capacity to express Type
1-fimbriae when cultivated in static broth. It lacks S-fimbriae and Afa-1 adhesin and, it
produces haemolysin and aerobactin. The strain is sensitive to ciprofloxacin, but is
resistant to ampicillin and trimethoprim sulphonamide.
DS17-1 is mutant derivate made from DS17. It was created through a substitution of the
papG class II allele, with a gene encoding for PapG class III, which binds to the Forssman
antigen (100, 101). This class-switch mutant agglutinates sheep erythrocytes but not
human erythrocytes (101). DS17-1 is functionally identical to the wild type DS17 in all
10

respects, except for the binding capacity mediated by PapG.
DS17-8 is a second mutant derivate made from DS17. It was created through the
introduction of a 1-base pair deletion early in the papG gene (100, 101). It expresses Pfimbriae, but not the specific binding PapG adhesin, and it is therefore unable to mediate
any Galα(1-4)Gal-specific attachment, and it is accordingly negative for haemagglutination. DS17-8 is also functionally identical to the wild type DS17 in all respects,
except that it lacks the binding capacity mediated by PapG.
JR1 is a wild type E. coli strain. The serotype is O4, K:NT,H4. It expresses P-fimbriae
with a PapG class II adhesin and Type 1-fimbriae, and it produces haemolysin (75).
NU14 is a wild type E. coli strain isolated from a patient with recurrent cystitis (102). It
expresses excessively Type 1-fimbriae (both cultured on agar and in static broth) but not
P-fimbriae and it agglutinates both guinea pig erythrocytes and yeast cells.
NU14-1 is a mutant derivate made from NU14. A chloramphenicol cassette was
recombined into the fimH gene in the chromosome of NU14, creating a FimH tip adhesin
negative mutant. NU14-1 fails to agglutinate both guinea pig erythrocytes and yeast cells
(98).
Table 2. Fimbriae expression capacity in the different bacterial strains
Type 1-fimbriae

P-fimbriae

*

Bacterial strain

PapG class II

PapG class III

FimH

DS17

+

-

+*

DS17-1

-

+

+*

DS17-8

-

-

+*

JR1

+

-

+*

NU14

-

-

+

NU14-1

-

-

-

Must be cultured in static broth to optimise the expression of Type 1-fimbriae.
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Adhesion studies on cultured cells
The cultured human proximal tubular cells were seeded on two-wells chamber slides
(Nunc, Roskilde, Denmark) in a concentration of 5 x 105-106 cells/ml and cultured until
subconfluency, washed 2 x 5 min. with phosphate buffered saline (PBS), incubated with
bacterial suspension under slow agitation for 60 min. and then washed 5 x 5 min. with
PBS. The glass slides were fixed in methanol, May-Grünewald-stained, mounted, and
adhesion was evaluated using a light microscope, and assessed as positive or negative.
Positive evaluation was characterized by abundant adhesion of bacteria, while in negative
experiments no bacteria had bound to the cells. Also bacterial adhesion to cultured
uretheral cells, renal carcinoma cells, and established bladder cell lines were performed as
described above.
Inhibition of bacterial adhesion was examined using a soluble digalactoside-containing
cell membrane receptor analogue (ACA-118, Astra Sweden) at a concentration of 4
mg/ml (5.6 mM).
In addition, bacterial adhesion was studied in a more sensitive assay by flow cytometry.
Cultured renal cells in monolayer were trypsinated, washed once in PBS, and resupended
in 1 ml of the same buffer to a final concentration of 1 x 106 cells/ml. An equal volume of
FITC-labelled bacteria in suspension (5 x 108 CFU/ml) was added, slowly agitated for 45
min. at room temperature and then washed 5 x 5 min. with PBS. The cells were analysed
in Epics Profile II (Coulter Inc., Hialhea, FL, USA). The renal cells were identified and
separated by their different light scattering properties. The flow cytometer gave the mean
fluorescence intensity (MFI) units for the selected cell population. The Photo Multiplier
Tube (PMT) setting permitted clear-cut distinctions between specific and non-specific
binding. Within the selected cell-population, a minimum of 10,000 cells was analysed.
Monkeys
All the monkeys were cynomolgus monkeys (Macaca fascicularis, healthy, adult, female).
22 out of the 41 monkeys were inbred and the other 19 outbred, imported from China and
the Philippines. The monkey´s anatomy, bacterial flora and cellular glycolipid patterns are
similar to those in humans. However, the urethra terminates in the vagina and they are not
separate orifices as in humans. They monkeys were housed separately with free access to
water and food during periods of experiments.
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FimC/H immunization
From the E. coli strain NU14, a complex composed of the periplasmic chaperones FimC
(22.8 kDa) and FimH (~29.1 kDa) in a 1:1 equimolar ratio, was expressed in the E. coli
strain K12. The complex was extracted from the periplasm and purified to >99% purity.
Upon immunization, four monkeys were injected intramuscularly at weeks 0, 4 and 48
with the FimC/H vaccine in adjuvant MF59 (Chiron, Emeryville, CA) and four control
monkeys received only the adjuvant in the same manner. The monkeys were challenged
with the Type 1-fimbriated strain NU14 18 days after the final immunization (u 1).

Figure 1. Schematic schedule of the vaccination study.

