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Abstract

Chronic and recurrent urinary tract infections pose a serious medical problem because there are

few effective treatment options. Patients with chronic urinary tract infections are commonly

treated with long-term prophylactic antibiotics that promote the development of antibiotic-

resistant forms of uropathogenic Escherichia coli (UPEC), further complicating treatment. We

developed small–molecular weight compounds termed mannosides that specifically inhibit the

FimH type 1 pilus lectin of UPEC, which mediates bacterial colonization, invasion, and formation

of recalcitrant intracellular bacterial communities in the bladder epithelium. Here, we optimized

these compounds for oral bioavailability and demonstrated their fast-acting efficacy in treating

chronic urinary tract infections in a preclinical murine model. These compounds also prevented

infection in vivo when given prophylactically and strongly potentiated the activity of the current

standard of care therapy, trimethoprim-sulfamethoxazole, against clinically resistant PBC-1 UPEC

bacteria. These compounds have therapeutic efficacy after oral administration for the treatment of

established urinary tract infections in vivo. Their unique mechanism of action—targeting the pilus

tip adhesin FimH—circumvents the conventional requirement for drug penetration of the outer

membrane, minimizing the potential for the development of resistance. The small–molecular

weight compounds described herein promise to provide substantial benefit to women suffering

from chronic and recurrent urinary tract infections.
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INTRODUCTION

Antibiotics typically target essential metabolic pathways or factors required for cellular

integrity and are broadly active against many different species of bacteria. Although these

traditional antibiotics have led to significant improvements in human health and arguably

have markedly increased the longevity of the human population, escalating bacterial

resistance to traditional antibiotics and the lack of significant effort to develop new

antibiotics threaten to reverse these pioneering advances. The latter has been described as an

impending “public health crisis” (1). Exacerbating the situation, antibiotic therapy may

perturb the normal beneficial gut microbiota, leading to a domination of opportunistic

pathogens (2–4). The negative selection imposed on the normal microbiota by antibiotics

may ultimately change the healthy state of the individual, resulting in an increased risk of

opportunistic or recurrent infections. Thus, in this era when multidrug-resistant strains of

uropathogens are spreading globally (5), there is a high and expanding need for new

therapeutics that can treat and prevent infections or that can potentiate the efficacy of

currently available antibiotics.

More than 15 million women suffer from urinary tract infections (UTIs) annually in the

United States, with an estimated cost exceeding $2.5 billion (6). Uropathogenic Escherichia
coli (UPEC) is the causative agent for more than 85% of all UTIs (7), which have become

more difficult to treat as a result of increasing antimicrobial resistance to standard of care

therapy (8) and high recurrence rates (9). Resistance of UPEC to the commonly prescribed

antibiotic trimethoprim-sulfamethoxazole (TMP-SMZ) has risen in the past decade, and

thus, therapy has increasingly required the use of last-line antibiotics such as

fluoroquinolones (10), leading to increased treatment costs and an associated rise in

multidrug resistance (11, 12). For example, 90% of bacteriuric E. coli strains from patients

subjected to a 1-month prophylactic regimen of TMP-SMZ were TMP-SMZ–resistant

compared to only 28% in a control group treated with cranberry juice (13). Elevated

resistance rates were also observed for amoxicillin and ciprofloxacin. Thus, UTI is

becoming one of the most visible manifestations of increasing Gram-negative antibiotic

resistance (14).

UPEC are capable of colonizing all parts of the urinary tract including the urethra, ureters,

kidney, and bladder (in both extracellular and intracellular niches) and urine. Further, UPEC

can cause acute, chronic persistent, and recurrent infection (15, 16). Acute infections begin

when UPEC introduced into the urinary tract use type 1 pili tipped with the FimH adhesin to

bind specifically to mannosylated receptors on the luminal surface of mammalian bladder

epithelial cells (17–19). This process facilitates both the colonization and the invasion of

bacteria into uroepithelial cells (20–23). Bladder epithelial cells are known to expel UPEC

out of the cell and back into the lumen of the bladder as part of a Toll-like receptor 4

(TLR4)–dependent innate defense (24). However, a single bacterium escaping into the

cytoplasm can replicate rapidly into 104 to 105 bacteria that then aggregate in a type 1 pilus–

dependent manner to found a clonal intracellular bacterial community (IBC) within the

epithelial cell. This process allows UPEC to gain a foothold in the urinary tract protected

from host defenses and antibiotics (17, 20, 22, 25–32). IBCs are transient in nature. After

their maturation, bacteria disperse from the IBC, become filamentous, and spread to

neighboring cells for additional rounds of IBC formation(28). In a 4-year clinical study,

IBCs and bacterial filamentation were found in the urine of women with UPEC UTI (33).

