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The host determinants of susceptibility to recurrent urinary tract infections (UTI) are poorly understood.
We investigated whether the susceptibility is associated with abnormalities in the immunological defense and
further explored the linkage to vaginal microbiota. For this purpose, we compared vaginal, urine, and blood
samples collected during a disease-free period from 22 women with recurrent UTI and from 17 controls. In
UTI-prone women, interleukin-12 (IL-12) production in peripheral monocytes and myeloid dendritic cells
(DCs) was significantly (P < 0.05) enhanced whether measured in relative numbers of IL-12-producing cells
or in mean IL-12 production per cell. In contrast, no T-cell polarization was observed. Interestingly, it seemed
that the cytokine production of DCs and monocytes did not translate into T-cell activation in the UTI-prone
group in a manner similar to that seen with the controls. In vaginal mucosa, UTI-prone women had a lower
concentration of tissue repair-associated vascular endothelial growth factor (VEGF) (P = 0.006) and less often
had detectable amounts of the chief monocyte and DC chemoattractant, monocyte chemotactic protein 1 (P =
0.005), than the controls. The microbiota of UTI-prone women was characterized by a diminished lactobacillus
morphotype composition, with an abnormally high (>3) mean Nugent score of 4.6 compared to 1.7 for the
controls (P = 0.003). Normal lactobacillus composition was associated with increased IL-17 and VEGF
concentrations in vaginal mucosa. In conclusion, immunological defects and a persistently aberrant micro-
biota, a lack of lactobacilli in particular, may contribute to susceptibility to recurrent UTL Further studies of

antigen-presenting-cell function and T-cell activation in recurrent UTI are called for.

An estimated 50% of women are likely to suffer an episode
of urinary tract infections (UTI) at least once in their lifetime,
and for a quarter of those the condition recurs (16, 21). Sus-
ceptibility is associated with host factors, some of which may be
genetic in origin, as well as behavioral and environmental fac-
tors (15). One of the initial decisive events leading to UTI is
the vaginal colonization by virulent uropathogens (49). For the
most part, these organisms originate from the woman’s own
intestine via the rectal area. In women prone to recurrent UTI,
susceptibility to aberrant colonization by uropathogens and
gram-negative enterobacteria appears to be increased (33, 36),
but it is not known why (15). Attachment sites or defects in the
host defenses or an endogenous microbiota conferring coloni-
zation resistance could all be explaining factors.

Female members of families of women with recurrent UTI
(23) and women who suffered from UTTI in childhood are at a
higher risk of a repeat infection in adulthood (42). These
findings have been taken as indicative of a genetic determinant
in the susceptibility to recurrent UTIL. The immunological sta-
tus of UTI-prone women has not previously been well charac-
terized, but there is some indication that genetic polymorphism
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related to induction of immune responses could contribute to
the susceptibility (15, 45). Cell-mediated innate responses (in
particular, neutrophil action) form the basis of the defense
against genitourinary tract infections (44). One issue is
whether the UTI-prone women could have a defect in the
translation of these innate immune responses into immunolog-
ical memory and effective adaptive responses. It is known that
antibodies are raised against the uropathogens, but they do not
seem to provide efficient protection (44). The role of T-cell-
mediated adaptive responses regarding UTI is poorly known.

A healthy vaginal microbiota is characteristically dominated
by lactobacilli, which are known to provide colonization resis-
tance and prevent UTI recurrence by several means, including
maintenance of normal acidic pH in the vaginal vault and
production of hydrogen peroxide (2, 5, 11). The change from a
healthy, lactobacillus-dominated microbiota to a complex mul-
tispecies microbiota can happen relatively quickly and result in
bacterial vaginosis (BV) (18), a condition associated with an
increased likelihood of UTI. It may be that in the women
prone to UTI, the lactobacillus composition in the “normal”
state is aberrant and less resistant to compositional fluctua-
tions (22). Moreover, the vaginal microbiota is a source of
continuous microbial stimulation to the host; thus, its compo-
sition may define the status of the local defense milieu and
influence how the host responds when a pathogenic invader is
encountered.

In the current study we addressed these questions for the
first time by extensive profiling of the local and peripheral
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immunological status of UTI-prone women, together with de-
tailed analysis of the vaginal microbiota.

MATERIALS AND METHODS

Study subjects and specimens. The University of Western Ontario Ethics
Review Board approved the protocol, and all volunteers provided written con-
sent. This trial was conducted in accordance with International Conference on
Harmonization-Good Clinical Practice guidelines, the international standard for
all aspects of clinical trials involving human subjects. These guidelines provide
public assurance that the safety and wellbeing of trial subjects are protected and
are consistent with the principles that have their origin in the Declaration of
Helsinki.

UTlI-prone patients and age-matched control subjects were recruited from a
tertiary-care teaching hospital within the geographic area of southwestern On-
tario, Canada. Urine and blood samples were collected during clinic visits.
Vaginal swabs were obtained at the time of a flexible cystoscopy procedure for
UTlI-prone patients. For UTI-prone subjects, a uroflow analysis using the
postvoid residual was performed to rule out the presence of a neurogenic bladder
or other urinary tract anomalies, and renal ultrasound procedures were per-
formed to rule out renal calculi or other anatomic abnormalities predisposing to
UTIs. Controls did not undergo cystoscopy or other clinical evaluations beyond
analysis of the blood, urine, and vaginal samples. Vaginal swabs were obtained
from the controls by self-swabbing after instruction by the research staff.

