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Abstract

Recurrent bacterial infections are a significant burden worldwide, and prior history of infection is
often a significant risk factor for developing new infections. For urinary tract infection (UTI), a
history of two or more episodes is an independent risk factor for acute infection. However,
mechanistic knowledge of UTI pathogenesis has come almost exclusively from studies in naive
mice. Here we show that, in mice, an initial £scherichia coli UTI, whether chronic or self-limiting,
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leaves a long-lasting molecular imprint on the bladder tissue that alters the pathophysiology of
subsequent infections, affecting host susceptibility and disease outcome. In bladders of previously
infected versus non-infected, antibiotic-treated mice, we found (1) an altered transcriptome and
defects in cell maturation, (2) a remodelled epithelium that confers resistance to intracellular
bacterial colonization, and (3) changes to cyclooxygenase-2-dependent inflammation.
Furthermore, in mice with a history of chronic UTI, cyclooxygenase-2-dependent inflammation
allowed a variety of clinical £. coliisolates to circumvent intracellular colonization resistance and
cause severe recurrent UTI, which could be prevented by cyclooxygenase-2 inhibition or
vaccination. This work provides mechanistic insight into how a history of infection can impact the
risk for developing recurrent infection and has implications for the development of therapeutics for
recurrent UTI.

Bacterial infections, in particular recurrent bacterial infections, are a significant health,
financial and quality of life burden worldwidel. Sixty percent of women will have at least
one urinary tract infection (UTI) in their lifetime? and in ~25% of women who suffer an
initial UTI, a recurrent UTI (rUTI) will occur with the same or a different bacterial strain in
the following six months3. Furthermore, some women will have highly recurrent UTI, with
six or more episodes per year3. Two of the most important independent risk factors for UTI
in sexually active premenopausal women are a history of rUTI (two or more episodes)* and
afirst UTI at age <15 years®. However, experimental models of UTI have largely been
limited to animals without prior infections®-8, so how infection history impacts the risk for
and outcome of rUTI remains poorly understood. To elucidate the molecular interplay
between infection history and increased susceptibility to rUTI, we investigated molecular
mechanisms in a mouse model of recurrent cystitis (bladder infection) (Fig. 1a)%10.

Results

In C3H/HeN mice, acute bladder infection with the prototypical uropathogenic Escherichia
coli (UPEC) isolate UTI89 (ref. 11) results in two distinct outcomes: spontaneous resolution
of infection within the first 7-14 days or progression to persistent bladder infection, referred
to here as chronic cystitis. This bimodal outcome mimics the natural history of
uncomplicated UTI in placebo-treated women: 25-75% of women spontaneously resolve
symptoms and bacteriology, while the rest remain symptomatic and bacteriuric for weeks?.
Antibiotic treatment of chronically infected mice sterilizes the urinary tract, allowing rapid
repair of the bladder mucosal surface®. However, if infection is allowed to persist for >14
days before antibiotics, convalescent mice become predisposed to developing severe
recurrent cystitis upon subsequent challenge and are thus referred to as “sensitized’. In
contrast, mice that spontaneously resolved the initial infection are highly resistant to
challenge infection and are thus called ‘resolved’ (Fig. 1a). Elevation of neutrophil
chemokines and myeloid cell development factors (CXCL1, CXCL2 and G-CSF) in the
serum and urine of mice 24 h post-infection (h.p.i.) is predictive of chronic infection and
subsequent sensitization to rUTI (ref. 9). Similarly, in women with an acute UTI, high serum
levels of neutrophil chemokines and myeloid cell development factors (CXCL1, CXCL8 and
M-CSF) correlated with subsequent rUT] (ref. 10), supporting the relevance of our model.
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Prior infection affects host susceptibility to recurrent UTI

To study the longevity of differential responses to subsequent infections due to prior history
of infection, we challenged sensitized, resolved and age-matched mice with no history of
UPEC UTI (naive) with UTI89, after six months of antibiotic-induced convalescence. We
determined bacteriuria over time and assessed the incidence of chronic cystitis, which is
defined as persistent high-titre (>10% c.f.u. mI~1) bacteriuria over four weeks and high-titre
(>104 c.f.u.) bladder infection when humanely euthanized. Sensitized C3H/HeN mice
remained significantly more susceptible to developing severe rUTI than age-matched naive
mice (Fig. 1b) and resolved mice (Fig. 1b and Supplementary Fig. 1). Furthermore, we
found that C57BL/6J mice with a history of chronic cystitis (induced via superinfection with
two doses of UPEC 24 h apart!2; Supplementary Fig. 2) were also prone to significantly
increased susceptibility to rUTI (Fig. 1c). Thus, ‘sensitization’ to rUTI as a result of chronic
cystitis is long-lasting and occurs in different host backgrounds.

