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Abstract

Womenwith a history of recurrent Escherichia coli urinary
tract infections (UTIs) are two to three times more likely to be
nonsecretors of histo-blood group antigens than are women
without such a history. Further, uroepithelial cells from women
who are nonsecretors show enhanced adherence of uropatho-
genic E. coli compared with cells from secretors. To investigate
the hypothesis that nonsecretors express unique receptors for
uropathogenic E. coli related to their genetic background, we
extracted glycosphingolipids (GSLs) from vaginal epithelial
cells collected from nonsecretors and secretors and used an
assay in which radiolabeled uropathogenic E. coli were bound
to these GSLs separated on TLC plates. An E. coli strain
(R45) expressing both P and F adhesins, which was isolated
from one of these patients' UTIs, was metabolically labeled
with 35S for the TLC binding assay. The radiolabeled E. coli
R45 bound to two extended globo-series GSLs, sialosyl gal-glo-
boside (SGG) and disialosyl gal-globoside (DSGG), found in
the GSL extracts from nonsecretors but not from secretors.
The identity of SGGin the nonsecretor GSLextracts was con-
firmed in radioimmunoassays using an mAb to SGGand in
immunofluorescence assays with this mAband native vaginal
epithelial cells. Weshow that SGGand DSGGare selectively
expressed by epithelial cells of nonsecretors, presumably as a
result of sialylation of the gal-globoside precursor glycolipid,
which in secretors is fucosylated and processed to ABHanti-
gens. The presence of SGGand DSGGmay account for the
increased binding of E. coli to uroepithelial cells from nonse-
cretors and for their increased susceptibility to recurrent UTI.
(J. Clin. Invest. 1992. 90:965-972.) Key words: recurrent uri-
nary tract infection * nonsecretor * glycosphingolipid receptors

Introduction

Acute uncomplicated urinary tract infections (UTIs) ' occur in
millions of young women each year. Although most of these
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women experience only single or sporadic infections, - 20%
suffer very frequent (three or more per year) recurrences ( 1).
The apparent increased susceptibility to UTI in these patients
cannot be explained by underlying functional or anatomic ab-
normalities of the urinary tract, but instead appears to arise
from the interaction of infecting Escherichia coli strains with
these patients' epithelial cells. Thus, womenprone to frequent
recurrences demonstrate prolonged colonization of the vaginal
mucosa with E. coli, the predominant causative species in these
infections (2) and threefold more E. coli adhere to vaginal,
buccal, and uroepithelial cells from womenwith recurrent UTI
than to cells from control patients (3, 4). Womenwith a his-
tory of recurrent UTI are also more likely to be nonsecretors of
histo-blood group antigens than are womenwithout a history
of infections (relative risk = 3-4 [5-8]), and E. coli adhere in
greater numbers to uroepithelial cells from nonsecretors (8).

E. coli adhesins also play an important role in the pathogen-
esis of UTI (9-20), particularly the genetically related P and F
adhesins. P adhesins are present in 50-65% of E. coli strains
causing cystitis (9-13) and 75-90% of isolates from pyelone-
phritis ( 10, 1 1, 14-19). The minimal receptor for the P adhesin
is the galactose a 1-4 galactose moiety, present in the globo-se-
ries glycolipids and the P, blood group antigen (20-28). F ad-
hesins are expressed in 30-65% of UTI isolates (9, 10). The
minimal binding moiety for the F adhesin is less well defined
and probably more complex; proposed receptors include the
Forssman and para-Forssman antigens, globoside, galactosyl
globoside, globo-A, and globo-H, and stage-specific embryonic
antigen-4 (29-32). The globo-series glycolipids have recently
been shown to be modified by the histo-blood group status, and
ABHactive globo-series glycosphingolipids (GSLs) are found
in renal epithelium and in voided uroepithelial cells as well as
on erythrocytes (21, 28, 33-38).