Blinded procedures with respect to the origin of the samples were employed
for investigators. UTI-prone subjects were defined as women with more than
three previous UTIs, with at least two culture-positive UTIs in the previous 12
months. UTI-prone subjects were excluded if there was evidence of a neurogenic
bladder condition, if they had known immunodeficiencies, if they had used
antibiotics or steroids within the previous month, if they had known renal calculi
by as determined by an ultrasound procedure, if they had a previous history of
chemotherapy, if they were found to have an anatomic abnormality on cysto-
scopic evaluation, or if they were pregnant. None of the subjects had taken any
form of probiotics for 1 month prior to the study, and all UTI-prone subjects
were infection free for at least 1 month prior to testing. Control subjects had no
prior history of UTIs or other urologic abnormalities and had sterile urine
cultures. The sample size of 20 per group was calculated on the basis of the
expectation that the vaginal microbiota results would differ between the groups
by 20%, based upon Nugent scoring.

Urine was cultured to confirm that no subject had active UTL.

Analysis of cytokines and growth-factors. Cytokine and growth factor concen-
trations from vaginal swabs, urine, and serum were analyzed using fluorescent
microsphere-based multiplexing technology with a Bio-Plex 200 analyzer (Bio-
Rad, Inc.). Cytokines, beta interleukin-1 (IL-1B), IL-2, IL-4, IL-6, IL-8, IL-10,
IL-12 (p70), IL-13, IL-15, IL-17, basic fibroblast growth factor, gamma interferon
(IFN-v), monocyte chemoattractant protein 1 (MCP-1), platelet-derived growth
factor-BB (PDGF-bb), tumor necrosis factor alpha (TNF-a), and vascular en-
dothelial growth factor (VEGF) were analyzed using a premixed multiplex panel
(Bio-Rad, San Diego, CA) and transforming growth factor B separately with a
human transforming growth factor-p-1 enzyme-linked immunosorbent assay set
(BD Biosciences, San Diego, CA). All determinations were performed in dupli-
cate wells according to the manufacturer’s instructions. The cytokine concentra-
tions in the samples were calculated by the use of Bio-Plex Manager software and
the standard curves derived from the recombinant cytokine standards.

Analysis of intracellular cytokine production in DCs, monocytes, and T cells.
Intracellular cytokine detection was performed by flow cytometry as previously
described with some modifications (1, 7). Peripheral blood samples in lithium
heparin were supplemented one to one with RPMI 1640 medium (Invitrogen,
Burlington, Ontario, Canada) and incubated at 37°C in a 5% CO, humidified
atmosphere with brefeldin A (Sigma, St. Louis, MO) (10 wg/ml) in the presence
or absence of lipopolysaccharide from Escherichia coli (serotype 055:B5) (Sigma)
(100 ng/ml) plus IFN-y (R&D Systems, Inc., Minneapolis, MN) (100 U/ml) for
stimulation (6 h) of cytokine production by monocytes and dendritic cells (DCs)
or of ionomycin (Sigma) (1 pg/ml) plus phorbol 12-myristate 13-acetate (PMA;
Sigma) (25 ng/ml) for stimulation (4 h) of cytokine production by T cells. For the
identification of the whole DC population (major histocompatibility complex class I
positive [MHC II")lineage /CD337/7), the highly CD33-expressing myeloid
(CD33"eM) and intermediately CD33-expressing myeloid (CD33™¢™ed) " and the
non- or weakly CD33-expressing plasmocytoid (CD33~/°%) subsets and monocytes
(MHC 1I'"/CD14"/CD33"), peripheral blood cells were then incubated for 15
min at room temperature with anti-HLA-DR-Cy-chrome, anti-CD33-allophyco-
cyanin, and each of the following fluorescein isothiocyanate (FITC)-labeled
lineage marker antibodies: anti-CD3, anti-CD19, anti-CD56, and anti-CD14 (BD
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Biosciences, San Diego, CA). Stained cells were washed using phosphate-buff-
ered saline (PBS) (pH 7.5) and centrifugation (5 min at 540 X g), fixed, perme-
abilized, and stained with anti-TNF-a-phycoerythrin (PE) (clone MAb11) and
anti-IL-12-PE (C11.5) by the use of Fix & Perm reagent (Caltag, Burlingame,
CA) following the manufacturer’s instructions. T-cell cytokines were analyzed
accordingly, but the cells were identified with anti-CD3-FITC and their cytokines
detected with anti-IL-2-PE (clone MQ1-17H12), anti-IFN-y-PE (B27), anti-IL-
4-PE (8D4-8), and anti-IL-10-PE (JES3-19F1). Data acquisition was performed
in two consecutive steps with a flow cytometer (FACSCalibur; BD Biosciences).
First, 30,000 events/test corresponding to the whole of the peripheral blood
cellularity were collected for analysis of cytokines produced by T cells and
monocytes. Second, only events in a HLA-DR"/CD3~/CD19~/CD56/CD14~
live gate were stored and a minimum of 300,000 events from the total peripheral
blood cellularity were acquired in order to obtain at least 1,000 MHC II"/
lineage ™~ cells for the analysis of cytokines produced by DC subsets. CellQuest
software (BD Biosciences) was used for data acquisition and analysis.

