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CHAPTER |

INTRODUCTION

1.1 Background

Urinary tract infections (UTIs) are the most frequently acquiredrizdicte
infections by humans (Drekonja & Johnson, 2008). Women are more prone to UTIs than
men. Abou#0-50 % of women in all age groups are estimated to acquire UTIs during
their lifetime (Brownet al, 2005, Foxmaet al, 2003, Franco, 2005, Zhang & Foxman,
2003). Despite successful and effective antimicrobial treatment, UT&rem
significant clinical problem accounting for more than 6 billion dollars annually i
healthcare (Drekonja & Johnson, 2008, Foxman, 2003). Development of drug resistant
bacterial strains has added to the complications and has increased the jfrefuenc
recurrent UTIs (Blango & Mulvey, 2010, Drekonja & Johnson, 2008, Mazzulli, 2002).
Thus, a critical need exists for alternative therapeutic strateg@snplement antibiotic

treatment against UTIs.

Incidence of UTlIs in females seems to vary with age and stages of meanstiieia
suggesting hormonal regulation of susceptibility to UTIs (Stamm & Raz, 1999,

Valiquette, 2001). Post-menopausal women have high prevalence of UTIs and estrogen
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deficiency is considered an important contributing factor (Altopaetiak 2004, Foxman
et al, 2001, Franco, 2005, Hat al, 2004, Pabiclet al, 2003). Exogenous estrogen
replacement therapy in postmenopausal women is effective in preventinghdrlIs
ameliorating symptoms associated with infection and inflammation (Bl al,

2004, Heinemann & Reid, 2005, Maloney, 2002, Rozendealg 2004, Sterret al,
2004). Beneficial effects of estrogen-treatment in postmenopausdésemay include
restoration of the periurethral and vaginal microflora and reduction in the ngigofal
atrophy; however molecular mechanisms associated with the theragféeitts of
estrogen against UTls are poorly understood (Carealp 1998, Cardozet al, 2001,

Rozenbergt al, 2004).

Estrogen is considered to be an anti-oxidant and anti-inflammatory agewctshaa a
the estrogen receptor (ER) subtypes, ER alpha)BRd ER beta (ER, to mediate
regulation of gene transcription (Nilssetral, 2001, Nilsson & Gustafsson, 2002).
Expression of ER and ER varies with circulating estrogen levels in humans and in
animals (Ben-Huet al, 1995, Esquedat al, 2007, Rogerst al, 2007). Furthermore,
reduced ER subtype expression in rat and mouse urogenital tissues following
ovariectomy is found to be restored uglastradiol (E2) replacement (Carletyal,

2003, Esquedet al, 2007, Rogerst al, 2007). Moreover, in kidney BRs the
predominant subtype expressed and is reported to be the primary mediator ehestrog
regulated gene expression in the renal cells (Jelieisidy 2003). However, the effects

of estrogen/ER action in the kidney during uropathogenic infections are not completely
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understood. Thus, a complete understanding of the molecular mechanisms underlying

the estrogen related etiology of UTIs pathogenesis is warranted.

Uropathogeni&scherichia coli (UPEC) are the primary etiological agents (80%) of
acute and chronic UTIs, including cystitis and pyelonephritis (Gxaja 2007, Marrst
al, 2005, Ronald, 2002, Zhang & Foxman, 2003). Colonization of the urinary tract by
virulent UPEC strains occurs via various adhesins, including type | fimbriaig, &d
Dr adhesins (Hagbemr al, 1983b, Johnson & Russo, 2005, Svanborg & Godaly, 1997).
Dr adhesion expressirg coli (Dr+ E. coli) are associated with cystitis, recurrent UTIs,
and pyelonephritis in humans (Golusztal, 1997, Nowickiet al, 2001, Servin, 2005).
Dr+ E. coli colonize the uroepithelium via Dr adhesin specific tissue receptors, decay
accelerating factor (DAF, also known as CD55) and type IV collagen (koetial,
2001, Selvarangast al, 2000, Selvarangaat al, 2004). Dr adhesin of DrE. coli has
been found to be critical for the development of chronic pyelonephritis in an
experimental UTI C3H/HeJ mouse model (Golusekal, 1997, Nowickiet al, 2001).
Binding of Dr adhesin to DAF allows attachment and colonization ofDceli to the
uroepithelium; while attachment of Dr adhesins to type IV collagemwalpersistence of
Dr+ E. coli within the tissue (Nowicket al, 2001, Selvarangast al, 2000, Selvarangan
et al, 2004) Following infection, engagement of DEt coli with DAF on the host
uroepithelium induces recruitment of additional DAF around the bacteria, leading to
internalization into the epithelial cells (Detsal, 2005, Goluszket al, 1999, Guignogt
al, 2001, Kansaet al, 2004, Plancost al, 2003, Selvarangaat al, 2000).

Internalization of UPEC including Drk. coli by the uroepithelial cells has been found to

19



be associated with tyrosine phosphorylation of specific host proteins (Geigho2001,
Palmeret al, 1997, Peiffeet al, 1998). Moreover, tyrosine kinase pathway is activated
following engagement of DAF with its ligands (Abedi & Zachary, 1997, Burretigé

1988, Shenoy-Scarst al, 1992, Stefanovet al, 1991, Zachary & Rozengurt, 1992).
Expression of DAF and type IV collagen is reported to be hormonally regulatter @

al, 2001, Potieet al, 2002, Seligeet al, 2001, Silbigeket al, 1998, Songt al, 1996).

Estrogen has also been shown to modulate tyrosine kinase activity (Gao &u¢amag
2000, Li & Yu, 2003, Liu & Howard, 1991, Pascoe & Oursler, 2001, Yoeeda

1993). Nonetheless, modulation of DAF and type IV collagen expression, and regulation
of tyrosine kinase activation by estrogen during Br€oli uropathogenesis have not yet

been investigated.

Pathology during UTls is caused by UPEC colonization and inflammation induced
tissue damage (Brogdehal, 2005, Svanborgt al, 1999, Svanboregt al, 2001a, Zasloff,
2006, Zasloff, 2007). Renal pyelonephritis is caused by ascent of UPEC fromdtierbla
to the kidney followed by inflammation induced damage to the pelvic andtudmneés
(Svanborget al, 2001a, Vandewalle, 2008). Animal and clinical studies have shown that
the uroepithelial toll like receptors (TLRs) including TLR2, TLR4, TLR5, ah&11,
play a central role in UPEC recognition to initiate host innate inflamnypaésponses
against invading pathogen, and these responses further lead to specificoaabivati
adaptive immunity (Chowdhurst al, 2006, Hawret al, 2009a, Hawret al, 2009b,
Svanborget al, 2001b, Tsengt al, 2007, Vandewalle, 2008, Wu#t al, 2001). For

instance, TLR4 binds to lipopolysacharide (LPS) of gram negative UPEC. Upon ligand
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binding, TLR4 is activated to stimulate transcription and secretion of pro-imiaony
cytokines (TN, IL6, II-1B) and chemokines (IL8/MIP2, RANTES, MCP1), as well as
up-regulation of TLR2 activation (Chassial, 2006, Chowdhurgt al, 2006,

Samuelssoet al, 2004, Schroppel & He, 2006, Vandewalle, 2008). TLR4 signaling
defects cause LPS unresponsiveness, thus increases susceptihidity teegative

bacterial infections and UTIs in animals and humans (Agetee2002, Hawret al,

2009a, Karolyet al, 2007, Poltoralet al, 1998, Ragnarsdottat al, 2007).
Immunomodulatory roles of estrogen are well documented; however, to our knowledge
the regulatory effects of estrogen on immune response associated witihogepat

infection have not been investigated.

Estrogen appears to be an effective modulator of UPEC colonization in the female
urinary tract; however the benefits of estrogen treatment in postmenopduisal U
susceptibility are poorly understood (Cardetzal, 1998, Cardozet al, 2001, Elloscet
al, 2005, Rozenberg al, 2004). In this study, we aim to investigate the role of
estrogen in host/pathogen interactions and inflammatory responses dag Dr+ E.
coli induced UTIs by utilizing anin vivo experimental UTI murine model and anin
vitro, kidney cell culture model. The long term goals of this study are to undstand
the cellular and molecular regulatory mechanisms involved in estrogen rdeated
modulation of host susceptibility to Dr+E. coli induced UTIs. This information will
contribute toward the understanding of UTI pathogenesis, help in id&ification of
novel biomarkers, and guide in the development of novel therapeutic stregies

other than antibiotics for effective treatment of UTIs.
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1.2 Preliminary Studies

Our preliminaryn vivo andin vitro studies indicate an increase in susceptibility
to Dr+E. coli infection under estrogen-deficient conditions and support the protective
role of physiological doses of E2 against [E4coli infection. We have determined the
impact of ovariectomy induced menopause on susceptibility towardg.[2oH induced
experimental UTI using the C3H/HeJ mouse model at 21 days post-infection. The
ovariectomized (OVX) mice treated with a physiological dose of E2 anesthegen
sufficient-ovary intact (Non-OVX) mice show reduced bacterial coldizand
infection related tissue inflammation in the kidneys, compared to the colonizatihe
kidneys of estrogen-deficient-vehicle-treated OVX mice (Figuresdl2a Pretreatment
of Non-OVX with ER-antagonist ICI 182780 led to a significant increasaaterial
colonization of the kidneys, compared to that in the kidneys of vehicle-treate@Yn-
mice (Figure 3). These observations suggest an ER mediated protectivebdlat et

physiological dose against UTI in C3H/HeJ mice.

Quantitative real-time RT-PCR analysis revealed thatiERore abundantly
expressed than BRn the kidneys of C3H/HeJ mice and that ovariectomy decreased ER
MRNA levels in the kidneys of these mice, with no change i &gRression (Figure
4A). Notably, the vehicle-treated OVX mice showed increase mmBRNA levels in
the kidney following infection, compared to the uninfected OVX mice but the idfecte
Non-OVX mice showed decrease indeRRNA levels, compared to the uninfected Non-

OVX mice (Figure 4A and 4B).
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Figure 1: Bacterial counts in the kidneys of C3H/HeJ mie at 21 days post-UTI induction.
OVX mice were treated with vehicle (Veh) or E2. The number of vialdteba (CFU) from
Non-OVX mice (n = 14) are depicted by filled circles while bacteaints from vehicle (n =
28) and E2 (n = 27) treated OVX mice are indicated by closed trianglespen circles,
respectively. Each symbol represents the number of viable bactenia fsingle mouse.
Bacterial counts are presented as mean CFU + SEM and the esroefir@sent data from two
independent experiments. Data were analyzed by One-way ANOVA, followEdkey's post
hoc test for multiple comparisons where P < 0.05 was consideredcghiff** indicate P <
0.0001). (Unpublished data)

Figure 2: Representative renal pathology in C3H/HeJ mice at 21 day®st-UTI induction.

A) Histopathological analysis of the kidney tissues from veh{tle2) or E2- (3, 4) treated

groups of OVX mice, 21 days post-UTI induction. Images represent tieyhiateosin staining

of kidney tissue sections. Arrows are pointing at the lymphocytes and newiofittiition. B)
The inflammatory scores taken from the pelvis, medulla and cortex of vahitle2 treated
tissues are based on cellular infiltrate and fibrosis in the kidsgyes and are presented as mean
score + SEM. The error bars represent scores from 8 mice for eafcheiné group. Scores
represent a scale of 0 to 4, where 0 represents normal or no infiamanad 4 represents end
stage disease with chronic inflammation. Data were analyzed by Ssudesst for each region

in the kidney tissue section (pelvis, medulla and cortex) where P < 0s0&owsidered

significant (*). (Unpublished data)
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Figure 3: Bacterial counts in the kidneys of ICI 182, 780-treaid C3H/HeJ mice at 21 days
post-UTI induction. Non-OVX mice were treated with vehicle (Veh) or an ER-antagonist IC
182, 780, prior to UTI induction. Viable bacterial counts from vehicle treaitesl (m= 14) are
depicted by filled circles, and bacterial counts from ICI 182,780 treated m#®) are indicated
by closed squares. Bacterial counts from two independent experimentssaetgd as mean
CFU = SEM. The error bars represent data from n=9 and n=14 animals fdeaetd ICI 182,
780-treated group of animals, respectively. Data were analyz8tutgnt's t-test where P <

0.05 was considered significant (** indicate P < 0.001). (Unpublished lab data).

Figure 4: ER subtype mRNA levels in the kidneys of C3H/HeJ ive. A) TheKidneyERa
and EP mRNA levels of uninfected, OVX and Non-OVX C3H/HeJ mi&). The kidney ER
MRNA levels of Non-OVX C3H/HeJ mice and vehicle-(veh) or EEz2ded OVX mice at 21days
post-UTI induction. The mRNA levels were analyzed by SYBR greentitative real-time RT-
PCR. The expression levels of ER subtypes are normalized toeRPtassion. Expression
values are presented as mean relative expression + SEM. andtheesrepresent data from
10-11 mice per group for Figure 4A and 4-6 mice per group for Figure 4B. Betcawalyzed
by One-way ANOVA followed by Tukey’s post hoc test for multiple comparisé¥s 0.05 was
considered significant (*** indicate P < 0.000). The character ## (P < Oniditate significant
difference compared to E2-OVX and xxx (P < 0.0001) indicate significaetreifte compared to
Veh-OVX.
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Following infection, the ER mRNA levels in the estrogen-sufficient Non-OVX, and the
E2-treated OVX mice were found to be markedly reduced compared to those in the
estrogen-deficient- vehicle- treated OVX mice. Reduction in ER transcripgvel
following activation with estrogen has been previously reported (lhionéren2002,

Lee & Gorski, 1998). Reduced levels of €R estrogen-sufficient mice and increased
levels of ER in estrogen deficient mice following infection suggests thai &Rivation
may have an important functional role during [E-+coli induced UTI pathogenesis

(Figure 4B).

E2-mediated protection at physiological doses was also observednrvibuo
invasion studies using Huh7 hepatoma cells and in primary human hepatocytes. Primary
human hepatocytes were obtained from University of Minnesota, NIH Liver Tissue
Procurement and Distribution System (LTPADS) (PI collaboration). Huma
hepatocytes, as well as Huh7 cells, expressed DAF and both the ER subtypes.
Pretreatment of cells with physiological doses of E2 (0.126ng/ml-1.26ng/ml)
significantly reduced bacterial invasion in the Huh7 cells, as well as irutharh
hepatocytes (Figure 5). E2-mediated protection was significantlysexien Huh7 cells
when treated with ER- antagonists ICl 182,780 and 4-hydroxytamoxifen (OHT)

suggesting involvement of ERs (data not shown).
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Figure 5: Relative invasion of Dr+E. coli in the E2-treated Huh7 cells and the primary
human hepatocytes Relative bacterial invasion in cells treated with wasi doses of E2, where
1.26 ng/ml E2 corresponds to 5nM E2. The E2 doses ranging from 0.126-1r26 ang
considered physiological. Invasion values are mean bact€fRdl + SEM expressed as
percentage of the bacteria internalized, relative to thitié untreated cells (invasion in control
untreated cells was considered as 100 %). The error bars reépress: % bacterial CFU + SEM
from at least three independent experiments performed iicatip) for each cell type. Data were
analyzed by One-Way ANOVA for Huh7 and primary human hepatocyllesvéal by Tukey’s
post hoc test for multiple comparisons. P< 0.05 was consideredicsighif The character *
indicate significant difference compared to the control in eatihtype, where * indicate P <
0.05, **indicates P < 0.005, and *** indicates P < 0.0005. (Unpublished lab data).
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1.3 Hypothesis

Based on the observations from our preliminary studies, we hypothesize that host
endogenous estrogen levels, as well as ER subtypes expression, may play amimport
role in determining the host susceptibility to OE+coli mediated UTIs and associated
inflammatory responsesie further hypothesize that estrogen viauERtivation may
regulate the expression of host bacterial colonization receptors, DAFpnti/ty
collagen, as well as activation of tyrosine kinase signaling pathway fodwr+ E. coli
infection. In addition, we propose that estrogen regulates the inflammatoonses
following Dr+ E. coli infection by modulating the expression of inflammatory markers,

TLRs and pro-inflammatory cytokines.

1.4 Specific Aims
We tested our hypothesis using biothivo andin vitro studies as outlined in the

following two specific aims.

AIM-1: Elucidate therole of estrogen and ER« in regulation of Dr+ E. coli colonization
and subsequent inflammation in the urinary tract of OVX C3H/HeJ mice during

ascending UTI.

The experimental UTI murine model established in OVX C3H/HeJ mice wasnuse
the presenitn vivo experiments. C3H/HeJ mice carry a mutation in TLR4 that results in

TLR4 signaling defect and LPS unresponsiveness in these mice (Pettalak998).
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Increased susceptibility to UTIs is reported in C3H/HeJ mouse and tlemgas &1s an
appropriate model for inducing experimental UTIs (Hosleiral, 1999, Poltoralet al,

1998).

Aim 1A: Determine the effects of estrogen and ERs activation on UTI
susceptibility by studying bacterial colonization in mouse kidney follwing Dr+
E. cali infection.

The impact of estrogen deficiency and physiological E2 doses on UTI

susceptibility was evaluated in vehicle- or E2-treated OVX C3Hrried induced
with Dr+ E.coli -mediated experimental UTl. We evaluated the changes in bacterial
colonization in the bladders and kidneys of these mice at 2 and 6 days postanfecti
Impact of pure ER antagonist, ICI 182,780 or vehicle-treatment on UTI susagptibil
in Non-OVX mice was determined to confirm the role of ERs in estrogeaqgbinat
effects. Furthermore, UTI was induced in femalerig@ne knock-out (Eér/-) and
ERa gene intact (EER+/+) mice to confirm the role of ERn mediating protective

effects of estrogen against UTI susceptibility.

Aim 1B: Determine the effects of estrogen and ERs action in regulating
expression of Dr+E. coli host colonization receptors and inflammatory markers
in mouse kidney following infection.

Expression of DrE. coli colonization receptors, DAF and type IV collagen,
inflammation inducers, TLR2 and TLR4, and pro-inflammatory cytokines, o] NF

IL6, and MIP2 was determined in the kidneys of mice at 2 and 6 days following
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experimental UTI induction as described in Aim 1A. Expression analysisget ta
genes at the mRNA level was performed by quantitative SYBR gea¢time RT-

PCR.

AIM2: Establish aninvitro model of Dr+ E. coli infection in mouse kidney cell line,
mIMCD3 cells to study E2/ER mediated modulation of Dr+ E. coli infection at the

cellular level.

The most distal renal tubule segment, the medullary collecting ducdte dirsttto
come in contact with the ascending UPEC. They serve as the primaor siseterial
adherence and early inflammatory responses against UPEC (CiatsR006,
Vandewalle, 2008). Therefore, we used a mouse kidney inner medullary collecting duc
cell line (mIMCD3) for establishing oun vitro cell model for studying DrE. coli

induced uropathogenesis (Rauchretal, 1993).

Aim 2A: Determine the impact of E2 and ERs on Dr. coli invasion and
expression of Dr+E. coli adhesin receptors and inflammatory markers in
mIMCD3 cells following infection.

Effects of pretreatment with E2, ER antagonist (ICI 182,780), arsERctive
agonist ( propyl pyrazole triol: PPT), an &Relective antagonist (methyl piperidino
pyrozole: MPP), an ERselective agonist ( diaryl propio nitrile: DPN) and arBER
selective antagonist (R, R-tetrahydrochrysene: R,R-THC), orEDeali invasion in

mIMCD3 cells were determined. Changes in bacterial invasion and mRNA éévels
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DAF, type IV collagen, TLR2, TLR4, TNF IL6, and MIP2 mRNA were analyzed
following drug treatments in DrE. coli infected, as well as uninfected mIMCD3
cells. Bacterial invasion was assessed by the standard gentpnoigction assay

and mRNA levels were determined by quantitative SYBR green real-imeEGR.

Aim 2B: Determine the impact of E2 on regulation of tyrosine kinase signaling
pathway in the mIMCD3 following Dr+ E. coli infection.

The impact of tyrosine kinase inhibitor, genistein and phosphoinostide 3-kinase
(PI3K) inhibitor, LY294002 on bacterial invasion in mIMCD3 cells was deterthine
to study the role of tyrosine kinase activation during Breoli internalization in
these cells. We also determined, the effect of E2 on activation status afeyrosi
kinase in these cells was determined by detecting the levels of csigfating
proteins, phosphorylated PI3K (pPI13K) and Akt (pAkt) (Protein kinase B) using

western blots.

These specific aims, comprisingiofivo as well asn vitro studies showed that the
molecular mechanisms associated with estrogen mediated atterafddionE. coli
mediated kidney infection involve ER mediated regulation of bacterial adherence
receptors expression and host inflammatory responses. Furthermaoneyitie
mIMCD3 cell model of Dr+E. coli uropathogenesis allowed us to demonstrate that Dr+
E. coli internalization in mIMCD3 cells require activation of tyrosine kinase inmg|
P13k/Akt signaling pathways and that estrogen differentially regsifédte activation of

these pathways, thus influencing bacterial invasion.
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CHAPTER Il

LITERATURE REVIEW

2.1 UTl and UPEC

UTlIs are the most frequently acquired bacterial infections, are codsmére
the most common hospital acquired infections and are the second most common
community acquired infections (Valiquette, 2001). UTIs cause significariidiyrand
mortality in humans accounting for substantial healthcare costs (Foxmaowé B2003,
Foxmanet al, 2003, Foxman, 2003, Johnson & Russo, 2005). Females are significantly
more likely to experience UTIs than men, and ad@450 % of women are estimated to
suffer from UTIs in their life time (Browet al, 2005, Foxmat al, 2003, Franco, 2005,
Zhang & Foxman, 2003). UTls affect the upper as well as the lower urinery tra
(Diagram 1) and include urethritis, cystitis, pyelonephritis, recutddt and
asymptomatic bacteriuria. Pyelonephritis is the most severe form of &€Tisrring in
all age groups and gender with prevalence observed in females; about 10-30% of all
patients with acute pyelonephritis are hospitalized for treatment (Bzioain2005).
Incidence of UTI seems to vary with age and menstrual cycle, suggestmgnal
regulation of susceptibility to UTIs (Franco, 2005, Hooton, 2000, Rileeal 2002,

Sonnex, 1998). Post-menopausal women have a high prevalence of UTI and estrogen
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deficiency is considered to be an important contributing factor (Altopeirklk 2004,

Foxmanet al, 2001, Franco, 2005, Pabietal, 2003).

Blood Supply

Pyelonephritis

|
A ok Cystitis
Bladder | & = }4"‘"'"
l"“--. 2 ._%, - A
kg B ~— Urethritis
ﬂ

Diagram 1: Sites of infection in the urinary tract. Image adapted and modified frovat

Rev.Microbiology, 2, 2004 (Kaper et al, 2004)

UPECare the most prevalent etiological agent of all UTIs including recudf&nt
cystitis, and pyelonephritis (Johnson & Russo, 2002, Johnson, 2003, Ronald, 2002, Russo
& Johnson, 2003, Zhang & Foxman, 2003). They are the primary cause of community

acquired UTls (70-95%) and many nosocomial UTls (50%) (Foxman, 2003).
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The urinary tract is considered to be a sterile site and entry of micnbd&se
urinary tract is mostly associated with physical introduction of orgartisat€olonize
the perianal and periurethral areas. The gastrointestinal tract isthoume the main
reservoir for these uropathogens (Wiesal, 2008). Commensal bacteria colonizing the
gastrointestinal tract include several straink.afoli that may inhabit this site for all of
the individual’s life, or only be present transiently. Several of these strajnsaiomize
the periurethral areas and gain entry into the bladder via ascending routey lmurtnregy
not cause any infection in the urinary tract. HBaeoli strains which do persist and
colonize the urinary tract but do not invade the uroepithelium or initiate any UTI
symptoms show characteristics similar to the spectrum of gut colorizoudy.
However, those bacteria who enter and elicit symptoms or cause asymgtdifriedie
not random samples of fedal coli; rather, they are a subsettofcoli strains known as
the uropathogenik. coli commonly referred as UPEC (Johnson & Russo, 2002, Johnson,
2003, Johnson & Russo, 2005, Maatal, 2005). These strains differ from fecal strains
by possessing virulence factors unique to enable invasion and infection in the urinary
tract and most of these virulence factors are coded by a stretcloofagamal DNA
called Pathogenicity Associated Islands (PAls) (Bergatah 2005, Boweegt al, 2005,
Brzuszkiewiczet al, 2006, Ronald, 2002, Yamamoto, 2007). In some cases the
dissemination of a single clone group of a UPEC isolate may occur witbmmawunity
via contaminated food or consumables (Margjed, 2001, Mangest al, 2006, Manges
et al, 2008). Aditionally, UPEC isolated from sexually active patients often mataties
bacteria in the fecal isolates from their partners, indicating thacbT be sexually

transmitted (Foxmaet al, 2002, Mangest al, 2004). UPEC strains act as opportunistic
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intracellular pathogens taking advantage of host behavior and susceptibilibplyeg

a diverse repertoire of virulence factors to colonize the urinary tract. ifthence

factors include but are not limited to polysaccharide capsule (to evade plosig)cyt
adhesion factors (to attach to the uroepithelium to prevent being washed awaneby ur
flow), siderophores (to acquire iron), and cytotoxins (for invasion); these virulence
factors facilitate the UPEC'’s ability to colonize and invade the uroepith€lohnson,

2003, Yamamoto, 2007).

UPEC adhesins are very crucial virulence factors as they allow the uropattmge
firmly adhere to the uroepithelium and initiate bacterial colonization imetbe hostile
environment (Anta@t al, 2009, Wright & Hultgren, 2006). Adhesins of UPEC
determine the bacterial affinity for and persistence in the urinacy {Mulvey, 2002,
Schillinget al, 2001a). Urinary tract colonization by virulent UPEC strains is mediated
via various fimbrial and afimbrial adhesins including type | fimbriae, PqilDr
adhesins which determine the tissue specificity of UPEC. The uropathogeheses
adhesive factors to firmly adhere to the receptors on the uroepithelium in tire @ned
further ascend to the lower urinary tract (bladder) and upper urinary tractykidne
establishing UTIs (Goluszket al, 1997, Hagbergt al, 1983b, Hagbergt al, 1983Db,
Johnson & Russo, 2005, Nowiddtial, 2001, Svanborg & Godaly, 1997). In an
experiment studying the ascent of bacteria from the bladders to the kidtlewing
bladder catheterization in mice, it was found that <0.01% of the inoculum reaches the
kidneys (Hagbergt al, 1983a). In the urinary tract a thin film of fluid around the

luminal surface of the epithelium represents the 'battlefield’ whiepatihogen interact
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with the epithelial cells and the innate immune system, resulting in baateaalon and
inflammation that finally contribute to uropathogenesis and cellular damaggrém 2)

following UPEC infection (Brogdest al, 2005, Zasloff, 2006, Zasloff, 2007).