Given the foregoing, we hypothesized that one explanation
for the increased risk of UTI in nonsecretors and for the in-
creased attachment of uropathogenic bacteria to their uroepi-
thelial cells might be the presence of unique receptors for P-
and F-fimbriated E. coli in such patients. To evaluate this hy-
pothesis, we studied binding of radiolabeled uropathogenic E.
coli R45 to GSLs extracted from the vaginal epithelial cells of
young womenof known secretor status and separated on TLC
(39, 40). Wedemonstrated binding moieties unique to nonse-
cretors with structures consistent with Se gene-mediated con-
trol of antigen expression in globo-series GSLs from vaginal
epithelial cells.

Methods
Preparation of glycolipids. Vaginal epithelial cells were collected from
healthy female college students whose secretor statuses were deter-

tography; IHW, isopropanol/hexane/water; SGG, sialosyl gal-globo-
side; UTI, urinary tract infection.
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mined using saliva hemagglutination inhibition assays and whose red
blood cell Lewisa antigen phenotypes were determined using hemagglu-
tination assays withi an antibody to the Lewisa antigen (7). Cells were
collected by saline rinsing and gentle scraping with a spatula, washed
four times in PBS, pH 7.3, and stored in a freezing medium (85% M199
[Sigma Chemical Co., St. Louis, MO], 10% fetal calf serum, 5%
DMSO)at -70°C until use (7, 41). Before glycolipid extraction, the
cells were washed four times in PBS, quantitated in a hemocytometer,
and equalized for extraction procedures. The cells constituted a homo-
geneous population possessing typical morphology as viewed on light
microscopy. 6-8 x I07 cells pooled from multiple patients or I0' cells/
individual patient were used in each TLC assay. The total upper- and
lower-phase glycolipid fractions were obtained as follows: cells were
extracted twice with 10 vol isopropanol/hexane/water (IHW)
(55:25:20 by vol) with sonication in a warm bath and centrifugation at
2,500 rpm for 10 min. The combined supernatant fractions were dried
under nitrogen and twice resuspended in chloroform/ methanol (2:1 by
vol) with 0.166 vol water and centrifuged at 500 g for 10 min (42).
Total upper and lower phases were evaporated under a nitrogen stream
and resuspended in IHW for chromatography.

For separation of total upper neutral glycolipids and gangliosides,
upper phase glycolipids were first resuspended in 0.1% KCI in water,
subjected to C18 Sep-Pak reverse-phase column chromatography,
washed with water, eluted with methanol, dried, and passed over a
DEAESephadex A-25 column. Gangliosides were then eluted with
0.45 Mammonium acetate in methanol, dried, and passed over a C18
column.

Glycolipids were preparatively separated by chromatography on
glass high-performance thin-layer chromatography (HPTLC) plates
(Whatman Inc., Clifton, NJ) in chloroform/methanol/water 50:40:10
with 0.05% CaCI2. The bands were visualized with primuline (43)
under ultraviolet (UV) light, marked with a pencil, scraped from the
silica plates, extracted twice in IHW, and dried. Glycolipid standards
were isolated previously in this laboratory (38, 44-48). To generate
sialosyl gal-globoside (SGG), disialosyl gal-globoside (DSGG) stan-
dard was partially desialylated with 1% acetic acid at 100°C for
5-10 min.

Bacterial labeling. E. coli R45 was isolated from a woman with
cystitis and has the pap family genotype, expressing both the P and F
adhesins (9). Organisms were kept frozen in 50% glycerol/50% Luria
broth (49) at -70°C until the night before use, when they were
streaked onto Luria agar plates (49) to promote fimbrial expression
and grown overnight at 37°C. On the day of use, bacteria were scraped
from the plate, resuspended in M9medium (49) without amino acids,
and shaken at 37°C for 40 min to deplete cellular methionine stores.
[35S]Methionine (Trans3"S-label, 1137 Ci/mmol, ICN Biochemicals,
Irvine, CA) was then added at 200 ,Ci! 1010 organisms, the cells were
shaken for 1 h, washed three times in PBSand resuspended in PBS(pH
7.3), and counted in a scintillation counter to give a final activity of