Analysis of T-cell surface markers. For analysis of the expression of activation
markers CD54 and CD69 on T cells, RPMI medium-diluted peripheral blood
was incubated with or without PMA and ionomycin as described above whereas
only unstimulated samples were used for regulatory T (Treg) cell analysis. CD4™
CD25" Treg cells are enriched within the 1 to 2% of peripheral blood CD4* T
cells expressing high levels of CD25, while the population expressing lower levels
of CD25 is thought to consist mainly of activated effector T cells (3). Thus, in flow
cytometric analyses, CD4" small lymphocytes were subdivided into bright
(CD4" CD25"e"/Treg-cell) and intermediate (CD4* CD25*/activated T-cell)
populations based on the CD25 expression. The stimulated and/or unstimulated
samples (200 wl each) were stained with 3 pl of anti-CD3-FITC in combination
with anti-CD69-PE or anti-CD4-FITC plus anti-CD25-PE (BD Biosciences) for
15 min at room temperature. Data were acquired with flow cytometry (30,000
events/test) and analyzed as described above.

Nugent scoring. Vaginal swabs were streaked onto glass slides, Gram stained,
and scored by the Nugent method (34) and were graded as 0 to 3 (normal vaginal
state), 4 to 6 (intermediate), or 7 to 10 (BV).

Extraction of DNA from bacterial strains and swabs. DNA was extracted
using 500 pl of pure bacterial culture and Instagene matrix (Bio-Rad Laborato-
ries, Hercules, CA) according to the manufacturer’s instructions. Swabs were
vigorously agitated in 1 ml of PBS (pH 7.5) to dislodge cells. These were pelleted
by centrifugation (10,000 X g for 5 min) and washed once in the PBS before
proceeding with the DNA extraction.

PCR amplification of DNA for denaturing gradient gel electrophoresis
(DGGE) and identification. Reactions were carried out in 0.2-ml tubes in an
Eppendorf Mastercycler thermocycler. Each PCR mixture (100 wl) consisted of
10 pl of 10X buffer (10 mM Tris-HCI, 2.5 mM MgCl,, 50 mM KClI), 200 pM
deoxynucleoside triphosphate (Roche, Germany), 2 ul of glycerol (Sigma), 80 g
of bovine serum albumin, 40 pmol of each primer (GibcoBRL/Life Technologies,
Gaithersburg, MD), 5 U of DNA Tag polymerase (Platinum; GibcoBRL), and 10
wl of the DNA preparation and were diluted to the required volume with Milli-Q
water. The amplification conditions have been described previously for the var-
ious primer sets (9, 12).

DGGE gels. Preparation of DGGE gel gradients and electrophoresis were
carried out according to the manufacturer’s guidelines for the D-code universal
detection system of Bio-Rad. A 100% solution was defined as a mixture of 7 M
urea and 40% formamide. The concentrations of polyacrylamide, denaturant,
and Tris-acetate-EDTA buffer (TAE; 40 mM Tris, 20 mM glacial acetic acid, 1
mM EDTA [pH 8.0]) were 8%, 30 to 50%, and 1X, respectively. Solutions were
degassed for at least 30 min before the addition of the following polymerization
agents: 55 pl of TEMED (N,N,N',N'-tetramethylethylenediamine; Sigma) and
95 pl of 10% ammonium persulfate (Bio-Rad). Gels were allowed to polymerize
overnight. Samples were mixed with 2X loading buffer (0.25 ml bromophenol
blue 3 [2%], 0.25 ml of xylene cyanol 3 [2%], 7 ml of glycerol, 2.5 ml of distilled
water) and loaded into the wells. Gels were run at 130 V in 1X TAE until the
second dye front (xylene cyanol) approached the end of the gel. After electro-
phoresis, gels were removed, allowed to cool before the removal of the glass plate
sandwich, stained for 20 min in 5 pg/ml of ethidium bromide, and destained for
10 min in 1X TAE. Gels were visualized by ultraviolet transillumination, and
images were recorded (667 instant film; Polaroid, Bedford, MA).

Band excision from DGGE gels, reamplification, and sequencing. Fragments
of interest were excised from DGGE gels by the use of a sterile scalpel and
placed into a single microcentrifuge tube. Gel pieces were washed once in 1X
PCR buffer and incubated in 20 pl of the same buffer overnight at 4°C. Five
microliters of the buffer solution was used as template for PCR amplification.
Reamplification was conducted using either universal eubacterial (HDA1-GC
and HDA?2) or lactobacillus-specific (LAC1 and LAC2-GC) previously described
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PCR primer pairs (48). Sequences of the reamplified fragments were determined
by the dideoxy chain termination method (Sequencing Facility, John P. Robarts
Research Institute, London, Ontario, Canada). Searching of the partial 16S and
18S DNA sequences was conducted using the GenBank DNA database and the
BLAST algorithm. Identities of isolates were determined on the basis of
the highest score.