FimCH

FimCH

FimCH

Inoculation
NU14

48

51

//
Week

0
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Induction of bladder infection
The monkeys were housed separately. Water was withheld 8 hours prior to the
experiments. All experiments were done under ketamine and metazolam anesthesia.
Bladder infection was induced through inoculation of bacterial suspension (1 x 107
CFU/ml) via an urethral catheter. Blood samples and suprapubic bladder urine aspirations
were performed twice a week until two negative urine cultures were obtained. The urine
and serum samples were immediately frozen at -20°C and stored until the time for
analysis. In the protection studies, after two negative urine cultures, a subsequent bacterial
inoculation was given as described above.
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Antibody detection
Levels of IgA, sIgA and IgG in urine and serum were analysed in microtiters plate coated
with LPS derived from DS17 (10 ug/ml, incubated overnight at 22°C.) Serum was diluted
1/400 in PBS-T and urine was tested undiluted. All samples and controls were incubated
during one hour at 37°C. Three controls consist of urine / serum with known absorbance
values, two positive (high and medium), and one negative and one control with only PBST. Conjugates in the respective ELISAs were diluted in PBS-T and incubated for two
hours at 37°C.
IgA was analysed with a conjugate (goat anti-monkey IgA Fc-specific; Nordic
Immunology, Tilburg, The Netherlands) labelled with horseradish peroxidase, and diluted
1:5000 for serum analysis and 1:1500 for urine analysis. The reaction was developed with
ABTS (2´, 2´-azino-bis (3ethylbenzthiazoline-6-sulphonic acid) diamonium) (0.22
mg/ml) in citric acid.
Secretory component (SC) in urine was analysed with a conjugate (goat anti-monkey
secretory component-specific, both Nordic Immunology, Tilburg, The Netherlands)
labelled with horseradish peroxidase, and diluted 1:1500. The reaction was developed
with ABTS (0.22 mg/ml) in citric acid (0.05 M, pH 4.0).
IgG was analysed with a conjugate (goat anti-human IgG γ-specific; Sigma Chemical Co.,
St. Louis, MO, USA) labelled with alkaline phosphatase, and diluted 1:2000. The reaction
was developed with para-nitro-phenylphosphatase (1 mg/ml; Sigma) solubilized in
diethanolamine (1 M, pH 9.8).
The reactions were measured at 405 nm in microtiter plates. The final reading was
performed when the controls achieved the desired absorbance values in the respective
ELISA. The data was transmitted on line from the reader to a computer. Mean values of
duplicates were calculated with deduction of the blank. The blank was the first uncoated
column containing only developing substrate buffer. An immune response in urine or in
serum was defined as positive when the peak absorbance value was at least twice the
initial base level. All absorbance values < 0.200 were considered as negative.
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Vaginal colonization
Bacterial suspension (109 CFU/ml, 3ml) was flushed over the monkey vaginal mucosa via
a catheter. To obtain vaginal specimens, a sterile cotton swab was rotated against the
vaginal wall. The sample was suspended in 1 ml of PBS, vortexed and 0.1 ml of the
suspension was cultured on a Cled agar plate. A successful vaginal colonization was
defined as persistence of >104 CFU/ml vaginal fluid for at least 6 subsequent days.
Chromotogram binding assay
Glycosphingolipids, extracted from a cynomolgus monkey, were separated on aluminiumbacked silica gel 60 High Performance Thin-Layer Chromatography plates (Merck,
Darmstadt, Germany) with chloroform/methanol/water 60:35:8 (by vol.) as the solvent
system. The dried chromatograms were treated with 0.5% polyisobutylmethacrylat
(Röhm, GmbH, Germany) in diethyl ether (wt/vol), and thereafter soaked in PBS with 2%
bovine serum albumin and 0.1% NaN3. The chromatograms were then incubated with S35labelled DS17 or DS17-8 for two hours, followed by washing with PBS.
Autoradiographies were performed using x-ray film.
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RESULTS
Bacterial adhesion to cultured human urogenital cells (I)
Light microscopy
Experiments were performed on urogenital cells from nine patients. The wild type strain
DS17 adhered in 20 of 24 experiments and the wild type strain JR1 in all of 21
experiments (Fig 2). The PapG class III positive mutant DS17-1 adhered in none of the 19
experiments, while the PapG negative mutant DS17-8 adhered in one of the 23
experiments.
A similar pattern was observed in adhesion of bacteria to cultured renal cancer (n= 2),
cultured uretheral cells (n= 1) and established bladder cell lines (n=2) (data not shown).

Figure 2. Adhesion of uropathogenic PapG class II positive E. coli and mutants lacking
the papG class II adhesin to human proximal tubular cells.
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Flow cytometry
Adhesion of FITC-labelled bacteria to human proximal tubular cells in suspension from
six patients was studied. After incubation with DS17 and JR1 a much higher proportion of
high fluorescence was quantified compared to adhesion with the PapG class II negative
mutants. This indicates significantly higher binding capacity of PapG class II positive
strains compared to the mutants lacking this tip protein structure.
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Inhibition of bacterial adherence
The digalactoside–containing soluble cell membrane receptor ACA-118 totally inhibited
bacterial adherence of DS17 and JR1 to proximal tubular cells at a concentration of 5.6
mM.
Together, these findings indicate that the PagG class II tip adhesin is essential for
bacterial adherence to human urogenital cells.
DS17 protects against subsequent bladder infection (II)
Both the wild type strain DS17 and its two isogenic mutants induced bladder infection at
primary inoculation in 23 out of 24 monkeys. One monkey, primarily inoculated with
DS17-1, voided directly after the inoculation and did not achieve any infection.
Reinoculation with the same strain induced a partial infection. The median duration of
infection caused by the three strains was not significantly different.
For comparison of bacterial counts in infections caused by the three different strains, the
first three urine cultures were selected. DS17 gave rise to infections with significantly
higher bacterial numbers (median 4.1 x 105 CFU/ml) compared to DS17-1 (median 2.9 x
104 CFU/ml) and DS17-8 (median 4.5 x 104 CFU/ml) (p < 0.05, Mann-Whitney ranking
test). No significant differences were found between the strains in leukocyte esterase tests
or polymorph white blood cell counts on day two.
After the first infection, followed by two negative urine cultures, the monkeys were
subsequently challenged with the same bacterial strain or another of the strains in the
study (Fig 3). 11 of 12 monkeys primarily inoculated with the wild type strain DS17 were
completely (CFU < 102/ml in all urine cultures) or partially (CFU ≥ 102/ml in one, but not
two urine cultures) protected against reinfection with both DS17 and DS17-8 (Table 3).
Neither of the two PapG class II negative mutants inoculated into 10 monkeys gave rise to
protection against DS17. A group of monkeys primarily infected with one of the two
mutants and reinfected with DS17 were given another challenge with DS17. Nine of these
12 monkeys were completely protected against the second challenge with DS17. The
remaining three exhibited partial protection.
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Figure 3. Examples of the four different sets of protection experiments. A and B were
primarily inoculated with the wild type strain DS17 and at challenge protected against
subsequent bladder infection with both itself and the mutant DS17-8. C and D were
primarily inoculated with the PagG class II negative mutants DS17-1 and DS17-8 and at
challenge not protected against bladder infection with the wild type strain DS17.
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Furthermore, in series of repeated inoculations we could demonstrate that previous
bladder infections with DS17 also induced protection against the heterologous PapG class
II positive strain JR1 in 12 (one of these partial) out of 19 experiments (63 %).
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Table 3. Protection after primary inoculation at subsequent challenge.
First
Subsequent
Number of monkeys
Inoculation
inoculation
Total
Protection
No protection
DS17
DS17
5
4
1a
b
DS17
DS17-8
7
7
0
DS17-1
DS17
5
0
5
DS17-8
DS17
5
0
5
c
Mutant + DS17
DS17
12
12
0
a
No protection at second inoculation, but complete protection at third inoculation.
b
Partial protection in two monkeys.
c
Partial protection in three monkeys.

Vaginal colonization did not induce local protection (II)
Herthelius et al. have earlier shown that the DS17 strain is an excellent colonizer of the
monkey vagina (103, 104). In the present study, successfully repeated vaginal
colonizations were performed with both DS17 and the two mutants in four monkeys. No
local protection was observed. The strains were able to spread to the gut, and it was
possible to recover them from faeces during the experiment. Thus, neither DS17 nor the
mutants were able to induce local protection in the vagina or the gut.