UPEC strains may ascend to the lower and the upper urinary tract via uroépithelia
binding sites. Like enteriE. coli pathogens, UPEC isolates are genetically
heterogeneous and vary significantly in their abilities to colonize and paitbist either
the bladder or the kidney (Mulvey, 2002). For example, the pyelonephritogenic P
fimbriatedE. coli colonize the apical surface of the renal tubules via attaching toQhe
Gal-(1,4)$-D-Gal containing surface glycolipid receptors present abundantly in the
kidney. In contrast, the Type 1 pili bearing UPEC that bind to the mannosylated
glycoproteins are significantly associated with the bladder infectioss Wwell
characterized S pili bearing UPEC are associated with cystitignemtritis and may
cause disseminated infection including sepsis and meningitis. The S pilus has been found
to attach to the sialic acid residues of the receptors expressed on kidney, &tadder
endothelial cells. The F1C pili can bindpd@salNac-1, #-Gal residues on glycolipids
expressed by epithelial cells of the distal tubules, collecting ducts ofctheykibladder
and kidney endothelial cells, and may contribute significantly to the patbsigesf a
number of UTI cases. Furthermore, the Dr adhesin bearing UPEC thhtwa¢tac

complement regulatory receptor DAF/CD55 (expressed on the erythrocytes,
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Diagram 2: Uropathogen and host interaction during establishment of infetion in the
urinary tract by ascending UPEC. 1, Uroepithelium constitutively express and secrete
antibacterial peptides in the lumen of urinary tra2t YJPEC ascend and approach the epithelial
surface anticipating attachmen8, antibacterial peptides levels rapidly rise, translation is
activated, and peptide secreted rapidly, killing nearby ba¢twsme UPEC survive and continue
to ascends, neutrophils begin to migrate toward the lumBnneutrophils secrete antibacterial
peptides, complementing epithelial sources, but viable microbsistp@meutrophils continue to
invade the epithelium and so does the uropathogen, resulting in cddntage. Image adapted
and modified fronNature Medicine, 12, 2006 (Zasloff, 2006).
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endothelial, and epithelial cells) are associated with resctudTI, 30-50% of cystitis

cases and about 30% of pregnancy associated pyelonephritis cases (Servin, 2005)

2.2 Uropathogenic Dr+E. cali

Dr+ adhesin bearirtg coli belong to the family of Afa/ Dr adhesin beartagecoli
broadly classified as diffusely adheriggcoli (DAEC). Afa/ Dr DAEC strains exhibit
identical genetic organization, they bind to human DAF/CD55 and cause intestinal
(diarrhea) as well as extraintestinal (uropathogenic) infectionsifSe005).
Uropathogenic Dr€. coli, strain IH11128 is associated with recurrent UTI, cystitis, and
pyelonephritis in humans (Goluszkbal, 1997, Goluszket al, 2001, Nowickiet al,
2001, Servin, 2005). It has been suggested that first UTI infection witk.[xoh
increases the risk for second UTI in patients by 2-fold (Foxehah 1995, Zhang &
Foxman, 2003). Adherence to host epithelium by UPEC is crucial for establishing
infection. Dr adhesin provides attachment of the Breoli to the luminal apical surface
within the urinary tract. An isogenic Dr negative mutant (Dr14/Bcoli) of IH11128
was developed by insertional inactivatiordo&C gene of Dr+E. coli (Goluszkoet al,
1997). ThearaC gene product is essential for the assembly of functional Dr adhesin,
thus Dr14E. coli do not assemble functional Dr adhesins and show reduced adherence
and virulence towards the host cells (Golusekal, 1997, Kaukt al, 1999). This
confirms that Dr adhesin of Di. coli mediates bacterial adherence to host epithelial
cells and is important for host colonization. [E+coli has been successfully used for
developing experimental chronic pyelonephritis in C3H/HeJ mouse model where D

adhesin was found to be critical for development of chronic pyelonephritis @Rolets
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al, 1997, Nowickiet al, 2001). Dr adhesin was found to recognize a tyrosine containing
molecule in the Dr blood group antigen that was further identified as the coemlem
regulatory protein CD55 most commonly known as DAF. DAF is a membrane
associated phosphatidyl-inositol anchored glycoprotein (GPI) expressédhentdood
cells, endothelial and epithelial cell surfac&s.adhesins bind at short consensus repeat
(SCR)-3 and SCR-4 domain of DAF (Hasstal, 2002, Nowickiet al, 1990, Nowickiet

al, 1993, Nowickiet al, 2001, Phanat al, 1995, Selvarangaat al, 2000). Within the
urinary tract, the epithelial surfaces of urethra, bladder, ureter, and edvialare rich in
DAF expression and bind to Dr fimbria (Nowiddtial, 1988). Dr adhesins of Di&. coli
also recognize type IV collagen as its colonization receptor in thaihpaty tract
(Selvarangarmt al, 2004, Westerlunet al, 1989). Type IV collagen is an important
component of the specialized extracellular matrix (ECM) that underlidseagpithelial
membrane and functions to compartmentalize the tissue. Dr adesins binds malthe re
tubular basement membrane and the Bowman'’s capsule in the renal glomerulus which
have abundant type IV collagen (Nowiekial, 1988). Dr+E. coli recognizes

DAF/CD55 to adhere, invade, and colonize the kidney epithelium (Noetiekj 2001,
Selvarangamt al, 2000, Selvarangaat al, 2004, Servin, 2005) and further binds to type
IV collagen in the epithelial basement membrane which allows it tazeaal the

interstitial compartment of the renal tissues (Diagram 3) that nmthefucontribute to

pyelonephritis (Selvarangaahal, 2004, Mulvey, 2002).

Interaction of Dr+. coli with DAF and type IV collagen in the kidney leads to

bacterial infection and persistence inducing inflammation in renal tubodes a
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Diagram 3: Mechanism of Dr+E. coli uropathogenesis |, Bacterial colonization and
attachment to DAF on the apical surface of the host renal epithéliuahystering of DAF
following bacterial attachment] , Initiation of bacterial internalization by phagocytic pathway
and introduction of lesion at the tight junction on the epithelial surfsiceBacterial
internalization into a vacuole within the host cell, loss of epithetikarization, invasion of
bacteria via paracellular route and attachment of bacteria to\typallagen in the basement
membrane of the epithelium facilitating renal persistence oftbceli and development of
pyelonephritis. Image based on information publishegelhMicrobiology, 4, 2002 (Mulvey,
2002)
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interstitium. In ann vitro cell monolayer model, DrE. coli were shown to increase
DAF expression and IL-8 production leading to increased transepithelial neutrophil
migration, suggesting possible mechanism of increased adherence aminatory
activation during Dr+E. coli pathogenesis (Betet al, 2003a, Betigt al, 2003b).Dr+ E.
coli are invasive bacteria that bind to GPI-DAF on epithelial cell surfaceguéstly
leading to their internalization by the cells (Diagram 3) (Golugtlab, 1997, Kansaet
al, 2004, Selvarangaat al, 2000,Mulvey, 2003. Recruitment of DAF and5Blintegrins
around Dr+E. coli, following the bacterial engagement is crucial for bacterial
internalization (Dast al, 2005, Goluszket al, 1999, Guignott al, 2001, Kansaet al,
2004, Plancoret al, 2003, Selvarangaat al, 2000). The cellular invasion by DE: coli
has been shown to occur via a zipper like mechanism (Diagram 4) employing
accumulation of polymerized actin around the adherent bacteria followed hptubide
mediated internalization of the bacteria containing vacuole into the cale(a 2005,

Goluszkoet al, 1999, Guignott al, 2001, Kansaet al, 2004).

Internalization oE. coli by renal epithelial cells is associated with tyrosine kinase
mediated tyrosine phosphorylation of specific host proteins (Guegabt2001, Palmer
et al, 1997, Peiffeet al, 1998) (Diagram 5). DAF and integrins are known to activate
tyrosine kinase following engagement with their ligands (Abedi & Zachary, 1997,
Burridgeet al, 1988, Shenoy-Scara al, 1992, Stefanovet al, 1991, Zachary &
Rozengurt, 1992). PI3K has been identified as a downstream effector of both receptor
and non-receptor tyrosine kinases (Wymann & Pirola, 1998). PI3K is a heterodimeric

protein consisting of a regulatory subunit (p85) and a catalytic subunit (p110).
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Diagram 4: Dr+ E. coli internalization in the host epithelial cells. Scanning electron
microscopic examination of the zipper like internalizatioof IH11128E. coli into HelLa cells
(A-C). (A) Microvillus-like extensions (arrow) extend from the cell aog and are associated
with bacteria, (B) Fused extensions (arrow) forming a zipper-like struct¢@®, Enlarged
extensions (arrows) form a zipper-like structure. Image addppminfection And Immunity, 72,
2004 (Kansauet al, 2004). D) Dual immunofluorescence labeling of IH11128 bacteria in
infected Caco-2/TC7 cells and visualization of extracellulariatgtnalized bacteria with FITC
or tetramethyl rhodamine isothiocyanate immunolabeling, respbctiGreen extracellular
bacteria and red intracellular bacteria (arrows) were se#tmegperiphery of the cell clusterin
which proliferative cells were localized. Image adaptedf Infection And Immunity, 69, 2001
(Guignotet al, 2001).
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The regulatory subunit of PI3K interacts with several intracellular sSrgnaiolecules.
Interaction of p85 with phosphotyrosine residues on tyrosine kinase results in PI3K
activation causing the catalytic subunit to phosphorylate the inositide ring of
phosphotidylinositol to form phosphotidylinositol 3, 4, 5 tripohosphate (PIP3). PIP3 can
then causes downstream activation of Akt (also known as protein kinase B-PRER). P
signaling has been implicated in a varietgellular processes, including survival,
proliferation, migration, metabolic changes and bacterial invasion @va§j into the

cell (Brumell & Grinstein, 2003, Wymann & Pirola, 1998). PI3K has been shown to be
necessary for the invasion of epithelial cells by several bacteria, ingluidieria
monocytogenes (Iretonet al, 1996),Helicobacter pylori (Kwok et al, 2002),Neisseria
gonorrhoeae (Boothet al, 2003),Pseudomonas aeruginosa (Kierbel et al, 2005), Group

B streptococci (Goluszket al, 2008) andescherichia coli K1 (Reddyet al, 2000). Dr
adhesin expressing recombinant bacteria have been shown to require PI3Kfactivit
internalization into primary human bladder epithelial cells which expre$sdpd
carcinoembryonic antigen (CEA)-related cell adhesion molecules (CEAYAs

receptors for Dr adhesins (Korotkoetzal, 2008).

2.3 UTI and Inflammation

Pathology associated with UTI is caused due to UPEC mediated and infammati
related tissue damage. Pyelonephritis is associated with inflammatoagdaf the
pelvic and kidney tubules (Scherberich & Hartinger, 2007). UPEC attach to specific

receptors through their adhesisn on host mucosa and trigger innate immune responses via
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Diagram 5: Mechanism of UPEC invasion in the host epithial cells. Cellular signaling
molecules and host components involved in the internalization of WREIRd in different cell
types are outlined: A) Dr adhesin mediated entry into host &pliticells and B) Type 1 pilus
mediated entry into bladder epithelial cells. Followingtbaal interaction with the cellular
receptor for UPEC adhesisns, signal transduction cascadastiaeged leading to internalization
of the bacteria. =~ CD55/ DAF (Dr adhesisn receptor) Pptotein tyrosine kinase; PI3-K,
phosphoinositide-3-kinase; FAK, focal adhesion kinase; PKC, protéias& C; PLC
phospholopase C and MT, microtubule. Image adapted and modified fr@alular
Microbiology, 4, 2002 (Mulvey, 2002)
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interactions with co-receptors including TLRs. Tissue damage duringsld§kociated

with UPEC mediated apoptosis in urothelium and activation of macrophages and
neutrophils which contributes to renal cell apoptosis directly as well asatigigBillips

et al, 2008, Kipari & Hughes, 2002, Klummgbal, 2006, Lange-Sperandeb al, 2003).
Epithelial cells are known to be the early producers of pro-inflammaybokines and
chemokines (TNFe, IL-6, IL-1p, IL-8, RANTES, MCP-1) that are found to be increased
in UTI patients and in experimental UTI mouse models (Aghek 1993, Betist al,

2003a, Conneltt al, 1997, Godalyt al, 2000, Hedgest al, 1994, Samuelssaat al,

2004, Scherberich & Hartinger, 2007, Svanbeirgl, 1994, Svanborgt al, 1996,

Svanborget al, 1999, Waulltet al, 2002). During bacterial infection virulence factors are
released and the immune system is activated to secrete pro-inflajmmadtkines.

Induction of the inflammatory immune response subsequent to infection determines the
course of disease and extent of tissue damage. An initial rapid inflammegponse is
essential for clearing up the invading pathogen; however persistent cimftamennation
leads to tissue damage. Less virulent strains have been suggested to capseTadic
bacteriuria, where the bacteria is able to colonize the urinary tract witttouaten of
inflammatory response and thus no symptoms associated with UTI is observieds{ddz

et al, 2008). This suggests that inflammatory responses contribute to not only bacterial
clearance, but also to tissue damage and associated symptoms duringitj §saat

double edge sword.

Initial recognition of unique molecular patterns associated with pathogemsione

cells and epithelial cells via pattern recognition receptors like TLRs andpzttiern
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recognition receptors (PRRs) like -NOD like helicases and RIG likedsele is the most
crucial step in immune activation. Members of the TLR family araéocan the plasma
membrane and membranes of endogenous vesicles in renal epithelial and imifsune cel
they bind to different signature ligands from a wide variety of pathogens (@&der
Schlondorff, 2007, Anders, 2007, Vandewalle, 2008). Upon ligand binding and
activation, these receptors interact with several adaptor proteins iviaytioglasmic
domain leading to activation of cellular signaling pathways includingBIEBnd MAP
kinase (p38 and JNK). This response leads to up-regulation of cytokines, chemokines
and antimicrobial products synthesis that are crucial for inflammation atetibhc
clearance (Akirat al, 2006, Kaisho & Akira, 2006, Kawai & Akira, 2005a, Kawai &
Akira, 2005b, Kawai & Akira, 2007, Li & Cherayil, 2004). For instance, secreations of
CXC chemokines MIP2 (mouse) or IL-8 (humans) by renal epithelial cedis ThR
activation induce influx and activation of neutrophils in the renal interstitium, thus
promoting interstitial inflammation (Samuelssaral, 2004, Tangt al, 2003).
Furthermore, reduced expression of IL8 receptors is associated wehsad
susceptibility to acute pyelonephritis (Lundsteicdl, 2007, Svenssoet al, 2008). 1L-6
production during UTI is associated with stimulation of IgA secretion byIB cel
contributing to protection against UTI (Hedgesl, 1991, Hedgest al, 1992). MCP-1
and RANTES are also reported to be secreted by renal tubular epithetidbtieWing

TLR activation by bacterial components (Tsuétaal, 2002). IFN-gamma and TNF-
alpha released by activated renal tubule epithelium cells are respoasitggilating

TLR2 and TLR4 expression in this tissue (Walfsl, 2002).
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The UPEC interact with urethral, bladder epithelium and renal tubule cells upon
infection in the urinary tract. The inner medullary collecting duct (@iBells of the
kidney are the first to come in contact with ascending UPEC straindotteetieey form
the site for bacterial adherence and initiation of immune responses in the (Uihasgin
et al, 2006, Vandewalle, 2008)n vivo experiments with pyelonephritis murine models
have demonstrated that UPEALIhered preferentially and constantly to the apical
membranes of the medullary collecting duct cells following transurettoalilation and
induce expression and bipolarized secretion of MIP-2 via TLR4 dependent and
independent pathways (Chassiral, 2006). Renal tubular epithelial cells (Diagram 6)
and interstitial myeloid dendritic cells are reported to constitutieepress TLR1, 2, 3,

4, 5, and 6, and show enhanced cytokine production following UPEC interaction (Anders,
2007, Anders, 2007, Lech al, 2007, Patolet al, 2005, Samuelssat al, 2004,
Scherberich & Hartinger, 2007, Svanbet@l, 2001b, Tsuboit al, 2002, Vandewalle,
2008). TLR2 and TLR4 expressed on renal tubular cells have been shown to mediate
direct inflammatory responses to bacterial products by activatingteecof cytokines

and chemokines secretions (Chowdhetrsd, 2006, Scherberich & Hartinger, 2007,
Tsuboiet al, 2002, Wolfset al, 2002). In mouse, TLR11 expressed on kidney epithelial
cells is reported to play an important role in protection from uropathogenic blacteria
infection (Zhanget al, 2004). LPS is the prominent gram negatizecoli product that
activates TLR4 in immune and epithelial cells inducing proinflammatory immune
responses. Besides LPS, UPEC produce various fimbrial and afimbrial adhasins
trigger TLR mediated inflammatory immune responses in the urinaryindeyendently

of LPS
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Diagram 6: Intrarenal distribution of TLRs along the kidney nephrons. Image adapted from
Chang Gunj Med J, 31, 2008 (Vandewalle, 2008)
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(Chassiret al, 2006, Fischeet al, 2006, Patolet al, 2005, Uhleret al, 2000). In studies
utilizing human kidney biopsies and an experimental murine UTI model, UPECradhes
P pili and type 1 fimbriae have been shown to initiate a rapid inflammatory respanse
TLR4 activation independent of LPS (Bergsétal, 2007, Fischeet al, 2006, Fischeet

al, 2007, Frendeust al, 2001, Godalt al, 2007, Samuelssaat al, 2004). Cirlet al

have reported that UPEC strains promote bacterial survival and kidney damage by
secreting products that interact and interfere with TLR activatiah€Gil, 2008)
suggesting importance of TLR signaling in the host defense against dlaatedtion

and is a possible virulence mechanism developed by pathogens to avoid TLR activation.

Reduction in TLR4 expression has been associated with asymptomatic bacteriuria
(Ragnarsdottiet al, 2007). C3H/HeJ mice carry a point mutation in the cytoplasmic
region of TLR4, a replacement of proline with histidine, causing defective isignal
leading to the LPS hyporesponsive phenotype and increase susceptibility tabacter
infections (Hoshinat al, 1999, Poltoralet al, 1998). In C3H/HeJ mice this inactivating
mutation also subdues the cytokine production in response to TLR2 mediated signaling
(Li & Cherayil, 2004) suggesting that TLR4 activation is important for TLReRiated
inflammatory signaling. The attenuation of bacterial defense due to paiehorphism
might become crucial during severe infections. In humans, Asp299Gly polymorghism
TLRA4 is associated with defective LPS signaling (Agreesg, 2002, Arbouet al, 2000,
Lorenzet al, 2002), and the frequency of the Asp299Gly polymorphism of TLR4 ranges

from 3% to 11% in the white human population (von Auletcél, 2003). Recent studies
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have shown a higher prevalence of gram-negative infections and a more seksetou
disease for carriers of the Asp299Gily allele (Agretse, 2002, Arbouret al, 2000,
Lorenzet al, 2002). Forthermore, studies in women with UTI have reported that adult
susceptibility to UTI is associated with polymorphism in TLR2, TLR5 and TLRége
(Hawnet al, 2009a, Hawret al, 2009b). TLRS5 that recognizes bacterial flagellin is an
important inducer of inflammation in experimental UTI in mice and TLR5 gene knock-
out mice were found to have increased susceptibility to UTI (AndersennNisale

2007). In an experimental UTI murine model, presence of TLR 11 in the urindry trac
was found to provide significant protection against uropathogen infection (Zhahg
2004). Thus, it is evident that TLR activation and cytokines secretion is critical for
clearing UPEC from the host urinary tract. Moreover, with the risimglsrén antibiotic
resistant UPEC strains contributing to more frequent, recurrent, and chrosicitUT]
seems important to explore the possible immunomodulatory mechanisms aseeffecti
prophylaxis and treatment options for UTI patients with normal as well asntysmal

immune system.

2.4 Estrogen and Estrogen receptors
Estrogen is a steroid hormone that acts via activation of its receptoanER
ERB. ERa and ER belong to the superfamily of nuclear receptors and specifically to the
family of steroid receptors that act as ligand-regulated transcriptiarsadER. and
ERB show high sequence homology and share affinity for the same ligands and DNA
response elements. Estrogen is the biological ligand to both the ER subtypes subtypes

however ER and ER exhibit different affinities for some natural and synthetic
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compounds. They have distinct expression patterns in a vafigégues and in different
cell types, thus generating diverse effects following ligand induced aoti@arkhem

et al, 2004, Barkhenet al, 2004, Nilssoret al, 2001, Nilsson & Gustafsson, 2002).

ERs consist of a C-terminal steroid ligand—binding domain (LBD), a centredlied
DNA binding domain (DBD), and an N-terminal domain of less well-charaeiri
function. Additionally, the ERs contain two autonomous transcriptional activation
domains (AF); the AF-1 domain, located in the N terminus, and AF-2, located within the
LBD. Transcriptional activation by ERs mediated by two distinct activation functions:
the constitutively active AF-1 and the ligand-dependent AF-23 $6ems to have a
weaker corresponding AF-1 function and thus depends more on the AF-2 for its
transcriptional activation function. ERs are latent transcriptional &mts/that require
ligand binding for activation. The estrogen binding induces a specific coational
change(s) in the ERs resulting in dissociation of the receptors froateanpchaperone
complex, dimerization of the ERs, and binding of the receptor dimer to the specific
estrogen response elements (ERES) located in tleg@atory region of the primary
steroid-responsive target genes. Through interaction with AF-1 or AF-actikated,
DNA-bound receptors recruit transcriptional co-activators that medis¢endsy of
productive transcription complexes at the promoter of target genesarttRER have
shown different activities in certain ligand, cell-type, and promoter con®atkli{emet

al, 2004, Nilssoret al, 2001, Nilsson & Gustafsson, 2002).
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Estrogen activated ERs regulate (enhance or repress) target gesg@xgither
directly via the classical genomic pathway or indirectly via a rapidgesromic
signaling pathway (diagram 7). In the classical genomic pathivayigand activated
ERs directly bind to estrogen responsive elements (ERE) in the gargepromoter or
interact with other transcription factors involved in transcription modulatiorhelndn-
genomic pathway, the estrogen activated ERs interact with membrane bound or
cytoplasmic signaling molecules to modulate gene expression andrceihdaon
(Katzenellenbogen, 1996, Katzenellenbogeal, 2000, Losel & Wehling, 2003,
McKenna & O'Malley, 2002). Although the classical pathway is considered fbe ma
pathway for estrogen action in transcriptional regulation of spe@fie getworks, it is
now well understood that integration of membrane-initiated non-genomic sigakiimgy
with genomic mechanisms represents in the complete cellular resposteger in the
target cells (Catet al, 2002, Edwards & Boonyaratanakornkit, 2003, Watson &

Gametchu, 1999).

2.5 Estrogen and Kidney
The kidney is considered to have the third largest number of estrogen regulated
genes, and these genes are suggested to be regulatediizelidted mechanism
(Jelinskyet al, 2003, Kuiperet al, 1997). Female mice were found to show more ER
than ER expression in renal cortex cells; ovariectomy associated with decreased

estrogen levels tends to decrease the E&kpression levels (Rogessal, 2007).
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Diagram 7: Genomic and non-genomic actions of the EREstrogenic ligands (triangles)
activate ERs as a transcription factor (1) by inducing conformatioaabeis that leads to its
nuclear translocation, dimerization, and binding to specific steroidtmaggponse elements
(SRE) in promoters of primary target genes. Activated ER recruit$ivatacs that are essential
for assembly of a productive transcription complex at the promoter. Aliehata
subpopulation of ER associates in an estrogen-dependent manner (2) withsoyitoaad/or
cell membrane—signaling molecules (shown here is the tyrosine kirgs@l8s extranuclear
interaction promotes the Shc-Src-Raf~MAPK kinase (MEK)-MAP kinassghorylation
cascade. Because MAPK can directly (solid arrows) or indirectly (dastovdsa activate other
transcription factors (TF), the MAP kinase pathway can potentialylage distinct or
complementary sets of genes from those regulated by nuclear ER patBstagygen-activated
MAPK can also enhance the direct transcriptional activity of ERudo-feedback loop
through phosphorylation of ER or ER-associated co-activators. The lgggagon indicates an
adaptor proteinlmage adapted fromalol Interv., 3, 2003 (Edwards & Boonyaratanakornkit,
2003)
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Estrogen is considered renoprotective. Chronic renal disease development in
menopausal females is suggested to be due to loss of ovarian estrogen. It wag show
female Dahl salt-sensitive rats that ovariectomy increased renaséssdue to increased
renal inflammation and the damage was reduced with E2 supplement @/&ri2008).
Decrease in E&Rexpression following ovariectomy contributed to renal damage and
hypertension in female Dahl salt sensitive rats (Esqete@a2007). Estrogen is
reported to regulate extracellular matrix (ECM) kinetics in kidney byasing matrix
metalloproteinase synthesis and decreasing type | and IV collagen syritines
protecting kidney from damage and fibrosis (Dixon & Maric, 2007, Mankhaly 2005,
Mankheyet al, 2007, Maric & Sullivan, 2008, Neugartenal, 2000, Potieet al, 2001,

Potieret al, 2002, Silbigeet al, 1998).

2.6 Estrogen and Inflammation

The anti-inflammatory, as well as pro-inflammatory effectstsbgen, at various
doses in different cell types and under different physiological conditions have been
numerously demonstrated (Straub, 2007). Recent studies have shown the presence of
estrogen receptors on the cells involved in the immune response, namely thymocytes,
macrophages, and endothelial cells (Straub, 2007). Furthermore, cytokine production has
also been shown to vary with changes in the circulating levels of estrogamates
during pregnancy and menopause (Diagram 8) (Straub, 2007). Physiological estrogen
levels have been reported to have positive protective effects on the kidney tissue. For
example, estrogen has been shown to inhibit the IL-6 production in Kupffer cells and thus

reduce the risk of liver cancer in female mice (Naugiat, 2007). In a study IL6
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Diagram 8: Dichotomy of the effects of estrogen on inflammatory pathay during

pregnancy and menopause Influence of estrogen on several pro and anti inflammatory
pathways at different estrogen doses as determined by various studisrentaell types.
Depending on the dose of estrogens, factors in green boxes are stimuléddatdis in orange
boxes are inhibited by estrogens. Estrogen at doses found during pregu@eans 40 be more
anti-inflmmatory, while reduced estrogen levels during menopausakstagms to promote pro-
inflammatory conditions. DC, Dendritic cell; M@, monocyte/macrophage; NMKnagural killer
cell; OPG, osteoprotegerin; PDGF, platelet-derived growth fag&®kC, vascular smooth
muscle cell. Image adapted fréndocr. Rev., 28, 2007 (Straub, 2007)
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expression in human retinal pigment epithelial cells was found to be dowiateshbly
estrogen treatment following TLR activation (Paimetlal, 2007). ER activation was
also shown to inhibit the ILfLgene induction in the mice livers (Evaasl, 2002). In
addition, IFNy production in the spleens was found to be increased by approximately 4-
fold in ERua-deficient mice over wild type mice, suggesting a suppressing roldioire
IFNy production during chronic bacterial infection (Curghial, 2004). Estrogen
mediated regulation of endothelial nitric oxide synthase (NOS) expressinavis to
control renal inflammation (Mariet al, 2008, Sataket al, 2008). Estrogen treatment of
endometrial epithelial cells stimulated with TLR3 ligands showed raprest
chemokines and cytokine expression viauERtivation pathway (Lesmeistetral,

2005). TLRs expressed on renal epithelial cells and macrophages are activated by
bacterial components to induce chemokines and cytokine secretioret daeported
change in expression levels of TLRs in murine vaginal epithelium in diffeseygsof
estrous cycle (Yaet al, 2007). Moreover, men with chronic renal failure experience

more rapid decline in renal function than women (Straub, 2007).

2.7 Estrogen and UTI
Incidence of UTI seems to vary with age and stages of menstrual cyastsuyg
hormonal regulation of UTI susceptibility. Postmenopausal women have high prevalence
of UTI and estrogen deficiency appears to be an important contributing faltogarlak
et al, 2004, Foxmamt al, 2001, Franco, 2005, Pabiehal, 2003). Moreover, in canine

studies, it has been reported that uterus infection in bitches occur duringtthelfiod
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the diestrous stage of estrous cycle, when the estrogen dose is the lowesa ésagi
2004). Estrogen treatment in postmenopausal women is reported to reduce the incidence
of UTIs and extent of inflammation induced tissue damage following UPE&tiorie
(Devillard et al, 2004, Heinemann & Reid, 2005, Maloney, 2002, Perepth 2008,
Rozenbergt al, 2004, Stamm, 2007, Steehal, 2004, Valiquette, 2001). Estrogen
treatment in postmenopausal women was found to be protective against UTI by
contributing towards restoration of the periurethral and vaginal microfloreedndtion

of the risk of developing vaginal atrophy (Altoparktkal, 2004, Devillarcet al, 2004,
Franco, 2005, Perrotg al, 2008, Raz & Stamm, 1993, Rozenbetrgl, 2004, Stamm,
2007). However, the exact mechanism of estrogen mediated protection is not cgmpletel
understood and appears to be more complex involving functions extending beyond
restoration of commensal microflora and organ structure. Studies until now have
explored the effects of estrogen on UTI susceptibility in postmenopausal veoaien

have shown contradictory outcomes (Curebal, 2007, Huet al, 2004). In a study by
Perrotta Cet al, it was found that estrogen treatment reduced the number of UTIs in
postmenopausal women suffering with recurrent UTI. However the potaectried
according to the type of E2 used and the duration of the treatment giventétaiot
2008). Increased susceptibility for UTI in an experimental mouse model fiogdwgh
dose of estrogen treatment was recently reported (Cetredyi2007). The variation in
estrogen doses used, the target organs studied and the age groups of the statitynzsopul
may contribute to the conflicting results observed in different studies in tagdidn
(Stamm, 2007). The effects of estrogen may vary as there is variatioruiatang

estrogen doses in pubertal, menstruating, menopausal, and postmenopausal female. |
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the study by Currast al, increased risk for UTI was found in the kidneys but not in the
bladders suggesting differential effects on lower and upper urinary ttaet alose of
estrogen used (Curranal, 2007). Despite numerous studies, the exact mechanism of

estrogen mediated immunomodulation during UTIs remains an enigma.