Statistical analyses. The Mann-Whitney U test was used for comparison of the
means of continuous data of two independent groups. The two-sided Fisher’s
exact test was used to determine significant associations between two categorical
variables in two-by-two contingency tables. Spearman’s rank correlation data
were calculated for determination of positive correlations between two contin-
uous variables. Differences were considered to be statistically significant when
the P value was less than or equal to 0.05. All the statistical analyses were
performed using SPSS 14.0 for Windows, release 14.0.1 (SPSS Inc., Chicago, IL),
with the exception of graphs and 95% confidence intervals (CI), which were
drawn and calculated using StatView for Windows, version 4.57 (Abacus Con-
cepts, Inc., Berkeley, CA).

RESULTS

A total of 22 UTI-prone subjects (median age, 47.5;
range, 19 to 75 years) and 17 health controls (median age,
46; range, 26 to 65 years) were recruited. In the UTI-prone
group, 10 patients were premenopausal, 5 perimenopausal,
and 7 postmenopausal. In the control group, eight were
premenopausal, eight perimenopausal, and one postmeno-
pausal. None of the postmenopausal women were on hor-
mone replacement therapy.

Immunological characteristics of UTI-prone women. The
peripheral immunological milieu in the UTI-prone group was
characterized by greater relative numbers of IL-12-producing
peripheral DCs and monocytes (Fig. 1a). Also, the mean quan-
tity of IL-12 produced by these cells in response to ex vivo
stimulation was significantly enhanced. The mean IL-12 con-
centrations in mean fluorescent units within the control group
and UTI-prone group for DCs in total were 16 (95% CI, 12 to
19) and 38 (95% CI, 13 to 64) (P = 0.047); for the myeloid DC
subpopulation, 25 (95% CI, 15 to 34) and 65 (95% CI, 16 to
113) (P = 0.03); and for monocytes, 15 (95% CI, 11 to 19) and
50 (95% (I, 14 to 85) (P = 0.005), respectively. Similar obser-
vations were made regarding IL-12 production in CD33 inter-
mediately expressing DCs, but the differences were not statis-
tically significant (data not shown). Other characteristics seen
for DCs within the UTI-prone group were a lower percentage
of TNF-a-producing myeloid DCs compared to control results
(Fig. 1b) and lower relative numbers of plasmacytoid DCs
(Table 1). The relative number of monocytes was significantly
increased in the UTI-prone group (Table 1).

Differences within T cells were less evident. The UTI-prone
group had a higher mean percentage of T cells spontaneously
producing IL-2 (0.21% [95% CI, 0.05 to 0.36] versus 0.32%
[95% CI, 0.22 to 0.41] [P = 0.004]), of those producing IL-10
(0.32% [95% CI, 0.18 to 0.49] versus 0.72% [95% CI, 0.44 to
1.00] [P = 0.02]), and of those expressing the early activation
marker CD25 (10.2% [95% ClI, 6.6 to 18.8] versus 14.7% [95%
CI, 11.4 to 18.0] [P = 0.04]). No significant differences were
observed in the expression of these markers by T cells in
response to polyclonal stimulation with PMA and ionomycin.
The production or ratio of Thl and Th2 signature cytokines
IFN-y and IL-4, respectively, was not significantly different
between the UTI-prone group and the controls (data not
shown). There were also no significant differences in the mean
serum concentrations of these cytokines (Table 2).
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FIG. 1. The presence of IL-12 (a)- and TNF-a (b)-producing DCs
(total and myeloid) and monocytes in controls and women prone to
UTIL. The subpopulations of cytokine-producing cells were determined
following ex vivo stimulation with IFN-y and lipopolysaccharide. *, the
group means differ significantly at the 95% confidence level.

Monocytes

The samples from the vaginal mucosa of UTI-prone subjects
had significantly lower mean concentrations of VEGF than
those from healthy controls and tended to contain less
PDGH-bb (Table 2). In the UTI-prone group, only one swab
sample contained detectable amounts of IL-2 and only three
samples contained MCP-1, whereas both of these cytokines
were detected in over half of the samples in the control group.
A similar trend was observed with MCP-1 concentrations in
urine, but the difference was not statistically significant (Table
2). In serum, IL-8 was present in detectable amounts nearly
twice as often in the UTI-prone group as in the control group
(P = 0.057).