Adhesion patterns in primate urogenital tissues (II)
Glycolipid preparations from monkey kidney, ureter, bladder and vagina wall were used
in a chromatogram binding assay. DS17 bound to globoside from kidney and bladder.
DS17-1 bound to globoside and to a compound migrating in the pentaglycosyl ceramide
region from the kidney and the bladder. It has previously been shown that the PapG class
III adhesin binds to globoside immobilized on chromatograms even if it cannot bind to
globoside in natural cell membrane (105). DS17-8 did not exhibit any binding in the
assay.
Thus, glycolipid extractions from the bladder wall of cynomolgus monkey reveal the
presence of globoside, the preferred isoreceptor for the PapG class II adhesin.
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DS17 elicits antibody response after bladder infection (III)
Five additional new monkeys were investigated in the experimental cystitis model. By an
indirect ELISA, levels of IgA, sIgA and IgG against LPS derived from DS17 were
detected in 263 urine and 230 serum samples from the five new monkeys and 16 of the
monkeys described in paper II.
Clinical data
The five new animals were primarily infected with the PapG negative mutant DS17-8 and
cystitis was established in four out of the five monkeys. The fifth monkey acquired a
partial infection and was shortly thereafter successfully reinfected with the same strain.
The median duration of the infection was significantly shorter in primary infections
caused by DS17-8 (9 days) in the new monkeys compared with primary infection caused
by the wild type DS17 (14 days) (p=0.02, Mann-Whitney ranking test). There were no
differences in duration compared to the other primary infections. Bacterial counts were
significant higher in the DS17 series compared to primary infections with all the isogenic
mutants (p < 0.05, Mann-Whitney ranking test).
After subsequent inoculation with the wild type DS17, cystitis was established in four out
of the five monkeys. One monkey developed a partial infection and was successfully
reinfected with DS17. The PapG negative mutant DS17-8 did not induce protection
against the wild type DS17 in any of the cases.
Antibody detection
Among the 21 monkeys, after primary infection with DS17 in 11 monkeys, a positive
local and systemic immune response was seen in a majority of monkeys with regard to
urinary sIgA, serum IgA and, serum IgG (Fig 4).
In monkeys primarily infected with the PapG class III positive mutant DS17-1, none of
the five monkeys exhibited any positive immune response with regard to urinary sIgA.
Three and all of the five monkeys exhibited a positive immune response in serum IgA
(60%) and serum IgG (100%) respectively (Fig 4). After the first infection with the PagG
negative mutant DS17-8, two of the five new monkeys (40%) presented an unexpected
positive immune response in urinary sIgA. However, in both these two monkeys a threefold rise in absorbance values for sIgA was seen after challenge with DS17. In serum, a
positive immune response for IgA and IgG was seen in one of the five new monkeys
(20%). The positive immune response in urine after primary infections with the mutants
appears to show lower magnitude compared to primary infections with DS17 (Table 4).
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Figure 4. Immune response after first inoculation with DS17, DS17-1, and DS17-8.
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Table 4. Intial and maximum absorbance values in ELISA during first infection.
Immune response evaluated as positive is marked in bolded text.

Infecting
strain
DS17
,,
,,
,,
,,
,,
,,
,,
,,
,,
,,
DS17-1
,,
,,
,,
,,
DS17-8
,,
,,
,,
,,

Monkey
M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12
M13
M14
M15
M16
M17
M18
M19
M20
M21

U-IgA
Initial
Max
128
168
170
688
57
2175
331
1182
106
157
127
127
110
647
157
1026
111
224
123
883
116
1217
288
363
0
61
81
190
127
219
65
118
24
264
9
313
80
198
16
32
100
104

Absorbance values
U-SC
S-IgA
Initial Max Initial Max
97
1177
0
296
117
2062
0
169
184
2069
0
864
279
1571
0
703
95
168
0
122
121
199
0
103
52
425
139
321
33
949
275
1254
58
234
0
46
156
1991
0
357
109
831
0
371
426
458
8
201
0
16
2
62
51
175
0
240
125
240
0
432
130
168
5
40
89
510
18
49
60
388
2
216
145
164
18
38
112
154
76
93
156
300
16
105

S-IgG
Initial
Max
14
209
13
851
0
1749
13
1298
47
619
60
187
726
1230
221
1373
11
321
58
365
11
321
102
1170
56
206
65
1089
107
1616
58
396
10
52
0
372
8
51
284
515
1
196
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None of the monkeys primarily infected with the wild type DS17 showed any further local
or systemic immune response in urinary sIgA, serum IgA or serum IgG upon challenge
with neither DS17 nor the PapG negative DS17-8. In monkeys primarily infected with any
of the two PapG class II negative mutants, eight out of ten monkeys (80%) presented a
positive local immune response in urinary sIgA after challenge with the wild type DS17.
Four out of the ten monkeys exhibited a positive systemic response with respect to serum
IgA (40%) and, five with respect to serum IgG (50%).
Detection of urinary IgG was performed in the five new monkeys primarily infected with
DS17-8 and challenged with DS17. Urinary IgG was detected with a low absorbance
value in one of the five new monkeys after challenge with DS17.
Thus, it appears as if bladder infections with the wild type DS17 enhance a local
production of sIgA in the bladder, as well as systemic IgA and IgG.
Direct bacterial agglutination tests
Urine from five monkeys primarily inoculated with DS17, and two monkeys primarily
inoculated with DS17-8, were evaluated. None of the acute samples, prior to infection,
were positive for bacterial agglutination. A positive bacterial agglutination was seen in
urine from four out of five monkeys after DS17 infections but in neither of the two
monkeys after DS17-8 infections.