Host defense mechanisms eliminate most of the bacteria from the bladder, causing a

population bottleneck (16). Mechanisms by which bacteria survive bottlenecks—in the case

of UTI, the ability to escape into the cytoplasm of the uroepithelial cell and clonally expand

to perpetuate the infection—are ideal targets for therapeutics (34). FimH is essential for

invasion, IBC formation, and the ability of bacteria to colonize the bladder in chronic
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infection (15, 16). Indeed, FimH is under positive selection in clinical isolates of UPEC,

consistent with its critical role in human UTI (35, 36). For these reasons, therapeutic agents

targeting FimH have been developed.

The mannose-binding pocket of FimH is composed of amino acid residues that are invariant

in all strains of E. coli. Mutations in these residues disrupt mannose binding and attenuate

virulence (36, 37). The x-ray crystal structures of FimH bound to α-D-mannose, and

mannose derivatives, called mannosides (37–39), were used to rationally design biphenyl

FimH inhibitors with excellent cellular potency and low molecular weight (38). Despite

these advances, there have been no reports on the ability of any such compounds to be able

to treat an established UTI when delivered orally. Here, we first investigated the potency of

compounds 1 to 6, reported in (38), for in vitro biofilm inhibition and then their

bioavailability and efficacy in treating and preventing UTI in a preclinical murine model of

chronic cystitis. We then set out to optimize these biphenyl compounds to have increased

potency for the treatment and prevention of chronic UTI when delivered orally. We

hypothesized that such compounds would potentiate the antimicrobial effects of TMP-SMZ

even against a clinically resistant bacterial strain.

RESULTS

Compounds 1 to 6 block type 1 pilus–dependent biofilm formation in vitro

Functional activity of compounds 1 to 6 in vitro was previously assessed in

hemagglutination inhibition (HAI) assays. Structures and EC>90 values (38), which

represent the effective compound concentration where greater than 90% of hemagglutination

is abrogated, are shown in Fig. 1A. We used biofilm inhibition assays (Fig. 1, B to E) to test

the ability of 1 to 6 to block biofilm formation and disrupt preformed biofilms to prioritize

and select compounds for further in vivo evaluation. E. coli biofilm formation in Luria broth

(LB) at room temperature on polyvinyl chloride (PVC) is dependent on type 1 pili (40), and

therefore, we used these conditions to determine the efficacy of compounds 1 to 6 to prevent

type 1 pilus–dependent biofilms. The median inhibitory concentration (IC50) values for

compounds 1 to 3 and 6 were all in the low micromolar range, but compound 6 showed the

best activity with an IC50 of 0.74 µM (Fig. 1B). We could not test compounds 4 and 5 in the

biofilm assay because of their insolubility. To evaluate the ability of the compounds to

inhibit previously existing biofilms, we grew biofilms for 24 hours, added the compounds,

and then evaluated the biofilm density 16 hours later. The compounds inhibited biofilm

development under these conditions (Fig. 1C). Confocal microscopy revealed that

compound 6 disrupted preformed biofilms (Fig. 1, D and E), likely explaining in part the

results in Fig. 1C. Furthermore, preformed biofilms treated with compound 6 lacked

continuity and the tall mushroom-like structures observed in untreated biofilms (Fig. 1, D

and E). These data suggest that compounds 1 to 6 directly affect both initial cell adhesion

and the interbacterial interactions necessary for biofilm persistence.

Compound 6 displays oral bioavailability

Compounds 4 and 6 were the most potent in the in vitro hemagglutination inhibition (HAI)

(38), a measure of inhibition of FimH function. However, we reasoned that the methyl ester

present in compound 4 would likely be unstable for oral administration as a result of

hydrolysis to carboxylic acid 5. We found that the acid 5 was 13-fold less potent than the

ester 4 in the HAI assay, suggesting that using esters would be a poor prodrug strategy (41).

Compound 6, in which the ester is replaced with an amide, is not only equipotent to

compound 4 in the HAI assay but is also stable to hydrolysis and has increased solubility.

Therefore, compound 6 was selected as our lead compound for initial in vivo evaluation.
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Pharmacokinetic studies with compound 6 were performed in mice after intraperitoneal

injection and oral gavage at several doses and time points.