0.01-0.02 cpm per organism.
Bacterial overlay assays. Glycolipids ( 10-40 /g/lane) were chro-

matographed on glass HPTLCplates (Whatman Inc.) in chloroform/
methanol/water 50:40:10 with 0.05% CaCI2, with one plate run in
parallel for orcinol staining. Plates were dried, dipped for 1 min in
diethyl ether containing 0.5% polyisobutylmethacrylate, dried, and
preincubated in 1%BSA/PBS for 1 h, and then washed three times in
PBS. Radiolabeled bacteria were overlaid ( 108 cpm total per plate) and
the plates were gently rocked for 1 h, washed four times in PBS, and
subjected to autoradiography.

Radioimmunoassay and antibody overlay assays. Glycolipids sepa-
rated on HPTLCwere immunostained according to the procedure of
Magnani et al. (50) as modified by Kannagi et al. (51 ). Radioimmuno-
assays of GSLs immobilized in microtiter wells was performed accord-
ingto the method of Karlsson (40), with some modifications. Specifici-
ties and sources of mAbs are given in Table I.

Immunofluorescence staining of vaginal epithelial cells. Vaginal epi-
thelial cells were washed three times in PBS (pH 7.3), counted in a

Table I. Speciicities of Monoclonal Antibodies

Monoclonal
Antigen antibody Reference

Lewis' CA3F4 ATCC
Sialosyl gal- ID4 Produced in this laboratory

globoside
Disialosyl I NUH2 Produced in this laboratory (48)
A type I, II, III AH16 Produced in this laboratory (55)
A type III, IV HH5 Produced in this laboratory (56)*
Rabbit Ia CRL 1760 ATCC

* mAbHH5 has the same antigenic specificity as mAbMBrl de-
scribed in the reference.

hemocytometer, and - 3 x 104 cells were resuspended in PBS. Cells
were incubated on ice or at room temperature with the primary mAbor
no antibody for 1 h, washed three times in PBS, and incubated with the
FITC-conjugated secondary antibody (diluted 1:100) on ice for 30
min. Primary mAbswere undiluted ID4 or one of two control mAbsto
unrelated antigens: NUH2 (undiluted) or CRL1760 (ATCC; undi-
luted). After three additional washes in PBS, stained cells were evalu-
ated in a blinded fashion by examining each field sequentially using
fluorescent microscopy then light microscopy. Cells with faint or no
staining were scored as unstained and all others were considered posi-
tive.

Results

Binding of E. coli R45 to GSLstandards. The binding of meta-
bolically radiolabeled E. coli strain R45 to glycolipid standards
separated on HPTLC plates was determined using a broad
panel of GSLs with varying carbohydrate moieties as shown in
Table II. As predicted from its genotype and phenotype (P and
F adhesin positive), the bacteria bound to globo-series GSLs
containing the minimal pap-binding moiety gal a 1-4 gal as
well as several of the suggested receptors for the F adhesin,
including globoside, gal-globoside, the Forssman antigen, and
globo-A and -H. The organism did not bind to GSLs with
structures unrelated to the globo-series GSLs, such as B1
(ABH-B antigen on a type 1 core) and the gangliosides asialo
GM1 and asialo GM2. In pilot experiments where organisms
were grown under conditions that inhibit P fimbrial expres-
sion, binding of several E. coli isolates with P and/or F pheno-
types to GSLs in bacterial overlay assays was minimal or ab-
sent. Three wild-type E. coli isolates negative for either the P or
the F phenotypes failed to bind GSLs, confirming published
reports of the binding of other phenotypically negative isolates
to GSLs in bacterial overlay assays (30, 32).