Vaccination with FimC/H adhesin induces protection (IV)
The capacity of the Type 1-fimbriated E. coli strain NU14 to induce bladder infection was
tested successfully in the present study in two monkeys, while an isogenic fimH knockout mutant strain (NU14-1) did not induce bladder infection in another two monkeys.
Four monkeys immunized with FimC/H and four control monkeys were challenged with
NU14 intravesically. Prior to inoculation, the expression of Type 1-fimbriae in the
bacterial suspension was quantified with a FITC-labelled FimH antibody (106). The Type
1-expression was estimated to be 80-90%. Three of the four immunized monkeys were
protected against bladder infection with NU14. The fourth monkey developed a partial
bladder infection with a single positive urine cultures on day 2. None of the four control
monkeys were protected against NU14 bladder infections. One of the four monkeys
acquired a partial infection with a positive urine culture on day 2 (Fig 5).
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An ELISA was performed with the FimH protein fragment T3 as antigen. A systemic IgG
response in serum against T3 was detected in all the four immunized monkeys with a final
32- to 256-fold booster response after third immunization. Control monkeys showed no
detectable antibodies against T3.
IgG antibodies against FimH were also found in vaginal secretions and increased in
parallel with serum levels after booster immunization. Their biological activity was also
shown by their ability to block in vitro binding of the Type 1-fimbriated NU14 strain to
the established bladder cell line J82. Interestingly, the monkey that was not protected
against challenge after immunization, was the only monkey in the vaccinated group that
did not have an increase in IgG against FimH in the vaginal secretions.
Figure 5. Bladder infections in the vaccination study after challenge with the Type 1fimbriated strain NU14. In the four immunized monkeys, one monkey aquired a partial
infection with a positive urine culture on day 2. In the four control monkeys, all monkeys
developed bladder infections (one partial).
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DISCUSSION
Urinary tract infections are one of the most common infectious diseases. It is necessary to
increase our knowledge of the pathogenesis of UTIs as a basis for prevention and for the
establishment of new therapeutic and prophylactic strategies.
The attachment of E. coli to host cells is an important step in the initiation of UTI. The
binding specificity of P-fimbriae has, to cryostat sections of tissues from different levels
of the urinary tract, been described earlier. It has been shown that all outlining cell types
in the human kidney as well as the epithelium and vessel wall of the urinary bladder can
act as target sites in this adhesion (107). Furthermore, human uroepithelial cells, both
voided and grown in vitro, has been used to study adhesion with E. coli (108, 109). The
pathogenic role for P-fimbriae in pyelonephritis has also been demonstrated in the female
Balb/c mouse model of UTI (110).
We have demonstrated P-fimbriated adhesion in vitro to viable human proximal tubular
cell, as well as to two established bladder cell lines. The PagG class II positive DS17 and
JR1 adhered avidly, while the two mutants lacking PapG class II did not adhere. Several
clinical observations suggest that P-fimbriae contribute to the ability of E. coli strains to
cause UTI, especially the more clinically severe forms, and that the strains lacking Pfimbriae are at disadvantage in the urinary tract (111). The isogenic mutant strains lacking
the PapG class II adhesin were unable to adhere to urogenital cells in the present study. It
has previously been shown that both the mutants and the wild type strain DS17 are able to
cause bladder infection in our monkey model. Epidemiological data have shown that first
time cystitis is often caused by P-fimbriated strains (112). Thus, the PagG class II adhesin
may also play a role in the establishment of bladder infections.
The flow cytometer examinations showed, in parallel, that cells incubated with the FITClabelled wild type strains DS17 and JR1 exhibited a more extensive binding compared to
the mutants lacking the PapG class II adhesin. However, renal cells incubated with FITClabelled mutants showed slightly higher mean fluorescence intensity compared to cells
unexposed to FITC-labelled bacteria. This indicates the presence of non-receptor
mediated, P-fimbriae independent, binding of bacteria to renal cells. This is consistent
with earlier investigations showing that non-specific physiochemical interactions also are
involved in the adhesion process (113).
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By introducing a digalactoside-containing carbohydrate-structure in the adhesion model,
which competitively inhibited adhesion, we could further demonstrate the specificity for
the PapG class II adhesin in the mediated attachment.
This in vitro model also provides the possibility to further study anti-adherence,
inflammatory response and intracellular signal transduction following established
bacterial adhesion.
The importance of immunity in the defence against recurrent UTIs is in many respects
unclear (10, 114). Clinical experience suggests that recurrent infections in the urinary tract
induce a protective immune response. It has been described how E. coli isolates can
become phenotypically altered during episodes of recurrent UTI (26) or replaced by more
uncommon bacteria. These findings indicate that a change of host defence may occur with
recurrent E. coli cystitis. Immunity studies during cystitis have mainly focused on the
antibody response and not on the protective effect. It is obvious that in the urinary tract
immunoglobulines can be present at various levels (10, 115). The protective effect of
these immunoglobulines remains unclear. However, in rats, both bladder and vaginal
immunization were followed by a rapid immune response following subsequent bladder
challenge with live E. coli (116-118).
In our primate infection model we were able to show that primary bladder infection
caused by the wild type PapG class II positive strain DS17 induced protection against
subsequent rechallenge with both the PagG negative strain DS17-8 and the PapG class III
positive strain DS17-1, as well as with the heterologous wild type strain JR1. It was
obvious that the PapG class II tip adhesin was necessary to induce protection.
Surprisingly, the protection also covered the mutant DS17-8 lacking the tip adhesin. Our
hypothesis is that the adherence mediated by the globoside binding PapG class II adhesin
to uroepithelial cells creates an optimal milieu for the host response to react against other
bacterial antigens such as LPS. The crucial role for the PapG class II adhesin may rather
be to act as an adjuvant. The fact that neither DS17-1 nor DS17-8 induced any protective
effect in the infection model strengthens this hypothesis.
Previous studies by other groups have shown that the capacity of primates to
spontaneously clear E. coli cystitis correlates to both local and systemic immune response
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against the infecting bacteria (75). In the present study, initial infection with the wild type
DS17 induced a systemic immune response with both IgA and IgG in serum in the
majority of the monkeys. In urine, a local sIgA immune response was seen after an initial
infection with DS17 but not after infections with the two mutants. The correlation in urine
between the antibody levels determined with the conjugates, anti-IgA and the antisecretory component, indicates that much of the IgA was of the secretory type which is
supposed to be produced locally.
It has been postulated that urinary sIgA may play a major role in the local defence
mechanism of the human urinary tract (73). One possible mechanism may be that urinary
sIgA inhibits bacterial colonization by lowering the bacterial adherence to the mucosa
(74, 119).
In the present study, four of five monkeys showed a positive bacterial agglutination test in
convalescent urine samples after DS17 infection in contrast to neither of the two monkeys
infected with DS17-8. In contrast, we failed to inhibit the haemagglutination test with
DS17 by adding convalescent samples of serum or urine after DS17 infection, i.e. we
could not block the PagG class II specific adhesion to globoside with our “high titer”
samples. This finding indicates a biological activity in urine against antigens other than
the adhesive PapG class II adhesin. These results in the present study provide further
information on the complexity of host response in cystitis and they contribute to the
understanding of the pathogenesis of lower urinary tract infections.
In the ambition to find a vaccine preventing recurrent cystitis, we focused on the Type 1fimbriae, since the P-fimbriae are expressed in only the 50% of E. coli strains isolated
from first time cystitis and thereafter in even less per centage (39). The Type 1-fimbriae
are expressed in a vast majority of cystitis strains (43). Previous investigations in mice
have shown that immunization with the FimH gave rise to protection against bladder
infection caused by Type 1-fimbriated E. coli strains (98).
Our results demonstrate that a FimH vaccine induces protection against cystitis in a
primate model. In the pathogenesis of UTIs, colonization of the vaginal mucosa precedes
the bladder infection. We could show that functional antibodies of class IgG inhibited
adherence of the Type 1-fimbriated strain NU14 to an established bladder cell line. The
specific mechanism of the protective effect against induced cystitis is still unclear.
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Detection of antibodies in urine were not performed in the present study. In the mice
study mentioned above, urinary IgG against FimH were also detected in urine (98). The
protective mechanisms may be complex, influenced by protective antibodies in both urine
and vaginal secretion. The fact that the anatomy in female monkeys, in which the urethra
terminates in the vagina, is different from women may influence the outcome of the
immunization if the vaginal protection is of major importance. Further human studies will
therefore be necessary to determine the efficacy of the FimH vaccine in humans.
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CONCLUSIONS

•

The PapG class II tip adhesin of P-fimbriated E. coli mediates specific adhesion to
urogenital cells.

•

A bladder infection with a PapG class II positive E. coli strain induces protection
against subsequent challenge with homologous strain, while PapG class II negative
mutants do not.

•

The protective immune response following experimental bladder infections with a
PapG class II positive strain correlates to levels of secretory IgA in urine.

•

Immunization with a fragment of the FimC/H protein derived from E. coli Type 1fimbriae mediates protection against cystitis caused by E. coli in a primate model.