Physiological levels of estrogen have an important role to play in modulatingkthe
factors for urinary tract infection. Increased (pregnancy) as wdka@agased levels of
estrogen (menopause, hysterectomy, and ovariectomy) are considerddras fac
contributing to UTI susceptibility. In addition, long term hormone therapy witbgen
seems to have some non beneficial outcome in treatment groups (Ahahe2D08,
Franco, 2005, Hooton, 2000, Ribeetaal, 2002, Sonnex, 1998). Therefore, it seems
necessary to explore the effects of estrogen on UTI susceptibility and immunaticodul
at the physiological doses of estrogen in female urinary tract. Tihgguae us to
understand the mechanistic roles of estrogen in different anatomical part$evhéthe
upper and lower urinary tract. This information will help in determining more judicious
use of estrogen in treatment prescription for females with differingiplogical
conditions and also to look for therapeutic alternatives including estretzad drugs

for UTI treatment.
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CHAPTER IlI

RESEARCH DESIGN AND METHODOLOGY

3.1 Experimental Models for UTI induction

3.1.1 Uropathogen for induction of experimental UTI

We have used DE: coli, strain-IH11128 (O75:K5: H for inducing
experimental UTIn vivo andin vitro in the present study. Pure culture of [E:+coli
was obtained from Dr Bogdan Nowicki (University of Medical Branchalv€ston,
Texas) and maintained in our laboratoBy.coli strain-IH11128 is a clinical isolate
identified from a girl diagnosed with acute pyelonephritis and it has beteif
characterized as a UPEC bearing Dr adhesin (Nowicki 1987, Vaisanen-Rhest al,
1984, Vaisanen-Rhen, 1984). DE+coli is associated with cystitis, recurrent UTI and
pyelonephritis in humans (Goluszkbal, 1997, Nowickiet al, 2001, Servin, 2005,
Vaisanen-Rhest al, 1984, Vaisanen-Rhen, 1984). Thiscoli strain has been
previously used to develop experimental mouse model for ascending urinary tract
infection using C3H/HeJ mice (Golusz&al, 1997, Kaukt al, 1999, Nowickiet al,

2001).
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3.1.2 In vivo murine models for induction of experimental UTI

Mice are preferrad vivo model for studying pathogenesis of lower and upper
urinary tract infections due to the predominance of glycolipids that form thatent
receptors for majority of UPEC in both human, as well as mouse kidney (Hatjbkrg
1983a). We have used TLR4 mutant female C3H/HeJ mice as welbagdaR
knockout (ER-/-) and ER gene intact (ER+/+) female B6.129 mice for inducing

experimental UTI in our study.

A) Menopausal C3H/HeJ murine model forin vivo experimental UTI induction

OVX TLR4 mutant-C3H/HeJ mice were used for the development of an expéaime
menopausal UTI murine model to study the effects of estrogen on the degrtagm
ascending UTl infection. TLR4 expressed on renal tubular cells mediat¢ dir
inflammatory responses against bacterial products, especially LRSivgting secretion
of cytokines and chemokines. Mutations in TLR4 are associated with endotoxin
hyporesponsiveness resulting in impaired inflammatory response and thaseaacrsk
towards gram negative infections (Chowdhergl, 2006, Scherberich & Hartinger,
2007, Tsuboet al, 2002, Wolfset al, 2002). Moreover, increased UTI infections in
children with TLR4 mutation has also been reported (Kasiody, 2007) and reduction in
TLR4 expression has been observed to be associated with asymptomatic bmcteriur
children (Ragnarsdottat al, 2007). C3H/HeJ mice carry a point mutation intthé
gene that results in replacement of proline with histidine at position 712 in the
cytoplasmic domain of TLR4 leading to defective signaling. This cabedsPS

hyporesponsive phenotype and increased susceptibility to bacterial infectitmafleet
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al, 1998). These mice show increased susceptibilitizfooli mediated urinary tract
infection (Hagbergt al, 1983b, Hagbergt al, 1984) and have been successfully used for
developing the experimental chronic pyelonephritis model withBDebli (Goluszkoet

al, 1997) and other UPEC (Chasstral, 2006). We have therefore used OVX C3H/HeJ
mice as amn vivo surgically induced menopausal mouse model for induction of
experimental UTI to investigate the effects of estrogen on bacteraadization and
infection associated inflammation in the urinary tract. We have confirineegxpression

of ER subtypes and Dri. coli colonization receptors DAF and type IV collagen in the
kidney of C3H/HeJ mice at mRNA levels by quantitative SYBR greenmeaBICR and

at protein levels by immunohistochemistry.

B) ERa-/- murine model for in vivo experimental UTI induction

To discern the role of ERn determining susceptibility to Dri. coli colonization
and infection associated inflammation in kidney, we have used femalé-lBice. The
ERa-/- B6.129-Estr¥'N10 mice (Jackson Laboratory) carry disruptediElene (ESR1)
and completely lack functional ERprotein, however ERprotein remains functional in
these mice (Lubahet al, 1993). ER+/+ B6.129 female mice (Jackson Laboratory) were
used as experimental control. We detected the expression & Bolt colonization
receptors DAF and type IV collagen in the kidney obEZR and ERi+/+ mice at mRNA

levels by quantitative SYBR green real-time PCR
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3.1.3 Invitro cell culture models for induction of experimental UT]

The most distal renal tubule segments, the medullary collecting ducis trst t
to come in contact with ascending UPEC and thus are the primary site ofdbacter
adherence and early inflammatory responses against UPEC (CiatsR006,
Vandewalle, 2008). Immortalized kidney cells have been observed to induce cytokine
and chemokines expression following interaction with UPEC (Chatain2006,
Chassiret al, 2007). We have used the following immortalized kidney inner medullary
collecting duct (IMCD) cell lines of mouse and human origin for establishixidro
UTI model for the present study : Mouse and human inner medullary audjetict cells
(mIMCD3 and hIMCD)

The kidney IMCD cell lines, mIMCD3 and hIMCD cell were generous gists Dr.
Hari. Koul (University of Colorado at Denver and Health Science Center, Der®@gr, C
The mIMCD3 cell line (ATCC #CRL-2123™) was derived from the terminal ord-thi
of the IMCD tubule obtained from the transgenic mouse carrying genes forlthe ea
region of SV40 [Tg(SV40E)bri/7]. This is a polarized epithelial cell line tvingtains
many differentiated characteristics of the terminal IMCD (Rauchehal, 1993). The
hIMCD cell line was developed from normal papillary tissues dissectedtfie surgical
waste of consenting patients undergoing renal surgery and was shown to retain
expression of several epithelial cell markers and characteristibdGid kells
(Khandrikaet al, 2008). We established amvitro experimental UTI model using
mIMCD3 and hIMCD cells to study the invasion of pyelonephritic Breoli strain in
the kidney IMCD cells and to further investigate the molecular mechanisdeslying

uropathogenesis and estrogen mediated protection during infection with Eot. In
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the present study we have performed most ofrouitro experiments using miIMCD3
cells. We confirmed the expression ER subtypes and=Deeli colonization receptors
DAF and type IV collagen in mIMCD3 and hIMCD at mRNA levels by quainigat
SYBR green real-time RT-PCR using either SYBR green or TagMan dingnmise
detected the protein expression of DAF in mIMCD3 and hIMCD by western blot.
Surface expression of DAF on mIMCD3 cells was determined by flow cytomeRy
subtypes expression at protein level in mIMCD3 was detected by immunioeyistry

and western blot.

3.21n vivo Methods

3.2.1 Animals and Animal care

A) C3H/HeJ mice: Six weeks old OVX (ovariectomy at 5 weeks), and Non-OVX
C3H/HeJ mice were purchased from Jackson Laboratories. Following arrival
mice were kept in microisolater cages and were housed in a room with controlled
temperature and a 12 hrs light-dark cycle in the animal facility of k@hOma
State University, Center for Health Sciences. They had free accdssréalfi
water and regular diet (Harlan Teklad Global diets #2018S). The animals were
rested for a week following arrival and categorized into different groupsras
their treatments and infection scheme (Table 1).

B) ERKO mice: FemaleERa-/- B6.129-Estrd?N10 mice and ER+/+ mice were

obtained as gifts from Dr Susan Kovats, Oklahoma Medical Research Foundation,
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OK. Mice were transported from the animal facility of OMRF to the ahima

facility of the Oklahoma State University, Center for Health Scieimctgo

batches at an interval of one month. The first batch included five 20-32 weeks old

ERa-/- mice and ten 20-32 weeks old &R+ mice. The second batch included

five 8-10 weeks old Eé&/- mice and five 8-10 weeks old &R+ mice.

Following arrival, mice were kept in microisolater cages and weresddnsa

room with controlled temperature and a 12 hrs light-dark cycle, in the animal

facility of the Oklahoma State University, Center for Health Scientesy had

free access to filtered water and regular diet (Batch #1: Picolab rnabudiet 20

# 5058 and Batch #2: Harlan Teklad Global diets #20185). The animals were

rested for a week following arrival and categorized into different groupseras

their infection scheme (Table 2).

Following housing the animals, the cage’s soiled bedding were routinely dhange

The microisolater cages with infected bedding containing excretion obénwere
treated as contaminated and were sprayed with 10% bleach and autoclaved ardiohaz
bags before disposal. Cages were washed, acid rinsed and thoroughly decaedaminat
after beddings were removed. All experiments were conducted in accordéntieew
principles and procedures of the NIH Guide for the Care and Use of Laboratorglgnim
approved by Oklahoma State University, Center for Health Sciencesniiihis were

used for experiments within two weeks of delivery.
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3.2.2 Animal Treatment

OVX C3H/HeJ mice were treated with a physiological dose of E23(&gtradiol
Sigma, E 4389) or vehicle (sterile PBS+corn oil). Non-OVX mice wewddd with ICI
182, 780 (Tocris 1047) or vehicle (sterile PBS+corn oil). E2 dissolved in PBS was mixed
with corn oil (1:2 vol/vol) and 100 pL of this mixture was administered subcutaneously
into each mouse before induction of experimental UTI. Each mouse received gigher 6
of E2 /kg/day in corn oil or received corn oil with PBS per day, for five conseatdys
prior to infection. ER antagonist ICI 182, 780 dissolved in ethanol and diluted in PBS
was administered along with corn oil at the rate of 5 mg/kg/day to Non-O¥&imthe
a similar way as described for E2. Treatment with ICI 182, 780 was given fgs5 da
prior to UTI induction and continued for 6 days post-UTI induction. The dose of E2
treatment (for treatment at physiological levels) and the dose fABE; 780 used in this

study have been described previously (Elletsal, 2005, Sawadet al, 2000)

3.2.3 Culture of Dr+E. coli and Hemmaglutination of red blood cells

Dr+E. coli was revived from frozen stock and was grown on Luria Bertani agar
(LB) plates (Fisher Scientific) overnight to maintain the culture. Putaregl|of Dr+E.
coli strain were routinely tested for hemagglutination using a 30% suspension (vol /vol)

of human O erythrocytes in phosphate-buffer saline (PBS).

3.2.4 Dr+E. coli inoculum preparation for induction of experimental UTI
Bacterial suspension prepared with pure culture ofDcéli was used to induce

experimental UTI in mice as described before (Kahal, 1999) Dr+ E. coli was
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cultured on LB plates at 3Z overnight. Isolated colonies of DEtcoli from overnight
bacterial culture were used to prepare bacterial suspension in sBSil@&cterial
suspension with an optical density of 1 at 600nm (corresponding to approxim&tely 10
bacterial cells) was used as inoculum for experimental UTI induction efgsatounts in
bacterial suspension were determined by plating 10-fold serial dilutionstefibhc
suspension on LB plates and counting the viable colonies following 18 hrs of incubation
at 37° C. The hemagglutination property of the Bre¢oli pure culture was tested before

inoculum preparation.

3.2.5 Experimental UTI induction in mice

Induction of experimental UTI in mice was performed by bladder cataétariz
The mice were anesthetized by isoflurane inhalation apbdd®acterial inoculum was
instilled slowly into the bladder through a soft catheter with an outer tkawie0.30
mm (Norton Performance Plastics Soft Plastics, Akron, Ohio) adapted to a oeedle
tuberculin syringe (0.4 by 20 mm). After injection, the catheter was immbdiate
withdrawn and no further manipulations were performed. Controls were similarly
injected with 50 pl of sterile PBS. Following infection, mice were netdrto their cages
and monitored daily for any adverse symptoms or changes in body weight until
euthenized. Mice were euthanized by (halation followed by cervical dislocation.
Kidneys and bladders were aseptically harvested and snap frozen. Sumthary of
infection scheme is represented in Table 1 for C3H/HeJ mice and Table 2dfev-ER
and ERx-/- mice. Thdn vivo research design for C3H/HeJ mice is pictorially

represented in Diagram 9.
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Table 1: Treatment groups for OVX and Non-OVX C3H/HeJ mice

Number of mice

Infected

(Dr+ E. coli) Uninfected Total
Days of infection = 2 days 6 days 2 days6 days
Treatments v
OVX C3H/HeJ mice
E2 (6ng/kg mouse /day in PBS
+ corn oil)* 6 6 20
Vehicle (PBS + corn ojl 6 6 20
Non-OVX C3H/HeJ mice 3 days 7days | 3days 7days
ICI 182,780 (5 mg/kg mouse/day
in ethanol and PBS + corn oil)} 5 5 0 Dkk 12
Vehicle
(ethanol and PBS + corn oil) 5 5 0 2 12
Total 22 22 8 12 64

*E2 treatments were continued for 5 consecutive days pre-UTI induction. ICI

780 treatment was given for 5 consecutive days pre-UTI induction and then

continued for 6 consecutive days post-UTI induction; ** 1 mouse died during t

treatment

182,
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In vivo murine model of menopausal UTI was established in OVX C3H/HeJ mice to
study the role of estrogen as a host factor during the development of UTI induced
by Dr+ E. coli in estrogen deficient host

P estradiol (E2) Vehicle ER-antagonist
Physiological dose / \ ICI 182,780
VA A
’,, Ao Ry "’”}%&*_f i
 OVX C3H/HeJ
UTI induction by
2 and 6 days bladder cauterization 3 and 7 days
post-UTT induction post-UTI induction

= Bacterial colonization in bladder and kidney by tissue homogenate culture
*DAF and type IV collagen mRNA levels in kidney by real-time RT-PCR
*TLRs and pro-inflammatory cytokines expression in kidney by real-time RT-PCR

Diagram 9: In vivo research design using C3H/HeJ miceDiagramatic representation
of research design for studying bacterial colonization, expression of zationi
receptors and inflammatory responses following Breoli infection using then vivo
C3H/HeJ murinenodel
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Table 2: Infection groups for ERa-/- and ERa+/+ mice

Number of mice Total
Infected
(Dr+ E. coli) Uninfected

Days of Infection 3 days 7 days 3 days 7 days
Experiment |

ERa-/- 2 3 0 0 5
ERa+/+ 4 4 0 2 10
Experiment Il

ERa-/- 0 5 0 0 5
ERa+/+ 0 5 0 0 5
Total 6 17 0 2 25
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3.2.6 Tissue homogenate culture

The aseptically removed kidney and bladder tissues were weighed and
homogenized in sterile PBS using an Omini Tip homogenizer. The number of viable D
E. cali in the tissues was determined by plating tissue homogenates on LB plates in
duplicates. The plates were incubated overnight at 37°C and the numbers oflbacteria
colonies obtained were counted manually on a colony counter grid. The bacuenisl c
represented viable bacteria present in the bladder and kidney homogematets of
bacterial colonies obtained were expressed as the number of CFU peisgtemweight.
Summary of the infection scheme is represented in Table 1 for C3H/HeJmdidalale

2 for ERy +/+ and ER\a-/- mice.

3.2.7 Serum Preparation
Blood samples were collected from mice by tail bleeding and centrifugal for
minutes at 16000 rpm at@. Clear serum was collected from each sample transferred to

fresh tubes and stored at80D

3.2.8 Measurement of serum E2 levels
Serum E2 dose was measured in each group using a competitiveé ERfdid

Biomedical Research # EA70).

3.2.9 Measurement of serum TNé& levels
Serum TNk dose was measured in &R and ERi+/+ mice using mouse TNF

ELISA kit ( eBiosciences # 88-7324-22)
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3.31n vitro Methods

3.3.1 Cell culture

The mIMCD3 cells were cultured and maintained in Dulbecco’s reodifgle’s
Medium (DMEM-F12), (Invitrogen/Gibco) and hIMCD cells wermultured and
maintained in DMEM (Invitrogen/Gibco). The cell culture mediunswsapplemented
with 5% FBS (Atlanta Biologicals) and antibiotics: 100 U/ml pélm and 100 pg/ml
streptomycin (Invitrogen). Cells were plated in T-25 or T-#Kbs and cultured in a
humidified atmosphere (95%) containing 5% D3 7C Cell cultures were maintained
by subculturing and were passaged at a ratio of 1:4 once thamée0-90% confluent

(every 3-4 days).

3.3.2 Drug treatment

For all the drug treatment experiments, mIMCD3 cells were platetbaé &f
0.5 million cells per well in 12 well plates and cultured in a medium supplemented wit
antibiotics and 5% heat-inactivated fetal bovine serum depleted of steroidsttandex
charcoal treatment (charcoal stripped serMWR). The cells were allowed to grow and
attach overnight (18-24 hrs) followed by treatement with different ditagsi¢ 3). For
drug treatments, the cell monolayers grown in 12 well plates were waglcedvith
PBS gently and serum free culture medium containing various doses of dgrsigsided

to each well. For untreated control cells, no drug was added to the culture mé&diem.
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stock solutions of the compounds: E2 (Sigma-Aldrich), ICI 182, 780, PPT, DPN, MPP,
R, R-THC, Genestein or LY294002 (Tocris Bioscience) were diluted up to theegquir
working doses in serum free media. The cells were incubated for desid gfdrme

with the drugs prior to infection with Dri. coli. For mIMCD3 cells, the doses used and
the duration of treatment for each drug is described in Table 3. The hIMCD cadls wer
treated with E2 at 1, 10 and 50 nM doses for 24 hrs prior to infectioninh®

research design for mIMCD3 cells is pictorially represented in Dia§ram

3.3.3 Gentamicin Protection Assay

Following infection with DrE. coli for 2 hrs, non adherent bacterial cells were
aspirated, and loosely adherent bacterial cells were removed by wHshintected cells
monolayers with PBS atleast 2-3 times. The cell monolayers were thdratad with
50ug/ml gentamicin for 90 minutes to kill the extracellular adhering bacteri
Gentamicin was aspirated and cell monolayers were washed thrice vdttoP&move
the residual gentamicin. The cells were then permeabilized with lyses ipif6 Triton
X-100 in PBS), following which the cell lysates were spread on LB plates ircdtgsi
and incubated at 3T overnight. Bacterial colonies that appeared after 18 hrs of
incubation were counted and represented as colony forming unit (CFU). Thetagece
of bacteria invasion in drug treated cells was determined relative to the invasion i
untreated control cells (Duncahal, 2004). Invasion in untreated control cells was

considered 100%.
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Table 3: Drug treatment in mIMCD3 cells

: Duration
Drug Drug Action Doses used for treatment of
treatment
17, B-Estradiol (E2) i : 1nM, 10 nM, 50 nM, and| 24hrs
ER-agonist 100 nM
ICI 182, 780 ER-antagonist 0.1 uM, 1 pM, and 10 uM 24hrs
PPT ERa selective | 0.01 pM, 0.1 uM, and1l pM  24hrs
agonist
DPN ERB selective | 0.01 uM, 0.1 pM, and1 pM  24hrs
agonist
MPP ERa selective | 0.01 uM, 0.1 pM, andl uM  24hrs
antagonist
R,R-THC ERp selective | 0.1 uM, 1 uM, and 10 pM 24hrs
antagonist
Genistein Tyrosine kinase | 0.1 pM, 1 uM, and 10 pM 24hrs
inhibitor
LY294002 PI3K inhibitor | 10 MM, 50 UM, and 100 UM 15 min

Co-treatment of cells with 10 nM E2 and various doses of ICI 182, 780, MPP @
R,R-THC was performed for 24hrs.
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In vitro model of Dr+E.coli infection in mIMCD3 cells was established to
determine the effect of estrogen as well as ERa and ERP sclective
ligands on bacterial invasion following infection

ER agonists or antagonists / Vehicle

l 24 hrs

mIMCD3 cells

Dr+ E. coli

» Bacterial invasion by Gentamicin protection assay
"DAF expression and type IV collagen expression by real-time RT-PCR
*TLRs and pro-inflammatory cytokines expression by real-time RT-PCR
"Detection of pPI3K/pAKT protein levels by western blots

Diagram 10: In vitro research design using mIMCD3 cellsDiagramatic
representation of research design for studying the effects of estrogeR authtype
specific ligands on bacterial invasion, expression of colonization recepidrs, a
inflammatory responses, following D& coli infectionin vitro, using mIMCD3 cell

culture model.

75



For enumeration of total infection, (bacteria adhered and internalized), folldwing
hrs of infection, the cell monolayers were washed with PBS thrice aftieatasy the
bacterial suspension. The cells were then lysed with the lysis buffer ayddteslwere
cultured on LB plates at 3C for 18 hrs. The bacterial colonies that appeared were

counted and represented as CFU.

3.3.4 MTT test for cell toxicity

Cell viability in response to treatment with different drugs was desm
colorimetrically by measuring the reduction of tretrazolium salt M3-{4(5-
dimethyldiazol-2-yl)-2,5 diphenyl Tetrazolium Bromid) to insoluble formazan by
mitochondrial dehydrogenase. Cells (mIMCD3 and hIMCD) were cultured in 6 we
plates at a dose of 50,000 cells per well in 200 pl of culture media. The confluently
growing cells were then incubated with different drugs (Table 3) foretkperiod of
time (Table 3). Following incubation 20mg/ml MTT (Sigma) solution was cGdal¢he
media in each well and incubated for 2hrs &C37The media was the aspirated and 100
pl of dimethyl sulphoxide (DMSO) was added to each well to dissolve the developed
formazan. Absorbance was measured at 570 nm. The absorbance values from wells
containing drug treated cells were compared to the values from udtoestieol cells to

determine the viability of cells in each treatment group.
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3.4 Quantitative analysis of mMRNA expression

3.4.1 RNA isolation and cDNA synthesis

Total RNA was isolated from kidney tissues and mIMCD cells withdlri
reagent (Invitrogen) using manufacturer’s instructions. Inner megalret renal pelvis
regions were dissected out from the kidney tissues and were used for RNAmsolati
RNA samples were quantitated on ND-1000 (NanoDrop Technologies) and thgiitynte
was determined by denaturing agarose gel electrophoresis. RNA sahpiesg
protein and chemical contamination as determined by 280/260 and 230/260 ratio were
purified using RNeasy columns (Qiagen), using the manufacturer’s instrsicti otal
RNA from each sample was given DNase treatment (Ambion) and then reverse
transcribed to cDNA, using High capacity cDNA synthesis kit (Applied Bi@sys),

following the kit’s instructions.

3.4.2 Quantitative real-time reverse transcriptase-polymerase chaireaction (real-
time RT-PCR)

Quantitative real-time RT-PCR was performed using TagMan or SYBR gre
chemistry on an ABI StepOne Real-Time PCR System (Applied Biosystén@i
Reactions were performed using cDNA as template (approximately 10g)0target
gene and endogenous control specific primers and reaction master miR dgs&dh
PCR primers were purchased from realtimeprimers.com (Table 4), ancahggivhers
were purchased from Applied Biosystem (Table 5). Power SYBR greearmast
(Applied Biosystems) or GoTag qPCR master mix (Promega) was used fét §éBn
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Table 4: Primer pairs for SYBR green real-time RT-PCR (realtimepimers.com).

Target Forward and Reverse primer Primer | Amplicon | Gene Regqgnmon

Gene Name y o . . region on
sequence(5'-3") Tm size Accession

genome

Fp: TTCTCCCTTTGCTACGTCAC

ESR1(ERw) | Rp: TCGCTTTGTCAACGACTTC | 58°C 212bp NM_007956 2208-2419
Fp: GGTCATCAAATCGACCTTT R

ESR2 (ERB) Rp:GGAACAAGGTCACATCCAAG 58°C 185bp NM_207707 2413-2597

Collagen
Fp: CCACTGTCCAGTGTTTCCAC R E7ar

Type IVal Rp:CCACACAGGGCATAAGTTTG 59°C 132bp NM_009931 5654-5785

Primerset#3

DAF/CD55 | Fp: AGCAAAGTGGCATACTCGTG R

Primerset#3 | Rp: CTGGGAGTGGAGGTTGTTTT 59°C 247bp NM_010016 246-492

TLR2 Fp: GACGACTGTACCCTCAATGG R i
Rp: TAAATGCTGGGAGAACGAG 58°C 226bp NM_011905 1205-1430

TLR4 FP: AAGGTTGAGAAGTCCCTGCT R

Primerset#2 | Rp: TTGTTCTCCTCAGGTCCAAG 58°C 207bp NM-021297 2232-2538
Fp: CCCACTCTGACCCCTTTACT R

TNFa Rp: TTTGAGTCCTTGATGGTGGT 58°C 201bp NM_013693 899-1099

. Fp: TCATGGAAGGAGTGTGCAT R

Mip 2 Rp: CACGAAAAGGCATGACAAA 59°C 216bp NM_009140 803-1018
Fp: GGAGAGGAGACTTCACAGA R

IL6 Rp: CAGTTTGGTAGCATCCATC 58°C 218bp NM-_031168 122-339

Mouse endogenous control for relative expressionwglies
Fp: AGAGCTATGAGCTGCCTGA R

ACTB Rp: ACGGATGTCAACGTCACAC 58°C 160bp NM_007393.1 792-951
Fp:GGCCTGTATGCTATCCATAA

B2M Rp:GAAAGACCAGTCCTTGCTGA | 58°C 198bp NM_009735.2 103-300
Fp:CTGGAGAAACCTGCCAAGTA

GAPDH Rp:TGTTGCTGTAGCCGTATTCA | 58°C 223bp BC083080.1 796-1018
Fp:GACTCAAAGGTGTCCCCAGA R )

GUSB Rp: CTTCACTCCAGCCTCTCACC 58°C 227bp NM_010368.1 1981-225
Fp: GCTGACCTGCTGGATTACAT

HPRT1 Rp:TTGGGGCTGTACTGCTTAAC | 58°C 242bp NM_013556.1 313-554
Fp:GCAGATTGTTTGGAATGGTC

PGK Rp:TGCTCACATGGCTGACTTTA | 58°C 185bp NM_008828.2 1123-1307
Fp:AGCTCTGAGCACTGGAGAGA

PPIA Rp:GCCAGGACCTGTATGCTTTA | 58°C 178bp AK028210 155-332

RPL13A FP-ATGACAAGAAAAAGCGGATG 58°C 215bp Bbc086896 358-572

Rp:CTTTTCTGCCTGTTTCCGTA
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Table 5: Primer pairs for TagMan real-time RT-PCR (Applied Biosystems).

10

5

Target Amplicon Interrogated
Gene Name Assay ID b Exon sequence
length
Mouse specific primers
ESR1(ERw) | MM00433149 ml 56 485 NM_007956.4
ESR2 Mm00599819 m1 71 6&7 | NM_010157.3
(ERB)
PPIA Mm02342429 g1 112 3&4 | NM_008907.1
Human specific primers
ESR1(ERw) | Hs01046816 ml 65 6&7 | NM_00112274
ESR2 Hs00230957 m1 63 485 | NM_00104027
(ERB)
PPIA Hs01893911 s1 90 1&1 AK123006.1
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PCR reactions. TagMan Universal PCR Master Mix (Applied Biosyste/asused for
TagMan PCR reactions. Standard TagMan or SYBR green protocols weveefblior
PCR amplification on ABI StepOne Real-Time PCR System. Melt cunilgsesavas
performed for all the SYBR green real-time PCR reactions. Reactiongisogere
checked on 2% agarose gel to confirm the correct amplicon size generatethépliow
PCR amplification of each target. We evaluated expression of several targe{Gable
4) as candidates for endogenous control for relative expression an&ypiession of
PPIA (peptidylprolyl isomerase A also known as cyclophilin A) was detedrimbe the
appropriate endogenous control for our gene expression stadgig® as well asn vivo.
Primer sequence information for target genes and endogenous controls is gresente
Table 4. RNA standard curve was prepared for all the targets to ensure 90-100% RT
efficiency of the reaction for each target. A validation experiment vgascahducted for
each set of primers using serial-fold dilutions of cDNA in comparison with the
endogenous control to ensure that amplification efficiency falls between 95-100%. A
PCR experiments were performed with hot start and were run in dupli¢seésive
differences in gene expression between groups were expressed ussninoyclalues
(Cr). The expression of target genes was normalized to the expressioiof PPI
(endogenous control) and deltawas calculated wheraCr =Cy target-G endogenous
control. Relative expression using comparati@ or AACt (AACt= ACT of target of
treatment groupACT of target of the calibrator group) method was determined and
relative gene expression (RQ) was calculated“&s @r 2°4°". The results were
expressed as relative expression of target genes in the kidney tissemshfgroup of

mice and for each treatment group of mIMCD3 cells.
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3.5 Analysis of protein expression

3.5.1 Protein isolation

Cells were washed with PBS and incubated on ice for 20 minutes in RIPA buffer
(cell lysis buffer- Cell Signaling,) supplemented with 2mM phenythaeesulfonyl
fluoride (PMSF). Cells were then scraped and lysed by gently pipeftiagdidown.
The lysates were briefly sonicated for 5 seconds followed by centrifugstiid000 x g
for 30 minutes at 4°C. The supernatants were collected and stored at -80°C until
analyzed. Protein dose of the extracts was determined with PiercebBs@#ljoninic

acid) protein reagent kit (Pierce) using manufacturer’s instruction.