Binding of E. coli R45 to glycolipids extractedfrom vaginal
epithelial cells. Total upper- and lower-phase GSLs were ex-
tracted from pooled vaginal epithelial cells collected from three
groups of healthy college students: 10 nonsecretors (8 with a
history of recurrent UTI and 2 without), 12 secretors with a
history of recurrent UTI, and 18 secretors without recurrent
infections. The distribution of ABOhisto-blood group pheno-
types among the women in the groups was comparable. E. coli
strain R45 (isolated from one of the patient's UTIs) was meta-
bolically 35S-labeled and reacted with the total upper- and
lower-phase GSLs from each of the three groups of patients in
bacterial HPTLC overlay assays. The organism bound to a
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Table II. Binding of Escherichia coli R45 to Glycosphingolipids

Symbol Structure Binding

CMH Glc61 -Icer
CDH Gal,B1-4 Glcfl -Icer
CTH Gala 1-4 Gal#1l-4 Glc#l-lcer +
Globoside Ga1NAc 1-3 Galal-4 Gal,B1-4 Glc,Bl-lcer +
Gal-globoside Ga,1#1-3 GalNAcfl1-3 Gala 1-4 Gal, 1-4 GlcjtI-Icer +
Forssman GalNAcal-3 Ga#11-3 GalNAc#31-3 Galal-4 Gal,B1-4 Glc,Bl-lcer +
Globo-H (Fuca1-2)Gal,B1-3 GalNAc,B1-3 Galal-4 Gal#11-4 Glc, I-Icer +
Globo-A GalNAca1-3 (Fuca1-2)Gal,B1-3 GalNAc,B1-3 Galal-4 Ga#11-4 Glc,Bl-lcer +
SGG NeuAca2-3 Gal 1-3 Ga1NAc,81-3 Gala 1-4 Gal# 1-4 Glc(31-lcer +
DSGG NeuAca2-3 (NeuAca2-6)Gal,B1-3 GalNAcB1-3 Gala 1-4 Gal#1-4 Glc(Il-lcer +
ASGM1 Gal# 1-3 GalNAc 1l-4 Gal1 1-4 GlctIl-lcer -

ASGM2 GalNAcB1-4 Gal 1-4 GlcjIl-lcer -

nLc6 Gal,1l-4GlcNAc,1-3Gal3l1-4GIcNAcl1-3Gal,14Glcl1-1lcer -

BI Gala l-3(Fucal-2)Gal,Bl-3GlcNAc#1-3Gal,B1-4GlcIl-lcer -

CMH, ceramide monohexoside; CDH, ceramide dihexoside; CTH, ceramide trihexoside (globotriaosylceramide); globoside, globotetraosylcera-
mide; gal-globoside, galactosyl globoside; SGG, sialosyl gal-globoside; DSGG, disialosyl gal-globoside; ASGM1, asialo GM1; ASGM2, asialo
GM2; nLc6, lacto-N-norhexaosylceramide; B1, type 1 chain B antigen; Glc, glucose; cer, ceramide; Gal, galactose; GalNAc, N-acetylgalp-os-
amine; Fuc, fucose; NeuAc, neuraminic acid; GlcNAc, N-acetylglucosamine.

unique glycolipid band in the total upper-phase GSLs from
nonsecretors, which was not seen in GSLs from either group of
secretors (data not shown). This experiment was repeated us-
ing pooled vaginal cells from 1O nonsecretors and 20 secretors
( 10 with and 10 without a history of recurrent UTI) with iden-
tical results. No differences in binding were detected in either
experiment when secretors with and without a history of recur-
rent UTI were compared.

Subsequent experiments were conducted to identify the
unique E. coli R45-binding GSL band detected in nonsecre-
tors' vaginal epithelial cells. Total upper neutral GSLsand total
upper gangliosides were extracted from vaginal epithelial cells

A

pooled in equal quantities from five nonsecretors and nine se-
cretors and reacted with radiolabeled E. coli R45. In total gan-
glioside fractions from nonsecretors but not from secretors, the
organism bound to bands comigrating with SGGand DSGG
standards and also reacted with the standards themselves (Fig.
1 A). The total amount of glycolipid placed in each lane was
normalized based upon equivalent numbers of cells. As can be
seen from the orcinol TLC, the chemical amounts of total up-
per-phase gangliosides from nonsecretors and secretors are vi-
sually comparable (Fig. 1 B, lanes 8 and 9).