29

ACKNOWLEDGEMENTS
I would like to thank all those who have supported and helped me during the work
on this thesis, especially I want to acknowledge my indebtedness to:
Professor Stefan Jacobson, my tutor and Head of Department of Nephrology,
Karolinska Hospital, for introducing me to research and nephrology and for your
total support and never-ending enthusiasm. I have never met such a fast and on-themark writer of scientific articles and your ability to find incorrect spelling on every
page is unbelievable.
Professor Roland Möllby, my co-tutor, Microbiology and Tumorbiology Center,
Karolinska Institutet, for accepting me in the research group, introducing me into
the field of microbiology and for your generous guidance. It took a while to learn
that the best way to catch your total attention is to go and switch on your computer
or to bring up an interesting statistical question.
Professor Staffan Normark, my co-tutor, Microbiology and Tumorbiology Center,
Karolinska Institutet, for very stimulating scientific discussions during the early
stages of my work. Someone told me that, the first time you make a suggestion, one
should just listen; when you suggest it a second time, one should make a note of it;
and the third time it is best to act on the suggestion.
Professor emeritus Jan Winberg, Department of Pediatrics, Karolinska Hospital, for
introducing me into the experimental world of UTIs and for enthusiastic support. It
was a great pleasure to write Paper II together with you!
Associate Professor Britta Hylander, Department of Nephrology, Karolinska
Hospital, for your friendly encouragement and for always trying to make it
practically possible for me to concentrate full-time on laboratory work during
longer periods of my research.
Lena Guldevall, Microbiology and Tumorbiology Center, Karolinska Institutet, my
closest lab-friend, for teaching me everything I know about practical microbiology.
It has been great fun to make this journey together with you. I am deeply impressed
by your ability to classify bacteria by just smelling the culture.
Lena Gezelius, Swedish Institute for Infectious Disease Control, former member of
our UTI group. You taught me how to behave in a microbiological laboratory, how
to wash my hands and how to wear a lab-coat properly. I am very glad that we have
not lost contact.
Patricia Colque-Navarro, “Senora ELISA”, Microbiology and Tumorbiology
Center, Karolinska Institutet, for teaching me everything about how to set up and
run the ELISA method and for being a warm and most responsible senior
biomedical technologist. Te quiero mucho y te deseo la mejor suerte!

30

All the members of our lab group at MTC: Aina Iversen, Annette Frost, Jenny
Gabrielson (yes, you are my best Word and Excel consultant), Inger Kühn, Maj
Ringman, Mokhlasur Rahman, and Beatrix Vecsey-Semjen for always being great
and helpful friends and for sharing all pleasant moments around our daily coffeetable at 10 am and 3 pm (sharp!).
Birgitta Karlsson, for being the nicest and fastest substrate and plate producer in the
world.
Colleagues and staff at the Department of Nephrology, Karolinska Hospital, for
creating a friendly atmosphere and for excellent care of our patients. Special thanks
to all those who have been donating blood for all my haemagglutination tests.
Staff at the Medical Library, Karolinska Hospital, for outstanding friendly and
excellent service.
All other friends at MTC and Karolinska Hospital, just for being exactly that,
friends.
Kettil Skarsgård, my best friend, for sharing uncountable gym-sessions, dinners and
journeys all around the world. Poff poff!
Berit Östberg-Kempf, my close friend since our days at medical school, for also
taking part in my life as researcher and physician. What you do not know about me
is not worth knowing.
Anders, BengtGöran, Billy, Björn, Göran, Jonas, Lars x 2, Otto, Thomas, and all
other friends outside the hospital and the lab. Let us start to plan the next party!
Mormor, tack för att jag har fått ärva din norrländska envishet.
Annica Söderhäll, my younger sister, not just for sisterly love, you have also
become a close friend during periods of ups and downs. It is not my fault that I got
the thick and wavy hair in the family.
Finally, Stefan Henriksson, the secret words are Kuala Lumpur and I mean it!

31

REFERENCES
1.

Vromen M, van der Ven AJ, Knols A, Stobberingh EE. Antimicrobial resistance
patterns in urinary isolates from nursing home residents. Fifteen years of data
reviewed. J Antimicrob Chemother 1999;44(1):113-6.

2.

Trienekens T, Stobberingh E, Beckers F, Knottnerus A. The antibiotic
susceptibility patterns of uropathogens isolated from general practice patients in
southern Netherlands. J Antimicrob Chemother 1994;33(5):1064-6.

3.

Goettsch WG, Goossens H, de Neeling AJ, Sprenger MJ. [Infections and bacterial
resistance in the community]. Ned Tijdschr Geneeskd 1999;143(25):1296-9.

4.

Newell A, Riley P, Rodgers M. Resistance patterns of urinary tract infections
diagnosed in a genitourinary medicine clinic. Int J STD AIDS 2000;11(8):499500.

5.

Mårild S, Jodal U. Incidence rate of first-time symptomatic urinary tract infection
in children under 6 years of age. Acta Paediatr 1998;87(5):549-52.

6.

Hooton TM, Scholes D, Hughes JP, Winter C, Roberts PL, Stapleton AE, et al. A
prospective study of risk factors for symptomatic urinary tract infection in young
women. N Engl J Med 1996;335(7):468-74.

7.

Stamm WE, Hooton TM. Management of urinary tract infections in adults. N Engl
J Med 1993;329(18):1328-34.

8.

Stamm WE, McKevitt M, Roberts PL, White NJ. Natural history of recurrent
urinary tract infections in women. Rev Infect Dis 1991;13(1):77-84.

9.

Faro S, Fenner DE. Urinary tract infections. Clin Obstet Gynecol 1998;41(3):74454.

10.

Kunin C. Urinary tract infections. 5 ed. Baltimore: Williams & Wilkins; 1997.
p 301-4.

32

11.

Foxman B, Frerichs RR. Epidemiology of urinary tract infection: I. Diaphragm
use and sexual intercourse. Am J Public Health 1985;75(11):1308-13.

12.

Ronald A. Sex and urinary tract infections. N Engl J Med 1996;335(7):511-2.

13.

Foxman B, Barlow R, D'Arcy H, Gillespie B, Sobel JD. Urinary tract infection:
self-reported incidence and associated costs. Ann Epidemiol 2000;10(8):509-15.

14.

Mazzulli T. Antimicrobial resistance trends in common urinary pathogens. Can J
Urol 2001;8(3 Supp 1):2-5.

15.

Haley RW, Culver DH, White JW, Morgan WM, Emori TG, Munn VP, et al. The
efficacy of infection surveillance and control programs in preventing nosocomial
infections in US hospitals. Am J Epidemiol 1985;121(2):182-205.

16.

Haley RW, Culver DH, White JW, Morgan WM, Emori TG. The nationwide
nosocomial infection rate. A new need for vital statistics. Am J Epidemiol
1985;121(2):159-67.

17.

Rutledge KA, McDonald HP, Jr. Costs of treating simple nosocomial urinary tract
infection. Urology 1985;26(1 Suppl):24-6.

18.

Platt R, Polk BF, Murdock B, Rosner B. Mortality associated with nosocomial
urinary-tract infection. N Engl J Med 1982;307(11):637-42.

19.

Stamey TA, Sexton CC. The role of vaginal colonization with enterobacteriaceae
in recurrent urinary infections. J Urol 1975;113(2):214-7.

20.

Svanborg C, Godaly G. Bacterial virulence in urinary tract infection. Infect Dis
Clin North Am 1997;11(3):513-29.

21.

Busch R, Huland H. Correlation of symptoms and results of direct bacterial
localization in patients with urinary tract infections. J Urol 1984;132(2):282-5.

