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Abstract

 

The FimH subunit of type 1–fimbriated 

 

Escherichia coli 

 

has
been implicated as an important determinant of bacterial ad-
herence and colonization of the urinary tract. Here, we sought
to localize the functionally important domain(s) within the
FimH molecule and to determine if antibodies against this
domain would block adherence of type 1–fimbriated

 

 E. coli

 

to the bladder mucosa in situ and in vivo

 

 

 

in an established
mouse model of cystitis. We generated translational fusion
proteins of disparate regions of the FimH molecule with an
affinity tag MalE, and tested each of the fusion products

 

 

 

in
vitro for functional activity. The minimum region respon-
sible for binding mouse bladder epithelial cells and a soluble
mannoprotein, horseradish peroxidase, was contained within
residues 1–100 of the FimH molecule. We validated and ex-
tended these findings by demonstrating that antibodies di-
rected at the putative binding region of FimH or at syn-
thetic peptides corresponding to epitopes within the binding
domain could specifically block type 1 fimbriae-mediated
bacterial adherence to bladder epithelial cells in situ and
yeast cells in vitro. Next, we compared the ability of mice
passively immunized intraperitoneally with antisera raised
against residues 1–25 and 253–264 of FimH or 1–13 of
FimA to resist bladder colonization

 

 

 

in vivo

 

 

 

after intravesic-
ular challenge with type 1–fimbriated

 

 E. coli. 

 

Only the anti-
body directed at the putative binding region of FimH (anti–
s-FimH

 

1–25

 

) significantly reduced 

 

E. coli 

 

bladder infections
in the experimental mouse model of urinary tract infections.
Similar results were obtained when the mice were actively
immunized with synthetic peptides corresponding to resi-
dues 1–25 and 253–264 of FimH or 1–13 of FimA. The
mechanism of protection was attributed, at least in part, to
inhibition of bacterial adherence to the bladder surface by
s-FimH

 

1–25

 

–specific antibody molecules that had filtered

through the kidneys into the urine. The level of FimH anti-
bodies entering the bladder from the circulatory system of
the immunized mice was found to be markedly enhanced
upon bacterial challenge. The potential broad spectrum ac-
tivity of the protective FimH antibody was indicated from
its serologic cross-reactivity with various urinary tract bac-
terial isolates bearing type 1 fimbriae. These findings could
be relevant in the design of an efficacious and broadly reac-
tive FimH vaccine against urinary tract infections. (

 

J. Clin.
Invest. 

 

1997. 100:1123–1136.) Key words: FimH
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vaccine 
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bacterial adhesion

 

Introduction

 

Over 80% of all urinary tract infections (UTIs)

 

1

 

 are caused by
the enterobacteria 

 

Escherichia coli

 

, and an overwhelming ma-
jority of these uropathogenic isolates express mannose-binding
filamentous organelles called type 1 fimbriae (1–3). Although
the importance of type 1 fimbriae in initiating infection by fa-
cilitating colonization of the urinary and other mucosal sur-
faces by 

 

E. coli

 

 and other enterobacteria has been demon-
strated by several laboratories (2, 4–6), there was debate in
some quarters as to their relative virulence potential (7, 8).
Some of the controversy may have subsided, however, in view
of a recent report confirming the importance of type 1 fimbriae
in the initiation of UTIs in an experimental mouse model (9).
Additionally, there is now a growing body of experimental and
epidemiological data implicating type 1 fimbriae in the devel-
opment of inflammatory, and potentially harmful, reactions in
the host after bacterial infections (9–14). Perhaps, the best
known example is the role of 

 

E. coli

 

 type 1 fimbriae in the de-
velopment of renal scarring, a frequent sequelae to recurrent
UTIs (13–14).

Type 1 fimbriae were first described by Brinton in 1955 and
they represent the most widely studied fimbriae of bacteria.
Although most of the genetic and structural analyses of type 1
fimbriae have focused on the fimbriae of 

 

E. coli

 

, studies by
Clegg and Gerlach (15), and Gerlach et al. (16) imply that the
organization of the gene cluster and the architecture of type 1
fimbriae on enterobacteria are remarkably similar. A cluster
of eight to nine closely associated genes located in the bacterial
chromosome are responsible for the biogenesis, assembly and
function of type 1 fimbriae (17–19). Each type 1 fimbrial fila-
ment is 

 

z

 

 1–2-

 

m

 

m long with a diameter of 7 nm (20). It is a het-
eropolymer comprising of a major subunit FimA and three mi-
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nor subunits FimF, FimG, and FimH (17, 18, 21, 22). The
FimA subunits constitute 

 

.

 

 95% of the total fimbrial proteins
and are arranged in a tight right-handed helix forming a cen-
tral axial hole (20). Immune electron microscopy has revealed
FimH to be placed strategically at the distal fimbrial tips and
also, longitudinally, at various intervals (23, 24). The FimH
molecules that are localized at the fimbrial tips appear to be
complexed with FimG, forming a flexible fibrillum structure
(25). At this time, it is not known where FimF, the other minor
subunit of the fimbriae, is located on this complex organelle.

Several lines of evidence suggest that the determinant on

 

E. coli

 

 type 1 fimbriae responsible for mediating mannose-spe-
cific adherence is its FimH subunit and that the presence of
this fimbrial moiety is important for initiating bacterial infec-
tions in the urinary tract. First, type 1–fimbriated 

 

E. coli

 

 com-
pletely lose their mannose-sensitive binding activity when the

 

fimH

 

 gene within the type 1 fimbrial gene cluster was inacti-
vated (18, 19, 24, 26). Second, antibodies directed at the amino
terminus region of 

 

E. coli

 

 FimH specifically blocked attach-
ment to epithelial cells of various 

 

E. coli

 

 strains and, even
more remarkably, the attachment of several other enterobac-
teria (23, 24). This finding also implied that FimH was antigen-
ically conserved among various species of enterobacteria (23).
Third, when a FimH

 

2

 

 mutant was compared with the type 1
fimbriae bearing a wild-type strain for its ability to colonize the
mouse bladder in an experimental model of cystitis, the former
was markedly less infectious (9, 26). Finally, inert beads coated
with recombinant FimH mimicked the same mannose-sensi-
tive binding to host cells as type 1 fimbriated 

 

E. coli

 

, whereas
beads coated with FimA, the major type 1 fimbrial protein,
failed to exhibit any binding activity (10, 27). Thus, all of the
data to date suggest that FimH, a relatively minor fimbrial
component, is responsible for the characteristic mannose-spe-
cific binding activity of type 1 fimbriae to various host cells in-
cluding uroepithelial cells. Complementing these findings is
the recent intriguing observation that the cognate FimH recep-
tors on uroepithelial cells were uroplakins, which are plaques
of glycoprotein that occupy 70–80% of the apical surface of the
uroepithelium (28).

In light of the important role played by FimH in promoting
the adherence of 

 

E. coli

 

 and possibly other enterobacteria, we
sought to localize the functionally important domain(s) within
the FimH molecule. We have used translational fusion pro-
teins comprising of disparate regions of the FimH molecule
and antibodies directed at these proteins to map functionally
active domains of FimH. We have also tested the efficacy of
antibodies directed at functionally relevant regions of FimH in
protecting animals against 

 

E. coli

 

-induced UTIs.

 

Methods

 

Bacterial culture, strains, and plasmids.

 

The strains and plasmids
used in this work are described in Table I. All strains were cultured in
brain heart infusion broth or in Luria broth (BBL Microbiology Sys-
tems, Cockeysville, MD). The organisms were tested for type 1 fim-
brial expression before they were used for adherence assays or in vivo
challenge studies. The presence of type 1 fimbriae on bacteria was de-
termined by immunoelectron microscopy and by mannose-sensitive
hemagglutination assays employing guinea pig erythrocytes (23, 24).

 

Culture of mouse bladder epithelial cells.

 

Immortalized mouse blad-
der epithelial cells MM45T.BL were obtained from American Type
Culture Collection (ATCC, Rockville, MD). The cells were cultured

in Dulbecco’s modified Eagle’s medium (DME) with 10% heat-inac-
tivated FBS at 37

 

8

 

C in a humidified atmosphere of 95% air/5% CO

 

2

 

.

 

DNA manipulations.

 

Restriction enzymes and DNA-modifying
enzymes were used as recommended by the suppliers (Boehringer
Mannheim Biochemicals, Indianapolis, IN; New England Biolabs, Inc.,
Beverly, MA). The plasmid pSH2 that contains the entire type 1 

 

fim

 

gene cluster (18) was used as the template to generate partial 

 

fimH

 

DNA sequences. PCR products were cloned into plasmid vector
pMAL-p2 (New England Biolabs, Inc.) using standard techniques.
The vector pMAL-p2 encodes the affinity tag (maltose-binding pro-
tein [MalE]) and the (Asp)10 linker, which have a molecular mass of

 

z

 

 44 kD. Oligonucleotides were synthesized and purified commer-
cially (Integrated DNA Technologies, Inc., Coralville, IA). The fol-
lowing are the sequences of the forward and reverse oligonucleotide
primers used to generate the 

 

fimH

 

 DNA fragments employed in this
study: primer Ec1: (5

 

9

 

 - GCC GGA ATT CTG TAA AAC CGC
CAA TGG TAC C - 3

 

9

 

), primer Ec2: (5

 

9

 

 - GGG CAA GCT TCT
ATT ATT GAT AAA CAA AAG TCA C - 3

 

9

 

), primer Ec3: (5

 

9

 

 -
GGG CAA GCT TCT ATT AGC CGC CAG TAG GCA CCA
CCA C - 3

 

9

 

), primer Ec4: (5

 

9

 

 - GGG CAA GCT TCT ATT ACG
GCT TAT CCG TTC TCG AAT T - 3

 

9

 

), primer Ec5: (5

 

9

 

 - GGG
CAA GCT TCT ATT AAA TGG TTT CCG GAT AAT CGT T 3

 

9

 

),
primer Ec6: (5

 

9

 

 - GCC GGA ATT CTG CGA TGT TTC TGC TCG
TGA T - 3

 

9

 

), primer Ec7: (5

 

9

 

 - GGG CGG ATC CTT ATT GAT
AAA CAA AAG TCA C - 3

 

9

 

) , primer Ec8: (5

 

9

 

 - GCC GGA ATT
CTG GCC GGT GGC GCT TTA TTT G - 3

 

9

 

), primer Ec9: (5

 

9

 

 -
GGG CGG ATC CTT AGC CGC CAG TAG GCA CCA C - 3

 

9

 

),
and primer Ec10: (5

 

9

 

 - GCC GGA ATT CCA TAA CGA TTA TCC
GGA AAC C - 3

 

9

 

). Primer sets Ec1 and Ec2 , Ec1 and Ec3, Ec1 and
Ec4, Ec1 and Ec5, Ec6 and Ec7, Ec8 and Ec9, and Ec9 and Ec10 were
used to produce the plasmids pKT100, pKT101, pKT102, pKT103,
pKT104, pKT105, and pKT106, respectively. A complete list of plas-
mids that were generated as well as their gene products are described
in Table I. Plasmids were introduced into 

 

E. coli

 

 by a method out-
lined by Sambrook et al. (29). Factor Xa, expression vector pMAL-
p2, amylose resin, antiserum against MalE, and purified MalE were
obtained from the New England Biolabs, Inc.