In Fig. 1 A, E. coli R45 also bound to a band seen in the
total upper neutral GSLs from nonsecretors' vaginal epithelial
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Figure 1. E. coli R45 binding to glycolipids extracted from vaginal epithelial cells. Glycolipids extracted from vaginal epithelial cells were sepa-
rated on HPTLCplates and overlaid with the metabolically [35S]methionine-labeled uropathogenic E. coli strain R45 as described in Methods.
A shows a representative autoradiogram of bacterial binding to GSLs extracted from equal quantities of pooled vaginal epithelial cells from five
nonsecretors and nine secretors and to GSLstandards. An orcinol-stained HPTLCof the samples is shown in B. Lane 1 contains ceramrde
trihexoside (globotriaosylceramide) and globoside standards; lane 2 contains total lower phase GSLs from the nonsecretors; lane 3 contains total
lower phase GSLs from the secretors; lane 4 contains the Forssman antigen standard; lanes 5 and 6 contain total upper neutral GSLs from
nonsecretors and secretors, respectively; lanes 7 and 10 contain gal-globoside, SGG, and DSGGstandards; lanes 8 and Q contain tota- upper
phase gangliosides from nonsecretors and secretors, respectively.
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Figure 2. Immunostaining of glycolipids extracted from pooled vagi-
nal epithelial cells of nonsecretors and secretors. Total gangliosides
were extracted from vaginal epithelial cells of nonsecretors and secre-

tors pooled in equal quantities and separated on HPTLCplates as

described in Methods. Bands from nonsecretors' vaginal epithelial
cells that comigrated with SGGand DSGGstandards were eluted as

described, chromatographed with the total ganglioside fractions and
GSL standards, and overlaid with mAbID4(SGG). Lanes I and 2
contain total gangliosides from nonsecretors and secretors, respec-

tively. Lane 3 contains the eluted band from nonsecretors that comi-
grated with SGGand lane 4 contains the eluted band from nonsecre-

tors that comigrated with DSGG.Lanes 5 and 7 contain SGGstan-
dards from human pancreas and lane 6 contains gal-globoside
standard from human pancreas (note trace of SGG).

cells (lane 5) but not seen in the total upper neutral GSLs from
secretors' cells (lane 6). Although it appears to be unique to
nonsecretors, we have not attempted to characterize this
moiety, which corresponds to a neutral, extended globo-series
GSL(probably extended gal-globoside). The entity appears to
be present in too small a quantity for feasible characterization,
based on the intensity of orcinol staining in this region and the
strength of the signal from bound bacteria. In addition, bacte-
ria bind to lower-phase lipids in a similar fashion in secretors
(lane 2) and nonsecretors (lane 3). This binding appeared to
be nonspecific and similar to a phenomenon seen in immuno-
staining experiments (Nudelman and Hakomori, unpublished
data).

Immunostaining and radioimmunoassays of glycolipids
extractedfrom pooled vaginal epithelial cells. To confirm the
identity of SGGin the total upper ganglioside fraction from
nonsecretors' vaginal epithelial cells, bands comigrating with
SGGand DSGGwere eluted from HPTLCplates, chromato-
graphed along with total gangliosides from nonsecretors and
secretors, and reacted with mAbID4 directed against SGG. As
shown in Fig. 2, the mAbstained a band comigrating with SGG
in lane 1, containing the total upper ganglioside fraction from
nonsecretors and in lane 3, containing the putative SGGeluted
from the nonsecretors. No staining was seen in the total ganglio-
side fraction from the secretors (lane 2) nor in the putative
DSGGmaterial from the nonsecretors (lane 4).