Diverse uropathogens can cause recurrent UTI

E. coli causes up to 80% of community-acquired UTI (ref. 3). Clinical isolates recovered
from women with UTI are phylogenetically, genomically and phenotypically diverse,
sharing as few as 60% of their genes in pairwise strain comparisons3, and vary significantly
in their ability to colonize naive mouse bladders. We thus assessed infection outcomes in
sensitized, resolved and age-matched adult naive mice challenged with clinical
uropathogenic strains (Supplementary Fig. 3) after an initial UTI89 infection and antibiotic
therapy. Our panel of strains differed in the clinical UTI syndrome with which they were
associated, and included (1) UTI89, a cystitis isolatel; (2) EC958, a multi-drug-resistant
cystitis isolatel4; (3) CFT073, a urosepsis isolatel®; (4) 83972, an asymptomatic bacteriuria
isolatel®; and (5) TOP52, a cystitis isolate of Klebsiella pneumoniae, a common cause of
UTI with pathogenic mechanisms similar to UPEC in juvenile naive micel’. UTI89,
CFT073, EC958 and TOP52 caused chronic cystitis in 62, 81, 35 and 25% of sensitized
mice, respectively (Fig. 1d), compared to 0, 11, 11 and 10% of adult naive female C3H/HeN
mice, which become more resistant to chronic cystitis as they mature into adulthood?8.
UTI89, CFT073 and TOP52 caused no chronic cystitis in resolved mice, whereas EC958
caused chronic cystitis in one resolved mouse (Fig. 1d); this was the only incidence of
chronic cystitis in a total of 124 resolved mice tested in this study, suggesting that a previous
self-resolving infection results in substantial protection from subsequent infections. Strain
83972 did not cause chronic cystitis in any mice (Fig. 1d). The impact of host history was
even more striking when acute cystitis was evaluated: all four UPEC strains produced higher
urine titres in sensitized mice than in adult naive or resolved mice at 24 h.p.i. (Fig. 1e).
TOP52 also had higher bacteriuria in sensitized mice than in naive mice, which approached
statistical significance. Notably, the laboratory strain £. co/i MG1655 (K-12)19 and the gut
commensal £. colistrain Nissle 1917 (ref. 20) did not cause significant acute or chronic
cystitis (Supplementary Fig. 4). Thus, while sensitized mice have increased susceptibility to
Gram-negative uropathogens, they are not susceptible to rUTI with all £. co/i. Overall, our
data support different degrees of host susceptibility to rUTI that are influenced by infection
history. Furthermore, a wide (but not limitless) variety of bacteria could cause UTI in
susceptible hosts, which may help to explain in part the genetic diversity observed in clinical
UPEC isolates!3.
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Convalescent bladders have an altered epithelium

Scanning electron microscopy (SEM) of sensitized and resolved convalescent mice (four
weeks after the initiation of antibiotics) and adult naive controls showed that superficial
facet cells of the bladder lumen had a mean surface area 21 times smaller in sensitized mice
and 6 times smaller in resolved than in adult naive mice (Fig. 2a and Supplementary Fig. 5).
Immunofluorescence microscopy of bladder sections stained with markers specific for
different epithelial cell types revealed striking differences in cellular morphology and
differentiation in sensitized mice (Fig. 2b,c). In adult naive and resolved mice, the mature
bladder epithelium (urothelium) contains layers of basal cells (keratin (Krt) 5%, Fig. 2b
white; Trp63*, Fig. 2b,c red), intermediate cells (Trp63*, Fig. 2b,c red; Krt57) and a
superficial layer of large, flattened, terminally differentiated superficial cells (uroplakin
I11a*, Fig. 2b green; Krt20", Fig. 2c white), which are bordered with a basolateral layer of E-
cadherin (Fig. 2c green) and are sometimes binucleate (Fig. 2b,c blue and Supplementary
Fig. 6). In contrast, the superficial cells in sensitized mice were small and rounded. They
expressed uroplakin Illa (Fig. 2b green) but had reduced expression of Krt20 (Fig. 2¢ white),
a marker of terminal differentiation. Additionally, sensitized mice had fewer binucleate
superficial cells (Supplementary Fig. 6) and exhibited amarked expansion of the
intermediate and basal cell layers, suggestive of urothelial hyperplasia (Fig. 2b,c), which is
consistent with proteomics data that found increased levels of keratin 14, an indicator of
increased basal cell proliferation, in the sensitized urothelium10, Taken together, these
observations suggest that urothelial superficial cells may fail to properly regenerate in
sensitized mice, even weeks after antibiotic therapy.

Defects in terminal differentiation and urothelial hyperplasia have also been reported in girls
and women with chronic and recurrent UTI (refs 21,22). In addition, these clinical studies
reported the presence of lymphoid follicles, which are also present in sensitized mice but are
not required for sensitization to rUTI (ref. 9). These findings suggest the possibility that UTI
may induce lasting changes to the bladder in some individuals. This hypothesis is consistent
with our proteomic evidence that chronic cystitis results in urothelial ‘remodelling’, which
renders sensitized mice more susceptible to severe inflammation and mucosal wounding
upon bacterial challenge, relative to resolved micel0. Notably, the observed UTI-induced
bladder remodelling is distinct from the Ty2-driven remodelling seen in urogenital
schistosomiasis infection of the urinary bladder3 or in allergic remodelling of the lung??, as
we find no evidence of increased fibrosis in bladder sections from sensitized mice
(Supplementary Fig. 7).

Convalescent bladders have altered gene expression

We performed RNA-seq analysis of sensitized and resolved bladders during convalescence
to expand our understanding of bladder remodelling and sensitization mechanisms. We
found that sensitized and resolved bladders had distinct transcriptomic signatures
(Supplementary Table 1), with 837 genes significantly differentially expressed (Fig. 2d). The
whole bladder RNA-seq findings were in concordance with the previously published
urothelial membrane proteome (Supplementary Fig. 8 and Supplementary Table 2). Pathway
analysis of differentially expressed genes (Fig. 2e and Supplementary Tables 3 and 4)
showed that immune-related pathways were significantly enriched in convalescent sensitized
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bladders, probably due in part to the presence of lymphoid follicles. In addition, pathways
pertaining to tissue morphology, cellular development and cellular growth and proliferation
were among the most highly significantly enriched pathways in sensitized compared to
resolved bladders, further supporting the observation of urothelial remodelling.