 

SDS-PAGE and immunoblotting.

 

Samples of whole bacterial cell
extracts or purified fusion proteins were subjected to SDS-PAGE on
a 10% slab gel by the method of Laemmli (30). The proteins were
subsequently electrophoretically transferred onto nitrocellulose
membranes. The immunostaining of specific protein was performed
essentially as described by Towbin et al. (31), using antiserum raised
against FimH or MalE.

 

Extraction of periplasmic contents and purification of MalE/FimH
fusion proteins.

 

Once the expression of each MalE/FimH fragment
chimera was confirmed by immunoblotting, we proceeded to gener-
ate large amounts of the fusion protein in the periplasmic fraction of
induced cultures (27, 32, 33). In order to induce expression of the fu-
sion protein, 0.3-mM isopropyl-

 

b

 

-

 

D

 

-thiogalactopyranoside (IPTG)
was added to the culture medium. Periplasmic fluids from various
clones were extracted from 2 liter culture suspensions as described
previously (25, 32). Each fusion protein was isolated by passing bacte-
rial periplasmic material through a Sepharose-amylose affinity col-
umn. The fusion proteins were bound to the column via their affinity
tag (the MalE portion). Bound fusion protein was subsequently
eluted by the addition of 10-mM maltose and the purity of the eluate
confirmed on an SDS-PAGE gel.

 

Overlay assays using mouse bladder epithelial cells and horserad-
ish peroxidase.

 

Purified fusion proteins comprising of MalE and full
length FimH or MalE and various FimH fragments were subjected to
SDS-PAGE and transferred onto nitrocellulose membranes. After
blocking in 3% BSA made up in PBS for 1 h, the nitrocellulose blot
was overlaid with 5 

 

3

 

 10

 

6

 

 biotinylated mouse bladder epithelial cells
(33), or 100 mM of horseradish peroxidase made up in PBS (Type VI-A;
Sigma Chemical Co., St. Louis, MO) in the presence and absence of
100-mM 

 

a

 

-methyl-

 

D

 

-mannoside. Bladder cells were biotinylated as
described previously (33, 34). After 1 h of incubation at 22

 

8

 

C, the blot
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was rinsed several times with PBS and the bound cells were probed
with alkaline phosphatase–conjugated avidin followed by the appro-
priate substrate 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tet-
razolium (BCIP/NBT) (34). Bound horseradish peroxidase was di-
rectly detected by the addition of its substrate, 4-chloro-1-naphthol.

 

Synthesis of peptides.

 

Peptides s-FimH

 

1–25

 

, s-FimA

 

1–13

 

, and
s-FimH

 

253–264

 

 were synthesized by solid-phase techniques and puri-
fied as described previously (24, 35). The purity of the peptide prod-
uct was determined by high-performance liquid chromatography on a
reverse phase column and by quantitative amino acid analyses (36).

 

Immunization of animals.

 

Passive immunization was performed
by injecting female ICR strains of mice (Harlan Sprague Dawley,
Inc., Indianapolis, IN) intraperitoneally with 200 

 

m

 

l of normal rabbit
serum or polyclonal rabbit antibody raised against synthetic peptides.
24 h after immunization, serum and urine IgG titers of specific anti-
body were typically 1:1000 and 1:4, respectively. Active immunization
of rabbits or mice was achieved by intramuscular and subcutaneous
injection with 200 

 

m

 

g of MalE/FimH fusion protein or 150 

 

m

 

g of key-
hole limpet hemocyanin (KLH)-conjugated s-FimH

 

1–25

 

, s-FimA

 

1–13

 

,
s-FimH

 

253–264

 

, or PBS emulsified with complete Freund’s adjuvant
(24, 35). 4 wk later, the animals were boosted with the immunogen
emulsified with incomplete Freund’s adjuvant. Blood samples were
drawn from each of the animals and the serum antibody titer was as-
sayed periodically by ELISA as described previously (37).

 

Assays of antibody reactivity.

 

Antibodies were detected by an
ELISA. Purified MalE/FimH fusion proteins or isolated type 1 fim-

briae or synthetic peptides were adsorbed onto ELISA trays as the
solid-phase antigen (24, 35).

 

Assay for antibody-mediated inhibition of the adherence of type 1
fimbriated E. coli to mouse bladders in situ.

 

The association of 

 

E. coli

 

ORN103(pSH2) expressing recombinant type 1 fimbriae with mouse
bladder mucosal surfaces in the presence of various antibodies was
examined as described previously by us (6). Briefly, groups of mice
(ICR strains) were killed, and their urinary bladders exposed. Urine
was removed from the bladders with a needle and syringe, and imme-
diately thereafter 200 

 

m

 

l of bacterial suspension (containing 2 

 

3

 

 10

 

8

 

CFU of bacteria) mixed with 20 

 

m

 

l of antibody was injected through
the same needle. The bladders were then incubated for an additional
30 min, after which the mucosa of the bladders were exposed and
washed repeatedly with sterile PBS. All bladders were then homoge-
nized, and the number of viable bacteria which remained associated
with the bladder mucosa was determined by colony counts of serial
dilutions of the homogenates onto plates of MacConkey agar. The re-
sults were recorded as the mean number of CFU per bladder.

 

Assay for antibody-mediated inhibition of type 1 fimbriae-induced
yeast cell (Candida albicans) agglutination.

 

The number of type
1–fimbriated bacterial cells to be added to the test system was ini-
tially determined by titrating the 

 

E. coli

 

 ORN103(pSH2) bacteria for
yeast cell agglutination activity. The lowest concentration of bacteria
that produced a strong agglutination reaction was used for the inhibi-
tion test. Twofold dilutions (20 

 

m

 

l) of each antibody in PBS was com-
bined with 40 

 

m

 

l of 1.0% yeast cell suspension. The mixtures of bacteria

 

Table I. Strains and Plasmids Employed in this Study

 

Strains and plasmids Properties Reference/source

 

Strains

 

E. coli

 

 ORN103

 

thr-1 leu-6 thi-1 

 

D

 

(arg

 

F

 

-lac)

 

(18)
U

 

169 xyl-7 ara-13 mtl-2 gal-6 rps

 

L

 

tonA2 fhuA2 min

 

A 

 

min

 

B 

 

rec

 

A

 

13

 

D

 

(

 

fim

 

ABCDEFGH)

 

E. coli

 

 TB1 F

 

2

 

ara 

 

D

 

(lac-proAB)rpsL

 

(Str

 

r

 

){

 

ø80 dlac

 

D

 

(lacZ)M15

 

D

 

}

 

hsdR

 

 (r

 

k

 

2

 

m

 

k

 

1

 

)

New England Biolabs, Inc.

 

E. coli

 

 CI5 Type 1–fimbriated uropathogenic isolate (6)

 

K. pneumoniae

 

 CI111 Type 1–fimbriated uropathogenic isolate (This study)

 

Citrobacter diversus

 

 CI113 Type 1–fimbriated uropathogenic isolate (This study)

 

Enterobacter aerogenes

 

 CI114 Type 1–fimbriated uropathogenic isolate (This study)

 

E. coli

 

 CI115 Type 1–fimbriated uropathogenic isolate (This study)

 

E. coli

 

 CI116 Type 1–fimbriated uropathogenic isolate (This study)

 

K. pneumoniae

 

 CI117 Type 1–fimbriated uropathogenic isolate (This study)

 

E. coli

 

 CI118 Type 1–fimbriated uropathogenic isolate (This study)
Serratia marcescens CI119 Type 1–fimbriated uropathogenic isolate (This study)
K. pneumoniae CI120 Type 1–fimbriated uropathogenic isolate (This study)
E. coli CI121 Type 1–fimbriated uropathogenic isolate (This study)
K. pneumoniae CI122 Type 1–fimbriated uropathogenic isolate (This study)
E. coli CI123 Type 1–fimbriated uropathogenic isolate (This study)
E. coli CI124 Type 1–fimbriated uropathogenic isolate (This study)

Plasmids
pSH2 E. coli type 1 fimbriae encoding plasmid (18, 19)
pMAL-p2 MalE affinity tag expression vector New England Biolabs, Inc.
pKT100 MalE/FimH1–277 fusion expression plasmid (This study)
pKT101 MalE/FimH1–158 fusion expression plasmid (This study)
pKT102 MalE/FimH1–100 fusion expression plasmid (This study)
pKT103 MalE/FimH1–50 fusion expression plasmid (This study)
pKT104 MalE/FimH159–277 fusion expression plasmid (This study)
pKT105 MalE/FimH101–158 fusion expression plasmid (This study)
pKT106 MalE/FimH43–158 fusion expression plasmid (This study)
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(40 ml of 109 CFU/ml PBS), antibody and yeast cells were incubated
at 378C for 60 min. Yeast cell agglutination inhibition was assessed vi-
sually. Antibodies that inhibited E. coli–induced yeast agglutination
were identified. The antibody titer that completely inhibited yeast
cell agglutination was also noted.