The SGGand DSGGbands from the nonsecretors' vaginal

Figure 3. Radioimmunoassay with mAbto sialosyl gal-globoside and
glycolipids from nonsecretors. Glycolipid standards and the eluted
glycolipid bands comigrating with SGGand DSGGfrom nonsecre-
tors' vaginal epithelial cells were applied to microtiter wells and sub-
jected to a radioimmunoassay using a monoclonal antibody to SGG
(ID4), as outlined in Methods. Dotted line indicates SGGstandard
from human pancreas; solid line indicates band comigrating with
SGGeluted from TLC of nonsecretors' extracted vaginal epithelial
cells; dashed line indicates eluted band comigrating with DSGGfrom
nonsecretors and the following GSLstandards: gal-globoside
and DSGGfrom human pancreas, GDla from bovine brain, and
disialosyl I from human placenta.

epithelial cell extracts were then reacted with ID4 in a radioim-
munoassay shown in Fig. 3. The antibody reacted with the
SGGband from nonsecretors and with the SGGstandard but
did not bind to the nonsecretor DSGGband nor to the DSGG,
gal-globoside, GDl a, or disialosyl I standards.

To determine if the nonsecretor phenotypes of the patients
as determined by blood and saliva testing was also expressed in
vaginal epithelial cells, total upper-phase GSLs from nonsecre-
tors were chromatographed and reacted with mAbs"anti-Lea"
and AH16 (against A type I, II, and III). In the nonsecretor
GSLs, a band comigrating with Lewisa standard was brightly
stained but no staining was observed with mAbAH16 (data
not shown). In addition, mAbs against ceramide tnhexoside
(globotriaosylceramide) and globoside/gal-globoside stained

Table III. Secretor, Lewisa, and ABOPhenotypes
and Antibody Binding

Antibody
binding

Patient Secretor ABO Lewise
number phenotype phenotype phenotype HH5 ID4

I NS A + - +
2 NS 0 + - +

3 NS 0 + - +

4 NS A + - +

5 NS B + - +
6 S 0 - - -
7 S 0 - - -
8 S AB - + -
9 S AB - + -

10 S A - + -

NS, nonsecretor; S, secretor.
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Figure 4. Immunostaining of glycolipids extracted from vaginal epithelial cells of individual nonsecretors and secretors. Total upper phase gly-
colipids from vaginal epithelial cells of five individual nonsecretors and five individual secretors. (IO' cells/patient) were extracted, chromato-
graphed on HPTLC, and overlaid with (A) mAbs ID4 (SGG) and (B) HH5 (A type III, IV) as described in Methods. Autoradiographs from
antibody overlay assays are shown. Secretor, Lewisa, and red blood cell ABOphenotypes of patients represented in A and B are given in Table
III. Lanes 1-10 contain samples in sequence from patients 1-10. Lane 11 in A contains SGGstandard from human pancreas and in B contains
upper neutral GSLs from type A human red blood cells.

the cell extracts, confirming that globo-series GSLs are ex-

pressed in vaginal epithelial cells (data not shown).
Immunostaining of glycolipids extractedfrom vaginal epi-

thelial cells from individual patients. To determine whether
SGGis found in all nonsecretors (and is absent in all secretors)
or present only in some nonsecretors, we extracted total upper

and, lower phase GSLs from vaginal epithelial cells collected
from five separate nonsecretor individuals as well as from five
separate secretor individuals. Equal quantities of cells ( 107
cells per patient) were extracted and chromatographed as de-
scribed and reacted with antibodies ID4 (against SGG) and
HH5 (against A types III and IV). The secretor, ABO, and
Lewisa red blood cell phenotypes of the patients (determined
by hemagglutination assays) are given in Table III. As shown in
Fig. 4 A, SGGwas detected in total upper-phase GSLs from
each of the five nonsecretors (lanes 1-5) but not from any of
the secretors (lanes 6-10). In Fig. 4 B, mAbHH5 detected
A-reactive substances in GSLs from the three secretors with A
or AB phenotypes (lanes 8-10) but not from the nonsecretors
(lanes 1-5).