3.5.2 Western Blotting

Twenty to 40ug of cell lysate protein was subjected to gel electrophoresis on
commercially available 4-12% pre-casted Bis—Tris Gel (Invitragdime separated
proteins were transferred electrophoretically onto atMaiitrocellulose membrane. The
membranes were blocked in blocking buffer (5% non fat dry milk in Tris BuffereSa
with 0.1% Tween 20-TBST) for 2 hrs and incubated overnight@twith appropriate
dilutions of antigen specific primary antibodies (Table 6). Following washiting w
TBST, primary antibody binding was detected by incubating the membraties wi
appropriate dilutions of alkaline phosphatase (AP) labeled species speafidagc
antibody (Sigma) for 2 hrs at room temperature. The resultant complex weakeddiy
chemiluminescence detection system (Lumi-Phos TM, WB, and Pierce). Theanembr
were stripped and re-probed for detecting more than one antigen on the samenaembra

Equivalent protein loading and transfer efficiency was verified by stafonfitactin.
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Table 6: List of primary and secondary antibodies

. Antibody Amount of o
Antigen Catalog # Isotype Source Antibody Application
(Mc-20), Rabbit 1:1000 (WB) Western blot,
Mouse ER #sc-542 | polyclonal Santa Cruz 1: 50 (ICC) | Immunocytochemistry
(PPG5/10)# _ Western blot,
Mouse ER M2792 Mouse Dako 1:50 Immunocytochemistry
(H-150) Rabbit ,
Mouse ERB #Sc-8974 | polyclonal Santa Cruz 1:1000 Western blot
Mouse * *Dr. Claire Western blot,
DAF/CD55 (2C6)- | RatlgG2al "y i 10ug/mi
Human (278803) Mouse R&D oua/ml Western blot,
DAF/CD55 | #MAB2009 | IgG2b Systems Hg
Mouse 558037 ml-é?]rg(szltgrr]_ BD Iug/ml Flow cytometr
DAF/CD55 | (RIKO-5) Pharmingen Hg y
al lgG\3
Hamster BD
Isotype control 553980 IgGA3 Pharmingen Iug/ml Flow cytometry
Mouse .
Phosphorylated 4228 oITact;ggal . ?\Z'I'in 1:1000 Western blot,
PI3-K 5(T458) Poly ghaiing
Mouse Total 4292 Rabbit _ CeII_ 1:1000 Western blot,
PI3-K polyclonal | Signaling
Mouse Total 9272 Rabbit . CeII. 1:1000 Western blot,
Akt polyclonal | Signaling
Mouse
Phosphorylated 9271 II\/I%uzsbe Sj ii:in 1:1000 Western blot,
Akt (S473) 9 gnaiing
B-Actin Asoe0 | Rabbit | gigma 1:2000 Western blot,
polyclonal
Anti-Rabbit A3687 IgG Sigma 1:30,000 Western blot
Anti-Rat A3438 IgG Sigma 1:30,000 Western blot
Anti-Mouse A3562 IgG Sigma 1:30,000 Western blot

WB:Western blot; ICC Immunocytochemistry ; * 2C6 an anti Mouse DAMad}i was a generous g

from Dr Claire Harris atCardiff University School of Medicine, UK.
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Images were digitally captured using Alpha Innotech Instrumentéfippha Innotech
Corp). Quantitative analysis was performed using Image tiaef program (NIH

Image, Scion Corp, Frederick MD).

3.5.3 Immunocytochemistry

Cells were plated at a dose of Bddlls per well in 8-well chambered slides (BD
Falcon Culture Slides, BD Biosciences;VWR) and cultured in DMEM F-1diume
supplemented with 5% fetal bovine serum and antibiotics. For staining, cell manolaye
were washed gently with ice cold PBS and then fixed with methanol at 20°C for 10 min
(methanol fixation also causes delipidization and thus renders permeakithgy cells).
To block the endogenous peroxidase activity 1 drop of peroxidase block (Dako) was
applied to each chamber such that the cells are completely covered anceishdobét
min at room temperature (RT). The cells were washed twice with PB&s&kuffer
from and around the chambers was gently wiped off without touching the cells. for ER
staining, Avidin /Biotin block was applied following peroxidase block. Cells were then
incubated with PBS containing 3% BSA for 15 min for nonspecific antigen blocking and
washed twice with PBS. Subsequently, the cells were incubated at 4°C ovigraight
humidified chamber with E®Ror ERB specific antibody (Table 6). For negative control
staining, cells were incubated with PBS containing 3% BSA and 0.1% Nonidet P-40
(buffer used for antibody dilution). Cells were then washed and incubated with
peroxidase—labeled polymer conjugate to specific secondary antibody (DakmEnvis
system kit) for 30 min at room temperature. The cells were then washedvaneldwith

DAB chromogen (3,3' Diaminobenzidine) substrate and incubated for 10 min at room
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temperature. Following washing, cells were counterstained with beyfiatand

mounted with Super Mount mounting medium (Biogenex).

3.5.4 Flow cytometry

Cells growing in T-25 flasks were dissociated by incubating with 3 cellof
dissociation buffer (Sigma) at 37° C for up to 20 minutes. Cells were removed by
pipetting up and down gently. Cell suspension so obtained was centrifuged at 1100 rpm
for 5 minutes at 4°C and the cell pellet was suspended in cell suspension/wash buffer
(PBS and 5% serum). Cells were then incubated with fluorescent labeled (R-
phycoerythrin, also called PE) hamster anti-mouse DAF monoclonal antibtiip 63
or an isotype-matched non-relevant control monoclonal antibody (Table @ps¢ @f
1pg per 1 X 10cells on ice for 60 min. Following staining, cells were analyzed in the

Accuri C6 flow cytometer (Accuri Cytometers).

3.6 Statistical analysis
GraphPad Prism version 5 (Graph Pad Software Inc, San Deigo, CA) whs used
statistical analysis. Student t-test or non parametric Mann Whitneyt Waeperformed
for comparing two experimental groups. Data analysis for more than tworegptal
groups was conducted using either One-way or Two-way ANOVA followed by Tsikey’
Bonferroni or Dunnett post hoc tests for multiple comparisons. Differences at P< 0.05
were considered significant (The character * signifies P<0.05, ** signi&@0B5 and

*** signifies P<0.0005)
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CHAPTER IV

ESTROGEN MODULATES Dr+ ESCHERICHIA COLI COLONIZATION IN THE
THE MOUSE URINARY TRACT VIA ESTROGEN RECEPTOR ACTIVATION

4.1 Introduction

Clinical and animal studies have indicated that changes in the aigobedirian
hormone levels influence UTI susceptibility in females (Franco, 2005, Hooton, 2000,
Ribeiroet al, 2002, Sonnex, 1998). Increased ovarian hormone levels during pregnancy
and decreased ovarian hormone levels during menopause lead to increasedarafide
UTI in women. In premenopausal women, adherené&e cdli to the uroepithelium is
reported to vary through the menstrual cycle, and use of oral contracgtives
contributes significantly to an increase in bacterial adherence onadygithhelium
(Schaeffert al, 1979, Sharmat al, 1987, Sonnex, 1998). The incidence of UTI in
postmenopausal women is reported to be high; 20% incidence of recurrent UTlrhas bee
reported in community dwelling women, and over a 50% incidence has been reported in
institutionalized women (Rozenbeggal, 2004). UTIs in postmenopausal women are
mostly severe and are associated with a high rate of impaired kidney funatitoigity,

and mortality (Browret al, 2005, Dulawa, 2004, Molandetral, 2000).
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Estrogen deficiency has been implicated as one of the contributing factors t
postmenopausal UTIs, and supplementation of estrogen at low doses attemuate t
progression of UTI in these women (Raz, 2001a, Stamm & Raz, 1999). However, the
therapeutic benefits of estrogen replacement in postmenopausal women are not
completely understood. Despite the beneficial effects observed, estepi@cement
therapy in postmenopausal women is associated with unwanted side effeciditidm,a
there are conflicting reports on the effects of route, duration, and dose ofrtigeest
administration during the therapy (Hextall, 2000, Raz, 2001a). Thus, it is important to
understand the actions of estrogen in the female urinary tract and the possiulelanol
mechanisms associated with estrogen related etiology of UTI pathageimbs
information will help in determining and improving effective treatment sirasefor

estrogen replacement therapy in estrogen deficient women.

Uropathogenic DrE. coli colonize the host uroepithelium by attaching to
hormonally regulated DAF and type IV collagen (Golusekal, 1997, Kaukt al, 1995,
Kaul et al, 1996, Nowickiet al, 2001, Selvarangaat al, 2000, Selvarangaat al, 2004,
Servin, 2005, Virkolat al, 1988). Folllowing 21 days post-experimental-UTI induction
in the C3H/HeJ mice, we found increased [Br<oli colonization in the kidneys of
estrogen-deficient OVX mice compared to that in the kidneys of estsagBaient Non-
OVX mice and OVX mice treated with a physiological dose of E2. The prsgaiyt
was conducted to determine the protective role of estrogen oB.[2oH colonization in
the lower (bladders) as well as upper (kidneys) urinary tracts of C3Hiidedat earlier

time points during infection. Bacterial colonization in bladders and kidneys of OVX
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mice and Non-OVX mice was observed and compared at 2 and 6 days post-UTI
induction. We also tested the effects of E2 pretreatment at a physablogse on the
bacterial colonization in the OVX mice at these time points. To furthemdiegthe
involvement of ERs in estrogen mediated modulation of Rrgoli uropathogenesis,

Dr+ E. coli colonization was observed in the ER-antagonist(ICI 182, 780)-treated Non-
OVX mice, at 3 and 7 days post-infection. Since we have found (Figure 4) and other
studies have also reported the predominance ofikffhe mouse kidney (Carleyal,

2003, Jelinskyt al, 2003, Sharma & Thakur, 2004), we employediZRand ERi+/+
female B6.129 mice to investigated the role obERestrogen-mediated modulation of

Dr+ E. coli colonization in the the mice urinary tractss.

We found that compared to the estrogen-sufficient Non-OVX mice, the estrogen-
deficient OVX mice and the ER-antagonized Non-OVX mice show increased
susceptibility to Dr+E. coli colonization in the bladders, as well as in the kidneys, at
earlier time points following infection. Furthermore, E2 replacement bysiglogical
dose led to a significant reduction in the bacterial colonization in the tteeunnary
tracts. We further observed that compared to thetHERmice, the ER-/- mice have
increased susceptibility to DiE. coli colonization in the upper, as well as in the lower

urinary tracts.
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4.2 Statement of Hypothesis.

The host’'s endogenous estrogen levels modulatE.[@8oH colonization in the

urinary tract via ER activation pathway.

4.3 Results

4.3.1: Estrogen deficiency increases Dr. coli colonization in the bladders and
kidneys of OVX C3H/HeJ mice

To investigate the effects of estrogen deficiency onEceli colonization in the
urinary tract, age-matched OVX and Non-OVX mice were subjected td& Dot
induced experimental UTI. Infected mice were euthenized at 2 and 6 day$Tpost
induction and colonization in the urinary tracts was evaluated by determining the

bacterial load (details in chapter lIll, sections 3.2.5 and 3.2.6).

Bacterial counts in the bladders of the OVX and the Non-OVX micerat 8 days
post-infection are represented in figures 6A and 6B, respectively. Ttexribh
colonization in the bladders of OVX mice was significantly higher than the calomz
observed in the bladders of Non-OVX mice (Figure 6A and 6B). Notably, thievia
bacterial counts from the bladders of OVX mice at 2 and 6 days post-infeatiamed
similar. However, in the Non-OVX mice, bladder colonization at 6 day post-iofecti
was 20-fold lower than the colonization observed at 2 days post-infection, though the
difference was not found to be statistically significant (Figure 6C).
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Bacterial colonies were recovered from both of the kidneys of all the animathin e
of the experimental groups. The bacterial counts obtained from thedefie@nght
kidney of each mouse in the study were found to be comparable for 2, as well as 6 days
post-infection, indicating that each kidney was equally infected followihigridluction
at both the time points (appendix supplementary Figures 1A-1D). To be consiftgnt, C
from the left kidneys of mice were used for comparison of bacterial lnad@the study

groups.

Bacterial counts in the kidneys of the infected OVX and Non-OVX mice at 2 and 6
days post-infection are represented in Figures 6D and 6E respectively. Rglbdays
of infection, the bacterial colonization in the kidneys of OVX mice was lower cadpa
to that in the kidneys of Non-OVX mice (Figure 6D). In contrast,dzy® post-
infection, colonization in the kidneys of OVX mice was found to be 13-fold higher
compared to that in the kidneys of Non-OVX mice (Figure 6E). Although the kidrfieys
all the mice remain infected at day 6 post-infection, bacterial colonizatozased in
the OVX mice, but decreased in the Non-OVX mice by 10-fold from 2 to 6 days post-
UTI induction (Figure 6F). We have earlier observed that at 21 days post-infeation, D
E. coli colonization in the kidneys of OVX mice remained significantly higher cordpare
to the Dr+E. cali colonizationt in the kidneys of Non-OVX mice (Figure 6F and

preliminary data, Figure 1).
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Figure 6: Bacterial counts in the bladders and kidneysfdOVX and the Non-OVX C3H/HeJ
mice. Bacterial counts per gram bladd@rand B) and kidneyD and E) tissues in OVX and
Non-OVX mice following 2 and 6 days post-UTI induction were enumerated aresented as
CFU/gm tissue. Bacterial counts from OVX mice are depicteddsgd circles and those from
Non-OVX mice are indicated by closed triangles. Each symbol in the grgmiesents values
from a single mouse. The horizontal black bars denote the mean CEM #@&n each study
group and the error bars represent data from 4-6 mice in each stugly G) The bacterial
counts in the bladders of OVX mice remained similar at 2 and 6 daymfexdton while the
bacterial counts in the bladders of Non-OVX mice decredSg¥he bacterial counts in the
kidneys of OVX mice increased while those in the kidneys of Non-@\i¢€ decreased during

the course of infection. Data were analyzed by Student’s t-test WkOr85 was considered
significant (*).
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4.3.2: Estrogen pretreatment decreases Dr. coli colonization in the bladders and
kidneys of OVX C3H/HeJ mice

To further investigate the effects of a physiological dosetadges on colonization
of Dr+ E. coli in the the mice urinary tracts, we pretreated the OVX mndd a
physiological dose of E2 prior to UTl-induction. E2-treated OWMce attained
physiological levels of serum E2 following the treatment, armintained it at the
physiological levels during the experiment (Table 7) (dtaal, 2008). Age matched
vehicle- and E2-treate@VX C3H/HeJ mice were induced with DI coli mediated
experimental UTI and the bacterial counts in the bladder and kitssyes were

enumerated at 2 and 6 days post-infection.

Table 72 Serum E2 levels in OVX and E2 treated OVX C3H/HeJ mice

Mice Serum E2 levels Number of mice (n)
(mean + SEM)
OovX 15.40+0.092 pg/ml n=5
OVX-E2 33+1.7 pg/ml ** n=6
(2 days post-infection)
OVX-E2 34.17+4.8 pg/ml** n=6
(6 days post-infection)
**E2-treated OVX mice attained physiological levels of E2 which ageicantly
higher than the E2 levels in untreated OVX mice.

Viable bacterial counts obtained from the bladders of vehicle-and &2ett®@V X
mice at 2 and 6 days post-infection are represented in Figures 7A and 7B relgpective
Pretreatment with a physiological dose of E2 markedly decreasttibbcolonization

in the bladders of OVX mice. The bacterial colonization in the bladders afe~atrid
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E2-treated mice was not significantly different at 2 days post-iofe¢kigure 7A), but at

6 days post-infection the bladders of vehicle-treated OVX mice wereisagrilfy more
colonized, showing 47-fold higher bacterial colonization compared to that in thersladde
of E2-treated OVX mice (Figure 7B). The bacterial counts in the feetrgated mice
remained the same for 2, as well as 6 days post-infection, however, the beateria
decreased markedly by 30-fold in the E2-treated mice as the infectioegsedrfrom 2

to 6 days following UTI induction (Figure 7C), but this difference was not found to be

statistically significant.

The incidence of kidney infection among the E2-treated OVX mice was 73% lower
compared to the incidence of kidney infection in the vehicle-treated OVXahutay 6
post-infection, however the reduction was not statistically significagt(& 7E). At 21
day post- infection, significant reduction (by 60%) in [E-4coli colonization was
observed in the kidneys of E2-treated OVX mice compared to that in the kidneys of
vehicle-treated OVX mice ( Figure 1). Among the OVX mice, colonization in the
kidneys at 6, and 21 days post-infection, was higher compared to the colonization at 2
days post-infection, suggesting increase in Breoli infection with time (Figure 7F). In
contrast, the E2-treated OVX mice showed reduced kidney colonization at 6 and 21 days
post-infection compared to the colonization at 2 days post-infection, suggegtimdual
clearance of Dr£. coli infection from the kidneys of E2 treated OVX mice (Figure 7F).
Although, the infection in the kidneys of E2-and vehicle-treated OVX mice fegtsis
until 21 days post-infection, the colonization in the kidney of E2-treated nmeEed

significantly lower compared to that in the kidney of vehicle-treated migear@7F).
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Figure 7: Bacterial counts in the bladders and kidneysfde2-treated OVX C3H/HeJ mice.
OVX mice were treated with vehicle (Veh) or E2 at a physioldgioae prior to experimental
UTI induction with Dr+E. coli. Bacterial CFU per gram bladdgk and B) and kidney(D and

E) tissues in mice following 2 and 6 days post-UTI induction areepted in each graph.
Bacterial counts from vehicle-treated mice are depicted bydkisgdes and those from E2-
treated-mice are indicated by closed squares. Each symbol in filergpaesents values from a
single mouse. Tissues with no detectable CFU recovered from the hwategalture were
counted as if 1 CFU was found. The horizontal black bars denote the meanSEHM ftom
each study group and the error bars represent data from 4-6 mice inuelgotrstip. C)

Bacterial counts in the bladders of vehicle-treated OVX micgmed similar, while those in the
bladders of E2-treated OVX mice decreased during the course cfanfeF) Bacterial counts in
the kidneys of vehicle-treated OVX mice increased while thodeeikitineys of E2-treated OVX
mice decreased during the course of infection. Data were analyzed bgtStutiest where
P<0.05 was considered significant (*).
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4.3.3. ER-antagonist pretreatment increases DrE. coli colonization in the
bladders and kidneys of C3H/HeJ mice

To investigate the role of ERs in estrogen-mediated protective actiostddet E.
coli colonization, age matched ER-antagonist ICI 182, 780- and vehicle-treated Non-
OVX C3H/HeJ mice were infected with DE: coli following which bacterial
colonization in the bladder and kidney tissues of infected mice was determhadd¥

days post-infection.

At 3 days (Figure 8A), as well as 7days (Figure 8B) post-UTI induction, sectea
bacterial colonization was found in the bladders of ICI 182,789-treateccomugared to
the colonization in the bladders of vehicle-treated mice, however the diffenerce not
statistically significant. The bacterial colonization in the bladderseo¥€hicle-treated
mice decreased markedly at day 7 post-infection suggesting bactemahckehowever,
the bacterial colonization in ICI 182,780-treated mice increased at 7 dayafposon,
suggesting bacterial replication and persistence in absence of act{fFegbFres 8A and

8B).

At both 3 and 7 days post-infection, bacterial colonization in the kidneys of ICI

182,780-treated mice was comparatively higher than the colonization in the kidneys of

vehicle-treated mice (Figure 8C and 8D).
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Figure 8: Bacterial counts in the bladder and kidneys ofCl 182, 780 treated-Non-OVX
C3H/HeJ mice. Non-OVX mice were treated with ER-antagonist ICI 182, 780 prior to UTI
induction. Bacterial CFU per gram blad@arB) and kidney(C-D) tissue from vehicle-and ICI
182, 780-treated Non-OVX mice, at 3 and 7 days post-UTI induction are negebse each
graph. Bacterial CFU counts from vehicle-treated mice are @egist closed circles and those
from ICI 182 780 treated mice are indicated by open triangles. Each symieigraphs
represents a value from a single mouse. The horizontal black bars thenotean CFU + SEM
from each study group and the error bars represent data from at least Dataevere analyzed

by Student’s t-test for Figure 8A- 8D where P<0.05 was considered sagnifi
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4.3.4: Dr+E. coli colonization in the bladders and kidneys of El-/- mice is higher
compared to the colonization in the ER+/+ mice

The mRNA levels of E/Rwere found to be significantly higher than those of R
both the bladders and the kidneys ofeER- B6.129 female mice (Figure 9A). We
investigated the specific role of kR determining the protective effects of estrogen

against Dr+E. coli colonization using E&/- and ER+/+ female B6.129 mice.

Bacterial colonization were determined in the bladders and kidneysxeff BRd
ERa+/+ mice following 3 and 7 days post-UTI induction. We could not culture any
bacteria from the bladder tissue homogenates of 3 day infected mice.adterlissue
sections that were used for culture were very small’@fghe bladder). It is thus
possible that we were not able to detect any infection due to the small sizeisdube t
section. Assuming that I#3ection of bladder is too small for bacterial culture; we used
one half of bladder for determining the bacterial counts in the bladder tissmethe

mice infected with Dr-E. coli for 7 days.

The bacterial colonization in the bladders and kidneys af/E&d ERi+/+ mice
are represented in the Figures 9B-9D. At 7 days post-infection, the bladders-6f ER
mice had significantly increased bacterial colonization, showing 28-foldrhighe
colonization compared to that in the bladders ofiE#R mice (Figure 9B). At both 3
(Figure 9C), and 7 days (Figure 9D) post-infection the bacterial colamzatthe
kidneys of ER-/- mice were also found to be higher compared to that in the kidneys of

ERo+/+ mice
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Figure 9: A) ERo and ERp mRNA levels in the bladders and kidneys of ER+/+ mice ER
subtype mRNA levels were analyzed by SYBR green quantitative reaR{lifeCR usingA\CT
method with gene specific primers. Target gene expression waalized relative to PPIA
exprssion in each animal. Expression values are presented astataa expression + SEM
from 2 mice. ER mRNA were found to be predominant in bladders, as well as kidneys (##,
P<0.005). No significant difference was observed in the &Rl El8 mRNA levels between
bladders and kidneys. Data were analyzed by Two-way ANOVA, followdtbhjerroni post

hoc test for multiple comparisons where P <0.05 was consideredcsghif

B-D) Bacterial counts in the bladders and kidneys of ER-/- and ERe+/+ mice. Bacterial

CFU per gram bladder (B) and kidney (C and D) tissues m/EBNdERa+/+ mice following 3
and 7 days post-UTI induction are represented. The Bacterial doomt&Ru+/+ mice are
depicted by open circles and those from E2-treated mice are inbipatgen squares. Tissues
with no detectable CFU recovered were counted as if 1 CFU wasethtacach symbol in the
graphs represents a value from a single mouse. The horizontabbtago#lenote the mean CFU +
SEM from each study group and the error bars represent data from 2-7 nsch sty group.
Data were analyzed by Student’s t-test where P<0.05 was conssatgneitant (*).
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4.4 Discussion

Estrogen exerts multiple actions on the female urinary tract; howeversthere i
limited information regarding the effects that estrogen has on bactenaization in the
host urinary tract. In the present study, we demonstrate that estrdigeandg induced
by ovariectomy resulted in marked increase in the colonization oEDeli in the
bladders, as well as kidneys of OVX mice, compared to that in the estnaffjeresst
Non-OVX mice. Subcutaneous administration of E2 at a physiological dose iv¥e O
mice induced a definite reduction in the levels of bacterial colonizatidreibladders
and kidneys, suggesting a protective action of the physiological dose of esigagest a
Dr+ E. coli colonization. From these results it is evident that following UTI induction,
the mice with circulating physiological estrogen levels stadrahg the Dr+E. coli
infection from bladders as well as kidneys. In contrast, mice with estdedierency
cannot clear the infection during initial stages following UTI induction, andesarable
to control bacterial replication, therefore infection increases and perggtse mice.
Thus, it appears that under the conditions in which these experiments wersmedyfor
estrogen deficiency increases, while physiological estrogen levels mgtecst Dr+E.
coli colonization in the the mice urinary tractss. Our result is consistent wishuite by
Ruiz et al that also reported decrease in levels of UPEC colonization in the urinasy tract
of mice treated with E2 (de Rugzal, 2001). Furthermore, using a rat uterus model, it
has been previously shown tliatcoli adhered to the epithelium of OVX rats, causing
purulent endometritis, but the OVX mice treated with physiological E2 |eleisot
showE. coli adherence to the epithelium (Nishikawa, 1985). Additionally, several

clinical studies have suggested that decreased estrogen levels in postméfepalssa
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may be an important contributing factor leading to increased UTI sustigptdnd that
estrogen replacement ( local and /or systemic) therapy provides protftdists against

UTls in these women (Hextall, 2000, Olivedzal, 1998, Perrottat al, 2008).

Interestingly, a similar study reported an increase in thef&et E. coli and other
UPEC infections, in the kidneys of OVX C3H/HeJ mice following treatmetit avi
pharmacological dose of E2 (Curretral, 2007). The contrasting results from Curean
al and our study may be due to differences in the doses of E2 administered to the
experimental animals. The dose of E2 used in our study is comparable to the
physiological estrogen range found in the hogg(kg/day administered for 5 days
results in serum estrogen levels of 35 pg/ml), whereas, the total dose @&d=E2 tie
study by Curraret al was very high (21 day release 0.25mg E2 pellets were implanted
that resulted in serum estrogen levels of 800 pg/ml). Pregnancy, during whagjeest
levels are elevated, is also associated with higher incidence of UTIsowore
epidemiological studies have indicated that over 30% of pregnant women with
pyelonephritis are colonized by UPEC expressing the Dr adhesins (Servin, 2005)
Notably, a group studying the effects of estrogen therapy in olderdsmeglorted that
the postmenopausal females receiving long term estrogen therapy fwsdn@fier risk
for acquiring UTIs than do the control patients (Orlarelat, 1992). The effects of E2
on bacterial colonization in the urinary tract appear to be complex and may be dose-
dependent. Based on our results and the information available in the litetappears

that estrogen at physiological doses have beneficial effects in the hosts &lyds;
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while, pharmacological E2 doses and long-term estrogen therapy maiueanto

increased susceptibility to UTIs.

Estrogen acts through ERs that are expressed throughout the urinary ti@st. Int
study, we have demonstrated that antagonizing ER activation with anti-esl@ige
182,780 in Non-OVX C3H/HeJ mice leads to abolition of the estrogen-protectiveseffec
resulting in increased Drtt. coli colonization in the bladders and kidneys of the infected
mice. Thus, it is evident that the estrogenic protection in the the mouse uringry tra
against Dr+E. coli colonization is mediated through ER-activation. Furthermore, we
found increased susceptibility of &R mice to Dr+E. coli colonization compared to
that in the ER+/+ mice, indicating a functional role of kR providing estrogenic
protection against Dr. coli colonization in the urinary tracts of the female mice.
Protective effects of estrogen via &Rctivation against infection have also been
reported by other studies. For example, estrogen vied€Rvation is found to be
protective againdtisteria monocytogen infection in female mice (Yeretssiahal, 2009).
Interestingly, treatment of female mice with higher doses of E2 was foundréase
Listeria monocytogen infection (Punget al, 1984). In addition, E€Rgene polymorphisms
have been found to be associated with HBV infection in the Chinese populationgDeng
al, 2004,). To date, there are no direct studies reporting the specific role ofr EHR3
in estrogen action on the susceptibility to UTIs. Our study provides thnfuisb
evidence for ER mediated estrogenic protection against Br€oli infection in the
mouse kidney. Furthermore, our results indicate that female populationsgarryin

mutations or polymorphisms in ERjene may be more prone to UTIs.
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The female genitourinary tract is known to be sensitive to the effects of astroge
(Robinson & Cardozo, 2004), however the precise mechanisms by which estrogen affects
susceptibility to UTIs remain to be fully characterized. Moreover, flteview of
numerous reports that have studied the effects of estrogen on UTI susceptibility in
females, it appears that these effects may be multi factorial (Abnaed2008, Hextall,
2000, Hooton, 2000, Jelinskeyal, 2008). While several clinical studies have
documented that estrogen replacement therapy (local topical applicagbn/
administration) lowers the risk of UTIs in the postmenopausal women, some studies
either did not find any therapeutic benefits of estrogen replacemenpootect it to
increase the rate of UTIs in females receiving the therapy (Me2@8I0, Molander,

1993, Oliveriaet al, 1998, Orlandeet al, 1992, Perrottat al, 2008, Sterret al, 2004, Xu
et al, 2001). The conflicting evidences regarding the effectiveness of estrogen for
prophylaxis against recurrent UTIs in the postmenopausal women existd#oaus

optimum doses of therapy, route of delivery, and duration of therapy are yet to be
determined. Moreover, precise molecular mechanisms associated witje estreffects

on female genitourinary tract are not completely understood.