In vivo protection assays in mice using an experimental model of
bacterial cystitis. The protection studies were carried out in female
ICR mice undergoing water diuresis induced by the method of Keane
and Freedman (38). Briefly, female mice weighing 25–34 g were
maintained on 5% glucose water for 4 d before bacterial challenge
and continued until they were killed. Passive or active immunization
of the mice was undertaken as described previously. To initiate ex-
perimental UTIs, mice were anesthetized with Nembutal sodium so-
lution (Abbott Laboratories, Chicago, IL) and each mouse abdomen
was cleansed with Betadine and 70% alcohol. A small abdominal in-
cision was made, the bladder was exposed and the residual urine was
removed with a 271/2-gauge sterile needle and syringe. Then 50 ml (109

CFU/ml PBS bacterial suspension) of type 1–fimbriated E. coli CI5
was instilled into the bladder and the abdomen was closed. 5 d after
challenge the animals were killed, the bladders were removed, and,
after all the urine was drained, homogenized in sterile PBS. Some
kidneys were also removed and homogenized in sterile PBS. Various
dilutions of these homogenates were cultured on MacConkey agar
plates. The mean CFU per bladder and per kidney were determined
by counting the number of colonies on the culture plates. Urine was
collected from the mice after gentle massage of the abdomen at vari-
ous intervals during the experiment. The bacterial content of the
urine was assayed by plating onto MacConkey agar plates and the an-
tibody content of the urine was monitored by ELISA using MalE/
FimH as the solid phase antigen.

Results

Construction of chimeric genes comprising malE and various
fimH gene segments. Our initial studies were directed at local-
izing the region(s) in FimH responsible for mediating bacterial
adherence. Our strategy was to generate fragments of FimH
that could be readily isolated in sufficient amounts to test for
functional activity. Recently, it was reported that fimbrial
subunits and even subunit fragments could be stabilized and
isolated when fused to MalE (39–41). Apparently, MalE stabi-
lized the fimbrial subunit polypeptides in the bacterial peri-
plasm and obviated the need for the coexpression of the chap-
erone protein (39, 41). Thus, we generated fusion proteins
comprising of various domains of FimH by fusing a portion of
the fimH gene encoding the coding region for the mature
polypeptide as a translational extension of malE. The 39 exten-
sion fragment was generated by PCR using pSH2 plasmid as
the template. This fragment was cloned into the MalE fusion
expression vector pMAL-p2, creating a new plasmid which
was then used to transform the E. coli TB1 strain. The cloning
strategy that was used to create the various gene fusion con-
structs is depicted in Fig. 1. The Asp(10) linkage region be-
tween malE and the fragment of the fimH encoded the recog-
nition sequence of the proteolytic coagulation factor Xa. In
this way, the FimH polypeptide could be separated from MalE
if necessary.

Because the putative receptor binding domain of the struc-
turally similar PapG fimbrial subunit of P fimbriae of E. coli
was localized recently to the amino terminus half of the mole-
cule (39), we suspected that the binding domain of FimH would
also be at an analogous site. Therefore, most of the fragments
we generated were restricted to the amino-terminal half of the
FimH molecule.

Detection and isolation of translation fusions of MalE with
FimH fragments. We confirmed expression of each MalE/
FimH fusion protein by subjecting whole cell extracts of the
bacterial transformants to SDS-PAGE and Western blotting
using antibodies to FimH and MalE as probes. A Western blot
of whole cell extracts from bacterial clones expressing the vari-
ous chimeric proteins is shown in Fig. 2. The blots were re-
acted with FimH-specific antibodies raised against synthetic
peptides s-FimH1–25 or s-FimH253–264. In every case, the intact
fusion protein corresponded to the predominant immunoreac-
tive band in each lane. The other immunoreactive bands of
smaller size were presumed to be degraded products of the fu-
sion proteins because they reacted as well with antibodies to
MalE (data not shown). Since antibodies raised to b-galactosi-
dase did not react with these bands (data not shown), the im-

Figure 1. Cloning strategy used to create malE/fimH gene fusion con-
structs. Various fragments of the E. coli fimH gene were PCR-ampli-
fied from the recombinant plasmid pSH2, possessing the type 1 fim-
brial operon and cloned into the Eco RI and either Hind III or Bam 
HI digested sites on the MalE affinity tag expression vector, pMAL-
p2. The resulting series of pKT plasmids are described in Table I.
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munoreactivity appeared specific. As expected, the fusion pro-
teins MalE/FimH43–158 and MalE/FimH101–158 in lanes 9 and 8,
respectively, of Fig. 2 were not detected because the FimH an-
tibodies that were used as probes were specific for other re-
gions of the FimH molecule.

Once the expression of each MalE/FimH fragment chimera
was confirmed by the immunoblot, we proceeded to generate
large amounts of each fusion protein in the periplasmic frac-
tion of IPTG-induced cultures and purified the fusion proteins
on an amylose affinity column. Fig. 3 shows a Coomassie blue–
stained SDS-PAGE preparation of the various MalE/FimH
chimeric proteins as well as the MalE protein. The smaller
sized bands in each lane are degraded forms of the fusion pro-
tein. This was confirmed by amino-terminal sequence analysis
of the major bands pooled together. This finding is consistent
with previous reports that degraded forms of the MalE fusions
copurify with the full length fusion protein during the isolation
procedure (39, 41).

Our attempts to purify subfragments of FimH within resi-
dues 1 and 100 were largely unsuccessful because of the ex-
treme instability of these fusion proteins in the bacterial peri-
plasm. A preparation of MalE/FimH1–50 is shown in Fig. 3, lane
4 where the intact fusion protein is barely perceptible on the
gel. However, it is noteworthy that although we were not able
to isolate sufficient amounts of MalE/ FimH1–50 to test for func-
tional activity, we were able to obtain sufficient amounts of
this protein to raise specific antibody.

Identification of functionally active MalE/FimH chimeras.
Now that adequate amounts of the chimeric proteins contain-
ing various FimH fragments were obtainable, we were in posi-
tion to directly test them for functional activity. Each chimeric

protein was tested for its capacity to mediate mannose-inhib-
itable binding to mouse bladder epithelial cells and to horse-
radish peroxidase, a soluble mannoprotein that serves as a re-
ceptor for type 1 fimbriae (42). Because MalE does not bind
bladder cells or peroxidase (Figs. 4 and 5), it was not necessary
to clip off this portion of the fusion protein before testing. To
complement these studies, we assessed the ability of polyclonal
antibodies that we had raised in rabbits against each of the fu-
sion proteins to block type 1 fimbriae-mediated bacterial at-
tachment to bladder epithelial cells in situ and agglutination of
yeast cells in vitro.

Binding of MalE/FimH chimeras to mouse bladder epithe-
lial cells. The binding of bladder epithelial cells to the various
MalE/FimH chimeras in the overlay assay is shown in Fig. 4 A.
MalE/FimH1–158 (lane 2), and MalE/FimH1–100 (lane 3) bound
bladder cells to a comparable extent as the chimera bearing
the full-length adhesin (MalE/FimH1–277) (lane 1). In contrast,
MalE/FimH159–277 (lane 4), MalE/FimH101–158 (lane 6) and
MalE (lane 7) failed to bind bladder epithelial cells. Interest-
ingly, the MalE/FimH43–158 chimera (lane 5) is shown to bind
bladder epithelial cells, but this was not always a consistent
finding. From these observations, we inferred that the bladder
epithelial cell–binding domain was localized to a region within
residues 1–100 of FimH. It is also noteworthy that all the blad-
der cell binding reactions were inhibited by a-methyl-D-man-
noside confirming that the binding specificity exhibited by the
fusion proteins was similar to that of native type 1 fimbriae
(Fig. 4 B).

Binding of MalE/FimH chimeras to horseradish peroxi-
dase. Because type 1 fimbriae also efficiently bind certain sol-
uble mannoglycoproteins (42), we tested the ability of the var-
ious FimH fragments to bind horseradish peroxidase. This
assay simultaneously takes advantage of the highly mannosy-
lated nature of peroxidase (reflected in its ability to bind
FimH) and its intrinsic enzymatic properties (reflected in its
ability to react with the western blot substrate, 4-chloro-1-
naphthol). After binding to FimH, bound horseradish peroxi-

Figure 2. Composite Western blot of whole cell lysates of transfor-
mants harboring the various recombinant malE/fimH fusion plas-
mids. Lane 1: E. coli host strain (TB1); lane 2: TB1 harboring the 
vector, pMAL-p2; lane 3: TB1 harboring pKT100 (encoding MalE/
FimH1–277); lane 4: TB1 harboring pKT101 (encoding MalE/
FimH1–158); lane 5: TB1 harboring pKT102 (encoding MalE/FimH1–100); 
lane 6: TB1 harboring pKT103 (encoding MalE/FimH1–50); lane 7: 
TB1 harboring pKT104 (encoding MalE/FimH159–277); lane 8: TB1 
harboring pKT105 (encoding MalE/FimH101–158); lane 9: TB1 harbor-
ing pKT106 (encoding MalE/FimH43–158). Lanes 1–6 were reacted 
with anti–s-FimH1–25 antisera. Lanes 7–9 were reacted with anti–
s-FimH253–264 antisera. Fusion proteins MalE/FimH43–158 (lane 9) and 
MalE/FimH101–158 (lane 8) were not detectable on the blot because the 
FimH antibodies that were used as probes were specific for other re-
gions of the FimH molecule. Note that the bands below the promi-
nent immunoreactive band in each lane are the partially degraded 
forms of the respective fusion proteins.