UTI history impacts acute pathogenesis of recurrent infection

Naive mice respond to UPEC infection by exfoliating the superficial facet cells and
recruiting immune cells to the bladder®:°. To assess whether infection history significantly
altered these responses, we performed SEM on bladders collected at 6 and 24 h.p.i. after
challenge infections of convalescent mice (Fig. 3a and Supplementary Fig. 9). Bladders of
control adult naive mice had patches of exfoliation and extracellular filamentous bacteria at
6 and 24 h.p.i., with relatively few neutrophils visible by SEM. At 6 h.p.i., bladders from
both sensitized and resolved mice had large patches of urothelial exfoliation bounded by
transmigrating neutrophils, with few or no bacteria visible by SEM. Two of four resolved
bladders at 24 h.p.i. had evidence of epithelial exfoliation, neutrophils and filamentous
bacteria, but to a lesser degree than adult naive bladders (Fig. 3a), while the other two had no
evidence of exfoliation, neutrophils or bacteria. In contrast, three of four imaged sensitized
bladders had severe urothelial exfoliation, neutrophils and abundant extracellular rod-shaped
bacteria at 24 h.p.i. (Fig. 3a). Urine sediments showed pyuria (neutrophil accumulation) in
all animals at 6 h.p.i. By 24 h.p.i., pyuria had waned in adult naive and resolved mice but
remained high in sensitized mice (Fig. 3b). Sensitized and resolved mice also had
significantly reduced bladder colony-forming units (c.f.u.) at 6 h.p.i. compared to adult naive
mice (Fig. 3c). By 24 h.p.i., bladder titres in resolved mice had uniformly decreased to 103
c.f.u., whereas sensitized mice segregated into two distinct populations having either (1)
undetectable or very low titres (average of 102 c.f.u.) or (2) very high titres (average of 108
c.f.u.). In juvenile naive mice, a bimodal response to infection has been shown to be due to
the presence of an acute host—pathogen checkpoint that determines infection outcomes25,
Here, the distribution of bladder titres in sensitized mice was extremely polarized at 24 h.p.i.
(Fig. 3c), suggesting protection from infection in some animals and severe rUTI in others.

Extensive studies of UPEC pathogenesis in juvenile naive mice have demonstrated that
UPEC adhere to, invade into and replicate within the superficial facet cells of the
urothelium, forming biofilm-like intracellular bacterial communities (IBCs) that allow
UPEC to escape elimination by urine flow and killing by professional phagocytic cells®”.
IBCs have been documented in the urine of women and children suffering from acute UTI
(refs 26,27). In juvenile naive mice, mutant UPEC strains defective in IBC formation are
highly attenuated?8. The altered kinetics of acute bladder infection in mice with a history of
infection suggested that urothelial remodelling may fundamentally change the canonical
intracellular pathway defining the pathophysiology of acute host—pathogen interactions in
naive mice. Indeed, we found that at 6 h.p.i. with UTI89, resolved mice had very few IBCs
relative to adult naive mice, and IBCs were not detected at all in sensitized mice at 6 or 24
h.p.i. (Fig. 3d and Supplementary Figs 10 and 11). These phenotypes were probably a result
of reduced epithelial invasion and/or intracellular replication inside the altered superficial
urothelial cells, as at 3 h.p.i. the intracellular bacterial burden was reduced in resolved mice
and even further reduced in sensitized mice, while the extracellular (luminal) bacterial
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burden was statistically indistinguishable among the three groups (Fig. 3e). Taken together,
these experiments demonstrate that in previously infected mice, bladder remodelling confers
resistance to initial colonization and IBC formation by UPEC, but that a subset of sensitized
mice nevertheless succumb to severe bladder infection by 24 h.p.i.

Inhibition of cyclooxygenase-2 reduces severe recurrent UTI

Vaccination

We hypothesized that the trigger for sensitized mice to develop rUTI was cyclooxygenase-2
(COX-2)-dependent inflammation. COX-2 is an enzyme expressed during inflammation that
mediates the conversion of arachidonic acid to prostanoids, which act locally to modulate
inflammation. Previously, we found that COX-2 inhibition in juvenile naive mice reduced
the severity of acute cystitis by lowering bacterial burdens and preventing severe
neutrophilic inflammation and bladder mucosal woundingC. During convalescence, UTI
history did not influence expression of the COX-2 gene, PfgsZ, which was minimal in
sensitized, resolved and adult naive mice (Supplementary Fig. 12). Following challenge
infection, at 24 h.p.i. Pfgs2was not expressed in resolved mice, but was induced by an
average of 7.5-fold (median sevenfold) in adult naive mice (Fig. 4a,b) and in sensitized mice
expression ranged from uninduced to up to ~50-fold induction (average 27-fold, median 32-
fold) (Fig. 4b) with large clusters of COX-2-positive epithelial cells evident in some
bladders (Fig. 4a). This bimodality of COX-2 expression in infected sensitized mice
probably reflects the triggering of the previously described host—pathogen checkpoint that
determines the fate of disease?®. COX-2 expression at 24 h.p.i. was strongly correlated with
both urine bacterial burden (Fig. 4c) and pyuria (Fig. 4d). Treatment of sensitized mice with
the COX-2 inhibitor SC-236 before challenge with UTI89 prevented mucosal wounding
(Supplementary Fig. 13) and resulted in a significant reduction in pyuria (Fig. 4c) and
bladder bacterial burden (Fig. 4d) at 24 h.p.i. This was not the case for adult naive or
resolved mice, which are resistant to severe acute and chronic cystitis. Taken together, these
data indicate that even though sensitized and resolved mice demonstrate significant early
urothelial resistance to colonization, COX-2-dependent bladder inflammation in sensitized
mice can allow UPEC to cause severe rUTI.

prevents recurrent UTI

The observation that sensitization to severe rUTI was long-lasting (Fig. 1b) suggests that the
bladder response to UPEC is irreversibly altered in these animals. We thus tested whether
vaccination could shift the balance towards protection from severe rUTI in sensitized mice.
As a proof of concept, we tested systemic vaccination with the type 1 pilus adhesin FimH
(Supplementary Fig. 14), which in previous studies effectively protected naive mice and
cynomolgus monkeys from experimental bladder infection2?-30, FimH vaccination prevented
both acute (Fig. 4e) and chronic (Fig. 4f) cystitis in sensitized mice upon challenge with
UTI89, compared to mock-vaccinated animals. Thus, vaccination may be a viable strategy
for overcoming the enhanced susceptibility to rUTI caused by bladder remodelling as a
result of chronic bladder infection. Although relatively little is known about the adaptive
immune response to UTI in women and to what extent rUT]I is a result of failure by the host
to mount a protective adaptive response, vaccines have been shown to elicit protection from
experimental UTI in naive animals3L. Our findings demonstrate that targeting specific
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immune response pathways, for example, COX-2-mediated inflammation, can also protect
against rUTI in the sensitized host.