In premenopausal women, the circulating estrogens promote lactalmdaiiization
in the vagina by regulating glycogen metabolism, resulting in low vagih#hat inhibits
the growth of potential uropathogens. In the postmenopausal females, estrogen
deficiency causes reduced glycogen and disappearance of lactobacillhéeaginal

flora, resulting in increased vaginal pH. This promotes vaginal colonizatiorembers
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of Enterobacteriaceae, predominarilycoli and increases the risk of UTIs in the
postmenopausal women. Furthermore, low estrogen levels in the postmenopausal wome
also contribute to local mucosal atrophy and reduction in mucin secretionngsulti
increased risk for UTIs. Estrogen replacement therapy in postmenopausah\wat low

doses have been shown to restore the vaginal flora and pH and greatly reduce the risk of
vaginal atrophy, thus providing protection against recurrent UTI (Coétesdn2007,

Hextall, 2000, Raz, 2001b, Rozenbet@l, 2004).

Our results show that estrogen and.BBRtivity play a definite role in DrE. coli
colonization in the bladder and kidney of the female mouse. Estrogen may induce
multiple effects on reducing the risk of UTIs, and the possible mechanisynachale
modulation of colonization receptor expression, regulation of bacterial inatat and
induction of inflammatory responses during infection. Elucidating the cellular and
molecular mechanisms behind &Rhediated enhanced estrogenic protection against Dr+
E. coli induced UTI will have broad clinical and experimental implications. Resiilt
the present study illustrate the potential effects of estrogen defi@adgyhysiological
E2 levels as well as role of kR modulation of Dr+E. coli colonization in the urinary
tract during the course of experimentally induced UTIl. We next investighae effects

of estrogen on bacterial internalizatiorvitro in mIMCD3 cells.
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CHAPTER V

ESTROGEN MODULATES Dr+ ESCHERICHIA COLI INVASION IN THE
MOUSE INNER MEDULLARY COLLECTING DUCT (mIMCD3) CELLS

VIA ESTROGEN RECEPTOR ACTIVATION

5.1 Introduction

UTIs have typically been considered extracellular infections of theytiaat.
However, recent reports from animal as well as clinical studies, have desmbexhs
invasion of nonphagocytic uroepithelial cells by UPEC (Bostai, 2005, Mulvey,
2002, Rosemt al, 2007). Following attachment, invasion of UPEC into host cells is
recognized as a crucial event during UTI pathogenesis. Invasion alloW®H(@ to
colonize, multiply, disseminate, and persist within the host for a long period of ime
addition, invasion into the host epithelium facilitates UPEC evasion frommiagei
immune defense mechanisms, neutrophil clearance, and microbicidal effects of
antimicrobial peptides and antibiotics in the host’s urinary tract (Bl&Nlulvey, 2010,
Dhakalet al, 2008, Kerrret al, 2005, Mulveyet al, 2000, Mulveyet al, 2001). Scanning
and electron micrographs of infected tissues have shown the presence ofizeirnal
UPEC either in the endocytic vesicle or free within the cytoplasm of infeetlés
(Goluszkoet al, 1997, Kerrret al, 2005, Mulveyet al, 2000).
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Following invasion, the bacteria are able to reside and multiply in an endogititeve
within the cells forming the quiescent reservoirs of UPEC called iriubarebacterial
communities. They are then effluxed, only to adhere and invade the adjacentdist’'s
thus maintaining the infectious cycle within the host urinary tract (Mudtel; 2000,

Mulvey, 2002, Rosest al, 2007).

Dr+E. cali, a pyelonephritic UPEC and has been shown to be internalized by several
epithelial cell lines following its attachment to its receptor DAF Whscexpressed on
the apical surface of the cells (Daisl, 2005, Fangt al, 2004, Goluszket al, 1997,
Goluszkoet al, 2001, Guignott al, 2000, Guignott al, 2001, Kerneigt al, 1994,
Zalewska-Piatelkt al, 2009). Invasion of DrE. coli in mIMCD3 cells has not been
previously reported. Although some studies have been conducted to elucidate dfie role
estrogen on bacterial adhesion onto the uroepithelium, no direct or indirect role of
estrogen and ERs on regulating bacterial invasion in urpoepithelial cells has been

previously described.

Results from oun vivo experimental UTI mouse model indicate that E2 treatment at
physiological levels decreases CE+coli colonization in the mouse kidney and this
estrogen-mediated protection is &Bependent. DrE. coli has been shown to adhere to
human kidney collecting duct cells (Virkadhal, 1988). Our preliminarin vitro
experiments have demonstrated that E2 treatment at physiologidaldecesased Dr+
E. coli invasion in human hepatocytes and Huh7 cells a liver cell line. The present study

was conducted to elucidate the E:+tcoli invasion in the mouse kidney collecting duct
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mIMCD3 cells to determine and verify our previous observations on protectectsedif

E2 treatment against DiE: coli invasionin vitro. In this study, we have also
characterized the functional roles of ER subtypes; &Rl ER, in mediating E2 effects
during Dr+E. coali invasion in mIMCD3 cells. This was achieved by determining Bxr+
coli internalization in mIMCD3 cells treated with ERnd ER selective ligands. The
compound PPT displays 410-fold more selectivity foneRer ERB and is used as BR
selective agonist, and DPN exhibits a 70-fold higher binding affinity f¢¥ thRn ERy;
therefore, it is used as BRelective agonist (Meyeges al, 2001, Stauffeet al, 2000).

We antagonized the ERs with ICI 182, 780 and ER subtypes with specific antagonists
MPP and R, R-THC to further confirm the role of E&d ER respectively. We report
here that E2 at physiological doses reducesbcoli invasion in mIMCD3 cells while

E2 deficiency and a pharmacological E2 dose increases bacterial inv@siostudy
indicates that ERplays a predominant role in estrogen-mediated protection against Dr+

E. coli invasion.

5.2 Statement of Hypothesis

Estrogen via ERactivation regulates invasion of DEt coli in the kidney
tubular cells and thus determine the host susceptibility toEDe#li induced ascending

UTI.
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5.3 Results

5.3.1: E2 treatment differentially modulates Dr+E. coli invasion in mIMCD3 cells

in a dose-dependent manner

We analyzed the expression of DAF in the mIMCD3 cells at the mRNA, anchprotei
levels, to determine the susceptibility of mIMCD3 cells for Br€oli colonization and
internalization (Figure 10 A and 10B). We also examined the cells for Efgosubt
expression at the mRNA and protein levels (Figure 11A-C). DAIl, BRd as ER
were found to be expressed in mIMCD3 cells. Similar to the ER subtype eapress

pattern in the mouse kidney, we found morexEBRRNA than ER in mIMCD3 cells.

To elucidate the effect of E2 on DE+coli infection, mMIMCD3 cells were either left
untreated or were pretreated with E2 at different non-toxic doses (1, 10, 50 and 100 nM)
for 24hrs prior to infection. Drug toxicity for E2 treatment in the cells determined by
MTT assay (appendix supplementary Figure 2A). E2-treated, assnetltiieated control
cells were incubated with Dii. coli for 2 hrs, following which the amount of bacterial
infection (determined as bacteria adhered and bacteria invaded) ellsheas
enumerated (details in chapter 3 sections 3.3.2 and 3.3.3). Amount Bf &+
invasion in the cells was determined by gentamicin protection assawifail 2 hrs of
infection. Percentage CFU infection and invasion in the E2-treallsdaative to

untreated control cells were calculated.
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Figure 10. DAF expression in the mIMCD3 cells A) The DAF mRNA levels were

determined by quantitative SYBR green real-time RT-PCR. Ampiificatiot shows DAF and
PPIA expression in mIMCD3 cells. DAF mRNA levels were normdlizdative to PPIA mRNA
levels in each sample. Expression values are mean relative esipre&EM from 4 different
passages (p 15-p18) of mMIMCD3 celB) Protein expression of DAF in mIMCD3 cells detected
using western blot. Total mMIMCD3 cell lysate from four diffengmssages were blotted using rat
anti-mouse DAF mAb (2C6) arfidactin was blotted as a loading contr@) Surface expression
of DAF protein on mIMCD3 cells determined by flow cytometry. The areaeudnl the red
boundary represents unstained control cells and the area marked bykhsobilladary represents

cell population stained with PE labeled, hamster anti-mouse A (RIKO 5); the same gate

was applied for analyzing control and fRKO 5 stained cell population.
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Figure 111 ERa and ERp expression in the mIMCD3 cells

A) ERa and ERB mRNA levels in the mIMCD3 cells. ERa and E mRNA levels were
determined by quantitative SYBR green real-time RT-PCR using genéicpeaners.
Amplification plot shows the expression of ER subtypes and PPIA in mB/e&ls. ER and

ERB mRNA levels were normalized relative to PPIA mRNA levels ichesample. Expression
values are mean relative expression + SEM and error bars megrdata from 4 different
passages (p 15-p18) of mMIMCD3 cells. Data were analyzed by Studest svhere P< 0.05 was

considered significant (*).
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Figure 111 ERa and ERp expression in the mIMCD3 cells

B) and C) Protein expression of Eld and ERp in the mIMCD3 cells. The ER. and ER
proteins were detected using western blot and immunocytochemiditriZRo. and ER specific
antibodies.B) Total mIMCD3 cell lysate from four different passages weredulaising ER
(MC-20) or ER (H-150) specific antibodie$;actin was blotted as a loading conti®). Cells
grown in chamber slides were stained withoERIC-20) or ERB (PPG5/10) specific antibodies.
Negative control images represent hematoxyline-eosine stainihg oélls done in absence of
the target specific antibodies. In the Figure C black arrows amémpto cells showing ER
staining in cytoplasm, as well as in nucleus and blue arrows ar@ngdimthe cells with only

cytoplasmic staining. Scale bar ofu20 applies to all the images in Figure C.
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Pretreatment of mIMCD3 cells with physiological doses of E2 (1-10 nM)
significantly reduced DrE. coli infection (Figure 12A), as well as cellular invasion
(Figure 12B). Maximum reduction in bacterial infection, as well as invasion, was
observed at a 10 nM E2 treatment. Overall, 40-60 % reduction ifeaki infection as
well as invasion was observed in mIMCD3 cells treated with 10 nM E2 in different
experiments. The similarity observed in the amount of bacterial infection atetigha
invasion in mIMCD3 cells implies that bacterial invasion is proportional to haicte
adherence. A significant increase in bacterial invasion was observdts imezed with
pharmacological E2 dose (100 nM), compared to the cells treated with E2 at

physiological (1-10 nM E2) doses (Figure 12A and 12B).

We also determined the effect of E2 on Br<oli internalization in hIMCD cells.
We confirmed the mRNA expression of DAF by SYBR green real-time RR &@ ER
subtypes by TagMan real-time RT-PCR; the protein levels of DAF were etesing
western blot (data not shown). DEtcoli invasion in hIMCD cells treated with different
doses of E2 (0, 1, 10, and 50 nM) was determined post 2 hrs of infection. MTT test was
performed to determine the E2 toxicity in hIMCD cells (appendix suppieaneFigure
2B). Similar to the observations in mIMCD3 cells, [E-coli internalization in hIMCD
cells was found to be significantly reduced in cells treated with E2 at pbysial doses

(Figure 12C).
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Figure 12 Relative infection and invasion of Dr+E. coli in E2-treated cells. A Relative
bacterial infection in E2-treated mIMCD3 cells following 2 bfsncubation with Dr+E. coli.
Total infection represents bacteria adhered and internatitethie cells. Infection values are
mean bacterial CFU + SEM expressed as % infection in E2-treeltedealative to untreated cells
(considered as 100%). The error bars represent data from & eqetriments performed in
triplicate. B) Relative bacterial invasion in E2-treated mIMCD3 cellofuing 2 hrs of Dr+E.
coli infection determined by gentamicin protection assay in mIMCD3.c€llsRelative
bacterial invasion in E2-treated mIMCD3 and hIMCD cells following=2di Dr+E. coli
infection. Invasion values are mean bacterial CFU £ SEM exprass#dnvasion in treated
cells relative to untreated cells (considered as 100%). The ersordpaesents data from 6
experiments for Figure B and at least 3 experiments for Figuzadh, performed in triplicate.
Data were analyzed by One-Way ANOVA followed by Tukey’s post éstcfor multiple
comparison where P<0.05 was considered significant. The chardoticates significant
differences among the treatment groups, # indicates significarreditfe relative to control
treatment in mIMCDS cells, x indicates significant differengative to control treatment in
hIMCD cells, $ indicates significant difference relativedl@® nM E2 treatment in Figure B.

(Physiological E2 dose:1-10 nM).
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5.3.2: ER-antagonist treatment reverses E2-mediated protection against BE. coli

invasion in mIMCD3 cells

The role of ERs in E2 action against bacterial invasion was tested by blocking ER
activation with ICI 182, 780. We co-treated mIMCD3 cells with 10 nM E2 (protective
physiological dose) and various doses of ICI 182, 780 (0, 0.1, 1 and)1for 24 hrs
prior to infection with Dr+E. coli. The cells were also treated with ICI 182, 780 alone at
the above defined doses. The MTT assays were performed to determinecihedbx
ICI 182, 780 at these doses in mIMCD3 cells (appendix supplementary Figure 21S). Cel

were infected and bacterial invasion was determined.

A significant increase in bacterial invasion in a dose dependent manner was
observed in ICI 182, 780 and E2 co-treated cells compared to cells treated witm&?2 al
Treatment with ICI 182, 780 significantly reversed the protective effec? @igainst Dr+
E. coli invasion in the cells. Maximal reversal of E2 meditated protection by ICI 182,780
was observed at a dose of M (Figure 13 A). Bacterial invasion in cells treated with
only ICI 182, 780 was comparable to that in control untreated cells and wascaigfhyfi

higher than in cells treated with 10 nM E2 (Figure 13B).
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Figure 13: Relative invasion of Dr+E. coli in ICI 182, 780-treated cellsRelative bacterial
invasion following 2 hrs of Dr€. coli infection inA) ICI+E2 co-treated anB) ICI alone treated
mIMCD3 cells compared to control untreated cells, as determined by geint@natection
assay. Invasion values are mean bacterial CFU + SEM expres¥eithassion in treated cells
relative to untreated cells (considered as 100%). The errordmesent data from 6
independent experiments performed in triplicate. Data were auabyzOne-Way ANOVA
followed by Tukey's test for multiple comparisons where P<0.05 wasidered significant. The
character, * indicates significant differences among the trestgneups, # indicates significant
difference relative to control treatment, $ indicates sigmificlifference relative to E2+ICI co-
treatment and x indicates significant difference relative to Ii@leatreatment. (Physiological E2
dosel-10 nM)
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5.3.3: E2 mediates protection against DrE. coli invasion in mIMCD3 cells

primarily via ER a activation pathway

To investigate the specific role of each ER subtype in estrogen-mediatextiprote
against during DrE. cali invasion, we determined the effect of &zRind ER-specific
agonists and antagonists treatment on bacterial internalization in mIM&IB3 €Cells
were treated with non-toxic doses of &=Rind ERB-selective agonist and antagonist for
24 hrs prior to infection. The antagonist treatments were given eitheraloreze co-
administered with 10 nM E2 (protective physiological dose). The MTT tesés we
performed to determine the cell toxicity of thed&zRnd ERB selective agonist and

antagonist at all the doses used for treatment (appendix supplementaeg Rigal).

ER selective activation by PPT treatment at various doses (0.01 aniip.1
significantly reduced DrE. coli invasion in mIMCD3 cells compared to untreated
control cells. Maximum protection (32%) against bacterial invasion was\aaswith
0.1uM PPT treatment (Figure 14 A). Similar to the treatment with 100 nM E2, sentea
bacterial invasion was observed in cells treated with a higher dose of RFI) (1
compared to invasion in the cells treated with 10 nM E2 and lower doses of PPT.
Invasion of Dr+E. coli at 1uM PPT treatment was not significantly different than that in
the untreated control cells. Co-treatment of mMIMCD3 cells with-E&ective antagonist
MPP (at doses 0.01, 0.1, angNl) and 10 nM EZ2 led to significant attenuation of the
protective effect of E2 against bacterial invasion in a dose dependent magoez (F

B). Dr+E. coli infected mIMCD3 cells treated with MPP alone at all
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Figure 14: Relative invasion of Dr+E. cali in PPT- and MPP-treated cells. Relative bacterial
invasion following 2 hrs of DrE. cali infection inA) anERa-selective agonist, PPT-treaté),
E2 and an ER antagonist MPP-co-treated, a@iiMPP-alone treated mIMCD3 cells, as
determined by gentamicin protection assay. Invasion values are meeniab&fU + SEM

expressed as % invasion in treated cells relative to untreatedamikidered as 100 %). The

error bars represent data from 4 independent experiments performpticaté. Data were
analyzed by One-Way ANOVA followed by Tukey’s post hoc test fottiplalcomparisons
where P<0.05 was considered significant. The character * indicgiefscant differences

among the treatment groups, # indicates significant differefaté/esto control treatment, x
indicates significant difference relative to MPP alone treatm (Physiological E2 dose1-10 nM)
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of the above defined doses showed invasion comparable to the invasion in the untreated
control cells, and significantly higher invasion than invasion in the celletr@ath 10

nM E2 (Figure 14 C).

In contrast to the ER selective agonist PPT, pretreatment of cells with thg ER
selective agonist DPN at various doses (0.01, 0.1 aull) Hid not cause significant
change in Dr+E. coli invasion compared to the untreated control cells (Figure 15A). The
bacterial invasion in DPN treated cells was comparable to that in thatedteontrols
and was significantly higher than invasion in the 10 nM E2-treated cedigr@=15A).
Furthermore, no reversal of E2-protection against bacterial invasion was absbere
the cells were co-treated with 10 nM E2 and th@&Blective antagonist R, R-THC at
doses 0.1 and M. Interestingly, a significant increase in the bacterial invasias
observed in the cells co-treated with 10 nM E2 andM@R, R THC (Figure 15B).
Treatment with R, R-THC alone at doses of 0.01 ang@il. did not cause significant
change in the bacterial invasion when compared to that in the untreatetueNten
cells were treated with at a very high dose of R, R-THGuM}) a significant increase in
the bacterial invasion was observed (Figure 15C). Notably, there was telktsse
bacterial invasion in the cells co-treated withhMd R, R-THC and 10 nM E2 compared
to the invasion in the cells treated with only @ R, R-THC. This observation suggests
that R, R-THC at 1QM increases bacterial internalization in the cells that appears to be

partly reversed by 10 nM E2 treatment (Figure 15 B and C).
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Figure 15 Relative invasion of Dr+E. coli in DPN- and R, R THC-treated cells. Relative
bacterial invasion following 2 hrs of Di:. coli infection inA) anERp-selective agonist, DPN
treatedB) E2 and an ER-antagonist R, R THC co-treated, d@pR, R THC-alone treated
mIMCD3 cells, as determined by gentamicin protection assay. Invaaliogsvare mean
bacterial CFU + SEM expressed as % invasion in treated cellsedatuntreated cells
(considered as 100%). The error bars represent data from 4 indepexuiithents performed
in triplicate. Data were analyzed by One-Way ANOVA followed byéyik post hoc test for
multiple comparisons where P<0.05 was considered significant. Thetehdradicates
significant differences among the treatment groups, # indicatesicigmiélifference relative to
control treatment, and x indicates significant difference k&db R, R THC treatment.
(Physiological E2 dose10 nM)
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Discussion

To our knowledge, invasion of Dt coli in mIMCD3 cells and hIMCD cells has
not been previously reported. In this study, we have demonstrated for the firdteime
invasion of pyelonephritic DrE. coli strainin vitro in mIMCD3 and hIMCD cells. Our
study also provides the first vitro evidence for E2/E&®mediated modulation of Drk.
coli infection and invasion in mIMCD3 cells. In the present study, E2 treatment at
different doses resulted in a significant modulation of Br¢oli invasion in mIMCD3
cells in a dose-dependent manner. Kaial have previously reported significant
differences in binding of the Dr adhesins on clinical endometrial samplagdifferent
stages of the menstrual cycle (Kauhl, 1996). Furthermore, the ability of vaginal
mucus to bind td. coli expressing typelpili has been reported to vary through the
menstrual cycle (Venegasal, 1995) .We have observed a dichotomy in effects of
estrogen on the Drt. coli invasion in mIMCD3 cells at lower- and higher-E2 doses.
E2 at physiological doses (1-10 nM) provided marked protection to mIMCD3 and
hIMCD cells against DrE. coli mediated invasiom vitro compared to untreated control
cells. In contrast, a pharmacological E2 (100 nM) dose contributed to a significa
increase in bacterial invasion in mIMCD3 cells compared to celleteeth a
physiological dose of E2. We have also observed E2-mediated protectiie affeinst
Dr+ E. coli invasion at physiological doses in Huh7 and human hepatocytes. This
suggests that the protective effect of E2 at physiological doses agetrisichli
invasion is not limited to IMCD3 cells and that various cell types may entippogame

molecular mechanisms of DE: coli internalization.
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Ourin vitro results are consistent with darvivo observations of E2-mediated
modulation of Dr+E. coli infection in the the mouse urinary tract (results discussed in
chapter IV). We have demonstrated significant reductions in colonizatiord. coli
in the kidneys of Non-OVX mice, as well as in OVX mice treated with aiploggcal
dose of E2, whereas the estrogen deficient mice showed a marked incieasterial
colonization. Furthermore, Currahal in their study have demonstrated increased Dr+
E. coli colonization in the kidney of OVX mice treated with a pharmacological dose of
E2 (Curraret al, 2007). Nonetheless, Kagtlal have also shown increased susceptibility
to Dr+E. coli infection and associated pre-term labor in pregnant C3H/HeJ micedKaul
al, 1999). Taken together from these observations, it is clearly evident togeesat
physiological doses provide protection against Bre¢oli colonization as well as
invasion, in contrast, both estrogen deficiency and a pharmacological estrogen dose

contribute to increased DiE: coli colonization in the mouse urinary tract.

We further report that E2-mediated protection againsEDe#li invasion in
mIMCD3 cells following infection involves classical activation of ERs. Res$udta our
invasion experiments using ER subtype-specific agonist indicate thap|BiS the
predominant role in inducing the protective effect of E2 againstDc#li invasion in
mIMCD3 cells. Similar to the effects of E2 administration, treatmetit the ER:
selective agonist PPT resulted in a significant reduction inEDceéli invasion, whereas
treatment with the ERselective agonist, DPN did not provide any protection. Similarly,
as observed with 100 nM E2 treatment oEdelective agonist PPT treatment at a higher

dose resulted in relatively elevated bacterial invasion in the cellghelfuore, ER
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selective antagonist MPP reversed the protective effects of E2; howesatenént with
ERpB antagonist R, R- THC had no such effects. Our results clearly imply that E2
mediated modulation of DrkE. coli invasion in mIMCD3 cells is dependent ond&R

activation.

Expression of both, ERand ER were detected in mIMCD3 cells and in the kidneys
of C3H/HeJ and B6.129 mice, however onlycBRas observed to be functional in
determining the E2-mediated protection against Breoli infectionin vitro. Ourin
vivo results also demonstrate a functional role ofillEERmediating the protective effects
of estrogen against Dii. coli colonization in the mouse kidney. We have not
investigated the DrE. coli colonization in the urinary tracts of BRgene knock-out
mice in this sudy; however, ourvitro results clearly demonstrate thatfERay not be
involved in the protective effects of estrogen againstBmeli infection in the renal
cells. Moreover, ERmMRNA levels were found to be markedly lower than the levels of
ERo mRNA in the mouse kidney, as well as in mIMCD3 cells. This may explain the
specific role of ER in mediating E2-effects vivo, as well asn vitro. Nonetheless,
several studies have reporteddE& be the functional subtype in the mouse kidney

(Carleyet al, 2003, Esquedet al, 2007, Jelinskgt al, 2003, Rogerst al, 2007).

Binding of UPEC adhesins to the receptors expressed on the host cellulassurface
enables UPEC to colonize and invade the uroepithelium within the urinary tract yMulve
2002). Dr+E. coli adhere to the host uroepithelium by binding to GPI- DAF through its

Dr adhesins thus allowing its internalization into the host’s uroepithelial c
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Internalization is regulated via intracellular cytoskeleton regaarents induced by
tyrosine kinase-activated PI3K/Akt signaling (Golusekal, 1997, Goluszket al,
1999, Goluszket al, 2001, Guignott al, 2001, Korotkovaet al, 2008, Selvarangast
al, 2000). One mechanism by which estrogen modulate€Dusli colonization and
invasion in renal cells may involve dose-dependent modification of DAF expression on
the renal tubular epithelium. Differential effects of E2 on Br¢oli infection and
invasion in mIMCD3 cells, as observed in auwitro study, indicate that estrogen via
ERo may differentially regulate the expression of colonization receptor DAHMCDS3
cells, thereby modulating Dri. coli infection and invasion in these cells. Hormonal
regulation of DAF expression has been indicated by several studies andorggulat
regions of DAF do contain ERE (Kaetlal, 1995, Kaukt al, 1996, Mirkinet al, 2005,
Songet al, 1996). A second possibility related to the estrogenic modulation cEDr+
coli cellular invasion may be related to non-genomic mechanisms for estigen a
Estrogen via ER may regulate the tyrosine kinase cellular signaling pathway to
influence the process of DE: coli internalization in the renal cells. Estrogen through
ERs has been reported to regulate PI3K/Akt signaling under different expetisuacht
clinical settings (Gt al, 2009, Simoncini, 2009, Titolet al, 2008). A third potential
reason for reduced bacterial colonization and internalization oEDeali at
physiological E2 levels as opposed to increased colonization and internaliz dtighea
estrogen dose and estrogen deficiency could be related to estrogerechethdtlation
of inflammatory responses following infection. Estrogen has the potential to
differentially influence the outcome of immune responses following infectiom

physiological levels of estrogen enhance pro-inflammatory cytokiréso IL6)
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production, while higher levels of estrogen stimulate anti-inflammatygiokines (IL-10)
production (Straub, 2007). Such a dichotomy in the effects of different doses of estrogen
may modulate the host immune responses,influence the bacterial clearanek aas

colonization following infection.

Based on oun vitro andin vivo experimental results it seems that estrogen,
particularly via ER, modulates host susceptibility to UPEC colonization and invasion
following UTI induction. Targeted disruption of the processes of adhesion and invasion
may provide a novel means to prevent and treat recurrent, relapsing and chronic
infections within the urinary tract. Furthermore, our results indicate thatgéhists
may play an important role in determining susceptibility to UTIs and caews&oped as
possible therapeutic drug target to reduce UPEC adhesion and entry duriBgcbir+
induced UTI pathogenesis. We therefore, investigated the possible molecular
mechanisms involved in bringing the modulatory effects of estrogen ok.@oh
infectionin vitro andin vivo. We next investigated the role of estrogen and &Rthe
expression of colonization receptors DAVivo, in the mouse kidney and vitro, in

mIMCD3 cellsfollowing infection with Dr+E. coli.
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CHAPTER VI

ESTROGEN REGULATES Dr+ ESCHERICHIA COLI COLONIZATION
RECEPTORS EXPRESSION IN THE MOUSE KIDNEY AND MOUSE INN ER
MEDULLARY COLLECTING DUCT (mIMCD3) CELLS VIA ESTROGEN

RECEPTOR ACTIVATION

6.1 Introduction

Adherence to specific colonization receptors on the host uroepithelium i®gte m
crucial event for UPEC to successfully colonize and establish infectibie imarsh
environment of the host urinary tract (Mulvey, 2002, Satal, 2000, Servin, 2005).
Adherence also stimulates UPEC entry into the host epithelial cellse(i&bal, 2005).
Within the urinary tract, DAF expressed at the apical surfaces of the utpepicells
and type IV collagen present in the epithelial basement membrane serve as the
colonization receptors for Dri. coli (Nowicki et al, 1987, Nowickiet al, 2001,
Vaisanen-Rhen, 1984, Westerlugichl, 1989). Epithelial surfaces of the urethra,
bladder, ureter and renal pelvis are rich in DAF expression, and there is almioflanc
type IV collagen in the renal tubular basement membrane as well as indhe re
glomerular Bowman'’s capsule (Nowiaitial, 1988). Binding of Dr adhesin to DAF and

type IV collagen is crucial for establishment of [+coli infection in the urinary tract.
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Attachment of Dr+ adhesins to DAF allows binding, colonization, and invasion dEDr+
coli on the uroepithelium and its adherence to type IV collagen enables the uropathoge
to colonize the renal interstitium causing persistent infection and pyelotnepRawicki

et al, 2001, Selvarangast al, 2000, Selvarangaat al, 2004).