Figure 3. Coomassie blue–stained gel after SDS-PAGE analysis of 
the amylose affinity column-purified MalE/FimH fusion proteins. 
Lane 1: MalE/FimH1–277; lane 2: MalE/FimH1–158; lane 3: MalE/
FimH1–100; lane 4: MalE/FimH1–50; lane 5: MalE/FimH159–277; lane 6: 
MalE/FimH43–158; lane 7: MalE/FimH101–158; lane 8: MalE. The bands 
of smaller size in each lane correspond to partially degraded forms of 
the respective fusion proteins.
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dase reacts with the substrate giving rise to precipitin bands
shown in Fig. 5 A. Thus, the darkly staining band in each lane
corresponded to sites of binding of the mannosylated enzyme.
MalE/FimH1–158 (lane 2) and MalE/FimH1–100 (lane 3) bound
peroxidase in comparable amounts as MalE/FimH1–277 (lane
1). In contrast, MalE/FimH159–277 (lane 4) and MalE/FimH101–158

(lane 6) did not exhibit any binding activity; neither did MalE/
FimH43–158 (lane 5), which had exhibited occasional binding to
bladder epithelial cells. The peroxidase binding activity of all
the immobilized fusion proteins was also completely inhib-
itable by a-methyl-D-mannoside (Fig. 5 B). Taken together,
these data implied that the peroxidase binding domain resides
within residues 1–100 of FimH. Since MalE/FimH43–158 did not
exhibit any binding activity, it would appear that residues 1–42
were important for recognition of horseradish peroxidase by
FimH.

Inhibition of type 1 fimbriae-mediated E. coli adherence to
mouse bladders in situ and yeast cells in vitro by antibodies di-
rected at selected MalE/FimH fusion proteins. To complement

the above studies, polyclonal rabbit antisera against selected
fusion proteins described above were generated. The ability of
these antibodies to block the adherence of type 1–fimbriated
E. coli ORN103(pSH2) to mouse bladders and to block type 1
fimbriae-mediated agglutination of yeast cells was examined.
On the whole, the antibodies that blocked adherence of E. coli
to mouse bladders in situ also blocked type 1–fimbriated bac-
teria-induced agglutination of yeast cells (Tables II and III).
Antibodies directed at MalE/FimH1–277, MalE/FimH1–158, and
MalE/FimH1–50 were inhibitory, whereas the antibody directed
at MalE/FimH159–277 was not (Table II). Thus, antibodies di-
rected at an epitope within the amino-terminal half of FimH
were inhibitors of bacterial adherence to bladder epithelium
and yeast cells whereas the antibody directed against the car-
boxy-terminal half of FimH was not (Tables II and III).

Antibodies directed at a synthetic copy of residues 1–25 of
FimH block E. coli adherence to mouse bladders in situ.
Based on the adherence and adherence-inhibition assays em-
ploying the various MalE/FimH fusion proteins and their re-

Figure 4. Mannose-sensitive binding of immobilized MalE/FimH fusion proteins to mouse bladder epithelial cells. (A) Binding experiment 
performed in the absence of a-methyl-D-mannoside. (B) Binding experiment performed in the presence of 100-mM a-methyl-D-mannoside. 
Lane 1: MalE/FimH1–277; lane 2: MalE/FimH1–158; lane 3: MalE/FimH1–100; lane 4: MalE/FimH159–277; lane 5: MalE/FimH43–158; lane 6: MalE/
FimH101–158; lane 7: MalE.

Figure 5. Mannose-sensitive binding of immobilized MalE/FimH fusion proteins to the mannosylated enzyme, horseradish peroxidase. (A) 
Binding experiment performed in the absence of a-methyl-D-mannoside. (B) Binding experiment performed in the presence of 100-mM
a-methyl-D-mannoside. Lane 1: MalE/FimH1–277; lane 2: MalE/FimH1–158; lane 3: MalE/FimH1–100; lane 4: MalE/FimH159–277; lane 5: MalE/
FimH43–158; lane 6: MalE/FimH101–158; lane 7: MalE.
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spective specific antibodies, we predicted that a major bladder
cell binding domain resided within residues 1–100 of FimH. To
test this prediction, we synthesized a peptide corresponding to
residues 1–25 of FimH and raised polyclonal antibodies in rab-
bits to this polypeptide. We reasoned that since these antibod-
ies were directed at a region on FimH that was close to or part
of the putative binding domain, they would be very effective in
blocking the adherence of type 1–fimbriated E. coli to bladder
cells. To test this notion, we compared the ability of antibodies
directed at s-FimH1–25 to block E. coli adherence to mouse
bladders in situ with antibodies directed at s-FimH253–264, which
corresponds to a region near the carboxy terminus of FimH.
For comparative purposes, we also included in this assay, anti-
bodies directed at s-FimA1–13, a synthetic copy of the amino
terminus region of the major subunit of type 1 fimbriae. As

shown in Table II, in contrast to antibodies directed at the
other synthetic polypeptides, antibodies directed at s-FimH1–25

markedly reduced the adherence of E. coli to mouse bladders
in situ. Indeed, the level of inhibition was comparable to that
seen with antibodies directed at the MalE/FimH1–277 fusion
protein.

Reduction of in vivo E. coli colonization in the bladders of
mice passively immunized with s-FimH1–25–specific antibody.
Because of the effectiveness of antibodies directed at s-FimH1–25

in blocking adherence of type 1–fimbriated E. coli to mouse
bladders in situ, we sought to further test our prediction by ex-
amining the efficacy of our antibodies in affording in vivo pro-
tection against bacterial UTIs. To undertake this study, we
used an established experimental mouse model of urinary tract
colonization. The results of the in vivo protection assay is sum-
marized in Table IV. The bladders of mice immunized pas-
sively with antibodies against the peptide copy of the FimH
amino terminal fragment (s-FimH1–25) were colonized by type
1–fimbriated E. coli to a significantly lower level compared
to mice immunized with either normal rabbit serum or anti-
body against the peptide copy of the carboxy region of FimH
(s-FimH253–264) or antibody against the peptide copy of the
amino-terminal fragment of FimA (s-FimA1–13). It is notewor-
thy that the differences in bacterial colonization between mice
immunized with normal serum, FimH253–264 or FimA1–13 specific
antibodies were not significant.

Since bacteriuria is a good indicator of the course of infec-
tion in the urinary tract, we also compared the bacterial num-
bers in the urine of mice passively immunized with antibodies
against s-FimH1–25 and s-FimH253–264. As shown in Fig. 6, the
level of bacteriuria in the mice immunized with s-FimH1–25

antibodies was consistently lower than mice immunized with
s-FimH253–264 antibodies (Table IV). Unlike the latter group,
the numbers of bacteria shed into the urine in mice immunized
with s-FimH1–25 appeared to progressively decrease during the
5 d of the experiment. These findings are consistent with the
remarkable differences in the number of bacteria colonizing
the bladders in the two groups of mice seen on day 5. The tem-
porary drop in bacterial counts on day 4 in mice immunized

Table II. Inhibition of the Association of Type 1–fimbriated
E. coli ORN103(pSH2) with Mouse Bladders In Situ by 
Antibodies Raised Against MalE/FimH Fusion Proteins or 
Synthetic Peptide Fragments of FimH or Fim A*

Sera CFU of E. coli per bladder‡ (mean6SEM)

Preimmune serum 1.960.3 3 106/ml
MalE/FimH1–277 4.661.2 3 105/ml§

MalE/FimH1–50 5.160.1 3 105/ml§

MalE/FimH1–158 1.860.9 3 105/ml§

MalE/FimH159–277 1.860.3 3 106/ml
s-FimH1–25 4.360.7 3 105/ml§

s-FimH253–264 2.760.8 3 106/ml
s-FimA1–13 3.661.3 3 106/ml

*Urine from each bladder was removed with a syringe, and 20 ml of an-
tibody and 200 ml of PBS containing 2 3 108 CFU of the bacteria were
instilled into the bladder. After 30 min, the mucosa of the bladders was
exposed and washed repeatedly with sterile PBS. The bladders were
then homogenized, and the number of viable bacteria which remained
associated with the bladder mucosa was determined by colony counts.
‡The data are expressed as mean6SEM (n 5 at least four mice). §P ,
0.005, on comparison of CFU of mice treated with preimmune or MalE/
FimH159–277 as determined by Student’s t test. The protocol used in the
care and treatment of the animals was in accordance with institutional
guidelines.

Table III. Inhibition of E. coli Type 1 Fimbriae-mediated Yeast 
Agglutination by Antibodies Directed at Various MalE/FimH 
Fusion Proteins*

Sera
Inhibition of yeast

agglutination

Highest dilution of antibody
at which inhibition

is still detected

Preimmune serum 2 2

MalE/FimH1–277 1 40
MalE/FimH1–50 1 80
MalE/FimH1–158 1 40
MalE/FimH159–277 2 2

*Various concentrations of antibody (20 ml volume) were mixed with a
fixed amount (40 ml of 1 3 109 CFU/ml PBS) of type 1 fimbriated E. coli
ORN103(pSH2) suspension. 40 ml of 1% yeast cell suspension was
added to this mixture and then incubated at 37°C for 60 min.