Exploratory analyses for correlations between cytokine pro-
duction by myeloid DCs and T-cell parameters. To character-
ize the potential relevance of the observed differences in cyto-
kine production by the antigen-presenting cells (APCs), we
assessed post priori how the production of these cytokines
correlated with the T-cell characteristics (Table 3). Relatively
weak significant positive correlations were observed between
the presence of IL-12-producing myeloid DCs or monocytes
and the presence of IL-10-producing T cells, CD69-expressing
T cells, CD25-expressing T cells, and putative Treg cells
(CD4" CD25"M¢). The association between the IL-12 produc-
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TABLE 1. Presence of DCs and their subpopulations as well as of monocytes in peripheral blood of UTI-prone patients and
of healthy controls

No. (95% CI) of No. (95% CI) of

No. (95% CI) of No. (95% CI) of No. (95% CI)

Group DCoal DCyeloia DCasmacytoid DCcpssintermediate of monocytes
Control 0.94 (0.77-1.10) 0.40 (0.29-0.52) 0.24 (0.14-0.34) 0.26 (0.17-0.35) 4.2 (3.4-4.9)
UTI 0.86 (0.67-1.06) 0.38 (0.29-0.48) 0.15 (0.07-0.23)¢ 0.32(0.23-0.41) 5.1 (4.4-5.8)°

“ Statistically significant at the 95% confidence level.

tion and the presence of CD25-expressing T cells (including
the putative Treg cells) appeared to be clearer within or lim-
ited to the control group. The presence of IL-12-producing
myeloid DC or monocytes did not correlate with the numbers
of IFN-vy- or IL-4-producing T cells. On the other hand, rela-
tively strong correlations were observed between the presence
of TNF-a-producing myeloid DCs and that of IFN-y-produc-
ing or CD54-expressing T cells within the control group but not
within the UTI-prone group. In contrast, higher relative num-
bers of TNF-a-producing monocytes were associated with a
Th2-type cytokine profile with more IL-4- and IL-10-producing
T cells.

Characteristics of vaginal microbiota in UTI-prone women.
More than 1 in 2 women (10/18 [56%]) with a history of UTI
had abnormal vaginal microbiota as defined by a Nugent score
greater than 3, while in the control group this was true for
fewer than 1 in 7 women (2/15 [13%]) (P = 0.03). This differ-
ence was also demonstrated by a higher mean Nugent score
(Fig. 2). The abnormal composition was characterized by loss
or reduced numbers of lactobacilli and the presence of various
potential pathogens not commonly found in the healthy vagina.
This finding was also confirmed by PCR-DGGE (Table 4 and

Table 5). Nugent scores indicative of BV (score over 7) were
more common in members of the UTI-prone group (6/22
[27%]) than in those of the control group (1/17 [6%]) (P =
0.095). No significant differences were observed in the preva-
lence of specific bacteria between UTI-prone subjects and con-
trols. Lactobacillus iners and L. crispatus were the most com-
monly detected lactobacillus species in both groups, while L.
gasseri was detected only in members of the control group (3/15
versus 0/18; P = 0.08).

Exploratory analyses for associations between microbial
and immunological characteristics. Post priori assessments
were performed in order to characterize the potential associ-
ations between the microbiological and immunological vari-
ables. The presence of an abnormal vaginal microbiota did not
correlate significantly with the mucosal or urinary concentra-
tions of any determined cytokines or growth factors. On the
other hand, those with an abnormal microbiota had higher
mean concentrations of VEGF in serum (214 pg/ml [95% CI,
157 to 272] versus 141 pg/ml [95% CI, 94 to 188]) (P = 0.02)
and a higher percentage of putative Treg cells (1.30% [95% CI,
0.82 to 1.80] versus 0.88% [95% CI, 0.62 to 1.13] of total cells)
(P = 0.01). Because of the low prevalence of abnormal micro-

TABLE 2. Presence of cytokines and growth factors in vaginal mucosa, urine, and serum

Mean concn in pg/ml (95% CI) or no. of samples above assay sensitivity limit/total no. of samples (%) in“:

Cy tokfllne/ growth Vaginal swab Urine Serum
actor
Control group UTI group Control group UTI group Control group UTI group
IL-1B 45 (0.4-90) 8.9 (3.2-15) 2/17 (12) 4/22 (18) ND” ND
9/17 (53) 13/21 (62) ND ND
IL-2 9/17 (53) 1/21 (4.8)° 1/17 (5.9) 1/22 (4.5) 21 (16-26) 21 (17-26)
IL-4 7/17 (41) 8/21 (38) 1/17 (5.9) 2/22 (9.1) 10/17 (59) 17/22 (77)
IL-6 5/17 (29) 2/21 (9.5) 2/17 (12) 3/22 (14) 5.9(2.5-9.3) 6.0 (3.5-8.5)
7/17 (41) 10/22 (46)
IL-8 732 (210-1,254) 361 (148-574) 36 (16-55) 91 (0-234) 24 (0-61) 14 (4.8-24)
6/17 (35) 15/22 (68)
IFN-y 6/17 (35) 5/21 (24) 6/17 (35) 7/22 (32) 14 (10-17) 20 (11-30)
IL-10 1/17 (5.9) ND ND ND 1/17 (5.9) 2/22 (9.1)
IL-12 ND ND ND ND ND 2/22 (9.1)
IL-13 ND ND ND ND ND 2/22 (9.1)
IL-15 ND ND ND ND 1/17 (5.9) 2/22 (9.1)
IL-17 8/17 (47) 8/22 (36) ND ND 1/17 (5.9) 4/22 (18)
PDGF-bb 16 (3.7-29) 5.6 (2.6-8.7) 2.9 (1.6-4.2) 2.5(1.9-3.1) 8,706 (6,730-10,683) 9,762 (8,358-11,166)
bFGF 1/17 (5.9) 1/22 (4.5) 2/17 (12) 3/22 (14) ND 1/22 (4.5)
MCP-1 10/17 (59) 3/22 (14)¢ 41 (29-52) 31 (22-40) 4/17 (24) 6/22 (27)
TNF-a 6/17 (35) 5/21 (24) ND ND 11 (0-23) 22 (0-47)
2/17 (12) 5/22 (23)
VEGF 1,118 (21-2,214) 320 (98-542)¢ 200 (95-304) 168 (112-223) 160 (101-219) 159 (120-198)
TGF-B 3.0 (1.9-4.0) 3.8(2.3-5.3) 10.2 (5.7-15) 9.9 (6.8-13) 5.5(4.3-6.7) 6.1(4.2-8.1)