After intraperitoneal administration, concentrations of compound 6 in the urine were

quantified at several time points with high-performance liquid chromatography (HPLC) and

mass spectrometry (MS). Doses of 5 and 10 mg/kg resulted in concentrations of 1 mM

compound 6 in the urine 30 min after treatment (Fig. 2A). Eight hours after administration

of compound 6 (10 mg/kg), levels remained near the biofilm IC50 (0.74 µM), which we used

as a predictor of effective concentrations against our target FimH. Subsequently, we

evaluated the mouse pharmacokinetics of compound 6 given orally at several concentrations

up to 200 mg/kg. Compound 6 (100 mg/kg) yielded a three times higher concentration than

the intraperitoneal dose (10 mg/kg) 8 hours after administration, demonstrating the oral

bioavailability of compound 6. The only detectable metabolism of compound 6 was

hydrolysis of the glycosidic bond (yielding D-mannose and the phenol) but >95% of drug

was excreted in the urine unchanged (fig. S1); furthermore, no apparent toxicity was

observed up to a dose of 200 mg/kg as measured by observable physiological changes and

survival.

Compound 6 treats an established UTI

To determine the therapeutic potential of compound 6 for treating chronic UTIs, we adapted

a preclinical murine model. Clinically, UTI ranges from acute resolving infection to chronic

and/or recurrent UTI (42, 43). Similarly, the outcome of UTI in C3H/HeN mice ranges from

self-limiting to long-lasting chronic cystitis. Chronic cystitis was characterized by persistent,

high-titer bacteriuria [>104 colony-forming units (CFU)/ml], high-titer bacterial bladder

burdens ≥2 weeks after infection, chronic inflammation, and urothelial necrosis (15).

Bacteria present in the bladders of chronically infected mice primarily exist extracellularly

and express type 1 pili (15). Thus, C3H/HeN mice were infected with 1 × 107 CFU of

UTI89, and mice developing chronic cystitis were identified by the presence of persistent

urine titers of >106 CFU of UTI89 for 2 weeks after infection. Mice with chronic UTI were

treated orally 2 weeks after infection with compound 6 at a single dose of 100 or 50 mg/kg

to evaluate the ability of compound 6 to treat chronic UTI. Within 6 hours of treatment, we

observed a three-log drop in bacterial titers, suggesting that compound 6 is effective in

treating a chronic, long-lasting infection (Fig. 2B). For comparison, mice with chronic UTI

were treated with TMP-SMZ (54 and 270 µg/ml, respectively), and bacterial concentrations

in the bladder were determined 6 hours later. Although there was a significant drop in the

bacterial titers of the TMP-SMZ–treated mice compared to phosphate-buffered saline

(PBS)–treated mice, the drop was significantly less than that seen in mice treated with

compound 6 (50 mg/kg) (Fig. 2B). The higher potency of compound 6 than TMP-SMZ 6

hours after treatment is likely a result of the therapeutic action of the compound against

FimH/type 1 pili to detach bacteria from tissue, causing their near instantaneous elimination

by urine flow and innate defenses.

Compound 6 prevents infection

Because compound 6 successfully treated chronic cystitis in our mouse model, we tested

whether it could also prevent a UTI when used as prophylactic therapy. Women suffering

from chronic and recurrent UTIs are often given TMP-SMZ prophylactically to alleviate

recurrence, but opposition to this TMP-SMZ regimen is rapidly expanding (8). To mimic the

clinical scenario, we evaluated the preventative efficacy of compound 6 in vivo by

administering it to mice either intraperitoneally or orally 30 min before infecting with

UTI89. At 6 hours after infection, bladders were removed and total bacterial CFU were

quantified. In both the intraperitoneally and the orally treated cohorts, we observed
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significantly fewer bacterial CFU, demonstrating the efficacy of compound 6 in reducing

overall UPEC colonization of the bladder (Fig. 3A).

In the acute stages of infection, the ability of UPEC to invade the bladder tissue and rapidly

replicate intracellularly into IBCs facilitates their quick expansion in numbers in the face of

a robust immune response and micturition (28). Thus, elimination and/or prevention of this

intracellular niche would likely prevent UPEC from persisting in the bladder. To test this,

we evaluated the effect of compound 6 on IBC formation as before. Mice were given

compound 6 either intraperitoneally or orally 30 min before infecting with UTI89, and 6

hours after infection, bladders were processed for IBC enumeration. The results showed that

prophylactic therapy with compound 6 prevented IBC formation (Fig. 3B). We also treated

the bladders ex vivo with gentamicin to determine whether compound 6 blocks UPEC

invasion into the bladder tissue. Gentamicin kills extracellular UPEC but is unable to

penetrate tissue, and thus, intracellular bacteria survive treatment (27). Consistent with the