Ourin vivo results discussed in chapter 1V, indicate that estrogen at a plyys#blo
dose provides protection against [E+coli colonization in the mouse urinary tract via
the ERx activation pathway, whereas estrogen deficiency and absence of functienal ER
increases the colonization of DEt coli. Moreover, increased D coli colonization
has been observed in the kidneys of OVX mice treated with a high dose of estrogen
(Curranet al, 2007). This dichotomy of estrogen effects was also observed inatno
invasion studies using mIMCD3 cells. As discussed in chapter V, signifi¢anty
Dr+ E. coli internalization is observed in cells treated with physiological doses of E2
compared to the untreated cells. In contrast, treatment with a pharmacdiogieaf E2
markedly increases the DE: coli internalization. Furthermore, we found that protective
effects of physiological doses of E2 against Br<oli internalization in mIMCD3 cells

are mediated primarily by ERactivation.

Adherence of the UPEC in the urinary tract and thus susceptibility to UTIs is
primarily determined by the expression pattern of UPEC colonizatioptogsen the
host (Mulvey, 2002). DrE. coli adherence to its receptors DAF and type IV collagen
has been suggested to be hormonally regulated, and hormonal regulation of DAF and

collagen expression has also been reported (&aal] 1995, Kaukt al, 1996, Lekgabet
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al, 2006, Songt al, 1996). Based on oum vivo, as well asn vitro studies, we propose

that estrogen, via ERactivation, regulates the expression of DAF and type IV collagen
and thereby modulates DE: coli colonization and internalization in the the mouse
urinary tract, and in mIMCD3 cells. The present study was conducted to detdreine t
effects of estrogen and RN the expression of DAF and type IV collagerivo as

well asinvitro. We analyzed the expression of DAF and type IV collagen in the kidneys
of vehicle- and E2-treated OVX, as well as vehicle- and ICI 182 780-treate@M&n

C3H/HeJ mice.

We report here that estrogen deficiency and ER inactivation incredsarid&ype
IV collagen expression in the kidneys of uninfected as well adDesli infected
C3H/HeJ mice; whereas E2 replacement at physiological level in Q¢ significantly
decreased the expression of these receptors. Furthermore, compared/to raiRe,
ERo-/- mice express higher DAF in the kidneys following infection. Consistehttihe
in vivo results, physiological levels of E2 via ERsignificantly reduced the DAF and
type IV collagen expression in mIMCD3 cells; in contrast E2 at a phatowcal dose

increased the DAF expression.
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6.2 Statement of Hypothesis

Estrogen via ERactivation regulates the expression of [B-+coli colonization
receptors, DAF and type IV collagen, in the host and thus modulatefiotiés

susceptibility to Dr+E. coli induced UTIs.

6.3 Results

A) In vivo results

6.3.1: Estrogen deficiency increases the expression of DAF and type 1Vlagén in

the kidneys of OVX C3H/HeJ mice

We analyzed the mRNA levels of DAF and type IV collagen in the kidneys of
uninfected, estrogen-deficient OVX, and estrogen—sufficient Non-O\¢¥ to
determine their susceptibility to D coli infection. We next investigated the effect of
estrogen deficiency on the expression of DAF and type IV collagen indheys of age
matched OVX mice at 2, 6 and 21 days post-UTI-induction. Non-OVX mice were used

as estrogen-sufficient controls at each of the time points.

Prior to the induction of UTI, the kidneys of estrogen-deficient OVX nhoe/ed
significantly higher levels of DAF mRNA compared to the DAF mRNA leviaelshe
kidneys of Non-OVX mice (Figure 16A). At 2 and 6 days post-infection, DAF mRNA

levels in kidneys of both, the OVX and the Non-OVX mice were found to be profoundly
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Figure 16: DAF and type IV collagen subtype Al (Col4A1l) mRNA levels ithe kidneys of
C3H/HeJd mice A) The DAF mRNA levels an8) the Col4al mRNA levels in the kidneys of
OVX and Non-OVX mice prior to UTI-inductiorC) DAF mRNA levels and) Col4A1 mRNA
levels in the kidneys of OVX and Non-OVX mice at 2, 6 and 21 days poskDeti mediated
UTI induction. The DAF and Col4al mRNA levels were determined by qaawvgitSYBR

green real-time RT-PCR using gene specific primers. TargetAri&MIs were normalized
relative to PPIA mRNA levels in each sample. Expression valigeemean relative expression +
SEM and the error bars represent data from 5-8 animals in each stugy ata were analyzed
by Student’s t- test for Figure 16A and 16B and by Two-Way ANOVA fgure 16C and 16D
where P< 0.05 was considered significant. The character, * indigatécaint differences
among the treatment groups and the character # indicate signififfargnce in between OVX

and Non-OVX mice at 21 day post infection in Figures 16C and 16D
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increased compared to DAF mRNA levels in the kidneys of their respectivectehf
control mice. However, at 21 days post-infection, DAF mRNA levels declined in the

kidneys of OVX as well as Non-OVX mice (Figure 16C).

Among the infected group of mice at 2 days post-infection, DAF mRNA levels in
the OVX mice kidneys were lower compared to the levels in the Non-OVX ndoeys.
However, at 6 days post-infection DAF mRNA levels in the OVX mice were highar t
those in the Non-OVX mice. These differences were not fornd to be statysticall
significant. At 21 days post-infection, DAF mRNA levels in the OVX mice kidnegie
found to be significantly increased compared to that in the Non-OVX mice lsidney
(Figure 16 C). Notably, DAF mRNA levels in the Non-OVX mice at 21 days post-UT
induction were found to be significantly reduced compared to their levels in the

uninfected mice and in the mice infected for 2 and 6 days.

Similar to DAF mRNA, levels of type IV collagen mRNA in the kidneys prior to
infection were significantly higher in the OVX mice compared to those in the Nox-OV
mice (Figure 16B). At 2 and 6 days post-UTI induction, no significant change ifype
collagen mRNA levels was observed in the OVX or the Non-OVX mice compared to
those in the uninfected mice. However, at 21 days post-UTI induction, expression of
type IV collagen increased significantly in the OVX mice, whereaxgession was

markedly reduced in the Non-OVX mice (Figure 16D).
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Unlike DAF, at 2 days following infection, the mRNA levels of type IV colteige
the OVX and the Non-OVX mice were not significantly different. Howeverilairto
the observation for DAF, at 6 days post-infection, the mRNA levels of typell&gen
in the OVX mice were found to be higher compared to their levels in the Nohrdce.
However the differences were not statistically significant2 Atlays post-infection, type
IV collagen mRNA levels in the OVX mice was found to be significantly higher

compared to those in the Non-OVX mice (Figure 16 D).

6.3.2: Estrogen pretreatment decreases expression of DAF and type IVIegen in
the kidneys of OVX C3H/HeJ mice post-infection

We analyzed the mRNA levels for DAF and type IV collagen in the kidneys of
vehicle- and E2-treated OVX mice, at 21 days post-UTI induction (Eitydy. We also
determined the expression of DAF and type IV collagen proteins in the Ridhéyese

mice (appendix supplementary Figure 3A and 3B).

DAF mRNA levels in the E2-treated mice was significantly lower thaine vehicle-
treated mice (Figure 17A). DAF expression was also found to be lower in-tineaEd
mice compared to the vehicle-treated mice at the protein level (appepgiementary
Figure 3). Similar to DAF, expression of type IV collagen was also found to be
significantly reduced at mRNA (Figure 17B) and protein levels (appenugliglementary

Figure 3) in the E2-treated mice compared to the vehicle-treatsd mi

133



>
s
w
g

-]
1
*
*

L )
1 1

Relative expression
DAF mRNA (107%)
(3]

Relative expression
Col4A1 mRNA (10°Y
b
e

=

=

Vel:icle E2 Vel:icle E2
OVX mice 21 days post-infection OVX mice 21 days post-infection

@]
o

0.4 4n
g e | ' 5% —_1
2 ey 5 5 7
g 2 e &8 —
S % 02- S s 27
£E S e
g SR i
3 A 0.1 ey 3 3 1
7 e SRe

L /A
0.0 ¢
Ve];icle I 1;}2,780 Vehlicle ICI 1!'52,780
Nen-OVX mice 21 days post-infection Non-OVX mice 21 days post-infection

Figure 17: DAF and Col4A1mRNA levels in the kidneys of E2-rated OVX and ICI 182,
780-treated Non-OVX C3H/HeJ mice OVX mice were treated with a physiological dose of E2
and Non-OVX mice were treated with ER complete antagonist ICI 182, 780, pmatutction of
infection. A) DAF mRNA levels andB) Col4al mRNA levels in the kidneys of vehicle- and E2-
treated OVX and Non-OVX mice at 21 days post-UTI inducti@Gh DAF mRNA levels and)
Col4A1 mRNA levels in the kidneys of vehicle- and ICI 182,780-treated NoX-@ie at 21

days post-UTl induction. The DAF and Col4al mRNA levels were detedry quantitative
SYBR green real-time RT-PCR using gene specific primers. Tang8lA levels were

normalized relative to PPIA mRNA levels in each sample. Expressioas/alean relative
expression £+ SEM and the error bars represent data from 5-8lsamreach study group. Data

were analyzed by Student’s t-test where P<0.05 was considengctarg (*).
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6.3.3: ER antagonist pretreatment increases DAF and type IV collagen expressi

in the kidneys of C3H/HeJ mice post-infection

To determine the ER involvement in estrogen-mediated regulation of DAF and type
IV collagen expression, we blocked the ERs in the Non-OVX mice with a pure ER-
antagonist ICI, 182,780, prior to the induction of experimental UTI. DAF and type IV
collagen mRNA levels of in the kidneys of vehicle- and ICI 182, 780-treated mice were
determined at 21 days post-UTI induction. Treatment with ER-antagonist dasulte
significant increase in DAF and type IV collagen mRNA levels in the kglnéWon-

OVX mice compared to those in the vehicle-treated control mice @€ and 17D).

6.3.4: ERu-/- mice show increased DAF expression in the kidneys comgar to the

DAF expression in ERx+/+ mice post-infection

To discern the specific role of Ef transcriptional regulation of DAF and type IV
collagen during Dr. coli infection, we employed the ER- and ER+/+ B6.129
female mice. DAF and type IV collagen mRNA levels were measargt kidneys at 3

and 7 days post-UTI induction.

Figure 18A and 18B represent mRNA levels of DAF and type IV collagen in the

kidneys of ER-/- and ER+/+ mice. At 3 days post-UTI induction, DAF mRNA levels

in ERo-/- and ER+/+ mice were not significantly different. However, at 7 days post-
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Figure 18: DAF and Col4A1 mRNA levels in the kidneys of E&/- and ERa+/+ mice A)
DAF mRNA levels andB) Col4al mRNA levels in the kidneys of EfR and ER+/+ mice at 3
and 7 days post-infection. The DAF and Col4al mRNA levels were deterbyrguantitative
SYBR green real-time RT-PCR using gene specific primers. TargslA levels were
normalized relative to PPIA mRNA levels in each sample. Each grppsesnts expression
values from 1 experiment for 3 day infection and 2 experiments for 7 fagsion. Expression
values are mean relative expression + SEM and the error baremgigrdata from 4-7 animals in
each study group. Data from 3 day infectediERmnice are from 2 animals. Data were analyzed
by Student’s t- test and Two-way ANOVA followed by Bonferroni gast test for multiple
comparisons. P<0.05 was considered significant. The character * ensiigaificant difference
among the treatment groups, and # indicate significant differencedrdBiRa-/- and ERi+/+

mice.
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infection the kidneys of E&/- mice had markedly elevated levels of DAF mRNA
compared to those of EBR/+ mice (Figure 18A). At 3 days post-infection type IV
collagen mRNA levels in E&/- mice kidneys were lower compared to those imER
mice. However, at 7 days post-infection, we found increase in type IV collagBim
levels in the ER-/- mice kidney compared to those in theoER mice, but the

differences were not found to be statistically significant (Figui).18

B) In vitro results

6.3.5: E2 regulates expression of DAF and type IV collagen in mIMCD3 cells in a

dose-dependent manner

To test if E2-mediated dose-dependent modulation oEDesli invasion in
mIMCD3 cells involves differential regulation of DAF expression, weheined DAF
MRNA levels at different doses of E2 in DE+coli infected as well as uninfected
mIMCD3 cells. We also analyzed the effect of different E2 doses on\ypalhgen
expression in mIMCD3 cells. The cells were treated with 0, 1, 10, 50 or 100 nM E2 for
24 hrs (details in chapter Ill, section 3.3.2) and then were either left uninfectedeor w
infected with Dr+E. coli for 2 hrs. Following infection, cellular levels of DAF and type

IV collagen mRNA were determined (details in chapter Il section 3.4).

Figure 19A represents the mRNA levels of DAF in mIMCD3 cells treatdéd wit

various E2 doses. In both uninfected and infected cells, DAF mRNA levelgasha
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Figure 19: DAF mRNA levels in the mIMCD3 cells treated wh E2, ICI 182, 780 (ICl) or
PPT. DAF mRNA levels relative to PPIA were analyzed by quantitativBB8green real-time
RT-PCR in Dr+E. cali infected and uninfected mIMCD3 cells treated either WittE2 at
different doses dB) 10 nM E2, 10 nM E2+1@M ICl,or 0.1uM PPT. Untreated cells served as
controls. Expression values are mean relative expression + SEM antbtheaes represent data
from at least 4 experiments, performed in triplicate. Data wealyzed by Two-way ANOVA
followed by Bonferroni post hoc test where P<0.05 was considered signifidamicharacter *
indicate significant differences among treatment groups, x imd#ignificant difference relative
to control in infected cells, $ indicate significant differencéstine to 100 nM E2 treatment in
uninfected cells, and # indicate significant differences in batvilfected and uninfected cells.
C) DAF mRNA expression and Dif. coli relative invasion in mIMCD3 cells treated with
different doses of E2. Invasion values are mean bacterial CFU RfiMssed as relative %
invasion in E2-treated cells relative to untreated cells giovain untreated cells is considered to
be 100%).
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significantly reduced in the cells treated with physiological E2 d@dsé&® nM),
compared to those in the untreated cells (Figure 19A). The cells tradtetDmM E2
expressed significantly lower DAF compared to the cells treatédanigher (100 nM)
dose of E2 (Figure 19A). Infection with DE: coli resulted in up-regulation of DAF
expression in control as well as E2-treated cells at all E2 doses, ext@ptral (Figure
19 A). Notably, among the E2-treated cells, the relative increase in DAFssixjorén
the infected cells compared to uninfected cells remained low (Figure 19 A).
However, in the control untreated group of mIMCD3 cells, DAF mRNA levels in
infected cells are significantly higher compared to those in the unidfeetis (Figure

19A).

Figure 19C represents the bacterial invasion and DAF mRNA levels in Eltrea
mIMCD3 cells. The bacterial invasion at physiological doses of E2 (1-10 nMpwas |
compared to the bacterial invasion in the untreated control cells and alsecétighe
treated with a higher dose of E2 (100 nM). Notably, bacterial invasion in cekdated
with the DAF mRNA levels at different E2 doses, where higher DAF mRN#Aesponds
with increased bacterial invasion and lower DAF mRNA corresponds with ikduce

bacterial invasion.

Type IV collagen mRNA levels in both infected and uninfected cells were found to be
markedly reduced in E2-treatedlls at all the doses compared to that in untreated cells
(Figure 20A). Infection with Dr€. coli increased type IV collagen expression in all the

treatment groups compared to that in uninfected cells (Figure 20A). Similes
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observations for DAF expression, the relative increase in type 1V ealladRNA levels
following infection in the E2-treated cells remained lower compared telhive

increase in untreated cells (Figure 20A).

6.3.6: E2 regulates expression of DAF and type IV collagen in mIMCD3 cells via

ERa activation pathway

To test the involvement of ERs in E2-mediated regulation of DAF and type IV
collagen expression in mIMCD3 cells, we co-treated the cells with E2 (1@nd/hhe
ER complete antagonist ICI 182,780 (i@). DAF and type IV collagen mRNA levels
were analyzed in both Dif. coli infected and uninfected cells following treatment with

ICI, 182 780.

ER antagonist treatment led to an increase in DAF mRNA levels compared to E2
treated cells, following infection (Figure 19B). Blocking of ERs with 182, 780
resulted in a significant increase in type IV collagen mRNA levels ictedeas well as

uninfected cells compared to those in the E2-treated cells.

To further determine the role of &£Bn estrogen-mediated regulation of DAF and
type IV collagen expression, mIMCD3 cells were pretreated with andpBcific agonist
0.1uM PPT (at the dose that provided protection againstBeeli invasion in
mIMCD3 cells, chapter V section 5.3.3). DAF and type IV collagen mRNA leveits we

measured in PPT treated Diecoli infected as well as uninfected cells.
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Figure 20: Col4A1l mRNA levels in the mIMCD3 cells treateavith E2, ICI 182, 780 (ICI)

or PPT. Col4A1 mRNA levels relative to PPIA were analyzed by quantits8iYBR green real-
time RT-PCR in Dr+E. coli infected and uninfected mIMCD3 cells treated either Wite2 at
different doses dB) 10 nM E2, 10 nM E2+1QM ICI, 0.1 uM PPT. Untreated cells served as
controls. Expression values are mean relative expression + SEM antbtheaes represent data
from at least 4 experiments performed in triplicate. Data wexlyzed by Two-way ANOVA
followed by Bonferroni post hoc test where P<0.05 was considered significanthditaeter *
indicates significant differences among treatment groups, X indisigeificant differences
relative to control in infected cells, $ indicates significantedéhces relative to control in
uninfected cells} indicates significant differences relative to E2+ ICI treatihire infected cells,
& indicates significant differences relative to E2+ IChtraent in uninfected cells, and #
indicates significant differences between infected and uninfeclisdareeach treatment
group.treated cells were comparable to their expression in cetlsctrgith E2 at a physiological
dose (10 nM).
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In both uninfected and infected cells, PPT treatment led to significapadean
DAF (Figure 19B), as well as type IV collagen (Figure 20B) mRNA lewempared to
the levels in untreated cells. The expression of DAF and type IV collagen in 0.1 aM PP
treated cells were comparable to their expression in the cells tre#ted2nat a

physiological dose (10nM).

6.4 Discussion

An influence of estrogen on the adherence of UPEC to female urogertitahs$rac
been suggested by several studies (Schagtféer 1979, Sharmat al, 1987, Sobel &
Kaye, 1986). However, the precise molecular mechanism associated withidhgerast
effect on UPEC adhesion has not been previously described. In this study, we
demonstrate for the first time that estrogen, viagRgulates colonization and
internalization of Dr+E. coli by regulating the expression of its colonization receptors,
DAF and type IV collagenn vivo in the mouse kidney and vitro, in mIMCD3 cells.

Our study also provides the first diréctvitro evidence for estrogen-mediated dose-
dependent regulation of DAF and type IV collagen expression in mIMCD3 celigyduri

Dr+ E. coli infection.

Prior to infection, estrogen deficient menopausal OVX C3H/HeJ mice sgbres
significantly higher levels of DAF and type IV collagen in the kidneys coetptar those

in estrogen-sufficient Non-OVX mice, suggesting increased susceptdsiOVX mice
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to Dr+E. coli colonization. Following infection, the OVX mice showed higher DAF as
well as type IV collagen expression compared to the Non-OVX and E2dréd/X

mice. Consistent with these observations we have found increaséd i
colonization in OVX mice compared to that in Non-OVX and OVX mice treatdd wit
physiological doses of E2 (Discussed in chapter 1V). Binding offbebli to DAF and
type IV collagen is essential for bacterial colonization and irotatif infection in the
renal tissues (Nowiclet al, 2001, Selvarangaat al, 2000, Selvarangaat al, 2004).
Estrogen-mediated reduction in DAF expression may attenuate themackerf Dr+E.

coli to the host uroepithelium. Similarly, reduction in type IV collagen expressibn
lower type IV collagen deposition in the epithelial basement membranbandeduce
susceptibility to Dr+E. coli colonization in the renal interstitium. This will result in
reduced susceptibility to Dri. coli colonization and inflammation-induced kidney
fibrosis in the host following infection. Taken together, results from thiy Stpport

our hypothesis and provide evidence for a possible molecular mechanism assatliated w
the protective effect of host physiological estrogen levels againgt[@et induced UTI

and increased susceptibility to D+ coli infection in estrogen deficient conditions.

Furthermore, oun vitro studies utilizing mIMCD3 cells show dose-dependent
regulation of DAF expression by E2 that correlates with the dose-depenaigulation
of Dr+ E. cali invasion in the cells (Figure 19C and results discussed in chapter V).
Treatment of cells with physiological doses of E2 resulted in attenD&Edexpression
and a 40-60% reduction in DE: coli invasion compared to that in untreated cells.

Thus, it is clear that physiological E2 levels reduce DAF expressioningsultreduction
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of bacterial attachment and invasion; whereas expression of DAF is extiealls

growing under E2 deficient conditions, resulting in higher bacterial invasion.

Significant increases in DAF expression and Breoli internalization were also
observed in mIMCD3 cells treated with a pharmacological dose of E2. High estrogen
levels during pregnancy have been implicated in increased risk forcgsik
pyelonephritis which in turn may contribute to premature delivery and conlgenita
anomalies (Kauét al, 1999, Mittal & Wing, 2005, Santas al, 2002, Schnarr & Smaill,
2008). Furthermore, Kaat al have reported differential adherence of Dr adhesins to
endometrial samples from females with normal menstrual cycle, showinggluunp-
regulation of DAF expression during the secretory phase @alil 1995, Kaukt al,

1996). Interestingly, Curragt al have also reported increased [B4coli colonization in

the kidneys of OVX C3H/HeJ, as well as in the C3H/HeN (LPS respondee)treated

with a higer level of E2 (Curraet al, 2007). Importantly, treatment with a higher E2

level in these mice was not found to alter the colonization of Dr adhesin r&utamhit

(Dr- E. cali) that has lost the capacity to adhere to DAF and invade the host cells (Curran
et al, 2007). Based on our result, it can be inferred that in the study by @uatan

higher estrogen levels may possibly have led to up-regulation ofiaditeseptor DAF

expression thus resulting in increased infection by Breoli but not by Dr-E. coli.

Studies investigating estrogen-mediated gene regulation have rehaalbere is
significant diversity among estrogen response networks found in differentodllat

different doses. Variation in expression networks can occur due to the occupancy of
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different ERv/ ERB binding sites in the genome, and may also be determined by the co-
factor compositions of a particular cell type (McDonrell, 1995, Nilssoret al, 2001,
Nilsson & Gustafsson, 2002). From our results, it is now evident that host's endogenous
estrogen levels play an important role in determining host susceptibilitytt&.@oli

induced UTI by regulating DAF and type IV collagen expression imehal tissue and

cells. Kaulet al have also shown regulation of DAF expression by progesterone.
However in this study, we have not investigated the effects of progesteroneFoor DA

type IV collagen expression (Kaetlal, 1995).

Utilizing ERx-/-mouse model and ERspecific agonist PPT treatment in mIMCD3
cells, we demonstrate for the first time that estrogen-mediatechtiegubf DAF and
type IV collagen in the mouse kidney and mIMCD3 cells isHBpendent. Expression
of DAF and type IV collagen has been previously reported to be regulatetidgees
(Potieret al, 2001, Potieet al, 2002, Songt al, 1996). Estrogen-mediated regulation of
DAF expression has earlier been reported in the mouse uterusgtsbnt996).
Regulatory regions of the DAF gene do contain ERE and induction of mouse DAF by
estrogen has been found to be tissue specific (Matkah 2005, Songt al, 1996).
Besides ERE, DAF gene regulatory regions also contain Spl, Aplawii NF
transcription factor binding sites and regulation of its expression has beendéporte
include ER mediated transcriptional and cellular signaling activation pgshWeAPK
and NkB (Ahmadet al, 2003, Cauvet al, 2006, Mirkinet al, 2005, O'Brieret al, 2008,
Thomas & Lublin, 1993). E2 is known to regulate activation of MAPK pathway and

there seems to exist a cross-talk between MAPK and ER subtype activdtiok ¢Aal,
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2007, Endolet al, 1997, Frigaet al, 2006, Lee & Bai, 2002, Lee & Eghbali-Webb, 1998,
Migliaccio et al, 1996, Ruzycky, 1996, Sewlal, 2006, Wade & Dorsa, 2003).
Estrogen-mediated regulation of collagen type IV expression has been found to be
renoprotective because estrogen-mediated down regulation of type dgesol|

expression following injury or infection attenuates renal fibrosis (Neewget al, 2000,
Potieret al, 2002). The promoter of type IV collagen has not yet been reported to contain
ERE, and E2-mediated transcriptional regulation of type IV collagen oceuceilar
signaling pathway activated Sp1l transcription factor (Burbted, 1988, Zdunelet al,

2001). Inthe kidney, E2 is reported to suppress collagen type IV expression by
downregulating TGE and TGIB receptors (Dixon & Maric, 2007, Milanini-Mongiat

al, 2002, Potieet al, 2002). MAPK has been reported to regulate DAF and collagen type
IV expression (Ahmaset al, 2003, Dixon & Maric, 2007, Milanini-Mongiadt al, 2002,
O'Brienet al, 2008, Potieet al, 2002). Using Huh-7 cells, we have previously shown

that E2-mediated protection against [B+coli invasion involves MAPK activation

(Kaul et al, 2007), however we have not yet investigated the interaction of ERs and
MAPK in the regulation of DAF and type IV collagen expression in mIMCDI3 cein

ViVO.

In our study, we found that infection increased DAF as well as type [&geal
expression, bot vivo andin vitro. Notably, in then vitro study we found that the
relative increases in DAF and type IV collagen expression followingtiofem E2-
treated cells were lower than the relative increase observed in teatadtcontrol cells.

Consistent with this, oun vivo results also indicate that following infection the relative

147



increase in DAF and type IV collagen expression is higher in thegestideficient OVX
mice compared to the estrogen-sufficient Non-OVX and to the E2-treated @é&X m
These observations suggest the existence of additional regulatory meahianiBrAF
and type IV collagen expression following infection that may be associdted w
influence of estrogen on infection induced inflammatory responses. Botlabifype
IV collagen expression have been found to be up-regulated following activation of
inflammatory pathways. Pro-inflammatory cytokines including @MRd chemokines
including IL8 have been reported to up-regulate DAF as well as type Idgeal
expression following injury and infectiom vivo, as well asn vitro(Betiset al, 2003b,
Fanget al, 2004, Mankhewt al, 2007, Meldrunet al, 2007, Nowickiet al, 2009, Potier
et al, 2002). Moreover, estrogen is known to have immunomodulatory effects on the
inflammatory responses showing pro-as well as anti-inflammataggtef{Cutolcet al,
2004, Straub, 2007). Thus, the estrogen-mediated regulation of DAF and type IV
collagen may involve direct estrogen/ER-mediated regulation of theirssxpneas well
as indirect regulation via modulation of inflammatory responses. We tesgthatosy
effect of estrogen on inflammation following DEt coli infection later in the study

(discussed in chapter VIII).

Based on our observations from this study, we conclude that adherence of
uropathogens to uroepithelium is a dynamic process and is differentialignoéd by
estrogen levels. Physiological levels were found to be protective, whieotasigher
and reduced doses of estrogen contribute to increased UTI susceptibilityeriare,

our study provides the firgh vitro, as well asn vivo evidences, for ERmediated
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modulation of Dr+E. coli colonization and internalization in the host via regulation of its
colonization receptors DAF, and type IV collagen expression. Furthermoreppaspr
that ERx selective ligands may serve as possible therapeutic targets agaiistchli

mediated UTI in estrogen deficient and in postmenopausal females.
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CHAPTER VII

ESTROGEN MODULATES Dr+ ESCHERICHIA COLI INVASION IN THE
MOUSE INNER MEDULLARY COLLECTING DUCT (mIMCD3) CELLS

VIA REGULATING TYROSINE KINASE ACTIVATION PATHWAY

7.1 Introduction

UPEC employs diverse mechanisms to invade the host uroepithelium including
manipulation of cellular signaling, hijacking of host complement receptars vi
opsonization, binding to adhesin receptors, and activating cytoskeletal reareahgem
(Boweret al, 2005, Dhakal & Mulvey, 2009, lat al, 2006, Mulvey, 2002, Palmet al,
1997, Springalkt al, 2001). Uptake of uropathogenic bacteria by renal epithelial cells
(Donnenberget al, 1994, Palmeet al, 1997, Straubet al, 1992, Warreret al, 1988) has
been found to be associated with tyrosine phosphorylation of specific host proteins
(Palmeret al, 1997). Adherence of pyelonephritic DE+coli to its colonization receptor
DAF causes recruitment abplintegrins and additional DAF at the sites of bacterial
attachment on the epithelial cell followed by bacterial internalizabas¢t al, 2005,
Goluszkoet al, 1999, Guignott al, 2001, Kansast al, 2004, Plancoet al, 2003,
Selvarangamt al, 2000). Engagement of DAF with members of Afa/Dr adhesin bearing

E. coli has been shown to induce tyrosine kinase mediated PI3K/Akt signaling activation
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(Caneet al, 2007, Peiffeet al, 1998) that triggers bacterial internalization by the host
cells (Brumell & Grinstein, 2003, Goluszkbal, 1997, Goluszket al, 1999, Goluszko

et al, 2008, Wymann & Pirola, 1998). Using aaritro experimental UTI model we
have demonstrated for the first time that B+oli is internalized by mIMCD3 cells
(results from chapter V). However, involvement of tyrosine kinase activetiring Dr+

E. cali invasion in mIMCD3 cells has not been previously investigated. In the present
study we tested the role of tyrosine kinase in Breoli internalization in mIMCD3

cells.