Table IV. Inhibition of In Vivo Bacterial Colonization of 
Mouse Bladders by Passive Immunization with
s-FimH1–25–specific Antibodies*

Sera employed for immunization CFU of E. coli CI5 per bladder‡ (mean6SEM)

Normal rabbit serum 4.361.6 3 106

Anti–s-FimH1–25 9.262.2 3 102§

Anti–s-FimH253–264 6.262.4 3 105

Anti–s-FimA1–13 1.360.8 3 106

*Each mouse was injected intraperitoneally 200 ml of antibody 24 h be-
fore challenge with E. coli CI5. The reaction of each of the antibodies
with isolated type 1 fimbriae was comparable on ELISA. 5 d after intra-
vesicular challenge with E. coli CI5 (50 ml of 1 3 109 CFU/ml PBS bac-
terial suspension), the bladder from each mouse was homogenized and
the CFU determined. ‡The data are expressed as mean6SEM (n 5 at
least eight mice). §P , 0.05, on comparison of CFU of mice treated with
anti–s-FimH1–25 serum with CFU of corresponding mice treated with
anti–s-FimH253–264 or anti–s-FimA1–13 as determined by Student’s t test.
The differences in CFU between mice treated with anti–s-FimH253–264,
anti–s-FimA1–13 or normal serum were not significant.
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with antibodies to s-FimH253–264 is inexplicable at this time. The
amount of FimH-specific antibody in the urine of the two
groups of immunized mice was also assessed. In both groups,
FimH-specific antibodies were detected in the urines as early
as 5 h after intraperitoneal infusion of the FimH antibodies. A
dramatic increase in FimH antibodies was seen in both groups
of mice when their urine was examined on day 1 after bacterial
challenge (Fig. 7). The level of FimH-specific antibodies grad-
ually subsided over the subsequent 4 d. There was no dramatic
increase in FimH antibodies in the urines of passively immu-
nized mice that were not challenged with bacteria (Fig. 7).
Thus, the sharp spike seen in the FimH antibody levels in the
urine appeared to be the direct result of bacterial challenge.

Reduction of in vivo E. coli colonization in the bladders of
mice actively immunized with synthetic FimH1–25. The marked
decrease in CFU after passive immunization with specific anti-
bodies against the synthetic FimH1–25 peptide in vivo encour-
aged us to directly assess the synthetic peptide as a vaccine in
affording protection against experimental infection. We vacci-
nated groups of mice with s-FimH1–25, s-FimH253–264, s-FimA1–13,
or PBS, and subsequently challenged these hyperimmune mice
with E. coli as described above. The results obtained from this
experiment closely resembled our findings with the passively
immunized mice (Table V). Mice actively immunized with
s-FimH1–25 peptide, exhibited significantly lower levels of bac-
terial bladder colonization than mice immunized with either
s-FimH253–264 or s-FimA1–13 or PBS, when challenged by type
1–fimbriated E. coli. The class of antibody evoked in the se-
rum and urine of mice immunized with FimH peptides is

shown in Fig. 8. The predominant antibody class in the serum
were of the IgG and IgM class whereas in the urine, the pre-
dominant antibodies were of the IgG and IgA class. As de-
scribed in the previous experiment, there appeared to be a
marked increase in the presence of FimH antibody in the urine
when bacteria was instilled into the urinary tract (Fig. 8).

Antigenic cross-reactivity of FimH-specific antibodies with
urinary tract bacterial isolates bearing type 1 fimbriae. The ef-
fectiveness of the FimH vaccine can be greatly enhanced if it
exhibits broad activity. We reasoned that if the binding do-
main of FimH resided in its amino terminus region and since
all type 1 fimbriae mediate mannose-sensitive binding activity,
this region on FimH must be conserved immunologically
among enterobacteria relative to other regions of the FimH
molecule or to similar sites of other fimbrial subunits. To test
this notion, the polyclonal antibody raised against s-FimH1–25

was reacted by ELISA against randomly selected uropatho-
genic enterobacteria bearing type 1 fimbriae. For comparative
purposes, the antibodies against s-FimH 253–264 and s-FimA1–13

were also tested. As shown in Fig. 9, with the exception of
Serratia marcescens CI119, both FimH-specific antibodies ex-
hibited broad immunoreactivity with all the strains tested,
whereas the antibody directed at s-FimA1–13 exhibited limited
cross-reactivity. This finding suggests that the amino terminus
and the carboxy terminus region of FimH are, in most cases,
antigenically conserved. In contrast, antibodies directed at
s-FimA1–13 exhibited either no or low level reactivity with most
of the strains tested.

Discussion

In this study, we have made several observations that cumula-
tively indicate that a receptor binding domain of FimH resides
within residues 1–100. These findings include: (a) MalE fusion
proteins containing residues 1–100 of FimH bind bladder epi-
thelial cells and horseradish peroxidase in a mannose-inhib-
itable manner; (b) a MalE fusion protein containing the entire
carboxy half of the FimH molecule (residues 159–277) failed

Figure 6. Distinct profiles of bacteriuria in mice after intravesicular 
challenge with E. coli CI5. Mice were passively immunized intraperi-
toneally with anti–s-FimH1–25 and anti–s-FimH253–264 antisera. Each 
group of passively immunized mice was intravesicularly challenged 
with E. coli CI5. Every day after bacterial challenge, urine was col-
lected from at least three mice from each group and pooled. The sam-
ples were treated with 0.1% Triton X-100 to release all cell-associated 
bacteria in the urine and the number of CFU per milliliter of urine in 
each group was determined.

Table V. Inhibition of In Vivo Bacterial Colonization of 
Bladders of Mice that Were Actively Immunized with
s-FimH1–25 Peptide*

Immunogens CFU of E. coli CI5 per bladder‡ (mean6SEM)

PBS (sham) 1.560.7 3 106

s-FimH1–25 8.262.1 3 103§

s-FimH253–264 2.261.7 3 106

s-FimA1–13 6.162.8 3 106

*Each mouse was injected intramuscularly and subcutaneously with 150
mg of KLH-conjugated synthetic peptide emulsified in CFA. 4 wk later,
each animal was boosted with 150 mg of the same immunogen emulsi-
fied in incomplete Freund’s Adjuvant. 5 d after intravesicular challenge
with E. coli CI5 (50 ml of 1 3 109 CFU/ml PBS bacterial suspension), the
bladder from each mouse was homogenized and the CFU determined.
‡The data are expressed as mean6SEM (n 5 at least eight mice). §P ,
0.05, on comparison of CFU of mice immunized with s-FimH1–25 with
CFU of corresponding mice immunized with s-FimH253–264, s-FimA1–13 or
PBS as determined by Student’s t test. The differences in CFU between
mice treated with anti–s-FimH253–264, anti–s-FimA1–13 or PBS were not
significant.
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to exhibit any binding activity; and (c) the only FimH antibod-
ies that blocked adherence of type 1–fimbriated E. coli to
mouse bladders and yeast cells were those directed against
epitopes within residues 1–100. Our attempts to further local-
ize the binding region within FimH has been hampered by the
instability of the MalE fusion proteins in the bacterial peri-
plasm. Currently, we are in the process of synthesizing over-
lapping peptides within residues 1–100 to test for functional ac-
tivity. It is noteworthy that s-FimH1–25 failed to exhibit any
binding activity despite its capacity to evoke an antiadhesive
antibody. Perhaps, s-FimH1–25 contains only a portion of the
receptor binding region or this peptide is located sufficiently
close to the binding domain such that its corresponding anti-
body sterically blocks FimH-mediated adherence.

Our findings are consistent with previous studies that have
attempted to localize the binding epitopes on the PapG ad-
hesin of P fimbriae of uropathogenic E. coli (39). In those in-

vestigations, the amino and carboxy halves of the PapG mole-
cule were fused to the MalE affinity tag and tested for binding
activity. The amino-terminal half but not the carboxy-terminal
half of PapG was found to mimic binding reactions that were
characteristic of native P fimbriae (39, 43, 44). Our studies are
also consistent with earlier transposon insertion analyses of E.
coli fimH that indicated mutations localized to the 59 region of
the fimH gene were more likely to abrogate adhesive functions
of the fimbriae than mutations at other sites in the gene (18).
However, it is noteworthy that several other fimbrial adhesins
appear to mediate binding via their carboxy terminus region
(45–49).

An analysis of the covalent structure of several FimH moi-
eties of E. coli and Klebsiella pneumoniae suggests that the pu-
tative receptor binding domain is conserved among at least
two enterobacterial species (16, and our unpublished data).
On the other hand, the linear sequence of amino acids com-

Figure 7. Enhanced urinary secre-
tion of antibodies in passively im-
munized mice after intravesicular 
challenge with E. coli CI5. Mice 
were passively immunized intra-
peritoneally with antibodies to
s-FimH1–25 or s-FimH253–264. 24 h 
later (Day 0), the mice immunized 
with antibody were segregated into 
two groups and urine samples were 
collected and pooled from at least 
three mice in each group. The first 
group of mice was intravesicularly 
challenged with E. coli CI5 whereas 
the second or control group was left 
unchallenged. Urine was collected 
every day from at least three mice in 
each group and pooled. FimH-spe-
cific antibody in the urine was de-
tected by an ELISA using MalE/
FimH1–277 as the solid phase antigen. 
Urine samples were dialyzed 
against PBS before they were as-
sayed for antibody.



1132 Thankavel et al.

prising residues 1–100 of FimH is dissimilar from sequences
found on corresponding regions on other fimbrial subunits, im-
plying that it may contain distinct protein motifs that confer
mannose-binding property. This 100 amino acid stretch, how-
ever, bears little sequence homology to other mannose-bind-
ing plant lectins, such as Concanavalin A, and human lectins,
such as the mannose-binding proteins of human serum (50,
51). This may not be surprising, as sugar-binding domains on
eukaryotic lectins typically involve discontinuous regions of
the molecule and are highly conformation dependent. Thus,
the structural features of mannose-binding proteins of prokary-
otic origin may be quite distinct from eukaryotic lectins with
similar binding specificity and may reflect a lack of evolution-
ary kinship.