22.

Kunin C. Urinary tract infections. 5 ed. Baltimore: Williams & Wilkins; 1997.
p 10.

33

23.

Wallmark G, Arremark I, Telander B. Staphylococcus saprophyticus: a frequent
cause of acute urinary tract infection among female outpatients. J Infect Dis
1978;138(6):791-7.

24.

Nicolle LE. Urinary tract pathogens in complicated infection and in elderly
individuals. J Infect Dis 2001;183 Suppl 1:S5-8.

25.

Mabeck CE, Orskov F, Orskov I. Studies in urinary tract infections. 8. Escherichia
coli O:H serotypes in recurrent infections. Acta Med Scand 1971;190(4):279-82.

26.

Lindberg U, Hanson LÅ, Jodal U, Lidin-Janson G, Loincoln K, Olling S.
Differences in Escherichia coli causing asymptomatic and symptomatic
bacteriuria. Acta Paediatr Scand 1975;64:432-436.

27.

Johnson JR. Virulence factors in Escherichia coli urinary tract infection. Clin
Microbiol Rev 1991;4(1):80-128.

28.

Hacker J, Blum-Oehler G, Muhldorfer I, Tschape H. Pathogenicity islands of
virulent bacteria: structure, function and impact on microbial evolution. Mol
Microbiol 1997;23(6):1089-97.

29.

Båga M, Norgren M, Normark S. Biogenesis of E. coli Pap pili: papH, a minor
pilin subunit involved in cell anchoring and length modulation. Cell
1987;49(2):241-51.

30.

Lund B, Lindberg F, Marklund BI, Normark S. The PapG protein is the alpha-Dgalactopyranosyl-(1----4)-beta-D- galactopyranose-binding adhesin of
uropathogenic Escherichia coli. Proc Natl Acad Sci U S A 1987;84(16):5898-902.

31.

Lindberg F, Lund B, Johansson L, Normark S. Localization of the receptorbinding protein adhesin at the tip of the bacterial pilus. Nature 1987;328(6125):847.

32.

Johanson IM, Plos K, Marklund BI, Svanborg C. Pap, papG and prsG DNA
sequences in Escherichia coli from the fecal flora and the urinary tract. Microb
Pathog 1993;15(2):121-9.

34

33.

Lindstedt R, Larson G, Falk P, Jodal U, Leffler H, Svanborg C. The receptor
repertoire defines the host range for attaching Escherichia coli strains that
recognize globo-A. Infect Immun 1991;59(3):1086-92.

34.

Källenius G, Möllby R, Svenson SB, Winberg J, Hultberg H. Identification of a
carbohydrate receptor recognized by uropathogenic Escherichia coli. Infection
1980;8(Suppl 3):288-93.

35.

Leffler H, Svenborg-Edén C. Chemical identification of a glycosphingolipid
receptor for Escherichia coli attaching to human urinary tract epithelial cells and
aggluttinating human erythrocytes. FEMS Microbiol Lett 1980(8):127-134.

36.

Hagberg L, Engberg I, Freter R, Lam J, Olling S, Svanborg Eden C. Ascending,
unobstructed urinary tract infection in mice caused by pyelonephritogenic
Escherichia coli of human origin. Infect Immun 1983;40(1):273-83.

37.

Rehn M, Korhonen T, Mäkelä H. P fimbriae of Escherichia coli are subject to
phase variation. FEMS Microbiol Lett 1983(19):267-371.

38.

Lichodziejewska M, Topley N, Steadman R, Mackenzie RK, Jones KV, Williams
JD. Variable expression of P fimbriae in Escherichia coli urinary tract infection.
Lancet 1989;1(8652):1414-8.

39.

Plos K, Connell H, Jodal U, Marklund BI, Mårild S, Wettergren B, et al. Intestinal
carriage of P fimbriated Escherichia coli and the susceptibility to urinary tract
infection in young children. J Infect Dis 1995;171(3):625-31.

40.

Hedges SR, Agace WW, Svanborg C. Epithelial cytokine responses and mucosal
cytokine networks. Trends Microbiol 1995;3(7):266-70.

41.

Johnson JR, Brown JJ, Ahmed P. Diversity of hemagglutination phenotypes
among P-fimbriated wild-type strains of Escherichia coli in relation to papG allele
repertoire. Clin Diagn Lab Immunol 1998;5(2):160-70.

42.

Schaeffer AJ, Schwan WR, Hultgren SJ, Duncan JL. Relationship of type 1 pilus
expression in Escherichia coli to ascending urinary tract infections in mice. Infect
Immun 1987;55(2):373-80.

35

43.

Roberts JA. Pathophysiology of bacterial cystitis. Adv Exp Med Biol
1999;462:325-38.

44.

Duguid J, Old D. Adhesive properties of Enterobacteriaceae. In: Beachey E,
editor. Bacterial Adherence, Receptors and Recognition. London.: Chapman and
Hall.; 1980. p. 185-217.

45.

Ofek I, Mirelman D, Sharon N. Adherence of Escherichia coli to human mucosal
cells mediated by mannose receptors. Nature 1977;265(5595):623-5.

46.

Klemm P. The fimA gene encoding the type-1 fimbrial subunit of Escherichia
coli. Nucleotide sequence and primary structure of the protein. Eur J Biochem
1984;143(2):395-9.

47.

Brinton CC, Jr. The structure, function, synthesis and genetic control of bacterial
pili and a molecular model for DNA and RNA transport in gram negative bacteria.
Trans N Y Acad Sci 1965;27(8):1003-54.

48.

Jones CH, Pinkner JS, Roth R, Heuser J, Nicholes AV, Abraham SN, et al. FimH
adhesin of type 1 pili is assembled into a fibrillar tip structure in the
Enterobacteriaceae. Proc Natl Acad Sci U S A 1995;92(6):2081-5.

49.

Krogfelt KA, Bergmans H, Klemm P. Direct evidence that the FimH protein is the
mannose-specific adhesin of Escherichia coli type 1 fimbriae. Infect Immun
1990;58(6):1995-8.

50.

Jones CH, Pinkner JS, Nicholes AV, Slonim LN, Abraham SN, Hultgren SJ.
FimC is a periplasmic PapD-like chaperone that directs assembly of type 1 pili in
bacteria. Proc Natl Acad Sci U S A 1993;90(18):8397-401.

51.

Orndorff PE, Falkow S. Identification and characterization of a gene product that
regulates type 1 piliation in Escherichia coli. J Bacteriol 1984;160(1):61-6.

52.

Abraham JM, Freitag CS, Clements JR, Eisenstein BI. An invertible element of
DNA controls phase variation of type 1 fimbriae of Escherichia coli. Proc Natl
Acad Sci U S A 1985;82(17):5724-7.

36

53.

Klemm P. Two regulatory fim genes, fimB and fimE, control the phase variation
of type 1 fimbriae in Escherichia coli. Embo J 1986;5(6):1389-93.

54.

Gunther NWt, Lockatell V, Johnson DE, Mobley HL. In vivo dynamics of type 1
fimbria regulation in uropathogenic Escherichia coli during experimental urinary
tract infection. Infect Immun 2001;69(5):2838-46.