Immunofluorescence assays with native vaginal epithelial
cells. To demonstrate that SGGis present and accessible on the
surface of native vaginal epithelial cells from nonsecretors but
not secretors, immunostaining of cells from two individual se-

cretors and two nonsecretors in three trials using mAbID4 was

compared. As shown in Fig. 5, the majority of nonsecretors'
vaginal epithelial cells were stained whereas little or no staining
of secretors' cells was observed. Staining of cells from both
patient groups with control mAbs NuH2 and CRL1760
(against unrelated antigens) was comparable and minimal.

Discussion

Several lines of evidence have suggested that the increased sus-

ceptibility to recurrent UTI observed in some otherwise

healthy womenmay be explained by genetic factors influenc-
ing the density and/or specificity of bacterial receptors avail-
able to mediate colonization of their uroepithelial cells (3-8).
Although it is known that nonsecretors of histo-blood group

antigens are overrepresented among women with a history of
recurrent UTIs (5-7) and that uroepithelial cells from nonse-

cretors show enhanced E. coli adherence compared with cells
from secretors (8), the biochemical basis for these observations
has not been clarified. In this study, we have shown that nonse-

cretors express two unique GSL receptors for E. coli R45 on

their vaginal epithelial cells, SGGand DSGG,which were not
expressed in secretors' vaginal epithelial cells. SGGwas accessi-
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Figure 5. Degree of immunofluorescent staining of vaginal epithelial
cells collected from individual nonsecretors and secretors and stained
with mAbto SGG. Immunofluorescence assays performed on vaginal
epithelial cells from two secretors and two nonsecretors using mAb
ID4 (against SGG). 50 cells/patient in two assays and 20 cells/pa-
tient in one assay were examined and scored for intensity of fluores-
cent staining. The total number of cells staining in three assays com-

bined are shown. Cells with faint or no staining were considered neg-
ative whereas any other degree of staining was considered positive.
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ble to binding by mAbs on the surface of the cells; we were
unable to test for the surface accessibility of DSGGto mAb
binding because of the lack of an appropriate mAb. SGGand
DSGGwere detected in extracts of vaginal epithelial cells
pooled from a total of 10 nonsecretors and also in cells col-
lected and separately extracted from five additional individuals
with the se/se phenotype, suggesting that the expression of this
antigen is uniform for nonsecretors. Considering all bacterial-
binding experiments using both pooled and individuals' vagi-
nal epithelial cells, we studied a total of 35 secretors' and 15
nonsecretors' epithelial cells. A large epidemiological study
would be necessary to confirm the universality of our findings,
but our data support the hypothesis that the Se locus controls
the expression of ABOblood group antigen variants of globo-
series GSLs in vaginal epithelial cells, an anatomic site which
plays an important role in the sequence of colonization events
preceding the development of UTI in women. As described
above, several globo-series GSLs are known receptors for uro-
pathogenic E. coli and are present in other urinary tract sites
(20-32, 34, 35), but the influences of the Se gene on globo-se-
ries biosynthesis in vaginal epithelium has not been previously
demonstrated to our knowledge. Leffler et al. (52) suggested
that globo-series GSL synthesis in voided uroepithelial cells
from adults depended on ABOand secretor status. The pres-
ence of SGGand DSGGin uroepithelial cells from nonsecre-
tors may account for the increased binding of E. coli to their
cells and for their increased susceptibility to recurrent UTI.