IBC data, we found that in the compound 6–treated mice, ex vivo gentamicin treatment of

the bladders eliminated all CFU, suggesting that compound 6 prophylaxis prevented

bacterial invasion into the bladder tissue (Fig. 3C). In bladders from untreated mice, 103 to

104 CFU remained after gentamicin treatment, likely a result of intracellular localization of

the bacteria (Fig. 3C). Confocal microscopy of bladders from the untreated cohort showed

robust IBC formation (Fig. 3D), whereas IBCs were absent or only rarely seen in the

compound 6–treated mouse bladders. However, bacteria were observed in the bladder

luminal compartment from the compound 6–treated mice, albeit significantly reduced in

numbers (Fig. 3E), possibly reflecting the waning of compound 6 concentrations after the

single dose. These results demonstrate that compound 6 prevents bacterial invasion into the

bladder tissue and significantly reduces infection in the bladder.

Compound 6 potentiates antibiotic activity

The first-line treatment of choice for UTI has been a 3-day course of TMP-SMZ (80 and 400

mg, respectively), which concentrates in the urine (44). Thus, we hypothesized that by

preventing bacterial invasion into the bladder tissue, compound 6 may result in antivirulence

synergism with TMP-SMZ and may curtail or circumvent the problem of TMP-SMZ

resistance by causing UPEC exposure to TMP-SMZ concentrations sufficient for killing

even strains that are clinically resistant to TMP-SMZ. Mice given TMP-SMZ (54 and 270

µg/ml, respectively) for 3 days were infected with either UTI89 or the TMP-SMZR strain

PBC-1. Mice were intraperitoneally treated with compound 6 with a dose of 100 mg/kg 30

min before bacterial inoculation. A control group of untreated animals was used for

comparison. After inoculating mice with UTI89 or PBC-1, bacterial CFU were quantified at

6 hours after infection. Treatment with TMP-SMZ alone resulted in a significantly reduced

bacterial load in the UTI89-infected mice but had no effect on PBC-1 because it is resistant

to TMP-SMZ (Fig. 4). Upon treatment with compound 6 alone, there was a significant drop

in bacterial load of both strains in the bladder, showing that it is effective against different

strains of UPEC that cause UTI. In the dual-treatment group, bacterial CFU were

significantly reduced compared to compound 6 alone or TMP-SMZ alone for both strains,

and the effect was most pronounced for PBC-1 (Fig. 4). The presence of compound 6 had no

effect on growth or killing efficiency of either strain during growth in vitro in the presence

or absence of TMP-SMZ. Therefore, the ability of compound 6 to potentiate TMP-SMZ’s

activity in preventing infection by the TMP-SMZR strain PBC-1 indicates that the

compound 6 effect is specific to the in vivo infection. On the basis of growth curves, we

determined that the minimum inhibitory concentration (MIC) of TMP and SMZ was 256 and

1280 µg/ml, respectively, for PBC-1 and 0.05 and 0.25 µg/ml, respectively, for UTI89.

Using quantitative HPLC-MS, we determined the concentration of TMP in the urine of mice

to be 9.95 ± 4.36 mg/ml and SMZ to be 67.17 ± 32.51 µg/ml after 3 days of treatment with
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TMP (54 µg/ml) and SMZ (270 µg/ml) in the drinking water, respectively. These results

indicate that by preventing bacterial invasion of bladder epithelial cells, compound 6
compartmentalizes the microbes to the bladder lumen, thus exposing them to TMP-SMZ

concentrations well above the MIC of PBC-1, resulting in bacterial cell death. It is likely

that during current standard treatment, TMP-SMZ reaches tissue concentrations above the

MIC needed for UTI89 killing but fails to reach tissue concentrations needed for killing

PBC-1. Thus, in the absence of compound 6, residence of PBC-1 in the intracellular niche

likely protected it from antibiotic killing.

Compounds 7 to 10 show improved pharmacokinetics and efficacy in vivo

Although compound 6 was effective in vivo, we sought to develop compounds with

improved pharmacokinetics, in particular those with increased cell permeability, better oral

bioavailability, and better bladder tissue penetration. Although renal clearance is desirable

for UTI therapeutics, the inherent polarity of mannose and the mannoside derivatives and

other sugar-derived compounds often limits their cellular permeability. We therefore sought

to increase their hydrophobicity (logD). In a rat plasma pharmacokinetic intravenous study

(n = 3), compound 6 when given at 3 mg/kg had moderate clearance (Cl = 26.6 ml/min per

kg) but a very short half-life (t1/2 = 0.4 hour) of less than an hour and low volume of

distribution (Vdss = 0.17 liter). Mice given 6 intraperitoneally at 10 mg/kg or orally at 100

mg/kg showed high renal clearance to the urine, which could explain the short half-life of 6
seen in the rat. The low volume of distribution indicated poor tissue exposure with limited

bioavailability, highlighting the need to improve the pharmacokinetics of these compounds.