“ The values represent mean concentrations (95% CI) or prevalence of samples above the assay sensitivity limit (% positive), depending on whether most of the
samples were above or below the limit, respectively. Both sets of values are given where relevant.

®ND, not detected; i.c., the concentration was below the lower limit of assay sensitivity in all samples.

¢ The concentrations were significantly different between UTI and control subjects at the 99% confidence level.
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TABLE 3. Spearman correlations (p) between the percentages of IL-12- or TNF-a-producing myeloid DCs or monocytes and the
percentages of specific-cytokine-producing or surface marker-expressing T cells for all subjects and separately
within the control group and the UTI-prone group

% IL-12-producing

% TNF-a-producing

% IL-12-producing monocytes % TNF-a-producing monocytes

T-cell cytokine/ myeloid DCs myeloid DCs
activation marker All Control ~ UTI-prone All Control  UTI-prone All Control ~ UTI-prone All Control ~ UTI-prone
subjects group group subjects  group group subjects group group subjects  group group
IL-2 0.21 0.30 0.09 0.19 0.50° 0.07 0.30¢ 0.21 0.32 —-0.08 —0.21 —0.12
IFN-vy 0.08 0.14 0.11 0.41° 0.72¢ 0.20 —0.06 —0.23 0.01 020  —0.06 0.40¢
IL-4 0.26 0.39 0.13 0.25 0.44“ 0.14 0.26 0.34 0.18 0.39” 0.49° 0.36%
IL-10 0.49¢ 0.33 0.42¢ 0.12 0.17 0.27 0.49¢ 0.29 0.33 0.39° 0.45“ 0.34
CD69 0.43¢ 0.22 0.54° 0.10 0.20 0.11 0.41° 0.18 0.54° 0.09 0.12 0.04
CD25 0.46¢ 0.60” 0.20 0.26 0.27 0.39¢ 0.46° 0.724 0.11 0.46¢ 0.47¢ 0.43°
CD54 0.11 —0.07 0.29 0.17 0.62¢ —0.12 —0.07 —0.34 0.13 —-0.10 -0.27 0.06
CD4CD25 0.213 0.456¢ —0.118 0.125 0.240 0.145 0.414¢ 0.377 0.308 0.020 —0.088 —0.097
Treg cell’ 0.37° 0.60” 0.09 0.23 0.40 0.23 0.46° 0.43“ 0.29 0.35” 0.26 0.43°

“ Significant correlation at the 90% confidence level.
® Significant correlation at the 95% confidence level.
¢ Significant correlation at the 99% confidence level.
4 Significant correlation at the 99.9% confidence level.
¢CD4* CD25heh,

biotas in controls (n = 2), it was not possible to account for the
group effect but, notably, these trends were also present in the
UTlI-prone group alone (P = 0.076 and 0.026, respectively, for
VEGEF and Treg cells).

Because BV was strongly associated with UTI, we investi-
gated the immunological effects of BV within the UTI-prone
group alone. The subjects with BV microbiota (Nugent > 6)
had a significantly higher percentage of CD69-expressing T
cells compared to those with a normal microbiota (Nugent <
4) (94.3% [95% CI, 89.2 to 99.5%] versus 98.2% [95% CI, 96.5
to 99.8%], respectively) (P = 0.045). There were also tenden-
cies (P = 0.05) toward a higher percentage of IL-4-producing
T cells (6.1% [95% CI, 0.1 to 12.0%] versus 3.0% [95% CI, 0.5
to 5.4%]) and Treg cells (1.2% [95% CI, 0.4 to 2.0%] versus
0.8% [95% CI, 0.4 to 1.3%]) but a lower presence of DCs in
total (0.73% [95% CI, 0.11 to 1.35%] versus 0.93% [95% CI,
0.55 to 1.30%]). Because there was only one BV subject within
the control group, it was impossible to determine whether
these BV effects were limited to the UTI-prone group.