Our invitro studies indicate that E2 modulates [B+eoli invasion in mIMCD3 cells
via regulating DAF expression (chapter VI). Battvitro andin vivo studies have
reported that estrogen has regulatory effects on the tyrosine kinasgealcPI13K/Akt
signaling pathway in different cell types and under various physiologicaltmorsdn
vitro as well asn vivo (Boonyaratanakornkit & Edwards, 2007, Cetal, 2002,

Edwards & Boonyaratanakornkit, 2003, Hammes & Levin, 2007). For example, E2
treatment in MCF-7 cells and in endometrial cancer cells has been showre&senc
tyrosine kinase activity and promptly activate the PI3K/Akt signal pathwragontrast,
positive effects of E2 treatment on post ovariectomy osteoporosis have beeategsoci
with inhibition of tyrosine kinase activity in osteoclast cells (Gual, 2006, Li & Yu,
2003, Liu & Howard, 1991, Migliacciet al, 1996, Pascoe & Oursler, 2001, Yonetla
al, 1993). In addition, genistein, a compound that has structural similarity to E2 and
binds to ERs is a known tyrosine kinase inhibitor; it has been observed to mimic

beneficial biological effects of E2 on bone tissue by inhibiting osteoclagitya¢Gao &
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Yamaguchi, 1999, Gao & Yamaguchi, 2000, Li & Yu, 2003). Based on these
observations, we propose that E2-mediated modulation oEDgali invasion in
mIMCD3 cells may also include regulation of tyrosine kinase signaliimgts, the
present study was conducted to investigate the role of tyrosine kinastSKhalkie
signaling in Dr+E. coli invasion in mIMCD3 cells and to further test if estrogen
modulates tyrosine kinase and PI3K/Akt signaling activation to influencd=Doali

invasion in these cells.

In the present study, we found that inhibition of tyrosine kinase in mIMCD3 cells
caused significant reductions in DEt+coli invasion. We also found that E2 at a
physiological dose and at a higher dose differentially regulaB&sd&hd Akt signal

activation resulting in different outcomes on [E:coli invasion in mIMCD3 cells.

7.2 Statement of Hypothesis
Dr+E. coli invasion in mIMCD3 cells require tyrosine kinase activation.
Furthermore, estrogen regulates tyrosine kinase activation to modutaie €xi

invasion in mIMCD3 cells.
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7.3 Results

7.3.1: Tyrosine kinase activation induces DrE. coli invasion in mIMCD3 cells

To determine the role of the tyrosine kinase signaling pathway during.2oh
invasion in mIMCD3 cells, we treated these cells with known tyrosine kinasetarkibi
prior to infection. Genistein, a phytoestrogen is an ER agonist with known tyrosine
kinase inhibitor activity and LY294002 is a potent PI3K inhibitor. The cells were
pretreated with non-toxic doses of genistein (0.01, 0.1, 1 and 10 uM) or LY294002 (10,
50 and 100 puM) or left untreated. Genistein treatment was given for 24 hrs and
LY294002 treatment was given for 15 min prior to infection. Following treatrtiest
cells were either left uninfected or were infected with Breoli for 2 hrs and bacterial
internalization was determined by the gentamicin protection assay. fifetalon
(adhered and internalized bacteria) in mIMCD3 cells was determinedabddsn the
methods section (chapter IIl). Drug toxicity for genistein and LY294002 teztim
mIMCD3 cells was tested by MTT assay (appendix supplementanyesi@D and 2E).
The phosphorylated PI3K and Akt (pPI3K and pAkt) protein levels were detected by
western blot to evaluate the activation status of tyrosine kinase in genistein and

LY294002 treated, DrE. coli infected and uninfected mIMCD3 cells.

Pretreatment of the mIMCD3 cells with genistein significantly estidc+E. coli
internalization in mIMCD3 cells (Figure 21 A). Importantly, genistein kdolcuptake of
Dr+ E. coli in a dose-dependent manner resulting in more than 60% inhibition at a 10uM
dose (Figure 21A). To further address the role of tyrosine kinase-activated PI3K

signaling in Dr+E. coli invasion, we inhibited the PI3K signaling pathway in mIMCD3
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Figure 21: Relative invasion of Dr+E. coliin the mIMCD3 cells treated with tyrosine

kinase inhibitors. Relative bacterial invasion following 2 hrs of DEtcoli infection in

mIMCD3 cells treated witld) tyrosine kinase inhibitor genistein (0.1, 1 ornidd) andB) PI3K
inhibitor LY294002, as determined by gentamicin protection assay. Invasiois eatumean
bacterial CFU + SEM expressed as % invasion in treated cellsediatuntreated cells
(considered as 100%). The error bars represent data fromtat Independent experiments
performed in triplicate Data were analyzed by One-Way ANOVA followed by Tukey’s post hoc
test for multiple comparisons where P< 0.05 was considered sagriifi The character * indicate
significant differences among the treatment groups, x indicatdisagtidifferences compared to
control treatment in Figures 21A and 21B, and # indicate signifidifferences compared to the

100uM LY294002 treatment in Figure 21B.
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cells by LY294002. Clearly, PI3K inhibition strongly impaired uptake of Breoli in
mIMCD3 cells in a dose-dependent manner resulting in up to 90% reduction in invasion
compared to that in the untreated control cells (Figurg.2N® significant differences

were found in the levels of total bacterial infection (bacteria adheusdmikrnalized as
determined by the total CFU counts) in genistein and LY294002 treated mIM@®3 ce
(Figure 22A-22B). The amount of bacteria internalized was significaediyced in

genistein and LY294002 treated cells (Figures 22 C and 22D) and there was marked
reduction in the rate of bacterial internalization (% of bacteria inteea bacteria

infected) in a dose dependent manner (Figure 22D-F).

To confirm the inhibition of tyrosine kinase activity, we analyzed the proteirs level
pPI3K and pAkt in both genistein-(10/) and LY294002-(10, 50 and 1QMM) treated
uninfected and DrE. coli infected mIMCD3 cells (Figure 23 and 24). These inhibitors
decreased tyrosine kinase activation, resulting in blocking of cellularizahvasion in
a dose dependent manner. Notably, LY294002 treated cells showed significant dose
dependent decreases in pPI3K and pAkt levels, with maximum reduction aj&100
dose. Marked reductions in pPI3K and pAkt levels were found in genistein treated cell

compared to the untreated control cells.
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Figure 22: Dr+ E. coli infection and invasion in the mIMCD3 cells treated with tyrosne
kinase inhibitors. Total bacterial infectiofA and B) and invasior{C and D) were determined
following 2 hrs of Dr+E. coli infection in mIMCD3 cells treated with tyrosine kinase inhib&or
and C) genistein an@ and D) PI3K inhibitor LY294002. Relative levels of bacterial invasion
in mIMCD3 cells treated with genistefg) and LY294004F) were expressed as a ratio of
bacterial invasion and total bacterial infection (bacteria adheusdplcteria internalized) in each
treatment group. Data for total bacterial infection and invasioprasented as mean CFU+
SEM. Relative invasion in each treatment group is expressed as Sioinaad represented as %
CFU internalized + SEM for each treatment group. The error baresseyrdata from up to 4
experiments performed in triplicate. Data were analyzed by OneAN®VA followed by
Tukey's post hoc test for multiple comparisons where P<0.05 was conssitpnditant. The
character * indicates significant differences among the tesasn# indicates significant

differences compared to the control untreated cells, and x ind&igtécant differences

compared to 1M LY294002 treatment.
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7.3.2: E2 at a physiological and a pharmacological dose differentially regulates

tyrosine kinase activation in mIMCD3 cells

To determine if E2-mediated differential effects on bacterial invasion isvolve
regulation of tyrosine kinase, we analyzed the activation status of RtB&fahkt in E2-
treatednIMCD3 cells before and after Di coli infection. The mIMCD3 cells were
either treated with a physiological or a pharmacological dose of E2tpriloe infection
and then protein levels of pPI3K and pAkt were determined in both infected aswell a

uninfected cells.

Treatment with a physiological dose of E2 (10 nM) led to a non-significanticduct
in pPI3K and pAkt levels in both uninfected and infected mIMCD3 cells (Fig8esd
24). Treatment with a pharmacological dose of E2 (100 nM) caused significant
reductions in pPI3K and pAkt levels in uninfected cells (Figure 23A and 24A). In
contrast among the infected cells, 100 nM E2 treatment induced significarisedne
pPI3K and pAkt levels. Furthermore, increase in pPI3K and pAkt following iafect

with Dr+ E. coli were observed in control untreated and E2-treated mIMCD3 cells.
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Figure 23 Cellular levels of pPI3K in the mIMCD3 cells Cells were treated with E2,
genistein or LY294002 and were either left uninfe¢#dor were infectedB) with Dr+ E. coli

for 2 hrs followed by cellular level detection of pPI3K using wesblots. Untreated cells were
considered as the conti@). Protein levels of pPI3K and total PI3K in drug-treated uninfected
and infected cells were determined by staining the total cetelygigh anti-pPI3-K 5(T458) Ab
and anti-total PI13-K Ab, respectively. Staining feactin was used as a loading control. Data
represent mean relative pPI3K levels + SEM. Error bars repredarftala two independent
experiments performed in triplicate. The replicates from eggérament were pooled for
analysis. Data were analyzed by One-Way ANOVA followed by Dunneisshmoc test for
multiple comparisons where P<0.05 was considered significant. Theteharadicates
significant differences among the treatments and # indicate$icagmidifferences compared to

control untreated cells.
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Figure 24: Cellular levels of pAkt in the mIMCD3 cells. The mIMCD3 cells were treated with
E2, or genistein, or LY294002 and were either left uninfe@@ar were infectedB) with Dr+

E. coli for 2 hrs followed by cellular level detection of pAkt usingsteen blot. Untreated cells
were considered as cont{@). Protein levels of pAkt and total Akt in drug-treated uninfected
and infected cells were determined by staining the total cell Iygttenti-pAkt (S473) Ab and
anti-total Akt Ab respectively. Staining f@ractin was performed as a loading control. Data
represents mean relative pAkt levels + SEM. Error bars repiedata from two independent
experiments performed in triplicate. The replicates from eggériament were pooled for
analysis. Data were analyzed by One-Way ANOVA followed by Dunnetttshpastest for
multiple comparisons where P<0.05 was considered significant. Thetendrandicates
significant differences among the treatments and # indicate$icagmidifferences compared to

the control untreated cells.
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8.4 Discussion

The results of the present study indicate thaBDeeli infection in mIMCD3
cells induces activation of tyrosine kinase leading to phosphorylation and actiofti
the PI3K and Akt signaling pathways and this activation is essential faiamvaf Dr+
E. coli into the cells. Bacterial internalization by non-phagocytic holt oelolves
triggering of host signal transduction mechanisms to induce rearrangemdmgost
cytoskeleton, thereby facilitating bacterial internalization (Ma#et al, 2000, Martinez
& Hultgren, 2002, Munteet al, 2006, Yam & Theriot, 2004). Activation of tyrosine
kinase involving phosphorylation and activation of the PI3K and Akt pathway appears to
be a common feature leading to bacterial internalization into a variebsbtélls by
several invasive pathogens including UPEC éHal, 2006, Korotkovaet al, 2008,
Martinezet al, 2000, Monteiro da Silvet al, 2007, Sandroet al, 1996, Uliczkaet al,
2009). Using Huh7 hepatoma cells, we previously have demonstrated that tyrosine
kinase inactivation by genistein inhibits Diet+coli internalization (unpublished data),
suggesting that a requirement for tyrosine kinase activation during.@oh
internalization is not limited to mIMCD3 cells. Internalization of UPB(on-
phagocytic epithelial cells requires binding of UPEC to the host cellulacsurf
receptors. However, our results confirm that attachment to host receptwssal
insufficient to induce internalization and it is also dependent on tyrosine kinase
activation. The fact that inhibition of tyrosine kinase markedly attenuated the
internalization process, suggests that internalization ofDcéli is an active process

mediated by epithelial cells.
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Our results are consistent with the several other cellular signatidgls of infection
showing uptake of intracellular pathogenic bacteria by epithelial @¢#list al, 2006,
Korotkovaet al, 2008, Martinezt al, 2000, Martinez & Hultgren, 2002, Monteiro da
Silvaet al, 2007, Munteget al, 2006, Sandroat al, 1996, Uliczkaet al, 2009, Yam &
Theriot, 2004). Numerous studies have reported increase in tyrosine kinaseoactivati
following infection which is associated with bacterial uptake by the efathells.
Moreover, several host cellular proteins are known to participate in bacterial
internalization via interacting with different host signal transductiotesys For
example, activation of mitogen-activated protein kinase (MAPK) and T&signaling
pathways were shown to promote invasio®teptococcus pneumoniae and
Haemophilus influenzae in nasal epithelial cellsh vitro following infection
(Beisswengeet al, 2007). Campylobacter jguni 81-176 has been shown to interact with
G protein-coupled receptor at host cell surface membrane caveolae, whicls tgge
proteins and kinases to activate host proteins including PI3K and MAPK, that appear to
be intimately involved irC. jguni 81-176 internalization (Heat al, 2006).

Saphylococcus aureus adherence and invasion in normal human and mouse osteoblasts
was found to increase the phosphorylation of the extracellular signal-regulatieid pr
kinases (ERK 1 and 2) that correlated with MAPK activation (Ellingtah, 2001).

Tyrosine kinases and JNK signalling were found to be crucidéiisseria meningitidis
invasion in human brain microvascular endothelial cells (Sokadbaia 2004). Thus, we
propose that the uptake of DEtcoli by mIMCD3 cells may involve similar

mechanisms that have been shown previously for internalization of Afa/Dr adhesion

bearingE. coli and other intracellular pathogenic bacteria by non-phagocytic epithelial
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cells involving host PI3K/Akt cell signal transduction activation induseglulfment of
the bacterium (Donnenbeeyjal, 1994, Korotkovaet al, 2008, Martinezt al, 2000, Yam

& Theriot, 2004).

We further demonstrate that physiological and pharmacological E2 doses
differentially regulate tyrosine kinase activation in infected and unedexlls. Our
results suggest that higher E2 dose activates tyrosine kinase signalihgsandyt
promote increased Dri. coli internalization in mIMCDS3 cells. Physiological E2 doses
attenuate tyrosine kinase activation and this may contribute to reduceddbacter
internalization in mIMCD3 cells. Taken together, our results show that physiald2
levels protect against DiE. coli invasion by attenuating both DAF expression and
tyrosine kinase activation; whereas, pharmacological E2 dose increatgmbac
internalization by elevating DAF expression and tyrosine kinase aotivafictivation of
the PI3K/Akt pathwayn vitro at 1uM and higher E2 doses has been previously reported
in endometrial cancer cells (Gebal, 2006). Since bacterial internalization is an
important feature of UTI pathogenesis, increased activation of tyrosine lsiggaling
at higher E2 doses may be an important contributing factor for increased suiggept
Dr+ E. coli and other UPEC induced UTlIs during pregnancy. The association between
increased hormonal levels during pregnancy and susceptibility to UTIs méyilneted
to increased colonization receptor expression (lgall, 1999) and tyrosine kinase-
activated bacterial internalization (Wroblewska-Seraudd, 2005) induced by elevated

estrogen levels. Blockade or attenuation of PI3K/Akt signaling cascagde
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considered as potential therapeutic approaches for effective conteaitefibl

internalization during UTI pathogenesis in hosts.

To our knowledge, no other studies to date have shown estrogen-mediated regulation
of tyrosine kinase activation during bacterial internalization. Our study tedi€d to
be the functional ER subtype regulating DAF expression andEDeali internalization
in mIMCD3 cells. We have not investigated the ER subtype involved in regulating E2-
mediated tyrosine kinase activation during [Bt-eoli internalization in mIMCD3 cells.
Since ER: is the predominant subtype expressed in mIMCD3 cells, it is expected that
tyrosine kinase activation by E2 in these cells may be regulated dyyhBRever, studies
will be conducted in future to discern the ER subtype involved in this estrogen-induced
response. Nonetheless, &Riediated estrogenic regulation of PI3K/Akt signaling

activation has been previously indicated (Casteirad, 2001).

Non-genomic signaling by estrogen involves rapid activation of cellular signali
kinases via activated ERs resulting in transcriptional regulaticar@ét genes (Cats
al, 2002, Edwards & Boonyaratanakornkit, 2003, Hammes & Levin, 2007, Mannella &
Brinton, 2006). For instance, in MCF7 cells E2-mediated regulation of PI3K signali
has been shown to regulate gene transcription via MAPK activation (Miglietcal,
1996). Moreover, we have previously shown that estrogen-mediated protection against
Dr+ E. coli internalization in Huh-7 hepatoma cells and primary human hepatocytes
involves regulation of MAPK activation (Kaat al, 2007) and DAF expression

(unpublished data). However, we have not yet investigated the effects of RISK/A
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signaling or PI3K/Akt and MAPK interaction on DAF expression. Our previous
observations and results from this study indicate that E2-mediated tpéiosei
regulation of DAF in mIMCD3 cells may possibly include regulation bysotas ER
dependent genomic pathways as well as signaling activation of MAPK orreléited

pathways via PI3K/Akt activation, and this will be further investigated.

We, conclude that binding of DE: coli to DAF on mIMCDS3 surfaces entails
activation of PI3K and Akt via tyrosine kinase signaling pathway and the uptake of Dr+
E. coli in mIMCD3 cells during infection is dependent on tyrosine kinase activation. A
dichotomy in the effects of E2 on tyrosine kinase activation at physiolagaatkll as
pharmacological doses is observed. This may influence the differential nal oiathe
process of bacterial internalization at varying E2 doses. The detaitddniem for
estrogen-mediated regulation of cellular signaling needs to be explordiheatethe
signaling pathways involved in bacterial colonization and internalization in host
epithelium. The information obtained can be further exploited to find therapeutic

applications against UTIs.
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CHAPTER VIII

ESTROGEN IS REQUIRED FOR PROPER INFLAMMATORY RESPONSE

AGAINST INFECTION IN THE KIDNEY

8.1 Introduction

Inflammation is a multicomponent response to infection and tissue injury that
functions to defend the host against infection and provides tissue remodeling and repair
The most distal renal tubule segments, the medullary collecting ducts érsttttecome
in contact with the ascending UPEC. Thus, IMCD are the primary site ftariahc
adherence and early inflammatory responses against UPEC. UPEC ddtiRate
expressed on the renal tubular epithelial cells and induce adequate imsporeses in
the host. TLR activation up-regulate secretion of pro-inflammatory cytoKiméso.

IL6, IL-1B) and chemokines ( MIP-2, RANTES, MCP-1), contributing to UPEC
clearance (Chassat al, 2006, Patolet al, 2005, Samuelssaat al, 2004, Schillinggt al,
2001b, Tsuboet al, 2002, Wolfset al, 2002, Wulltet al, 2001). In the renal tubules,
TLR4 are considered to be the key inflammation inducer against the granveegat
UPEC. Additionally, activation of other TLRs including TLR2, TLR5, TLR 6 and
TLR11 has also been shown to induce inflammatory response against UPEGn(&hass

al, 2006, Vandewalle, 2008). Furthermore, expression of TLR2 and TLR4 has been
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observed to be up-regulated in the distal nephrons of the inflammed kidneys following
injury and during UTIs (El-Achkar & Dagher, 2006, Gludtal, 2010, Wolfset al,

2002).

Recent studies have shown that pro-inflammatory responses are crymiaviding
the first line of defense against invading pathogen in the urinary tract.thétess,
overwhelming activation of TLR signaling and excessive inflammatapyoreses are
deleterious. Heightened inflammation can induce cellular damage in the kidnsygc
the development of chronic pyelonephritis and tubulointerstitial nephritis iy
further lead to impaired kidney function and ultimately kidney fibrosis and kidney
failure. Activation of TLRs under normal physiological condition appears t@bti
regulated and at present various mechanisms employed in regulation of JadRetd

inflammatory immune responses are under study (O'Neill, 2008, @ ahg?009).

The kidneys of estrogen-deficient OVX mice had more colonization witticDoeti
compared to the kidneys of OVX mice that were pretreated with E2 at a plgysabl
dose. The kidneys of BR- mice also showed increased [E:+coli colonization
compared to the kidneys of the &R+ mice. These results indicate E2(ERediated
protection against UTIs. Furthermore, OVX mice pretreated with E2latsagtogical
dose have reduced kidney inflammation compared to kidney inflammation observed in
the vehicle treated OVX mice post 21 days of Br<oli infection (preliminary data,
Figure 2), suggesting induction of chronic inflammation in estrogen deficientpust-

infection. It appears that E2/lERlay an important role in the immunoregulation of

169



inflammatory responses against UTIs in the host. The present study was cormucted t
determine the effects of E2/ERn the immune responses post UTI-inductiowivo and
invitro. We measured the mRNA levels of TLR 2 and TLR 4 and pro-inflammatory
cytokines (TN and IL6) and chemokine (MIP2) in the kidneys of OVX C3H/HeJ and
the ERi-/- B6.129 mice post-UTI induction. The mRNA levels of these genes were also

determined in mIMCD3 cells, following infection with DE: coli

Estrogen-deficient OVX C3H/HeJ and &R mice show depressed immune
responses during the onset of infection and show heightened inflammatory regpponses
later time points post-infection. In contrast, the respective control graegirofyen-
sufficient Non-OVX C3H/HeJ mice and ER/+ B6.129 mice show rapid inflammatory
responses at 2 days post-infection, immediately followed by a decline imimétory
responses at a later time point post-infection. Breoli infection of mMIMCD3 cells for
2 hrs caused increased inflammatory responses in the mIMCD3 cells. elBshegtment
of cells resulted in reduction of inflammatory responses; however the itgduets not

statistically significant.

8.2 Statement of hypothesis

Estrogen, via EERregulates inflammatory response in the mouse kidney against
Dr+ E. coli infection promoting rapid bacterial clearance and reducing inflammation

mediated tissue damage.
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8.3 Results

A) In vivo results

8.3.1: Estrogen deficiency leads to delayed inflammatory responses in #iéneys of

OVX C3H/HeJ mice post-infection

To understand the role of estrogen in regulating inflammation following UTI
induction, we investigated the effect of estrogen-deficiency on the hosisimétory
responses against DEt coli infection in OVX C3H/HeJd mice. The mRNA levels of
inflammation inducer, TLR2, pro inflammatory cytokines, T\&hd IL6, and
chemokine, MIP2 were measured in the kidneys of uninfected ané.[@oH infected
OVX and Non-OVX mice. C3H /HeJ mice are defective in TLR4 signahegefore we

analyzed the expression of only TLR2.

The kidneys of uninfected Non-OVX mice expressed higher levels of TLR2 mRNA
compared to the the kidneys of OVX mice, but the difference was not stéyistica
significant. In the infected mice, at 2 and 6 days post-UTI induction TLR2AvBM IS
in the OVX and the Non-OVX mice were comparable to those in the uninfected mic
However, at 21 days post- infection TLR2 mRNA levels were found to be signljicant
increased in both, the OVX and Non-OVX C3H/HeJ mice compared to those in the
uninfected controls (Figure 25A). Among the infected group, TLR2 expressiomszma

decreased in the OVX mice compared to that in the Non-OVX mice at both 2 and 6 days
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Figure 25: TLR2 and pro-inflammatory cytokines mRNA levels in tre kidneys of OVX and
Non-OVX C3H/HeJ mice. Target gene mRNA levels were determined by quantitative SYBR
green real-time RT-PCR using gene specific primers. Target mBids were normalized to
PPIA mRNA levels in each sample and relative expression wasataidulExpression values are
mean relative expression £ SEM and the error bars represent datat feast 5 animals in each

study group.

A) TLR2 mRNA levels in the kidneys of uninfected (Un) and B+ E. coli infected OVX and
Non-OVX mice at 2, 6 and 21 days post-UTI inductionData were analyzed by Two-way
ANOVA followed by Bonferroni post hoc test for multiple comparisons wher8.85 was
considered significant. The character * represents significaeteliite among the study groups,
# represents significant difference between OVX and Non-OVX miaprésents significant
difference from 21 day infected OVX mice and x represents significantatiffe from 21 day

infected Non-OVX mice.

B) TLR2 mRNA levels in the kidneys of Dr+E. coli infected E2 and vehicle treated OVX
mice 21 days post-UTI induction. Data were analyzed by Student’s T test where P< 0.05 was

considered significant.
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Figure 25: C-E) Levels of pro inflammatory cytokines TNIFe (C), IL6 (D), and MIP2 (E)
MRNA in the kidneys of uninfected (Un) and Dr+E. cali infected OVX and Non-OVX mice
at 2, and 6 days post- UTI induction.Data were analyzed by Two-Way ANOVA followed by
Bonferroni post hoc test for multiple comparisons where P< 0.05 was consideiéidasmt. The
character * represents significant difference among the study growgmegents significant
difference between OVX and Non-OVX mice, $ represents significantetifferfrom 21 day

infected OVX mice and x represents significant difference from 21rdagted Non-OVX mice.
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post-infection. However, at 21 days post- infection TLR2 mRNA expression was
observed to be increased by 2-fold in the OVX mice compared to that in the Non-OVX
mice. The E2-treated OVX mice also showed 2-fold reduced expression of TLR2
compared to that in the vehicle-treated mice (Figure 25B), however theddés were

not found to be staitistically significant.

Infection increased cytokine mRNA in the kidneys of both the OVXlandlon-
OVX mice. Among the infected group of mice, time specific serial inereasytokine
MRNA was found in OVX, as well as Non-OVX mice, at 3 versus 7 days post-UTI
induction. However, in the OVX mice significant increase in ®NE6, or MIP2
MRNA was observed only at 6 days post-infection. In contrast, in the Non-G&8{ m
expression of these cytokine mRNA were found to be markedly elevated at 2 days post
infection and their levels increased significantly at 6 days post infectiguré25C).
Notably, at both 3 and 7 days post-infection, the OVX mice expressed redutiedeyt
MRNA levels compared to the Non- OVX mice. However at 7 days post—infection the
TNFa mRNA levels in the kidneys of OVX mice were found to be increased compared to

those in the kidneys of Non-OVX mice (Figure 25C).

8.3.2: ERu-/- mice mount delayed inflammatory responses than do the ER/+ mice

post-infection

To determine the specific role of &R regulating the kidney immune responses

against Dr+E. coli in the infected kidneys, we measure the mRNA levels of TLR4,
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TLR2, TNFu, IL6, and MIP2 in the kidneys of BR- and ER+/+ mice at 3 and 7 days

post-UTI induction.

The expression of TLR2, TLR4 and pro-inflammatory cytokines in the/Eé&hd
ERo+/+ mice are represented in Figure 26. Time specific serial img@adLR2 and
TLR4 mRNA levels at 3 verses 7 days post-infection were found i/ERice (Figure
26 A-B). In contras, E&+/+ mice showed a serial decrease in the TLR2 mRNA levels
from 3 to 7 days post—infection (Figure 26A). TLR4 expression in the-BRmice

remained similar at 3 and 7 days post-infection (Figure 26B).

At 3 vs 7 days post infection, we observed time specific serial increasesdramtilF
IL6 mMRNA in the ER-/- mice. In contrast, there was a serial decrease in the mRNA
levels of these cytokines in the &R+ mice from 3 to 7 days post-infection (Figures
26C and 26E). Importantly, the serum TdNEvels in the ER-/- were also found to be
significantly higher compared to that in the &R+ mice at7 days post-infection (Figure
26 D). In comparison to the the ER+ mice, the ER-/- mice expressed higher levels of

MIP2 mRNA at 3, as well as 7 days, post-UTI induction (Figure 26F).
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Figure 26: TLR2, TLR4 and pro-inflammatory cytokines mRNA levels inthe kidneys of
ERa-/- and ERe+/+ mice. Target gene mRNA levels were determined by quantitative SYBR
green real-time RT-PCR using gene specific primers. Target mBiAs were normalized to
PPIA mRNA levels in each sample and relative expression wasaaldulExpression values are
mean relative expression + SEM and the error bars represent datat fleast 4- 5 animals in

each study group.
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Figure 26: TLR2, TLR4 and pro-inflammatory cytokines mRNA levels inthe kidneys of

ERa-/- and ERa+/+ mice

A-B) TLR2 and TLR4mRNA levels in the kidneys of ERu-/- and ERa+/+ mice at 3 and 7

days post-UTI induction. Data were analyzed by Two-Way ANOVA followed by Bonferroni
post hoc test for multiple comparisons where P< 0.05 was considerdataigniThe character *
represents significant difference among the study groups, # represeritsagigdifference
between ER-/- and ER+/+ mice, and X represents significant difference between 3 and 7 day

infected ER+/+ mice.