Although immobilized and presumably denatured polypep-
tides of FimH mediate mannose-sensitive binding interactions
with bladder epithelial cells and with a mannosylated glyco-
protein, it cannot be readily inferred that the receptor-binding
activity of FimH is mediated by a linear sequence of amino ac-
ids. At this time it is not possible to rule out limited renatur-
ation or oligomerization of the MalE/FimH fragments during
the electroblotting process that precedes exposure to the man-
nosylated substrates (Figs. 4 and 5). The slight differences in
the recognition of the bladder cells and horseradish peroxidase

exhibited by the various MalE/FimH fragments highlights the
complexity of the binding interaction mediated by FimH. It
suggests that the nature of the receptor or the substrate on
which the receptor is presented are additional factors that can
influence the interactive sites within FimH. It is noteworthy
that just because the regions on FimH downstream of residues
1–100 do not exhibit any detectable receptor binding activity,
one cannot conclude that these regions are not involved in re-
ceptor recognition. Clearly, alternate approaches such as crys-
tallographic analysis of FimH-receptor complexes will be in-
valuable for providing more definitive data on the precise
location of the receptor binding site(s) within FimH. However,
it is also conceivable that the ultimate determinant of the bind-
ing region may be the architecturally complex fimbrial fila-
ment on which the FimH moiety is critically poised. Indeed, a
recent report has suggested that the distinct fine sugar-binding
specificity exhibited by type 1 fimbriae of E. coli and K. pneu-
moniae is markedly affected by the fimbrial shaft on which the
FimH is borne (52).

Our studies provide the first definitive evidence that anti-
bodies directed specifically at a functionally relevant compo-
nent of bacterial fimbriae can afford protection against bacte-
rial colonization in vivo. When type 1 fimbriae were initially
tested as vaccines, they were found to be of limited value in

Figure 8. Classes of FimH-specific 
antibody in serum and urine of mice 
actively immunized with s-FimH1–25. 
Serum and urine samples were col-
lected on day 0, just before bacterial 
challenge. To determine the effect 
of bacterial infection on secretion of 
antibodies in the urinary tract, urine 
was also collected from the mice on 
day 1 after bacterial challenge. Se-
rum and urine from at least three 
mice were pooled and assayed for 
each class of antibody. Urine sam-
ples were dialyzed against PBS be-
fore they were assayed for antibody. 
The ELISA employed MalE/
FimH1–277 as the solid phase antigen 
and antibody specific for each im-
munoglobulin class was used as the 
secondary antibody.
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protecting animals and humans from bacteria expressing het-
erologous fimbriae (53–56). Most of the antibodies evoked
with the purified fimbrial preparation were directed primarily
at the structural FimA subunit (which constitutes over 95% of
the total fimbrial proteins), but none appeared to be directed
at the minor FimH adhesive component. Furthermore, the
FimA subunit was antigenically heterogeneous even among
strains of the same species (57, 58). Thus, the protection af-
forded by employing purified type 1 fimbriae as a vaccine was
limited to relatively a few bacterial strains expressing homolo-
gous type 1 fimbriae. Once FimH was identified as the adhesin
(17–19), we demonstrated that purified FimH was in fact im-
munogenic in animals (23, 24). We also showed that relatively
small synthetic peptides copying the amino terminus region of
E. coli FimH were highly immunogenic when conjugated with
KLH and that the resulting antibodies were broadly cross-
reactive not only with type 1 fimbriae from other E. coli strains,
but also with fimbriae from a variety of genera and species in
the family Enterobacteriaceae (23, 24). In this study, we dem-

onstrate that the amino-terminal region of FimH contains a
major determinant of receptor binding and that antibodies di-
rected specifically at this region of FimH block binding of type
1–fimbriated E. coli to bladder epithelial cells in situ and con-
fer protection against bacterial infection in an experimental
mouse model of UTI. The magnitude of the protection can be
ascertained by the fact that bladders of mice immunized pas-
sively with antibodies to s-FimH1–25 exhibited at least 100-fold
lower levels of bladder colonization than mice infused with anti-
bodies to s-FimA1–13 or s-FimH253–264. The in vivo effectiveness
of the s-FimH1–25-specific antibody in mice was demonstrated
after both passive immunization with hyperimmune serum and
active immunization with the s-FimH1–25 peptide. Since the
value of a vaccine candidate can be greatly enhanced if it is
shown to possess broad spectrum activity, we examined the re-
activity of our protective s-FimH1–25-specific antiserum with
several randomly selected type 1–fimbriated urinary tract bac-
terial isolates. In contrast to the antibody directed at s-FimA1–13

that exhibited limited cross-reactivity, s-FimH1–25-specific anti-

Figure 9. Broad crossreactivity of 
FimH-specific antibody among uri-
nary tract bacterial isolates. Various 
type 1–fimbriated enterobacterial 
urinary tract isolates were immobi-
lized on microtiter trays and then 
reacted in an ELISA with anti-
bodies raised against s-FimH1–25,
s-FimH253–264 and s-FimA1–13.
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serum reacted well with almost all the type 1–fimbriated bacte-
ria that were tested. This finding is consistent with the notion
that residues 1–25 are within the mannose-binding domain on
FimH and is likely to be structurally conserved among all type
1 fimbriae because of their common mannose-binding prop-
erty. Interestingly, the nonprotective FimH253–264-specific se-
rum was also found to be highly cross-reactive. The region
spanned by residues 253–264 forms part of the putative chap-
erone binding region of FimH (43) and has been shown by Ze-
heb and Orr (33) and Hultgren and coworkers (41, 43) to be
structurally conserved among many fimbrial subunits. Hence it
is not surprising that this region of FimH was found to be anti-
genically conserved.

Most studies that have reported protection against experi-
mental bacterial UTIs after vaccination with fimbriae or pas-
sive infusion of fimbriae-specific antibodies have inferred that
the mechanism involves inhibition of bacterial adherence to
mucosal epithelial cells (6, 59–61). Our findings are entirely
consistent with that notion. We found that the only protective
antibody in vivo was that directed at s-FimH1–25. This antibody,
unlike the antibody against s-FimH253–264 and s-FimA1–13,
blocked adherence of type 1 fimbriated E. coli to bladder walls
in situ and to yeast cells in vitro. There was no appreciable dif-
ference in the levels of FimH1–25-specific and FimH253–264-spe-
cific antibodies in the urines of mice during the course of the
entire experiment (Fig. 7). Thus, the lack of protection seen
with the latter antibody was not because of reduced levels of
urinary antibodies. This finding also implies that other anti-
body-mediated antimicrobial functions such as bacterial aggre-
gation and opsonization were not consequential in the urinary
tract, because the s-FimH253–264-specific antibody readily binds
the type 1 fimbriae of the challenge bacteria and can poten-
tially perform these functions just as well as the antibody
against s-FimH1–25. Thus, we speculate that the mode of pro-
tection effected by the FimH1–25-specific antibody was through
blocking and possibly reversing specific adherence of the chal-
lenge strain to the walls of the bladder, effectively preventing
bacteria from establishing an early foothold.

To confirm that the protective antibodies could reach the
bladder, we screened the urine of passively immunized mice
for the presence of FimH-specific antibodies. To ensure that
we were assaying only functionally competent antibodies, we
used isolated MalE/FimH1–277 as the solid-phase antigen in the
ELISA assay. Thus, only antibodies that recognized and bound
FimH were detected. We determined that both s-FimH1–25 and
s-FimH253–264-specific antibodies were detected in the urine of
mice as early as 5 h after intraperitoneal immunization with
antibody. This is consistent with previous studies that have re-
ported infiltration of intact serum antibodies into the urine of
normal individuals (62). Serum-derived antibodies may also
account for a portion of the antibodies in the urine of the ac-
tively immunized mice. Interestingly, FimH-specific IgA anti-
bodies were detected in the serum as well as in the urine of the
mice. Because the amounts of IgA relative to IgG levels in
the urines appeared to be higher than that found in the serum,
the IgA antibodies detected in the urine were likely to be lo-
cally generated, which is consistent with previous studies
showing that subcutaneous or parenteral injection of antigens
can elicit specific IgA (and IgG) responses in distant mucosal
surfaces including the urinary tract (63–65). Remarkably, there
was a dramatic increase in the urinary FimH-antibody levels
immediately after instillation of bacteria into the bladders of

immunized mice. Conceivably, a portion of the intravesicularly
instilled bacteria had migrated into the kidneys, where they in-
duced inflammation resulting in proteinuria. Acute inflamma-
tory reactions in the kidneys can cause malfunctioning of the
glomerular filtration system, precipitating leakage of blood
proteins including antibody molecules into the urine (66, 67).
The degree of leakage is variable and often dependent on the
extent of inflammation in the kidneys (66, 67). Evidence that
appreciable numbers of bacteria reached the kidneys after in-
travesicular instillation and caused renal inflammation comes
from positive bacterial cultures of kidney homogenates (data
not shown) as well as from histological examination of kidney
sections of selected mice from each challenge group that re-
vealed definite signs of inflammation (data not shown). Al-
though the spontaneous migration of bacteria into the kidneys
could be attributable, at least in part, to the experimental pro-
cedure that we used, it is conceivable that in a natural infec-
tion, hypersecretion of serum antibodies into the urine will oc-
cur when cystitis progresses to pyelonephritis. In the actively
immunized mice, FimH antibodies of the IgM and IgG class
were detectable in the serum but only IgG antibodies were de-
tected in the urine indicating that IgM antibodies, which are
considerably larger molecules than IgG, were excluded from
entry into the urine. Thus, in spite of renal inflammation, there
still existed some selectivity in the leakage of serum proteins
into the urine.