— p=0.003 —
[

Nugent score

Control UTI

FIG. 2. Box plot (median, 75th and 90th percentiles, and outli-
ers) of the Nugent scores for the control group and for women
prone to UTIL

The detection of at least one of the typical vaginal Lactoba-
cillus species, namely, L. iners, L. crispatus, or L. gasseri, as
determined by PCR-DGGE results indicative of dominance of
the species was associated with increased detection of IL-17 in
vaginal swabs (8/12 [67%] versus 4/18 [33%]) (P = 0.02) and a
higher mean concentration of VEGF (1,349 pg/ml [95% CI, 0
to 2,841] versus 289 pg/ml (95% CI, 115 to 462) (P = 0.046).
The presence of these lactobacilli was also associated with a
higher serum concentration of IL-10 (20.5 pg/ml [95% CI, 0 to
52.2] versus 1.5 pg/ml [95% CI, 0.9 to 2.1]) (P = 0.02) but, in
contrast, with a lesser presence of T cells producing IL-10 in
response to polyclonal stimulation (1.9% [95% CI, 0.4 to 3.4%]
versus 3.8 [95% CI, 2.5 to 5.1%]) (P = 0.04). In those subjects
with L. iners as the lone Lactobacillus species, there were
significantly higher relative numbers of Treg cells (0.90 [95%
CL 0.61 to 1.19] versus 0.55 [95% CI, 0.34 to 0.76]) and ten-
dencies (within an 85% to 95% CI level) toward enhanced
T-cell production of IFN-vy, IL-4, and IL-10, a higher serum
concentration of VEGF, a decreased presence of monocytes,
and a decreased mean concentration of IFN-y in urine com-
pared to the results seen with those with L. crispatus alone
(data not shown).

DISCUSSION

There were two key characteristics in the immunological
profile of UTI-prone women. First, the reduced presence of
VEGF, PDGF-bb, and MCP-1 in the vaginal mucosa suggests
that the vaginal immune responses may have been defective.
VEGF and PDGF-bb are among the first-line factors in tissue
repair (17), while MCP-1 is one of the primary chemoattrac-
tans of monocytes and DCs. Thereby, the susceptibility to
infection may have been enhanced due to a compromised
epithelial barrier and ability to clear invading bacteria as well
as to the formation of APC-mediated adaptive responses. As
VEGTF is produced by several different cell types, including
leukocytes, a relatively low mucosal concentration may reflect
inappropriate recruitment and/or activation of leukocytes such
as neutrophils in the vaginal mucosa. Notably, uropathogens as
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TABLE 4. Composition of vaginal microbiota in samples from control women as determined by Nugent scoring and PCR-DGGE*

Lactobacillus-specific probe result

(no. of positive samples)

Control group Nugent

Eubacterium-specific probe result

subject no. score L

L. iners L. gasseri .
crispatus

Lactobacillus
sp.

Staphylococcus Clostridium Atopobium

+03)
+

+

—_
w
AN == mEmm OO

“ Vaginal swabs from two control subjects were quantitatively inadequate for microbiological analysis.

well as BV microbes may be able suppress or evade the induc-
tion of a neutrophil response (4, 10). VEGF synthesis may be
enhanced by Toll-like-receptor-mediated signals and could
thereby also reflect differences in microbial stimuli, for exam-
ple, in those provided by the aberrant endogenous vaginal
microbiota (17). In our study, higher VEGF concentrations in
the vagina were seen in subjects predominantly colonized with
at least one of the Lactobacillus species typical of a healthy
vaginal microbiota. In addition, IL-17 was more commonly
found in the samples from these subjects, an important finding
considering its central role in the induction of neutrophil-
mediated protective immune response against extracellular mi-
crobes (31). In contrast to our findings for adults, enhanced
VEGF production-associated gene polymorphism (50) and en-

hanced urinary MCP-1 excretion have previously been linked
with UTI in pediatric patients (20).

The second key finding links recurrent UTT with systemically
skewed immune system responsiveness and low-grade chronic
inflammation. Notwithstanding the increased IL-12 production
by APCs, a key cellular response for promoting type 1 T-cell
differentiation, there was no evidence of T-cell polarization. It
is tempting to speculate that, while APCs have been properly
primed to produce IL-12, there is a defect in converting this
into Th1 response and memory. This hypothesis is particularly
attractive considering the role of Thl cells in the formation of
cell-mediated immune responses, the dominance of such re-
sponses in defense against uropathogens, and the apparent
ineffectiveness of antibody-mediated protection (15, 44). It has

TABLE 5. Composition of vaginal microbiota in UTI-prone women as determined by Nugent scoring and PCR-DGGE*

Lactobacillus-specific probe result

(no. of positive samples)

UTI-prone Nugent

Eubacterium-specific probe result

subject no. score L L

L. iners
mucosae

Lactobacillus
crispatus sp.

Staphylococcus Clostridium Fusobacterium Streptococcus

+ +
)

+©)

+

+

=)}
OO0 IIIANNUNELLWWWN ==
+

Weak
Weak

+

¢ Vaginal swabs from four UTI-prone subjects were quantitatively inadequate for microbiological analyses.
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been shown in studies employing animal models of UTI that
DCs are recruited to the uroepithelium and capable of uptake
of bacterial antigens (14) and that antigen-specific T-cell re-
sponses protective of reinfection may be formed (46).