55.

Korhonen TK, Virkola R, Westurlund B, Holthofer H, Parkkinen J. Tissue tropism
of Escherichia coli adhesins in human extraintestinal infections. Curr Top
Microbiol Immunol 1990;151:115-27.

56.

Wu XR, Sun TT, Medina JJ. In vitro binding of type 1-fimbriated Escherichia coli
to uroplakins Ia and Ib: relation to urinary tract infections. Proc Natl Acad Sci U S
A 1996;93(18):9630-5.

57.

Schilling JD, Mulvey MA, Vincent CD, Lorenz RG, Hultgren SJ. Bacterial
invasion augments epithelial cytokine responses to Escherichia coli through a
lipopolysaccharide-dependent mechanism. J Immunol 2001;166(2):1148-55.

58.

Stamey TA, Timothy M, Millar M, Mihara G. Recurrent urinary infections in
adult women. The role of introital enterobacteria. Calif Med 1971;115(1):1-19.

59.

Bollgren I, Winberg J. The periurethral aerobic flora in girls highly susceptible to
urinary infections. Acta Paediatr Scand 1976;65(1):81-7.

60.

Orskov I, Ferencz A, Orskov F. Tamm-Horsfall protein or uromucoid is the
normal urinary slime that traps type 1 fimbriated Escherichia coli. Lancet
1980;1(8173):887.

61.

Dulawa J, Jann K, Thomsen M, Rambausek M, Ritz E. Tamm Horsfall
glycoprotein interferes with bacterial adherence to human kidney cells. Eur J Clin
Invest 1988;18(1):87-91.

62.

Fukushi Y, Orikasa S, Kagayama M. An electron microscopic study of the
interaction between vesical epitherlium and E. Coli. Invest Urol 1979;17(1):61-8.

37

63.

McTaggart LA, Rigby RC, Elliott TS. The pathogenesis of urinary tract infections
associated with Escherichia coli, Staphylococcus saprophyticus and S.
epidermidis. J Med Microbiol 1990;32(2):135-41.

64.

Jodal U, Ahlstedt S, Carlsson B, Hanson LÅ, Lindberg U, Sohl A. Local
antibodies in childhood urinary tract infection: a preliminary study. Int Arch
Allergy Appl Immunol 1974;47(4):537-46.

65.

Marx M, Weber M, Schafranek D, Wandel E, Meyer zum Buschenfelde KH,
Kohler H. Secretory immunoglobulin A in urinary tract infection, chronic
glomerulonephritis, and renal transplantation. Clin Immunol Immunopathol
1989;53(2 Pt 1):181-91.

66.

Mattsby-Baltzer I, Claesson I, Hanson LÅ, Jodal U, Kaijser B, Lindberg U, et al.
Antibodies to lipid A during urinary tract infection. J Infect Dis 1981;144(4):31928.

67.

Kaijser B, Ahlstedt S. Protective capacity of antibodies against Escherichia coli
and K antigens. Infect Immun 1977;17(2):286-9.

68.

Svanborg-Eden C, Svennerholm AM. Secretory immunoglobulin A and G
antibodies prevent adhesion of Escherichia coli to human urinary tract epithelial
cells. Infect Immun 1978;22(3):790-7.

69.

de Ree JM, van den Bosch JF. Serological response to the P fimbriae of
uropathogenic Escherichia coli in pyelonephritis. Infect Immun 1987;55(9):22047.

70.

O'Hanley P, Low D, Romero I, Lark D, Vosti K, Falkow S, et al. Gal-Gal binding
and hemolysin phenotypes and genotypes associated with uropathogenic
Escherichia coli. N Engl J Med 1985;313(7):414-20.

71.

Roberts JA, Hardaway K, Kaack B, Fussell EN, Baskin G. Prevention of
pyelonephritis by immunization with P-fimbriae. J Urol 1984;131(3):602-7.

72.

Kuriyama M. [The study of urinary secretory IgA. (I) Its localization in the urinary
tract (author's transl)]. Nippon Hinyokika Gakkai Zasshi 1979;70(10):1129-44.

38

73.

Uehling DT, Steihm ER. Elevated urinary secretory IgA in children with urinary
tract infection. Pediatrics 1971;47(1):40-6.

74.

Fliedner M, Mehls O, Rauterberg EW, Ritz E. Urinary sIgA in children with
urinary tract infection. J Pediatr 1986;109(3):416-21.

75.

Hopkins WJ, Uehling DT, Balish E. Local and systemic antibody responses
accompany spontaneous resolution of experimental cystitis in cynomolgus
monkeys. Infect Immun 1987;55(9):1951-6.

76.

Bienenstock J, Befus AD. Mucosal immunology. Immunology 1980;41(2):24970.

77.

Underdown BJ, Schiff JM. Immunoglobulin A: strategic defense initiative at the
mucosal surface. Annu Rev Immunol 1986;4:389-417.

78.

Crago SS, Kulhavy R, Prince SJ, Mestecky J. Secretory component of epithelial
cells is a surface receptor for polymeric immunoglobulins. J Exp Med
1978;147(6):1832-7.

79.

Brandtzaeg P, Prydz H. Direct evidence for an integrated function of J chain and
secretory component in epithelial transport of immunoglobulins. Nature
1984;311(5981):71-3.

80.

Solari R, Kuhn L, Kraehenbuhl JP. Antibodies recognizing different domains of
the polymeric immunoglobulin receptor. J Biol Chem 1985;260(2):1141-5.

81.

Svanborg Eden C, Bjursten LM, Hull R, Hull S, Magnusson KE, Moldovano Z, et
al. Influence of adhesins on the interaction of Escherichia coli with human
phagocytes. Infect Immun 1984;44(3):672-80.

82.

Svanborg C, Godaly G, Hedlund M. Cytokine responses during mucosal
infections: role in disease pathogenesis and host defence. Curr Opin Microbiol
1999;2(1):99-105.

83.

de Man P, van Kooten C, Aarden L, Engberg I, Linder H, Svanborg Eden C.
Interleukin-6 induced at mucosal surfaces by gram-negative bacterial infection.
Infect Immun 1989;57(11):3383-8.
39

84.

Agace WW, Hedges SR, Ceska M, Svanborg C. Interleukin-8 and the neutrophil
response to mucosal gram-negative infection. J Clin Invest 1993;92(2):780-5.

85.

Hedges S, Anderson P, Lidin-Janson G, de Man P, Svanborg C. Interleukin-6
response to deliberate colonization of the human urinary tract with gram-negative
bacteria. Infect Immun 1991;59(1):421-7.

86.

Benson M, Jodal U, Andreasson A, Karlsson A, Rydberg J, Svanborg C.
Interleukin 6 response to urinary tract infection in childhood. Pediatr Infect Dis J
1994;13(7):612-6.

87.

Jacobson SH, Hylander B, Wretlind B, Brauner A. Interleukin-6 and interleukin-8
in serum and urine in patients with acute pyelonephritis in relation to bacterialvirulence-associated traits and renal function. Nephron 1994;67(2):172-9.

88.

Tullus K, Fituri O, Burman LG, Wretlind B, Brauner A. Interleukin-6 and
interleukin-8 in the urine of children with acute pyelonephritis. Pediatr Nephrol
1994;8(3):280-4.