Discussion

In a majority of women with acute uncomplicated cystitis, antibiotic treatment is effective
and the disease does not recur3. However, many women experience frequent recurrences for
reasons that are not well understood. Here we provide mechanistic insight into the
pathophysiology of rUTI by demonstrating that bladder mucosal remodelling that occurs as
a consequence of prior infection by the relatively virulent cystitis isolate UTI89
fundamentally alters the pathogenesis of acute cystitis upon subsequent UPEC challenge.
Notably, the IBC cycle is considered essential for UPEC pathogenesis in naive animals. Few
IBCs were detected in resolved mice, possibly explaining in part their protection from rUTI.
In naive mice, the dense actin network in underlying immature urothelial cells is believed to
preclude IBC formation in these cells32:33, The smaller size of the superficial cells in
sensitized and resolved mice, perhaps in tandem with the differential expression of
cytoskeletal genes observed in sensitized bladders, may hinder IBC development. However,
a significant subset of sensitized mice were susceptible to acute and chronic rUTI, despite
being resistant to IBC formation. The probable determinative factor of acute outcomes in
this mouse model is severe acute inflammation driven by COX-2 expression during the first
24 h post-challenge in sensitized mice.

The significant changes in bacterial niche occupation and host immune and exfoliation
responses in sensitized mice relative to naive mice influence the outcome of the disease and
allow various clinical isolates to cause severe acute and chronic infections. However, the
change in niche occupation and in particular the loss of the IBC pathway in sensitized mice
leave the bacteria particularly vulnerable to therapeutic interventions for rUT]I that target the
host response, such as COX-2 inhibition. The efficacy of COX-2 inhibitors in sensitized
mice supports the recent finding that ibuprofen, a non-specific COX-2 inhibitor, was
comparable to antibiotics for the treatment of uncomplicated cystitis in the clinic343% and
suggests that COX-2 inhibitors may also be efficacious in preventing rUTI in women.

Our findings highlight the importance of using clinically relevant models of recurrent
infection to investigate the pathophysiology and treatment of recurrent infections in which
disease history is a significant independent risk factor for recurrence, such as otitis media3®,
cellulitis3” and Clostridium difficile colitis38. To our knowledge, existing animal models of
these and other recurrent infections generally do not incorporate the effects of a prior
infection and thus may fail to capture the full spectrum of disease pathogenesis. Our studies
indicate that mucosal remodelling as a consequence of prior infection can have long-lasting
effects on host susceptibility to infection, and further work is needed to characterize the
mechanism(s) by which chronic bladder inflammation may cause mucosal remodelling.
Understanding the pathophysiology of recurrent infections in relevant model systems could
also reveal vulnerabilities in disease pathogenesis that can be successfully targeted with
prophylactic and therapeutic interventions, which is urgently needed in the era of multi-
drug-resistant infections3.
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Methods

Ethics statement

All animal experimentation was conducted according to the National Institutes of Health
guidelines for the housing and care of laboratory animals. All experiments were performed
in accordance with institutional regulations after review and approval by the Animal Studies
Committee at Washington University School of Medicine in St Louis, Missouri.

Bacterial strains

The uropathogenic £. coliisolates used in this study were the human cystitis isolate UT189
(ref. 11) and the following derivatives thereof: UTI89 attHK022::COMGFP (kanamycin-
resistant) and UTI189 attl::PSSH10-1 (spectinomycin-resistant)*, the human urosepsis
isolate CFT073 Hk::Cm (chloramphenicol-resistant)1°, the multi-drug-resistant human
cystitis isolate EC958 (sequence type 131)14 and the human asymptomatic bacteriuria isolate
83972 (ref. 16). The non-uropathogenic £. coliisolates used were the laboratory strain
MG1655 (ref. 19) and the gut commensal strain Nissle 1917 (ref. 20). Strains were cultured
statically in lysogeny broth (LB) at 37 °C. The Klebsiella pneumoniae human cystitis isolate
TOP52 1721 (ref. 17) was cultured statically in LB at 37 °C. Bacterial strains were cultured
for two to three overnight passages to induce type 1 pilus expression. In experiments where
mice had an initial infection and subsequent challenge infection (that is, challenge
experiments in sensitized and resolved mice), UTI89 attHK022::COMGFP (kanamycin-
resistant) was always used for the initial infection, whereas the challenge strain varied and
was differently antibiotically marked.

Type 1 pilus expression

Type 1 pilus expression of bacterial strains was assessed by haemagglutination (HA) of
guinea pig red blood cells as previously described*!. Briefly, bacterial strains used in the
‘heterologous challenge’ experiments in Fig. 1 were normalized to an optical density at 600
nm (ODggp) of 1 and guinea pig red blood cells were normalized to an ODgg4q of 2. Red
blood cells were incubated overnight at 4 °C with a 1:2 dilution series of bacteria. The last
dilution at which haemagglutination was observed is reported as the HA titre.