While many bacterial components could potentially con-
tribute to renal inflammation it is noteworthy that uropatho-
genic bacteria expressing type 1 fimbriae are an important
cause of renal inflammation leading to scarring (13, 14). Sev-
eral recent reports have shown that the FimH moiety of type 1
fimbriae is a potent inflammogen and have provided valuable
clues to the underlying molecular and cellular mechanisms in-
volved (10, 11, 68). Mast cells, strategically located underneath
the mucosal epithelial cells and around blood vessels, appear
to be central to the inflammatory process. These cells, upon
contact with the enterobacterial FimH, spontaneously release
a large variety of inflammatory mediators (10, 11). One such
mast cell product elicited by FimH is histamine (10), a potent
vasoactive amine, which markedly increases local blood flow
and vascular permeability. These vascular events then facili-
tate the arrival of inflammatory cells and serum antibodies to
the site of bacterial infection. Thus, a consequence of bacterial
entry into the kidney could be hypersecretion of antibodies
and other antimicrobial blood components into the urine. This
phenomenon is especially intriguing because the host appears
to be using the virulence properties of the bacteria to facilitate
clearance of the pathogen. This bacteria-initiated trafficking of
antibodies and other blood components into the urinary tract
could represent a novel mechanism by which the systemic im-
mune system can effect protection against microbes invading
distal mucosal surfaces.

Finally, it must be emphasized that UTIs are a major com-
plication among pregnant and elderly women with some esti-
mates of the rate of bacteriuria among pregnant women rang-
ing as high as 25% (69, 70). Treatment of these cases has
become increasingly difficult as a result of the emergence of
multiply resistant pathogens. Indeed, several recent reports
have described urinary isolates of E. coli and K. pneumoniae
from hospitalized patients, that are resistant to all available an-
tibiotics including b-lactams, amino glycosides, and glycopep-
tides (71). Because of this alarming situation, new approaches
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for the prevention and management of UTIs are clearly war-
ranted. A potentially viable option is the use of vaccines com-
prising of one or more well-defined bacterial virulence deter-
minants that would evoke broad protective immunity in
individuals predisposed to UTIs. Our studies indicate that a
vaccine comprising of a functionally relevant region of bacte-
rial FimH exhibits considerable potential in evoking broadly
protective immunity against UTIs. Furthermore, they contrib-
ute to the growing body of evidence that have implicated type
1 fimbriae as a critical determinant of bacterial virulence in the
urinary tract.

Acknowledgments

We thank Dr. George Goetz for critical review of this manuscript.
This work was supported, in part, by research grants from the Na-

tional Institutes of Health (AI 35678 and DK 50814) and from an
award from the Barnes-Jewish Hospital Foundation. A.H. Shah is a
Howard Hughes Undergraduate Research Fellow.

References

1. Svanborg, E.C., and P. de Man. 1987. Bacterial virulence in urinary tract
infection. Infect. Dis. Clin. N. Am. 1:731–750.

2. Johnson, J.R. 1991. Virulence factors in Escherichia coli Urinary Tract
Infection. Clin. Microbiol. Rev. 4:80–128.

3. Hagberg, L., U. Jodal, T.K. Korhonen, and C.E. Svanborg. 1981. Adhe-
sion, hemagglutination, and virulence of Escherichia coli causing urinary tract
infections. Infect. Immun. 31:564–574.

4. Reid, G., and S.D. Sobel. 1987. Bacterial adherence in the pathogenesis
of urinary tract infections: a review. Rev. Infect. Dis. 9:470–487.

5. Silverblatt, F., and L.S. Cohen. 1979. Anti-pili antibodies afford protec-
tion against experimental ascending pyelonephritis. J. Clin. Invest. 64:333–336.

6. Abraham, S.N., J.P. Babu, C.S. Giampapa, D.L. Hasty, W.A. Simpson,
and E.H. Beachey. 1985. Protection against Escherichia coli-induced urinary
tract infections with hybridoma antibodies directed against type 1 fimbriae or
complementary D-mannose receptors. Infect. Immun. 48:625–628.

7. May, A.K., C.A. Bloch, R.G. Sawyer, M.D. Spengler, and T.L. Pruett.
1993. Enhanced virulence of Escherichia coli bearing a site-targeted mutation
in the major structural subunit of type 1 fimbriae. Infect. Immun. 61:1667–1673.

8. Svanborg, E.C., L.M. Bjursten, R. Hull, S. Hull, K.E. Magnusson, Z.
Moldovano, and H. Leffler. 1984. Influence of adhesins on the interaction of
Escherichia coli with human phagocytes. Infect. Immun. 44:672–680.

9. Connell, I., W. Agace, P. Klemm, M. Schembri, S. Marild, and C. Svan-
borg. 1996. Type 1 fimbrial expression enhances Escherichia coli virulence for
the urinary tract. Proc. Natl. Acad. Sci. USA. 93:9827–9832.

10. Malaviya, R., E. Ross, B.A. Jakschik, and S.N. Abraham. 1994. Mast
cell degranulation induced by type 1 fimbriated Escherichia coli in mice. J. Clin.
Invest. 93:1645–1653.

11. Malaviya, R., T. Ikeda, E. Ross, and S.N. Abraham. 1996. Mast cell
modulation of neutrophil influx and bacterial clearance at sites of infection
through TNF-alpha. Nature (Lond.). 381:77–80.

12. Mundi, H., B. Bjorksten, C. Svanborg, L. Ohman, and C. Dahlgren.
1991. Extracellular release of reactive oxygen species from human neutrophils
upon interaction with Escherichia coli strains causing renal scarring. Infect. Im-
mun. 59:4168–4172.

13. Steadman, R., N. Topley, D.E. Jenner, M. Davies, and J.D. Williams.
1988. Type 1 fimbriate Escherichia coli stimulates a unique pattern of degranu-
lation by human polymorphonuclear leukocytes. Infect. Immun. 56:815–822.

14. Matsumoto, T., Y. Mizunoe, N. Sakamoto, M. Tanaka, and J. Ku-
mazawa. 1990. Increased renal scarring by bacteria with mannose-sensitive pili.
Urol. Res. 18:299–303.

15. Clegg, S., and G.F. Gerlach. 1987. Enterobacterial fimbriae. J. Bacteriol.
169:934–938.

16. Gerlach, G.F., S. Clegg, and B. Allen. 1989. Identification and charac-
terization of the genes encoding the type 3 and type 1 fimbrial adhesins of Kleb-
siella pneumoniae. J. Bacteriol. 171:1262–1270.

17. Klemm, P., and G. Christiansen. 1987. Three fim genes required for the
regulation of length and mediation of adhesion of Escherichia coli type 1 fim-
briae. Mol. Gen. Genet. 208:439–445.

18. Orndorff, P.E., and S. Falkow. 1984. Organization and expression of
genes responsible for type 1 piliation in Escherichia coli. J. Bacteriol. 159:736–744.

19. Minon, F.C., S.N. Abraham, E.H. Beachey, and J.D. Gougen. 1986. The
genetic determinant of adhesive function in type 1 fimbriae of Escherichia coli
is distinct from the gene encoding the fimbrial subunit. J. Bacteriol. 165:1033–

1036.
20. Brinton, C.C. 1965. The structure, function, synthesis and DNA and

RNA transport in gram-negative bacteria. Ann. N.Y. Acad. Sci. 27:1003–1054.
21. Maurer, L., and P.E. Orndorff. 1987. Identification and characterization

of genes determining receptor binding and pilus length of Escherichia coli type
1 pili. J. Bacteriol. 169:640–645.

22. Harris, S.L., D.A. Elliott, M.C. Blake, L.M. Must, M. Messenger, and
P.E. Orndorff. 1990. Isolation and characterization of mutants with lesions af-
fecting pellicle formation and erythrocyte agglutination by type 1 piliated Es-
cherichia coli. J. Bacteriol. 172:6411–6418.

23. Abraham, S.N., D. Sun, J.B. Dale, and E.H. Beachey. 1988. Conserva-
tion of the D-mannose-adhesion protein among type 1 fimbriated members of
the family Enterobacteriaceae. Nature (Lond.). 336:682–684.

24. Abraham, S.N., J.D. Goguen, D. Sun, P. Klemm, and E.H. Beachey.
1987. Identification of two ancillary subunits of Escherichia coli type 1 fimbriae
by using antibodies against synthetic oligopeptides of fim gene products. J. Bac-
teriol. 169:5530–5535.

25. Jones, C.H., J.S. Pinkner, R. Roth, J. Heuser, S.N. Abraham, and S.J.
Hultgren. 1995. FimH adhesin of type 1 pili is presented in a fibrillar tip struc-
ture in the Enterobacteriaceae. Proc. Natl. Acad. Sci. USA. 92:2081–2085.

26. Keith, B.R., L. Maurer, P.A. Spears, and P.E. Orndorff. 1986. Receptor
binding function of type 1 pili effects bladder colonization by a clinical isolate of
Escherichia coli. Infect. Immun. 53:693–696.

27. Tewari, R., J.I. McGregor, T. Ikeda, J.R. Little, S.J. Hultgren, and S.N.
Abraham. 1993. Neutrophil activation by nascent FimH subunits of type 1 fim-
briae purified from the periplasm of Escherichia coli. J. Biol. Chem. 268:3009–
3015.

28. Wu, X.R., T.T. Sun, and J.J. Medina. 1996. In vitro binding of type
1-fimbriated Escherichia coli to uroplakins Ia and Ib: relation to urinary tract
infections. Proc. Natl. Acad. Sci. USA. 93:9630–9635.

29. Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989. Molecular Cloning: A
Laboratory Manual. 2nd Edition. Cold Spring Harbor Laboratory Press, Plain-
view, NY. 1.1–7.87.

30. Laemmli, U.K. 1970. Cleavage of structural proteins during the assem-
bly of the head of bacteriophage T4. Nature (Lond.). 227:680–685.

31. Towbin, H., T. Staehelin, and J. Gordon. 1979. Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets: procedure and ap-
plications. Proc. Natl. Acad. Sci. USA. 76:4350–4352.

32. Jones, C.H., J.S. Pinkner, A.V. Nicholes, L.N. Slonim, S.N. Abraham,
and S.J. Hultgren. 1993. FimC is a periplasmic PapD-like chaperone that directs
assembly of type 1 pili in bacteria. Proc. Natl. Acad. Sci. USA. 90:8397–8401.