In addition to supporting the role of a genetic host factor in
the pathogenesis of recurrent UTI in women, our data clarify
the mechanism by which this occurs. Others have speculated
that E. coli receptors on uroepithelial cells from nonsecretors
are more accessible because of the lack of fucosyltransferase-
mediated synthesis of A, B, and H antigens, whereas in secre-
tors, the presence of histo-blood group antigens on epithelial
cells might shield the receptors and prevent bacterial binding
(6, 8, 53). However, reports correlating secretor status with the
expression of histo-blood group antigens on type I-IV carbohy-
drate core structures in the urinary tract are conflicting (54).
The correlation of secretor state with expression of ABHanti-
gens has only been clearly demonstrated for antigens carried on
type I chains (52, 54), but uropathogenic E. coli have not been
reported to bind to type I core GSLs (52). This was also true in
our study. In GSLs extracted from vaginal epithelial cells from
nonsecretors and secretors, respectively, we identified major
bands corresponding in TLC migration to Lewisa and Lewisb
antigens. In extracts from nonsecretors, the Lewisa band
reacted with an mAbdirected to Lewisa. However, E. coli R45
did not bind to either of the Lewisa or Lewisb bands. In con-
trast, we have shown that on vaginal epithelial cells, there is a
correlation between secretor status and expression of well-de-
scribed receptors for uropathogenic E. coli, the type IV chain
(globo-series) GSLs. Rather than failing to shield bacterial re-
ceptors because of their lack of fucosyltransferase-mediated
synthesis of A, B, and H antigens on type 1 chains, nonsecre-
tors synthesize unique sialylated, E. coli-binding derivatives of
the globo-series GSLs. To our knowledge, influences of the Se
gene on globo-series biosynthesis in vaginal epithelium have
not been previously demonstrated.

Genetic variability in glycosylation encoded by blood
group genes is generally thought to be involved in "masking"
or shielding glycan receptors for microbial pathogens. Globo-

series GSLs characterized by a terminal or internal galactose
a 1-4 galactose moiety are preferred receptors for the E. coli P
fimbrial adhesin (20-28). Previous studies have shown that
the binding of P-fimbriated E. coli to globo-series GSLs
changes when the disaccharide receptor site is further modified
by elongation ofthe saccharide chain (28). The genetic variabil-
ity inherent to blood group antigens implies that a proportion
of the population lacks certain glycan structures. In such per-
sons, competition for terminal glycosylation of the precursor
gal-globoside is shared by both a fucosyltransferase and a sialyl-
transferase. Apparently, the affinity of the fucosyltransferase
for the terminal galactose is greater and hence the Globo H
structure is synthesized to the exclusion of any terminally sialy-
lated structures. In contrast, nonsecretors lack such a fucosyl-
transferase in epithelial cells and synthesize SGGand DSGGin
vaginal epithelium through sialylation of the precursor gal-glo-
boside, with no competition for terminal fucosylation by the
absent Se gene-encoded fucosyltransferase. As evidenced by
our results, this sialylation does not interfere with the receptor
activity of the globo core.

In summary, we have shown that nonsecretors of histo-
blood group antigens synthesize unique GSLs, SGGand
DSGG,on their vaginal epithelial cells, which are not found in
cells from secretors. As these moieties serve as receptors for
uropathogenic E. coli, this finding may be a biochemical expla-
nation for the increased adherence of bacteria to these women's
uroepithelial cells and for their propensity to develop recurrent
UTIs. However, we have also shown that other globo-series
GSLs known to be receptors for uropathogenic E. coli are pres-
ent in GSLextracts from vaginal epithelial cells and bind bacte-
ria in HPTLCoverlay assays. In nonsecretors, SGGand DSGG
may be more abundant or accessible on vaginal epithelial cells
than other E. coli receptors or the affinity of bacterial binding
for these moieties may be higher than the affinity for other
globoseries GSLs. Weare presently pursuing studies compar-
ing the relative densities and bacterial binding affinities of the
various E. coli receptors on vaginal epithelial cells from nonse-
cretors and secretors to determine the relative contributions of
these receptors to the observed differences in bacterial adher-
ence to vaginal epithelial cells from the two patient popula-
tions. Finally, our findings may have possible clinical applica-
tions. For example, bacterial receptor analogues, perhaps incor-
porated in a spermicidal preparation, could be applied
topically to the vaginal epithelium to inhibit binding of E. coli
and subsequent development of UTI. Weare presently pursu-
ing these possibilities in various patient populations.
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