Mouse infections

C3H/HeN mice were obtained from Harlan Sprague Dawley (now Envigo). C57BL/6 mice
were obtained from the Jackson Laboratory. All mice were female and were seven to eight
weeks old (‘juvenile’) at the time of the first infection. £. coliinocula were prepared as
previously described® and a total of 107 or 108 c.f.u. of bacteria were inoculated into the
bladders of C3H/HeN mice by transurethral catheterization as previously described2. For
the initial infection, 108 c.f.u. UT189 was always used, as C3H/HeN mice develop chronic
cystitis in an infectious dose-dependent manner and this inoculum results in chronic cystitis
in ~50% of mice. For challenge infections, 107 or 108 c.f.u. was used. We have found that
adult naive and sensitized mice are susceptible to recurrent cystitis in an infectious dose-
dependent manner, whereas resolved mice will resolve the challenge infection regardless of
infectious dose®10. A 108 dose was used for microscopy experiments (SEM images in Fig. 3
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and immunofluorescence in Supplementary Fig. 11) to increase the likelihood of observing
bacteria in sensitized and resolved bladders, in RNA-seq experiments to induce a more
uniform response in sensitized bladders, and for the six-month convalescent experiment
(Fig. 1b) because of the increased resistance to UPEC infection in aged nulliparous micel8.
All other experiments used a 107 dose. To monitor infection outcomes, urine was collected
and urine, bladder and kidney bacterial burden was determined as previously described®. We
previously found that 10% c.f.u. mI~1 persistent bacteriuria was a highly specific and
sensitive cutoff for detecting chronic cystitis®. Chronic cystitis during the initial infection
was defined as persistent high-titre bacteriuria (>10% c.f.u. per ml urine) at every time point
collected (1, 3, 7, 10, 14, 21 and 28 days post-infection). Resolution of cystitis during the
initial infection was defined as urine bacterial titre dropping below 104 c.f.u. per ml urine
during at least one time point. At four weeks post-infection, all mice were treated with
trimethoprim and sulfamethoxazole in the drinking water (54 and 270 pug per ml water,
respectively) for ten days. Urine samples were collected weekly after the initiation of
antibiotics to confirm sterile urine, and any mice with treatment failure were excluded from
subsequent analysis according to pre-established criteria. Four to five weeks after the
initiation of antibiotics, mice were challenged with 107 or 108 c.f.u. of bacteria inoculated
into the bladders by transurethral catheterization. To assess acute outcomes, mice were
humanely euthanized 3 to 24 h post-challenge and bacterial burdens were determined. To
assess chronic outcomes, mice were monitored for 28-30 days and then humanely
euthanized. Chronic cystitis during the challenge infection was defined as persistent high-
titre bacteriuria (>10% c.f.u. per ml urine) at 1, 3, 7, 10, 14, 21 and 28 or 30 days post-
infection coupled with high bladder bacterial burden (>10* c.f.u. per bladder) and visibly
enlarged, inflamed bladder at the time of euthanasia. Resolution of cystitis during the
challenge infection was defined as urine bacterial titre dropping below 10# c.f.u. per ml urine
during at least one time point, and/or bladder bacterial burden <10* c.f.u. at the time of
euthanasia. For vaccine studies, the initial infection was shortened to two weeks (chronic
infection lasting two weeks was previously shown to be sufficient to result in sensitization to
rUTI; ref. 9), with urine collected at days 1, 3, 7, 10 and 14 post-infection. For experiments
in C57BL/6 mice, the challenge infection was shortened to 14 days, with urine collected at
days 1, 3, 7, 10 and 14 post-challenge. To study how long the sensitization phenotype lasts,
the “‘convalescent’ period after the initiation of antibiotics was extended from four weeks to
six months.

Experimental design of mouse infections

Our experience with this model shows that five mice per replicate (two replicates minimum)
is the minimum number necessary to overcome any biological and/or technical variability
and provide reliable and interpretable results within an experiment. A statistical analysis was
not used to determine the number of mice per experiment. For vaccine and COX-2 inhibitor
experiments, mice were randomly assigned to receive intervention or sham intervention.
Investigators were not blinded to the infection history of the animals, except for Masson’s
trichrome staining to assess collagen deposition.
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RNA isolation and quantitative real-time polymerase chain reaction (QRT-PCR)

RNA-seq

Mice were infected with 108 c.f.u. UTI89 attl::PSSH10-1 (spectinomycin-resistant) and
humanely euthanized at indicated time points, or mock-infected with PBS and humanely
euthanized at 3.5 h.p.i. Bladders were aseptically collected and flash-frozen in liquid
nitrogen. RNA was extracted using the RNeasy Plus Mini kit (Qiagen) and reverse-
transcribed with the iScript Reverse Transcription Supermix (BioRad). qRT-PCR for Pigs2
(COX-2) expression was performed as previously described1®. Briefly, 1 ul of 12.5 ng pl~1
cDNA was used with mPtgs2-specific intron-spanning primers: F:5’-gatgctcttccgagetgtg-3,
R:5’-ggattggaacagcaaggattt-3”. Expression values were normalized to 18S expression levels
(F:5-cggctaccacatccaaggaa-3”, R:5’-gctggaattaccgegget-3”) and the fold change in
expression relative to mock-infected adult naive bladders was determined by the 2 AACt
method“3. Each sample was tested in triplicate in A/= 1 experiment.

Illumina cDNA libraries were generated using the RNAtag-seq protocol as described in ref.
44. Briefly, 1 ug of total RNA was fragmented, depleted of genomic DNA, and
dephosphorylated before its ligation to DNA adaptors carrying 5'-AN8-3” barcodes with a
5" phosphate and a 3" blocking group. Barcoded RNAs were pooled and depleted of rRNA
using the Ribo-Zero Gold rRNA depletion kit (I1lumina). These pools of barcoded RNAs
were converted to Illumina cDNA libraries in three main steps: (1) reverse transcription of
the RNA using a primer designed to the constant region of the barcoded adaptor; (2)
degradation of the RNA and ligation of a second adaptor to the single-stranded cDNA,; (3)
PCR amplification using primers that target the constant regions of the 3" and 5" ligated
adaptors and contain the full sequence of the Illumina sequencing adaptors. cDNA libraries
were sequenced on the lllumina HiSeq 2500 platform. Fastq files were trimmed by cutadapt
twice (cutadapt-v1.6), once by base quality and once by polyA or polyT repeats. Trimmed
reads were then aligned to the Mus musculus mm10 genome using tophat2 (ref. 45)
(tophat2-v2.0.11, bowtie2-2.2.2). Gene counts were conducted by HTSeq (ref. 46) (HTSeq-
v0.6.0, options: —format = bam —order = name —stranded = no —idattr = gene_id —-mode =
union) and the output was used for principal component analysis using R stats (R-v3.2.2)
and subsequent statistical analyses. We sequenced n = 8 sensitized and /7 = 8 resolved mice;
after eliminating outliers due to low read depth (<15,000,000 reads), 7= 7 sensitized and 7=
6 resolved mice were available for subsequent analyses. An average of 4.65% of reads
mapped to rRNA, confirming good depletion. RNA-seq data have been deposited at NCBI
under BioProject ID no. PRINA327807.