C-D) TNFa expression in kidneys of Dr+E. coli infected ERu-/- and ERa+/+ mice post-UTI
induction at mRNA (C) and protein (D) levels. Data were analyzed by Two-Way ANOVA
followed by Bonferroni post hoc test for multiple comparisons for Figure Gardent’s t test
for Figure D where P< 0.05 was considered significant. The deafaepresents significant
difference among the study groups, # represents significant differemesebdER-/- and

ERo+/+ mice.

E-F) Levels of pro inflammatory cytokines, IL6 (D) and MIP2 (E) mRNA in the kidney of
ERa-/- and ERa+/+ mice at 3 and 7 days post-UTI induction.Data analyzed by Two-Way
ANOVA followed by Bonferroni post hoc test for multiple comparisons wheré.B5 was

considered significant.
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B) In vitro results

8.3.3. Effects of E2 on inflammatory responsés vitro in mIMCD3 cells post-

infection.

We determined the effect of estrogen at different E2 doses on the mRN#\déve
TLR2 and 4, pro-inflammatory cytokines (T&HAL6), and chemokines (MIP2) in the

uninfected and DrE. coli infected mIMCD3 cells following 2 hrs of infection.

Infection significantly increased the mRNA levels of TLR2, TLR4, d,NE6, and
MIP2 in both E2-treated, as well as untreated cells (Figure 27). At 2 hra)faxtien no
significant difference was observed in mRNA levels of these inflammatarkers in E2

treated or untreated mIMCD3 cells.

8.4 Discussion

To our knowledge we demonstrate for the first time, the modulatory effects of
estrogen on pro-inflammatory responses in the kidneys of mice dpedlevith Dr+E.
coli. We also show that the estrogen-mediated regulation of innate immune response in
the kidney is mediated via action of &Rctivation pathway. Our time point data
following Dr+ E. coli infection in the OVX mice showed delay in induction of innate

immune responses in the kidneys. In contrast, the Non-OVX mice exhibited amdofti
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Figure 27 TLR2, TLR4, and pro-inflammatory cytokines mRNA levds in E2-treated
mIMCD3 cells following infections with Dr+ E. coli for 2 hrs. Target gene mRNA levels were
determined by quantitative SYBR green real-time RT-PCR using geneispeaifers. Target
MRNA levels were normalized to PPIA mRNA levels in each sampleedative expression was
calculated. Expression values are mean relative expression + SEMa@riohes represent data
from at least 4 experiments performed in triplicate. Data analyzed/by/Wlay ANOVA

followed by Bonferroni post hoc test for multiple comparisons where P<0.05 wadereqds
significant. The character * represents significant diffeeeamong the study groups, and #

represents significant difference between uninfected and infected cell
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robust inflammatory responses following the onset of infection. We have earlier
demonstrated that estrogen at a physiological dose provides protection agaiBstdbr
colonization, whereas estrogen deficiency increase€Deali colonization in the mice
kidneys (results discussed in chapter IV). Based on these results, it apakars t
differential inflammatory responses are generated in the kidneys inetbenge or
absence of estrogen as observed in these mice and may contribute to diffeaeterial
colonization. Furthermore, following UTI induction in the &R mice, we found a
similar depressed and delayed immune responses in the kidneys that may beblesponsi
for increased bacterial colonization in these mice (discussed in chaptediMhe
contrary, similar to Non-OVX mice ER/+ mice were able to generate rapid immune
responses resulting in clearance of infection and regulation of the inflammegponses
earlier compared to the R- mice. Thus, apart from proinflammatory cytokines,
function of ERx is important for regulating infection and inflammation against B+

coli in the kidney.

Following infection, bacterial colonization in the urinary tract is controfetLiR
activation and pro-inflammatory cytokine up-regulation (Svaniebat, 2001a,
Svanborggt al, 2001b). The bladder and kidney epithelial cells are reported to be the
major sources of IL6 and IL 8 following infection with UPEC (Hedges, 1994,
Hedgest al, 1996). IL6 serves a variety of immunoregulatory functions including
amplification of inflammatory signals involved in neutrophil recruitment ammcugation
of IgA secretion by B cells (Hedgesal, 1991, Hedgest al, 1992). In the human

urinary tract IL8 attracts the neutrophils and a similar role is play@diBg in the
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murine urinary tract (Hang al, 1999). TN initiates the inflammatory signaling

cascade by TLR2 and TLR4 up-regulation, as well as induction, of IL6 and IL8/MIP2
secretion from the uroepithelial cells (Billipsal, 2007, Wolfset al, 2002). In our

study, the estrogen deficient OVX mice and thex#Rmice had reduced stimulation of
these pro-inflammatory cytokines during the early stages of URfECtion that

correlated with increased bacterial colonization in their kidneys. #isdRx-/- mice
exhibited lack of regulation of proinflammatory responses and continued to have higher
levels of cytokines at the later time point compared to the that in the/ERice. TN

but not IL6 or MIP2 were found to be expressed more in the OVX mice kidneys than in
the Non-OVX mice kidneys, at day 6 post-infection. This indicates a differentia

regulation of TNl by estrogen.

We found a delay in increase of TLR2 expression in the OVX, as well asrthe N
OVX C3H/HeJ mice post-infection, and an increase in TLR2 expressiofowas only
at 21 days post-infection. The delay in TLR2 activation at early time points may be
responsible for the increased bacterial colonization and elevated inflammatien in
OVX mice at a later time point compared to those in the Non-OVX and B@2d©VX
mice. TLR2 expression is suggested to be dependent on inflammatory cytokiriag prim
(Wolfs et al, 2002). C3H/HeJ mice are defective in TLR4 signaling resulting in LPS
unresponsiveness and reduced inflammatory signaling (Haetakd 999, Shahiet al,
1987), which may explain the delay in up-regulation of TLR2 in these mice. Despite the
delayed immune resposes, the Non-OVX and E2-treated OVX C3H/HeJ nieéowed

to express increased levels of TLR2 compared to the OVX C3H/Helanhearlier time
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points following infection, suggesting estrogen mediated regulation of TLR2. Howeve
at 21 days post-infection, Non-OVX mice and E2-treated OVX mice expreskerece
TLR2 mRNA levels compared to that in the OVX mice. Furthermore, in thecBiett
group of mice we found significantly reduced levels of serumd NE6, MIP 1a, and

other pro-inflammatory cytokines at 21 days post-UTI induction (unpublished data).
Supporting this data on E2 effects, at 21 days post-UTI induction the kidney tissues of
E2-treated OVX mice were also found to have significantly reduced inflaiomrand
lymphocyte infiltration compared to those observed in the kidneys of vehicledreat
OVX mice (preliminary data, Figure 2). Thus, physiological levels obgsh in mice
seems to be necessary for initial rapid stimulation of TLR aativand pro-

inflammatory cytokine secretion resulting in bacterial clearancelatitef to limit the
inflammatory response at the later stages of infection to prevamt tissnage associated
with sustained inflammation. It is possible that estrogen may also senauntt
inflammatory effects as we have found down-regulation of TLR and pro-infdanyn
cytokine secretion at later stages of infection in estrogen sufficient rHio@ever in this

study we have not assessed the expression of anti-inflammatory cytokines.

Modulatory effects of estrogen have been studied in several animal modetshaf chr
inflammatory diseases and in kidney damage (Béish, 2004, Elliotet al, 2007, Satake
et al, 2008, Silbiger & Neugarten, 2008, Straub, 2007). Our results are in accordance
with the study, where physiological dose of E2 viauE#s found to be necessary for
rapid induction of TLR2, TN&, and IL-12 following bacterial or viral infections in

female mouse brain (Soueyal, 2005). In addition, estrogen at physiological levels was
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found to enhance the antibacterial activity in secretions of polarized human uterine
epithelial cells (ECC-1) in culture (Fahetyal, 2008). Moreover, thgroestrous state of
estrous cycle in females is characterized by more vigorous immune respongeared

to the diestrous stage and to the males (Angede 2006). Also, proestrous female mice
have maintained splenocyte function and tolerate polymicrobial sepsis muctlitzeite
do the male mice that exhibit depressed immune responses under those conditions,
indicating a possible role of estrogen in enhanced immune responses in females
(Zellwegeret al, 1997). Depressed release of pro-inflammatory cytokines is also
observed in aged female mice following trauma haemorrhage and this obsesvation i
accordance with the clinical finding demonstrating higher mortaligsriat septic
postmenopausal women (Angeteal, 2003, McLauchlamet al, 1995). Furthermore,
immune cells also express ERs (Straub, 2007), suggesting that estrogen meaigénthe
immune cells within the tissue of the affected organ to modulate inflamnragpgnses.
For example physiological E2 levels were found to directly modulate dendtitic ce
differentiation (Carrerast al, 2008, Carreragt al, 2010). Estrogen deficiency has been
associated with increased Talproduction by T cells leading to increased osteoclast
formation and bone resorption, furthermore estrogen is suggested to prevent bone loss by
regulating T cell function and immune cell bone interactions (Weitzmann gidPac
2006). Additionally, estrogen deficiency has been shown to up-regulate TLR2 and TLR
4 expression in osteoclast cells and epidermal keratinocytes; furthermsenqaef
estrogen has also been shown to up-regulate TLR signalingefkim2009, Kohet al,
2009, Moeinpouet al, 2007). Our findings support the results from these studies

showing importance of estrogen in immune modulation and in maintenance of host
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immune homeostasis following infection. Thus far, there are limited studiesimgpor
estrogen mediated regulation of TLR expression. Our study provides the Virsi
evidence for estrogen/ERmediated regulation of TLR2 and TLR4 in the kidney during

Dr+ E. coli induced UTI.

In mIMCD3 cells, following 2 hrs of infection we found increased expression of
TLRs and pro-inflammatory cytokines. For uninfected, as well as infeetés treated
with physiological dose of E2 (10 nM), we found a slight decrease in expression of
inflammatory markers except for TLR2 and MIP2, however the decrease was not
statistically significant. Lack of time course experiments for E&rment in this study
are responsible for inconclusive data. Infection and cytokine kinetics exp&sivid be
performed in the future to better determine the effects of estrogen onstapreisTLRS

and pro-inflammatory cytokines using aarvitro mIMCD3 cells culture model.

Inflammation is also associated with increased expression of DAttt
collagen that are the receptors for [B+coli colonization. The basal expression of DAF
and type IV collagen expression in the uninfected mice are higher in @aMXin Non-
OVX mice, suggesting E2 mediated regulation of these receptors. Oussagieell as
otherin vivo andin vitro studies have shown inflammation induced elevated expression
of DAF and collagen expression following infection (Betial, 2003b, Fangt al, 2004,
Mankheyet al, 2007, Meldrunet al, 2007, Nowickiet al, 2009, Potieet al, 2002) In
the present study following 2 days of infection, the Non-OVX and thetERmice

expressed higher levels of cytokines that corresponded with reldtigglgr DAF and
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type IV collagen mRNA expression (discussed in chapter VI). Supportinggumant,
we found higher Dr. coli colonization initially in the Non-OVX mice and in the
ERa+/+ at this time point. However at a later time point the expression of pro-
inflammatory cytokines, DAF, and type IV collagen decreased in thagestisufficient
mice. These mice also showed reduced bacterial colonization compared to the OVX

mice at later stages post-infection.

Pathogen recognition by mucosa and subsequent release of pro inflammatory
cytokines are critical features of the innate host defense systemtageaaisng
pathogens. Our results support our hypothesis that physiological estrodemdgutate
bacterial colonization and the resulting innate inflammatory respdmsegtomoting
rapid bacterial clearance and limiting inflammation induced tissue damdy+E. coli
infected mouse kidney. Furthermore,d&ttion is involved in this protection.
Additional studies are needed to be conducted to understand the effects of estrogen at
different cellular levels in modulating inflammatory responses anditty #s role in

shifting the immune responses from innate to adaptive during pathogen elimination.
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CHAPTER IX

SUMMARY AND SIGNIFICANCE

9.1 Summary and Conclusion

The pathogenesis of UTIs is complex and is influenced by various virulence factor
of the UPEC as well as by several host factors. Possible role of ovarian hermone
particularly estrogen has been implicated in the etiology of UTIs in femblewaever,
the precise mechanism associated with estrogen related etiologysoisUihclear.

Limited in vivo andin vitro studies have been conducted in this area. By utilizingnour
vivo experimental UTI mouse model amdvitro mIMCD3 cell culture model, we
investigated the possible effects of estrogen deficiency and physidldgszaof

estrogen on susceptibility to DE: coli uropathogenesis. We also determined the role of
ER subtype in mediating the possible effects of estrogen during.Bol infection

using ourin vitro as well asn vivo experimental UTI models. To our knowledge, this
study provides the firgh vitro andin vivo evidences for estrogen and d&eRediated
modulation of Dr+E. coli uropathogenesis. The results and conclusions frormaeino

andin vitro studies are summarized below.
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A) In vivo studies

9.1.1: Estrogen-deficiency in OVX C3H/Hednice increases Dr+E. coli colonization
in the urinary tracts, and estrogen supplementation at a physiological dose these

mice provides protection against Dr+E. coli colonization in the urinary tracts.

The estrogen-deficient OVX mice showed increased susceptibility-th.[@oli
colonization in the bladder and kidneys compared to the colonization in the bladders and
kidneys of the estrogen-sufficient Non-OVX mice. Additionally, timent of the OVX
mice with a physiological dose of E2, prior to UTI induction, led to a reduceertzdc
colonization in their bladder and kidneys. These observations suggest that esteogen at
physiological dose serves as an important host factor in providing protection &yainst

E. coli colonization in the urinary tract.

9.1.2: Protective effects of a physiological dose of E2 in mouse kidney irtgu
regulation of DAF and type IV expression, and modulation of infection indued

inflammation.

The estrogen-deficient OVX mice expressed increased levels &. Doli
colonization receptors, DAF and type IV collagen, in the kidneys compared to the
expression of these receptors in the Non-OVX mice, suggesting increasedilsiliscept
of OVX mice to Dr+E. coli induced UTI. Following infection, the OVX mice treated
with a physiological dose of E2 and the estrogen sufficient Non-OVX mpessed

reduced levels of DAF and type IV collagen in the kidneys compared to the expression of
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these receptors in the vehicle-treated OVX mice. These observatdamste conclude
that host endogenous estrogen at host physiological dose down-regulate DABeaM ty

collagen expression in the kidney, thus allowing reducingbceli colonization.

The inflammatory responses in the estrogen-sufficient Non-OVX G8Httice at
the onset of infection were found to be elevated. In contrast, inflammatponses in
the estrogen-deficient OVX mice were found to be depressed whichatedralith
increased bacterial colonization in the kidneys of these mice. The inflanymat
responses in the estrogen-sufficient Non-OVX mice and the E2-treséadrize
declined at latter time point; however the inflammatory responses isttiogen-
deficient OVX mice increased profoundly. These observations suggest that a
physiological level of estrogen is an important host factor for resolutiovestion as it
promotes rapid induction of optimum immune response. In contrast, host estrogen
deficiency leads to a delayed immune response allowing increasedabactienization
resulting in persistent infection. It is known that the sustained infecisoitsen
continued inflammation that may contribute to kidney fibrosis and renal failure in the
host. Thus, we conclude that physiological levels of estrogen are protective by
promoting immediate robust immune responses leading to bacterial cleangince

maintenance of the host immune homeostasis, following pathogen elimination.

9.1.3: Estrogen-mediated modulation of Dr-E. coli uropathogenesis in mouse

kidney is ER dependent and occurs via E& activation.
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We show that the protective effects of estrogen againsEDgeli uropathogenesis
are ER dependent and specifically involvesERtivation. Blocking of ERs with a pure
ER-antagonist ICI 182, 780, in the estrogen-sufficient Non-OVX mice resalted i
increased Dr. coli colonization in their bladders and kidneys post-UTI induction. This
suggested that estrogen-mediated protection againdt.[@pH in mouse urinary tract is
ER dependent. Further, ICI 182,780 treatment in these mice reversed the estrogen-
mediated down regulation of DAF and type IV collagen expression, suggédmsting t

estrogen regulates DAF and type IV collagen via the classical ER deppatlevay.

The kidneys of C3H/HeJ and B6.129 mice do express batlaBRER, however
ERa expression is predominant. Thus, we proposed thatr&®/ be the functional
receptor for estrogen mediated protective effects in the mouse kidneyist€ainwith
our hypothesis, we did find increased kidney bacterial colonization correspavithng
increased DAF as well as type IV collagen expression in the/ERice as compared to
the ERi+/+ mice. The ER-/- mice also had increased bacterial colonization in their
bladders as compared to thedR+ mice. Consistent with our findings in OVX mice,
the ERx-/- mice showed delayed innate inflammatory responses at initiaptimés and
were responsive only later during the course of infection. In contrast/ERice
showed a robust innate immune response soon after the onset of infection. Based on
these observations we concluded that the protective effects of estrogest BgaE.
coli uropathogenesis are mediated viamER

B) In vitro studies
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9.1.4: Estrogen differentially modulates Dr+E. coli invasion in mIMCD3 cells in a

dose-dependent manner.

E2 pretreatment of mMIMCD3 cells, at physiological doses (1-10 nM) signiffcant
reduced Dr+E. coli internalization compared to that in the untreated control cells.
Treatment of cells with a pharmacological dose of E2 (100 nM) prior to infecsatiee
in marked increase in the bacterial invasion compared to the cells tredted wi
physiological doses of E2. These observations led us to conclude that estrogen at a
physiological dose provides protection against bacterial internalization iCD8wells,
whereas estrogen deficiency or a pharmacological estrogen dose imuease in

bacterial invasion in these cells.

9.1.5: Estrogen differentially regulates expression of DAF and induction ohée

tyrosine kinase activation pathway in a dose-dependent manner.

DAF expression was found to be significantly reduced in the cellsdredth
physiological doses of E2 compared to that in the untreated control cells andetighe c
treated with a pharmacological dose of E2. Also, dose-dependent E2 regulated changes
in DAF expression resulted in differential invasion of the Breoli in mIMCD3 cells.
We conclude that physiological levels of estrogen down-regulates DAF sxpr&s
mIMCD3 cells thus lowering bacterial invasion, while estrogen-deficiem¢ygher
estrogen levels increase DAF expression leading to an increaseddbactasion in the

cells.
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The tyrosine kinase induced PI3K/Akt signaling pathway was found to be activated
during Dr+E. coli internalization in mIMCD3 cells. Thus, tyrosine kinase mediated
PI3K/Akt signaling activation, may represent one of the host cell sigmedduction
pathway during Dr. coli internalization in these cells. Furthermore, treatment of cells
with E2 at a physiological dose was found to reduce the induction of the RIBK/A
signaling pathway, whereas treatment with a pharmacological dose of BEizarghy
enhanced the PI3K/Akt pathway activation. It appears that modulation of ®AElbas
tyrosine kinase activity following bacterial adherence may representpamtant

requirement for DrE. coli internalization in mIMCD3 cells.

9.1.6: E2-mediated protective effects against Drt. coli invasion in mIMCD3 cells

occurs primarily via ERa activation pathway.

We found that blocking of ER activity by pure ER-antagonist ICI, 182 780 treatment
resulted in increased Di: coli invasion in mIMCD3 cells. ICI, 182 780 significantly
reversed the protective effects of 10 nM E2 in a dose dependent manner, whesreells w
co treated with E2 (10 nM) and various doses of ICI,182 780. This suggested that
protective effects of E2 are ER dependent. Furthermore, we found significaritaeduc
in bacterial invasion in the cells treated with thexESRecific agonist similar to E2
action, while ER specific antagonist reversed the E2-mediated protection. We did not
observe any effect of HRactivation or inactivation on DrE. coli invasion in mIMCDS3.

Thus, the ER but not the ER pathway is involved in the E2-mediated protection against
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Dr+ E. coli invasion in the mIMCD3 cells. In addition, &S the predominant subtype
expressed at mMRNA levels in mIMCD3 cells, explaining the functional role efdzBr

ERB in these cells. Blocking ER activity in the cells with ICI, 182,780 caused s&ea
Dr+ E. coli invasion and DAF expression compared to the cells treated with E2.
Furthermore, ER-specific activation with PPT in the infected cells induced sigamfic
reduction in DAF expression and bacterial colonization which was comparable tanthose
the cells treated with E2, but was significantly lower than those in the t@ttreantrol

cells. These observations suggest that E2 regulated DAF expressiornnaativation
serves as one of the possible mechanisms involved in estrogenic protection against Dr

E. coli invasion in mIMCD3 cells.

Finally, we conclude that host endogenous levels of estrogen and ER subtype
expression may play an important role in determining the host’s susceptilifl | by
Dr+ E. coli. A Physiological level of estrogen via activation ofcE$ems to provide
protection against DrE. coli colonization by regulating expression of colonization
receptors and induction of tyrosine kinase cellular signaling pathway.ditoag a
physiological level of estrogen may also regulate infection in the agtierating
robust early induction of innate inflammatory response in the urinary traotjrad rapid
clearance of bacteria and establishment of immune homeostasis follaetegidl

elimination.
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9.2 Significance and Future directions

UTI remains a problem of clinical and medical significance due to the ever
increasing rate of antibiotic resistance in UPEC and the unavaiaifiMaccines. This
project will be the basis future studies investigating various host fabairsyaly be
responsible for occurrence of recurrent UTIs. Increased understanding ohaggrat
bacterial virulence and host susceptibility factors will allow indivichadion of diagnosis
and therapy for UTI; this will help combat the present limitations assdaadte
available treatment options for UTIs (Godaly & Svanborg, 2007). Furthermore,
understanding of molecular mechanisms involved in bacterial pathogenesis and
inflammation at the cellular level is vital for the development of novatesires for

prevention and treatment of UTIs (Sivick & Mobley, 2010).

Our study provides the firstvivo andin vitro evidences for the protective
effects of a physiological dose of estrogen againstiBesli colonization and invasion
in the kidney. Using E&/- mice, we report for the first time that estrogen protection
against uropathogenesis is mediated via.ER our study, we also show that estrogen
via ERu regulates expression of adherence receptors, DAF and type 1V cotlagrety
regulating the attachment of DE: coli to the host urinary tract. Clinical studies in
patients have also indicated that increase in density of UPEC epitbeéators tend to
increase their risk to have recurrent UTIs and pyelonephritis (Herretal, 2002). Our
experimental results do support the observations made in clinical settings on Hormona
regulation of UTI susceptibility in patients. For instance, increase Irsusceptibility is

observed in pregnant women that exhibit high estrogen levels or in postmenopausal
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women that exhibit low or deficient estrogen levels @dal, 2004, Maloney, 2002,

Mittal & Wing, 2005, Schnarr & Smaill, 2008).

Based on these observations and utilizing the available information in thergera
mechanisms for interrupting host receptor and bacterial ligand interactiorse
developed as a therapeutic strategy for blocking the adherence of UPEC w&llb@sict
thus disrupting the cycle of re-infection during uropathogenesis. Studies iatiegtitipe
molecular mechanisms of UPEC colonization and invasion at cellular levelsansimg
vitro model will guide the identification of additional pharmacological regusadicting
similar to physiological estrogen in regulating colonization receptanession or in
boosting innate inflammatory response in the host infected with UPEC. Based on our
results, preclinical studies are needed to include prophylactic estrogacerapht
therapy at physiological doses or treatment with specific §fective ligands. In
addition, research needs to be conducted towards development of mucosal ¥accines
Dr+ E. coli to generate local antibody responses to block UPEC binding receptors. Such
vaccines will block binding to DAF and prevent CE+coli colonization and infection in

the urinary tract of patients with recurrent infections.

In our study ER-/- mice showed increased UTI susceptibility and this suggests that

clinical studies should be conducted to look for possible reduceckptession or EiR

polymorphism in patients with recurrent UTIs or pyelonephritis.
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Our future work will focus on identifying different signaling mechaniass®ciated
with estrogen-mediated modulation of DAF and type IV collagen utilimngvo andin
vitro experimental models. We will also work towards studying estrogen reediat
differential regulation of inflammatory responses against UPEC unifieredit clinical
settings involving patients with different estrogen levels. RNAI straseggainst ERs
and colonization factors will be employed untevitro andin vivo settings to
investigate the functional role of ERs and colonization receptors during UTI
pathogenesis. Role of ERand ER and possible ER gene polymorphism in UTI
susceptible hosts will be studied. The information obtained will further guide us in

identification of novel biomarkers or therapeutic strategies for tesgtof UTI.
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Appendix Figure 1: Bacterial counts in the right and left kdneys of OVX C3H/HeJ mice.
Bacterial CFU per gram kidney tissue in vehi@deand B) OVX and E2(C and D) treated OVX
mice at 2 and 6 days post-UTI induction with [E+coli. Bacterial CFU counts from right
kidney are depicted by open diamonds and those from left kidney are indicatieidby fi
diamonds. Each symbol in the graph represents values from the right airieft &f a mouse.
Data in each graph shows bacterial counts with mean CFU + SEM an8arrepresents data
from 4-6 mice. There was no significant difference in bacterialtsdtom right and left kidneys

of mice from each study group. Data were analyzed by Student’s t-test RA@05 was
considered significant.
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Appendix Figure 2: MTT assay for drug toxicity in the mIMCD3 cells Toxicity of the drugs
in mIMCD3 cells (A, C-1) and hIMCD cells (B) was determinigy MTT assay. Cellular growth
is represented as the function of absorbance at 570nm. Absorlanee are plotted as mean
absorbance + SEM. Error bars represent data from at et independent experiments
performed in triplicate. P < 0.05 was considered significanty @l non-toxic doses were used
for the treatment during the invasion studies. Also, the pratife dose of MPP (1(M) was
not used in the present study. The character * indicate signifitfherence from the untreated

control cells.
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Appendix Figure 3: Protein expression of DAF and type IV cdhgen in the kidneys of
C3H/HeJ mice A) The DAF (a, b and c) and type IV collagen (d, e and f) protein expression
were determined in the paraffin embedded kidney tissue sections of \afddE2-treated OVX
mice post 21 days of UTI induction with DE: coli by immunohistochemistry using specific
antibodies. Negative control images represents hematoxyline-astaimeg of the tissue
sections done in absence of the specific antibodies. Images a, b arad 2Ga¥magnification
and images d. e and F are at 40X magnification in Figure A. B) Stantersities were
quantified and are represented as mean staining score + SEM for vl as type IV
collagen. Staining scores represent a scale of 0 to 4, where 0 repnesstiaising and 4
represents maximum staining. E2-treated OVX mice showed decre@session of DAF as
well as the type IV collagen in the kidney tubules compared to vehictedré&d/X mice.

(Unpublished lab data). The character * indicate significant differbetween treatment groups.
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ABSTRACT: Urinary tract infection (UTI) is a disease of medical $igamce. One of
the important clinical effects of estrogen deficiency in postmenopausalmwisrtieir
increased susceptibility to UTIs. Estrogen replacement in these womiéectsve in
prevention of bacteriuria. However, the molecular mechanisms involved with estroge
treatment against UTIs are poorly understood. Uropathogeni&€eti can cause
cystitis, recurrent UTI and pyelonephritis in humans, and induce chronmneyiritis

in C3H/HeJ mice. DrE. coli colonize and invade the host uroepithelium by adhering to
decay accelerating factor (DAF) and type IV collagen and these arenkndye
hormonally regulatedin the present study, we investigated the role of estrogen and
estrogen receptors (ER) in modulation of [E+oli uropathogenesis using anvivo
C3H/HeJ murine model and amvitro model of mouse kidney inner medullary
collecting duct (mIMCD3) cells. Ovariectomy (OVX) induced menopausal showed
increased bacterial colonization in the bladder and kidney tissues compared tayhe ova
intact mice after experimental induction of CE+coli infection. Pretreatment of the
OVX mice withB-estradiol (E2) at a physiological dose reduced bacterial colonization.
ER antagonist ICI 182,780 pretreatment increased bacterial colonizatienaudry

intact mice, suggesting ER involvement. Furthermore, UTI induction ir/ERice led

to increased bacterial colonization in the bladder and kidney tissues compared to the
ERa+/+ mice confirming ER involvement. Increased kidney infection corresponded
with an increase in DAF and type IV collagen expression in OVX as well ag-ERice.
Delayed induction of TLR2 and pro-inflammatory cytokines in the OVX and@-ER

mice at onset of infection resulted in increased bacterial colonization companed t
control mice. Protective effects of estrogen againstBesli invasion were also seen

in mIMCD3 cells, where physiological levels of E2 led to a 40-50% reductiorctersd
invasion and down-regulation of DAF expression.aERlective agonist (PPT) provided
significant protection against bacterial invasion, while ICI1 182, 780 blocked the E2
protection. In contrast, a higher E2 dose increased bacterial invasion and DAF
expression. E2 treatment activated tyrosine kinase in a dose-dependent mdmaser in t
cells. In summary, we report for the first time that a physiological dfbsstrogen via
ERo action provides protection against CE:+coli colonization in the urogenital tract by
modulating binding receptors and regulating activation of innate inflammagpgnses.
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