The exploratory bivariate correlation analysis results pro-
vided support for the idea that defective T-cell activation may
be associated with increased susceptibility to UTI recurrence.
It was shown that the T-cell activation marker CD25 may have
been improperly induced in response to IL-12 produced by the
APCs. Interestingly, it has been shown that signal transducer
and activator of transcription 4 (STAT4) is the critical medi-
ator of IL-12-induced expression of CD25 (35) and that
STAT4 deficiency in mice is associated with reduced IFN-y
levels, accelerated nephritis, and increased mortality (24). An-
other characteristic of the UTI-prone subjects studied here was
the lack of correlation between CD54 T-cell surface expression
and TNF-a production by DCs. Costimulation during antigen
presentation via CD54 leads to increased proliferation and
production of Th1 cytokines and supports formation of T cells
with a memory phenotype (28).

Whether or not the observed tendency for IL-12-skewed
cytokine production in APCs is linked with the etiology of UTI,
the finding provides a novel perspective in terms of an associ-
ation between UTI and T-cell-mediated inflammatory dis-
eases, such as rheumatoid arthritis (13) and type 1 diabetes
(19). In studies of these diseases, APC-produced IL-12 has
been linked with the disease pathogenesis (32, 47).

Recently, the vaginal fluid from women with BV was shown
to induce the activation of plasmacytoid DCs (43). It is inter-
esting that despite harboring a BV-resembling microbiota, this
cell population was diminished in the UTI-prone women.
While the reduction in the size of the peripheral pool of plas-
macytoid DCs may reflect the infiltration of these cells to
mucosal surfaces, another possibility is that plasmacytoid DC
expansion and activation are defective in these women. Nota-
bly, such a defect could reduce resistance to viral pathogens,
considering that as type I IFN-producing cells, the plasmacy-
toid DCs play a significant role in antiviral defenses (41).

The tendency to higher serum IL-8 levels in UTI-prone
women is also worthy of note, albeit whether or not this re-
presents a true difference needs to be confirmed with a larger
study population. As a primary neutrophil chemoattactant,
IL-8 is vital for bacterial clearance in cases of UTI (15), and
elevated urine and serum levels can be detected during infec-
tion, particularly in cases of pyelonephritis (27, 40). Elevated
levels during disease-free periods could be indicative of
chronic low-rate infection with the uropathogen. Accordingly,
a repeat UTI seems typically to be caused by the same endog-
enous strain rather than by reinfection with a new strain (26).

It is well known that uropathogens are more abundant in the
vaginal microbiota of women prone to UTI infection (6, 33)
and that BV is associated with active UTT (39). Here, we have
confirmed that BV-resembling vaginal microbiota, in which the
normal lactobacillus morphotype dominance has been shifted
to a more mixed composition, is also typical during a disease-
free period for women prone to UTI. While these microbiota
were not dominated by the most prominent uropathogens per
se, they were likely to be defective in terms of resisting infec-
tions because of the lack of colonization resistance enhancing
lactobacillus accumulation. This underscores the potential of
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using probiotic lactobacilli in UTI prevention. Such lactobacilli
have been shown to be capable of displacing pathogens and of
normalizing the microbiota (8, 37) and to be as effective as
antibiotics in prevention of UTI in children with persistent
primary vesicoureteral reflux (29). The increasing prevalence
of antibiotic-resistant uropathogens as well as the side effects
of prolonged use of antibiotics (30, 38) further supports the
use of alternative treatment modalities in UTI prevention.

It is possible that the observed aberrance in the microbiota
was associated with a history of antibiotic treatments (15), but
the reason for the inability of the normal lactobacillus-rich
microbiota to reestablish itself remains to be determined. The
only observation with respect to any possible abnormality in
the type of lactobacilli present was the lack of L. gasseri in the
UTTI-prone subjects. However, the sample size was too small to
make any definitive conclusions.

The abnormal microbiota in the UTI-prone subjects was
associated with an increased presence of type 2 T cells and
increased numbers of putative Treg cells in the periphery. The
Treg cellular response may reflect an attempt of the body to
control inflammation associated with the bacterial disturbance,
even in cases in which it was at a distant mucosal site. As a
bystander effect, predominant Treg cell function can result in
inhibition of T-cell activation in the microenvironment. A sim-
ilar increase in numbers of Treg cells was found in subjects
colonized only by L. iners compared to the results seen with
those with only L. crispatus. Previously, L. crispatus has been
suggested to be more often linked with health and L. iners with
disease (25). No clear immunological support was found for
this claim in this study population.

In conclusion, the microbiological and immunological char-
acteristics of UTI-prone women demonstrated in this study
could translate to compromised defense against uropathogens
and thus could explain the repeat infections. The microbiolog-
ical data underscore the protective importance of Lactobacil-
lus-rich endogenous microbiota. The immunological data,
namely, the deficiencies of MCP-1 and VEGF in the vaginal
mucosa, suggest compromised local immunity in UTI-prone
women. The data also raise the issue of whether susceptibility
to repeat infections is associated with defective translation of
APC priming into T-cell activation and formation of T-cell
memory. The importance of this issue is highlighted by the lack
of protective antibody-mediated immunity against UTL. We
acknowledge that the limitations of this study included the
relatively small sample size, a lack of local cellularity assess-
ments, and a lack of an accounting for the influences of hor-
monal fluctuations. Studies with larger study populations and
aiming to further unravel the relationship between the com-
position of vaginal microbiota, immunological parameters, and
UTT susceptibility are warranted.
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