Statistical analysis (RNA-seq)

DESeq2 (DESeq2-v1.8.1)*" was used to assess differential gene expression (Supplementary
Table 1) due to its consistency and precise performance across a subset of varying numbers
of replicates, its tolerance for a small number of replicates, its low proportion of false
detections and its superior integration with R. It assumes a negative binomial distribution for
gene counts, normalizes for read depth and fits a generalized linear model. Statistically
significant differences in gene expression were assessed by the Wald test and adjusted for
multiple comparisons using the Benjamini-Hochberg false-discovery rate correction.
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Padjusted < 0.05 was deemed significantly differentially expressed. Pathway analysis of
differentially expressed genes was performed with Qiagen’s Ingenuity Pathway Analysis
(IPA, www.giagen.com/ingenuity). Significantly enriched pathways were determined by a
right-tailed Fisher’s exact test, with Pygjysted < 0.05 deemed significantly enriched. Enriched
pathways were categorized into canonical pathways (for example, Supplementary Table 3)
and also used for a broader analysis of ‘meta-pathways’ (Fig. 2e and Supplementary Table
4). For comparison to the previously published proteomics data set1? (Supplementary Table
2 and Supplementary Fig. 8), a stringent significance cutoff of P,gjusteq < 0.01 was used to
determine the most significantly enriched or depleted proteins in the urothelial proteome of
convalescent sensitized mice relative to convalescent resolved mice (7= 156 proteins). The
corresponding genes were assessed by RNA-seq and deemed significantly differentially
expressed (1= 22) if Pygjusted < 0.05 in convalescent sensitized mice relative to convalescent
resolved mice.

Histopathology and immunofluorescence

Bladders were aseptically collected and fixed overnight in methacarn (60% methanol, 30%
chloroform, 10% glacial acetic acid), bisected to give two halves per bladder, paraffin-
embedded and sectioned. Slides were stained with Masson’s trichrome and imaged with a
Zeiss Axio Scan Z.1 bright-field slide scanner for a blinded investigator to assess collagen
deposition and fibrosis?3:48, For immunofluorescence experiments, slides were
deparaffinized, hydrated, blocked with 10% heat-inactivated horse serum (HIHS) and 0.3%
triton X-100 in PBS, incubated with primary antibody in 1% HIHS and PBS overnight at

4 °C and secondary antibody in PBS for 30-60 min at room temperature. The primary
antibodies used were uroplakin Il1a (mouse monoclonal, 10R-U103a, Fitzgerald), Trp63
(rabbit polyclonal, GTX102425, GeneTex), E-cadherin (goat polyclonal 1gG, AF748, R&D
Systems), cytokeratin 5 (chicken polyclonal, 905901, BioLegend) and cytokeratin 20 (mouse
monoclonal, M7019, DAKO). Samples were mounted in DAKO glycergel mounting
medium with 4”,6-diamidino-2-phenylindole (DAPI) (Life Technologies), and fluorescence
was visualized on a Zeiss Axioskop Observer. Z1 microscope. COX-2 expression was
detected as previously described0. Primary antibodies used were specific for COX-2
(mouse monoclonal, 610204, BD Transduction Laboratories) and £. coli O, K serotype
(rabbit polyclonal, E3500-06, US Biological). Fluorescence was visualized on a Zeiss Axio
Imager M2 microscope. Antibodies are verified at 1DegreeBio (http://1degreebio.org/),
except cytokeratin 5 and cytokeratin 20 (verified at manufacturers’ websites).

Binucleate superficial cells

Binucleate superficial cells in convalescent bladders were examined by two methods. First,
paraffin-embedded sections were stained and visualized on a Zeiss Axioskop Observer.Z1
microscope as described above. To determine the percentage of binucleate superficial cells,
nuclei were enumerated in all superficial cells (TRP63, keratin 57, uroplakin llla*, keratin
20* (weak/patchy staining observed in sensitized mice), with a basolateral band of E-
cadherin). Adult naive bladders (/7= 3) had 69-77 superficial cells, sensitized bladders (n7=
6) had 135-202 superficial cells, and resolved bladders (n7= 3) had 81-94 superficial cells,
reflecting the smaller superficial cell size in sensitized and resolved mice. Next, binucleate
cells were imaged in bladder whole mounts as described by Blango et a/4° with the
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following modifications: bladders were aseptically collected from adult naive, sensitized and
resolved mice (7= 3 bladders per group), bisected, splayed, fixed for 20 min in 4%
paraformaldehyde and washed 3 x 5 min in 1x PBS. Bladders were incubated for 10 min in
1:5,000 DAPI in 1x PBS with 0.002% saponin, rinsed 3 x 5 min in PBS and mounted in
ProLong Gold antifade reagent (Thermo Fisher) and imaged on a Zeiss Axio Imager M2
microscope.

Scanning electron microscopy

Bladders were aseptically collected before challenge or at 6 or 24 h post-challenge with 108
c.f.u. UTI89 and bisected, splayed and fixed in EM fixative (2% paraformaldehyde, 2%
glutaraldehyde in 0.1 M sodium phosphate buffer, pH 7.4). Samples were prepared by
critical point drying. Briefly, samples were post-fixed in 1.0% osmium tetroxide, dehydrated
in increasing concentrations of ethanol, then dehydrated at 31.1 °C and 1,072 p.s.i. for 16
min in a critical point dryer. Samples were mounted on carbon tape-coated stubs and sputter-
coated with gold/palladium under argon. The bladders shown in Figs 2 and 3 and
Supplementary Fig. 9 were imaged on a Zeiss Crossheam 540 FIB-SEM. For preliminary
analysis, samples were imaged on a Hitachi S-2600H SEM. ImageJ 1.47v (National
Institutes of Health) was used to calculate epithelial cell surface area in five 500x
magnification fields per bladder half (ten per mouse). Adobe Photoshop CS5.1 was used to
slightly decrease the brightness and increase the contrast of the SEM images in Fig. 3 to
enhance visibility.