89.

Ko YC, Mukaida N, Ishiyama S, Tokue A, Kawai T, Matsushima K, et al.
Elevated interleukin-8 levels in the urine of patients with urinary tract infections.
Infect Immun 1993;61(4):1307-14.

90.

Khalil A, Brauner A, Bakhiet M, Burman LG, Jaremko G, Wretlind B, et al.
Cytokine gene expression during experimental Escherichia coli pyelonephritis in
mice. J Urol 1997;158(4):1576-80.

91.

Tullus K, Wang JA, Lu Y, Burman LG, Brauner A. Interleukin-1 alpha and
interleukin-6 in the urine, kidney, and bladder of mice inoculated with Escherichia
coli. Pediatr Nephrol 1996;10(4):453-7.

92.

Agace W, Hedges S, Andersson U, Andersson J, Ceska M, Svanborg C. Selective
cytokine production by epithelial cells following exposure to Escherichia coli.
Infect Immun 1993;61(2):602-9.

40

93.

Brauner A, Söderhäll M, Jacobson SH, Lundahl J, Andersson U, Andersson J.
Escherichia coli-induced expression of IL-1 alpha, IL-1 beta, IL-6 and IL-8 in
normal human renal tubular epithelial cells. Clin Exp Immunol 2001;124(3):4238.

94.

Uehling DT, Hopkins WJ, Dahmer LA, Balish E. Phase I clinical trial of vaginal
mucosal immunization for recurrent urinary tract infection. J Urol 1994;152(6 Pt
2):2308-11.

95.

Uehling DT, Hopkins WJ, Balish E, Xing Y, Heisey DM. Vaginal mucosal
immunization for recurrent urinary tract infection: phase II clinical trial. J Urol
1997;157(6):2049-52.

96.

Uehling DT, Hopkins WJ, Beierle LM, Kryger JV, Heisey DM. Vaginal mucosal
immunization for recurrent urinary tract infection: extended phase II clinical trial.
J Infect Dis 2001;183 Suppl 1:S81-3.

97.

Nayir A, Emre S, Sirin A, Bulut A, Alpay H, Tanman F. The effects of
vaccination with inactivated uropathogenic bacteria in recurrent urinary tract
infections of children. Vaccine 1995;13(11):987-90.

98.

Langermann S, Palaszynski S, Barnhart M, Auguste G, Pinkner JS, Burlein J, et
al. Prevention of mucosal Escherichia coli infection by FimH-adhesin-based
systemic vaccination. Science 1997;276(5312):607-11.

99.

Tullus K, Hörlin K, Svenson SB, Källenius G. Epidemic outbreaks of acute
pyelonephritis caused by nosocomial spread of P fimbriated Escherichia coli in
children. J Infect Dis 1984;150(5):728-36.

100.

Roberts JA, Marklund BI, Ilver D, Haslam D, Kaack MB, Baskin G, et al. The
Gal(alpha 1-4)Gal-specific tip adhesin of Escherichia coli P- fimbriae is needed
for pyelonephritis to occur in the normal urinary tract. Proc Natl Acad Sci U S A
1994;91(25):11889-93.

41

101.

Winberg J, Möllby R, Bergström J, Karlsson KA, Leonardsson I, Milh MA, et al.
The PapG-adhesin at the tip of P-fimbriae provides Escherichia coli with a
competitive edge in experimental bladder infections of cynomolgus monkeys. J
Exp Med 1995;182(6):1695-702.

102.

Hultgren SJ, Schwan WR, Schaeffer AJ, Duncan JL. Regulation of production of
type 1 pili among urinary tract isolates of Escherichia coli. Infect Immun
1986;54(3):613-20.

103.

Herthelius M, Möllby R, Nord CE, Winberg J. Amoxicillin promotes vaginal
colonization with adhering Escherichia coli present in faeces. Pediatr Nephrol
1989;3(4):443-7.

104.

Herthelius M, Gorbach SL, Möllby R, Nord CE, Pettersson L, Winberg J.
Elimination of vaginal colonization with Escherichia coli by administration of
indigenous flora. Infect Immun 1989;57(8):2447-51.

105.

Strömberg N, Marklund BI, Lund B, Ilver D, Hamers A, Gaastra W, et al. Hostspecificity of uropathogenic Escherichia coli depends on differences in binding
specificity to Gal alpha 1-4Gal-containing isoreceptors. Embo J 1990;9(6):200110.

106.

Pere A, Nowicki B, Saxen H, Siitonen A, Korhonen TK. Expression of P, type-1,
and type-1C fimbriae of Escherichia coli in the urine of patients with acute urinary
tract infection. J Infect Dis 1987;156(4):567-74.

107.

Virkola R, Westerlund B, Holthofer H, Parkkinen J, Kekomaki M, Korhonen TK.
Binding characteristics of Escherichia coli adhesins in human urinary bladder.
Infect Immun 1988;56(10):2615-22.

108.

Jacobson SH, Källenius G, Lins LE, Svenson SB. P-fimbriae receptors in patients
with chronic pyelonephritis. J Urol 1988;139(5):900-3.

109.

Hopkins WJ, Reznikoff CA, Oberley TD, Uehling DT. Adherence of
uropathogenic E. coli to differentiated human uroepithelial cells grown in vitro. J
Urol 1990;143(1):146-9.

42

110.

Pecha B, Low D, O'Hanley P. Gal-Gal pili vaccines prevent pyelonephritis by
piliated Escherichia coli in a murine model. Single-component Gal-Gal pili
vaccines prevent pyelonephritis by homologous and heterologous piliated E. coli
strains. J Clin Invest 1989;83(6):2102-8.

111.

Jacobson SH, Lins LE, Svenson SB, Källenius G. P fimbriated Escherichia coli in
adults with acute pyelonephritis. J Infect Dis 1985;152(2):426-7.

112.

Lidefelt KJ, Bollgren I, Källenius G, Svenson SB. P-fimbriated Escherichia coli in
children with acute cystitis. Acta Paediatr Scand 1987;76(5):775-80.

113.

Jacobson SH, Tullus K, Brauner A. Hydrophobic properties of Escherichia coli
causing acute pyelonephritis. J Infect 1989;19(1):17-23.

114.

Svanborg C. Resistance to urinary tract infection. N Engl J Med
1993;329(11):802-3.

115.

Asscher A. The Challenge of Urinary Tract Infections.
In. London/Toronto/Sydney: Academic Press; 1980. p. 41-51.

116.

Jensen J, Balish E, Mizutani K, Uehling DT. Resolution of induced urinary tract
infection: an animal model to assess bladder immunization.
J Urol 1982;127(6):1220-2.

117.

Uehling DT, Mizutani K, Balish E. Effect of immunization of bacterial adherence
to urothelium. Invest Urol 1978;16(2):145-7.

118.

Jensen J, Uehling DT, Kim K, Seagren-Rasmussen K, Balish E. Enhanced
immune response in the urinary tract of the rat following vaginal immunization. J
Urol 1984;132(1):164-6.

119.

Kaufman DB, Katz R, McIntosh RM. Secretory IgA in urinary tract infections. Br
Med J 1970;4(733):463-5.

43