33. Zeheb, R., and G.A. Orr. 1986. Use of avidin-imino biotin complexes
for purifying plasma membrane proteins. Methods Enzymol. 122:87–94.

34. Nhieu, T.V., and R.R. Isberg. 1994. Isolation and identification of eu-
karyotic receptors promoting bacterial internalization. Methods Enzymol. 236:
307–318.

35. Abraham, S.N., and E.H. Beachey. 1987. Assembly of a chemically syn-
thesized peptide of Escherichia coli type 1 fimbriae into fimbriae-like antigenic
structures. J. Bacteriol. 169:2460–2465.

36. Edman, P., and G. Begg. 1967. Automated equipment for sequence de-
termination. Eur. J. Biochem. 1:80–91.

37. Beachey, E.H., and J.M. Seyer. 1986. Protective and nonprotective
epitopes of chemically synthesized peptides of type 6 streptococcal M protein.
J. Immunol. 136:2287–2292.

38. Keane, W.F., and C.R. Freedman. 1967. Experimental pyelonephritis
XIV. Pyelonephritis in normal mice produced by inoculation of Escherichia coli
into the bladder lumen during water diuresis. Yale J. Biol. Med. 40:231–237.

39. Haslam, D.B., T. Boren, P. Falk, D. Ilver, A. Chou, Z. Xu, and S. Nor-
mark. 1994. The amino terminal domain of the P-pilus adhesin determines re-
ceptor specificity. Mol. Microbiol. 14:399–409.

40. Saarela, S., S. Taira, E.L. Nurmiaho-Lassila, A. Makkonen, and M.
Rhen. 1995. The Escherichia coli G-fimbrial lectin protein participates both in
fimbrial biogenesis and in recognition of the receptor N-acetyl-D-glucosamine.
J. Bacteriol. 177:1477–1484.

41. Xu, Z., C.H. Jones, D. Haslam, J.S. Pinkner, K. Dodson, J. Kihlberg,
and S.J. Hultgren. 1995. Molecular dissection of PapD interaction with PapG
reveals two chaperone-binding sites. Mol. Microbiol. 16:1011–1020.

42. Ponniah, S., R.O. Endres, D.L. Hasty, and S.N. Abraham. 1991. Frag-
mentation of Escherichia coli type 1 fimbriae exposes cryptic D-mannose-bind-
ing sites. J. Bacteriol. 173:4195–4202.

43. Hultgren, S.J., S. Normark, and S.N. Abraham. 1991. Chaperone-assisted
assembly and molecular architecture of adhesive pili. Annu. Rev. Microbiol. 45:
383–415.

44. Hansson, L., P. Wallbrandt, J.O. Andersson, M. Bystrom, A. Backman,
A. Carlstein, K. Enquist, H. Lonn, C. Otter, and M. Stromqvist. 1995. Carbohy-
drate specificity of the Escherichia coli P-pilus papG protein is mediated by its
N-terminal part. Biochim. Biophys. Acta. 1244:377–383.

45. Wong, W.Y., A.P. Campbell, C. McInnes, B.D. Sykes, W. Paranchych,
R.T. Irvine, and R.S. Hodges. 1995. Structure-function analysis of the adher-
ence-binding domain on the pilin of Pseudomonas aeruginosa strains PAK and
KB7. Biochemistry. 34:12963–12972.

46. Lee, K.K., H.B. Sheth, W.Y. Wong, R. Sherburne, W. Paranchych, R.S.



1136 Thankavel et al.

Hodges, C.A. Lingwood, H. Krivan, and R.T. Irvine. 1994. The binding of
Pseudomonas aeruginosa pili to glycosphingolipids is a tip-associated event in-
volving the C-terminal region of the structural pilin subunit. Mol. Microbiol. 11:
705–713.

47. Buhler, T., H. Hoschutzky, and K. Jann. 1991. Analysis of colonization
factor antigen I, an adhesin of enterotoxigenic Escherichia coli O78:H11: fim-
brial morphology and location of the receptor-binding site. Infect. Immun. 59:
3876–3882.

48. Jacobs, A.A., B.H. Simons, and F.K. de Graaf. 1987. The role of lysine-
132 and arginine-136 in the receptor-binding domain of the K99 fibrillar sub-
unit. EMBO (Eur. Mol. Biol. Organ.) J. 6:1805–1808.

49. Jacobs, A.A., J. Venema, R. Leeven, H. van Pelt-Heerschap, and F.K.
de Graaf. 1987. Inhibition of adhesive activity of K88 fibrillae by peptides de-
rived from the K88 adhesin. J. Bacteriol. 169:735–741.

50. Derewnda, Z., E. Yariv, J.R. Helliwell, A.J. Kalb, E.J. Dodson, M.Z.
Papiz, T. Wan, and J. Cambell. 1989. The structure of the saccharide-binding
site of concanavalin A. EMBO (Eur. Mol. Biol. Organ.) J. 8:2189–2193.

51. Ezekowitz, A., L.E. Day, and G.A. Herman. 1988. A human mannose-
binding protein is an acute-phase reactant that shares sequence homology with
other vertebrate lectins. J. Exp. Med. 167:1034–1046.

52. Madison, B., I. Ofek, S. Clegg, and S.N. Abraham. 1994. Type 1 fimbrial
shafts of Escherichia coli and Klebsiella pneumoniae influence sugar-binding
specificities of their FimH adhesins. Infect. Immun. 62:843–848.

53. Schmidt, M.A. 1990. Synthetic peptides: prospects for a pili (fimbriae)-
based synthetic vaccine. Curr. Top. Microbiol. Immunol. 151:185–204.

54. Pecha, B., D. Low, and P. O’Hanley. 1989. Gal-gal pili vaccines prevent
pyelonephritis by piliated Escherichia coli in a murine model. Single-compo-
nent gal-gal pili vaccines prevent pyelonephritis by homologous and heterolo-
gous piliated E. coli strains. J. Clin. Invest. 83:2102–2108.

55. Levine, M.M., R.E. Blak, C.C. Brinton, and M.L. Clements. 1983. Reac-
togenicity, immunogenicity and efficacy of Escherichia coli type 1 somatic pili
parenteral vaccine in man. Scand. J. Infect. Dis. 33 (Suppl.):83–95.

56. Brinton, C.C., S.W. Wood, A. Brown, A.M. Labik, J.R. Bryan, S.L. Lee,
S.E. Polen, E.C. Tramont, T. Sadoff, and W. Zollinger. 1982. The development
of neisserial pilus vaccine for gonorrhea and meningococcal meningitis. Semin.
Infect. Dis. 4:140–159.

57. Gerlach, G.F., and S. Clegg. 1988. Characterization of two genes encod-
ing antigenically distinct type 1 fimbriae of Klebsiella pneumoniae. Gene.
(Amst.). 64:2321–2340.

58. Adegbola, R.A., and D.C. Old. 1987. Antigenic relationships among
type-1 fimbriae of Enterobacteriaceae revealed by immuno-electron micros-
copy. J. Med. Microbiol. 24:21–28.

59. Silverblatt, F., R. Weinstein, and P. Rene. 1982. Protection against ex-
perimental pyelonephritis by antibody to pili. Scand. J. Infect. Dis. 33 (Suppl.):
79–82.

60. Rene, P., M. Dinolfo, and F.J. Silverblatt. 1982. Serum and urogenital
antibody responses to Escherichia coli pili in cystitis. Infect. Immun. 38:542–547.

61. O’Hanley, P., D. Lark, S. Falkow, and G. Schoolnik. 1985. Molecular
basis of Escherichia coli colonization of the upper urinary tract in BALB/c
mice. Gal-gal pili immunization prevents Escherichia coli pyelonephritis in the
BALB/c mouse model of human pyelonephritis. J. Clin. Invest. 75:347–360.

62. Turner, M.W., and D.S. Rowe. 1967. Antibodies of IgA and IgG class in
normal human urine. Immunology. 12:689–699.

63. Thapar, M.A., E.L. Parr, J.J. Bozzola, and M.B. Parr. 1991. Secretory
immune responses in the mouse vagina after parenteral or intravaginal immuni-
zation with an immunostimulating complex (ISCOM). Vaccine. 9:129–133.

64. Holmgren, J., A.M. Svennerholm, O. Ouchterlony, A. Anderson, G.
Walletstrom, and U. Westerberg-Berndtsson. 1975. Antitoxic immunity in ex-
perimental cholera: protection, and serum and local antibody responses in rab-
bits after enteral and parenteral immunization. Infect. Immun. 12:1331–1340.

65. Mattsby-Baltzer, I., L.A. Hanson, S. Olling, and B. Kaijser. 1982. Exper-
imental Escherichia coli ascending pyelonephritis in rats: active peroral immu-
nization with live Escherichia coli. Infect. Immun. 35:647–655.

66. Feng, L., Y. Xia, T. Yoshimura, and C.B. Wilson. 1995. Modulation of
neutrophil influx in glomerulonephritis in the rat with anti-macrophage inflam-
matory protein-2 (MIP-2) antibody. J. Clin. Invest. 95:1009–1017.

67. Kwun, K., J.P. Bramis, M. Haimov, R. Slifkin, S. Glabman, and L. Bur-
rows. 1977. Persistent immunoglobulinuria in irreversible renal allograft rejec-
tion in humans. Transplantation (Baltimore). 24:453–457.

68. Abraham, S.N., K. Thankavel, and R. Malaviya. 1997. Mast cells as
modulators of host defense in the lung. Front. Biosci. 2:d78–d87.

69. Andriole, V.T., and T.F. Patterson. 1991. Epidemiology, natural history,
and management of urinary tract infections in pregnancy. Med. Clin. North Am.
75:359–373.

70. Patton, J.P., D.B. Nash, and E. Abrutyn. 1991. Urinary tract infection:
economic considerations. Med. Clin. North Am. 75:495–513.

71. Neu, H.C. 1992. The crisis in antibiotic resistance. Science (Wash. DC).
257:1064–1073.