Acute pathogenesis

Mice were challenged with 107 c.f.u. UTI89 attl::PSSH10-1 (spectinomycin-resistant)*° and
humanely euthanized at acute time points. Urine sedimentation to determine neutrophil
influx was performed as previously described®. Briefly, 80 ul of a 1:10 dilution of urine was
centrifuged onto poly-L-lysine-coated glass slides and stained with a Hema 3 kit (Fisher
Scientific). Slides were examined by light microscopy and the average number of
polymorphonuclear leukocytes (PMN) per high-powered field (h.p.f.; 400x magnification)
was calculated from counting five fields. A semi-quantitative scoring system was created to
facilitate analysis: 0 = less than 1 PMN per h.p.f.; 1 = 1-5 PMN per h.p.f.; 2 = 6-10 PMN
per h.p.f.; 3=11-20 PMN per h.p.f. and 4 = >20 PMN per h.p.f. Bladder burden was
determined at 6, 12 and 24 h post-challenge as previously described®. Briefly, bladders were
aseptically collected, homogenized in PBS, serially diluted and spotted onto LB agar plates
containing appropriate antibiotics. Intracellular bacterial communities were enumerated at 6
and 24 h post-challenge by LacZ staining and fluorescent microscopy as previously
described”®0. Bladder invasion assays were performed at 3 h post-challenge as previously
described® with the following modifications: after washing three times in PBS, bladders
were incubated for 75 min in gentamicin in RPMI cell culture medium without added serum,
rather than in PBS.

Inhibitor treatments

To test the effect of COX-2 inhibition on acute cystitis, mice were pretreated with SC-236
(Sigma) as previously described’®. The drug was solvated in 1% Tween 80 and mice
received 100 pl drug, or buffer alone, per 20 g body weight by oral gavage. Mice were
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humanely euthanized at 24 h.p.i. with 107 c.f.u. UTI89 and bladder bacterial burden was
determined.

FimH vaccination

C3H/HeN mice were initially infected with 108 c.f.u. UTI89 attHK022:: COMGFP
(kanamycin-resistant) and antibiotic therapy was initiated at two weeks post-infection,
which is sufficient to cause sensitization®. Four to five weeks after the initiation of
antibiotics, mice were vaccinated with the type 1 pilus adhesin FimH coupled with its
periplasmic chaperone FimC, with FimC alone (previously shown not to be protective
against UTI; ref. 29), or with buffer alone. Five weeks post-vaccination, mice were boosted.
Vaccination was performed as previously described?® with the following modifications: 15
ug of FimCH, FimC or buffer were emulsified 1:1 with Complete Freund’s Adjuvant for the
primary vaccination or Incomplete Freund’s Adjuvant for the boost. Mice were injected
subcutaneously with 50 pl per hind flank for a total of 100 pl. Five weeks post-boost, mice
were challenged with 107 c.f.u. UTI89 attl::PSSH10-1 (spectinomycin-resistant) and
infection outcomes were monitored over four weeks.

Statistical analysis (mouse experiments)

Statistics were performed in GraphPad Prism v6.07. A two-tailed Fisher’s exact test was
used to test for significant differences in the incidence of chronic cystitis and percentage of
binucleate superficial cells. For acute pathogenesis (bacterial titres, pyuria, IBC formation),
surface area differences in superficial cells and gRT-PCR, the D’ Agostino and Pearson
omnibus normality test was used to test for normality of distribution, Kruskal-Wallis tests
were used to assess statistical significance, and subsequent pairwise comparisons were
performed with a two-tailed Mann-Whitney U'test. For XY correlations, the D’ Agostino
and Pearson Omnibus normality test was used to test for normality of distribution, and
Spearman correlations were performed to test for statistical significance. £< 0.05 was
considered statistically significant. Multiple test corrections were not performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mice from different genetic backgroundswith a history of chronic infection have long-

lasting, enhanced susceptibility to recurrent UTI caused by clinical uropathogens

a, Time course of sensitization experiments in C3H/HeN mice®. Open circles indicate urine
collection to monitor infection status. b, For this experiment only, the convalescent period in

C3H/HeN mice was extended for 6 months after the initiation of sterilizing antibiotic

therapy. Shown is the incidence of chronic cystitis 28 d.p.i. after challenge with 108 c.f.u.
UTI89. Sen, sensitized (initial chronic infection); Res, resolved of the initial infection. c,
C57BL/6J mice were challenged with one 107 c.f.u. dose of UTI89, 4 weeks after sterilizing
antibiotic therapy, and the incidence of chronic cystitis was determined. Mice were initially
infected with a single dose of PBS (“adult naive’) or 107 c.f.u. of UTI89 (‘single, res’), or

were superinfected with two doses of 107 c.f.u. of UTI89 24 h apart!2, which resulted in

either chronic cystitis (“super, chronic’) or resolution (‘super, res’) (Supplementary Fig. 1).

d,e, Juvenile (8 weeks old; “J. naive’) and adult (16 weeks old, ‘A. naive’) C3H/HeN mice

were challenged with 107 c.f.u. of the uropathogenic £. coliisolates UTI89, EC958, CFT073

or 83972, or the Klebsiella pneumoniae isolate TOP52. Headings indicate the type of

infection from which these strains were isolated (MDR, multi-drug-resistant). All sensitized
and resolved mice in this experiment were initially infected with UTI89 before antibiotic
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therapy. d, Incidence of chronic cystitis at 28 d.p.i. e, Urine bacterial burden at 24 h.p.i
indicative of acute cystitis. Data are combined from two independent experiments except for
b, which shows results for one experiment. For urine titres, data points represent actual
values for each individual mouse, zeros are plotted at the limit of detection, bars indicate
median values and Mann—Whitney Utest was used. For the incidence of chronic cystitis,
Fisher’s exact test was used and the no. of mice per group is shown at the top of each bar.
*P<0.05, **P<0.01, ***P< 0.001.

Nat Microbiol. Author manuscript; available in PMC 2017 October 31.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

O’Brien et al.

~logy(P,g)

Trp63 (red), keratin 5 (white),

Trp63 (red), keratin 20 (white),

Page 19

Sensitized Resolved

uroplakin Illa (green)

E-cadherin (green)

~log(P value)

i Differentially expr n nval nt sensitized vs resolv e
20 erentially expressed genes, convalescent sensitized vs resolved 0 20 40 60 80

Haematological system development and function
Tissue morphology

Cellular function and maintenance

« Clca3a2

Cellular development
15 Cellular growth and proliferation

Nmle
Igf2bp1 *

*Meg3

Rian e

« Baiap2l1

«Jchain
o Slc39a4

Ica2
1350
*Gimap8
« Slc7all
*f Col7al

o

Immunological disease

Endocrine system disorders
Gastrointestinal disease

Metabolic disease

Cell-to-cell signalling and interaction
Immune cell trafficking
Inflammatory response

Cell morphology

Haematopoiesis

Lymphoid tissue structure and development
Tissue development

Humoral immune response

Cellular movement

Cell death and survival

Cell-mediated immune response

Protein synthesis

Infectious diseases

Connective tissue disorders

Inflammatory disease

Skeletal and muscular disorders

log,(fold change)

Pathways enriched in sensitized mice

Figure 2. Prior UPEC infection resultsin bladder epithelial remodelling that varies according to
disease outcome

a, Scanning electron microscopy was used to visualize the luminal surface of the bladder.
Representative images from A/ = 2 replicates with a total of 7= 4 mice per group are shown.
Scale bars, 25 um. b—d, Cell morphology and differentiation was assessed via
immunofluorescence of paraffin-embedded bladder sections from A=3 staining experiments
with bladder sections from 7= 3 adult naive and resolved and /7= 6 sensitized mice;
representative images are shown. In b, uroplakin Illa is in green, Trp63 in red, keratin 5 in
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white and nuclei in blue. In ¢, keratin 20 is shown in white, E-cadherin in green, Trp63 in
red and nuclei in blue. Scale bars, 50 pm. d,e, RNA-seq was performed on whole bladders
from n=7 sensitized and /7= 6 resolved convalescent mice. In d, 837 genes were
significantly differentially expressed in sensitized mice relative to resolved mice (Pagjusted <
0.05). Colours indicate each gene’s absolute logy(fold change): grey <0.58; orange between
0.58 and 1; and red >1. Labelled genes had absolute log,(fold change) > 1 and
—l0g10(Padjusted) > 10. Significance was determined by a Wald test and adjusted for multiple
comparisons using the Benjamini—Hochberg false-discovery rate correction. In e, pathway
analysis was used to assess the biological processes enriched in the most significantly
differentially expressed genes in convalescent sensitized bladders relative to resolved
bladders, and significance was determined by a right-tailed Fisher’s exact test, with Pgjusted
< 0.05 considered significantly enriched pathways. Shown are the top 25 broad meta-
pathways assembled from the specific enriched pathways by Ingenuity IPA, ordered by most
significant Pvalue.
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Figure 3.

Bladder remodelling fundamentally alters acute cystitis pathogenesis upon UPEC challenge,
conferring resistance to early bladder colonization. a, Representative SEM images of the
luminal surface of bladders at 6 or 24 h.p.i. with 108 c.f.u. UTI89. Curved arrows show
bacteria; arrowheads show neutrophils; ‘E’ denotes regions of exfoliation. The third row
contains magnifications of regions denoted by white boxes in the second row. Scale bars, 25
um for low-magnification and 5 um for high-magnification images. /= 2 experiments with
n=3-4 bladders per group. b—e, Mice were challenged with 107 c.f.u. UTI89 and acute
outcomes were evaluated. Pyuria in urine sediments at 6 and 24 h.p.i. was assessed with a
semi-quantitative scale (b) (PMN, polymorphonuclear neutrophil); total bladder bacterial
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burdens were determined at 6, 12 and 24 h.p.i. (c); intracellular bacterial communities
(IBCs) were enumerated in mice at 6 and 24 h.p.i. after infection with GFP-overexpressing
UTI89 (d); and bladder invasion and intracellular replication were determined at 3 h.p.i.
using an ex vivo gentamicin proection assay® (e). Data are combined from two to three
independent experiments. Data points represent actual values for each individual mouse,
zeros are plotted at the limit of detection, and bars indicate median values. *P<0.05, **P<
0.01, ***p<0.001, Mann—Whitney U'test.
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Figure 4. COX-2-dependent inflammation during acute cystitisin sensitized mice allows UPEC
to circumvent the early urothelial resistance to colonization

a,b, Expression of Ptgs2 (COX-2) in bladders at 24 h.p.i. with 108 c¢.f.u. UTI89. In a,
immunofluorescence microscopy images are shown for a mouse monoclonal antibody
against COX-2. L, lumen; LP, lamina propria; U, urothelium; arrowheads indicate nests of
COX-2 positive urothelial cells; dotted line indicates urothelial basement membrane. Scale
bars, 100 pm, /7=3-5 bladders per mouse from A/ = 2 experiments. COX-2 staining was not
seen in any resolved bladders and was seen in about half of sensitized and adult naive
bladders, of which representative images are shown. In b, qRT-PCR results are shown for
bladder RNA (normalized to mock-infected adult naive bladders). Whiskers are min to max
values. ¢,d, Prgs2expression at 24 h.p.i. is positively correlated with urine bacterial burden
(c) and pyuria (d). e f, Mice were pretreated with the COX-2-specific inhibitor SC-236, or
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mock treated, 30 min before challenge with 107 c.f.u. UTI89. In e, pyuria was determined in
urine sediments collected at 24 h.p.i. PMN, polymorphonuclear neutrophil. In f, bladder
bacterial burden was determined at 24 h.p.i.. g,h, After an initial 2 week chronic infection
and 4-5 week convalescent period after antibiotics, sensitized mice were vaccinated (\Vax)
with FimH22 or mock-vaccinated (Mock), boosted or mock-boosted and then challenged
with 107 c.f.u. UTI89 (Supplementary Fig. 14). Urine bacterial burden at 24 h.p.i. (g) and
incidence of chronic cystitis at 28 d.p.i. (h) were determined. Data are combined from two to
three independent experiments. Data points represent actual values for each individual
mouse and bars indicate median values. For urine and bladder titres, zeros are plotted at the
limit of detection. The Mann-Whitney U'test was used for qRT-PCR and urine and bladder
titres. For XY correlations a Spearman correlation was used. For incidence of chronic
cystitis, Fisher’s exact test was used and the no. of mice per group is shown at the top of
each bar. */<0.05, **P< 0.01, ***P< 0.001.
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