Computational modeling suggested that substitution at the biphenyl ring ortho position of

compound 3 directly attached to mannose (38) could lead to improved binding to FimH.

Therefore, we synthesized analogs of monoamide 3 with ortho-substituted methyl,

trifluoromethyl, and chloro (41, 45, 46) groups to increase hydrophobicity and, at the same

time, the metabolic stability of the glycosidic bond to acidic hydrolysis in the gut and by

mannosidases. The compounds were evaluated for their activity in the HAI assay, and we

discovered that all substitutions increased their potencies (Fig. 5A). ortho-Chloro compound

7 inhibited hemagglutination with a potency of 125 nM, which is 10 times better than

matched pair 3, whereas the ortho-methyl analog 8 was even more active (HAI = 62 nM).

Substitution with a trifluoromethyl group yielded the most potent analog 9 with an HAI = 32

nM. We also developed diamide 10, which is substantially more active than previously

reported mannoside FimH inhibitors, with an HAI = 8 nM. This level of potency

corresponds to a 50-fold improvement over lead compound 6. We next tested the optimized

compounds for mouse oral pharmacokinetics (Fig. 5B) and found that at a dose of 50 mg/kg,

compounds 8 and 10 yielded the highest concentrations in urine at 6 hours after

administration, with 8 displaying levels equivalent to those produced by compound 6 (100

mg/kg), suggesting that it has increased oral bioavailability compared to 6.

Because of their enhanced potency and improved pharmacokinetics, we tested compounds 8
and 10 in our chronic infection mouse model. C3H/HeN mice with chronic cystitis at 2

weeks after infection were treated with 6, 8, or 10. Treatment with 8 and 10 significantly

reduced CFU by four logs in the bladder within 6 hours of treatment (Fig. 5C). Although 10
is eight times more potent in vitro than compound 8, when given orally at 50 mg/kg

compound 8 showed better efficacy in vivo. Compound 8 reduced bacterial CFU in the

bladder almost 100 times better than did compound 6 at the identical dose of 50 mg/kg and

was more effective than compound 6 at the dose of 100 mg/kg. Thus, a combination of

increased FimH inhibition and improved pharmacokinetics for the ortho-substituted

compounds 8 and 10 (relative to 6) enables increased exposure in the bladder and urine,

resulting in antibacterial efficacy with significant reduction of chronic cystitis within 6 hours

of treatment. However, by 24 hours after treatment with compound 8, bacterial CFU began
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to increase, although they remained significantly lower than PBS-treated mice (Fig. 5D).

Oral treatment of infected mice with three doses every 8 hours of compound 8 prevented the

increase of CFU 24 hours after the initial treatment compared to PBS- or single dose–treated

mice. These data suggest that continual treatment may achieve long-lasting effective

treatment of chronic UTI. Although in most cases rapid renal drug clearance is undesired,

this is an attractive feature of these compounds for UTI therapy where targeting of drug to

the bladder is beneficial. These proof-of-principle experiments have identified optimized

compound 8 as a promising lead preclinical candidate for the oral treatment and prevention

of recurrent UTIs.

DISCUSSION

UTIs are often a major problem throughout the life span of women, particularly when the

infection becomes chronic, recurrent, or recalcitrant to treatment because of pathogenic

mechanisms or antibiotic resistance. Multidrug-resistant uropathogens are becoming more

prevalent and globally distributed, making UTI an increasingly pressing public health

concern (47). Thus, there is a need to design new therapeutic candidates that can be

translated to the clinic to improve the lives of women suffering from this often-chronic

disease.

Herein, we describe the synthesis and therapeutic efficacy in a mouse model of orally active

small-molecule FimH antagonists and demonstrate their potential for treating established

chronic UTIs and potentiating antibiotic treatment of a resistant bacterial infection. Our

mannoside compounds block the FimH-mediated binding of UPEC to host epithelial

mannosylated receptors and prevent UPEC adherence and invasion into the bladder

epithelium, thus ultimately preventing the formation of IBCs, which has the potential to

mitigate the severity and frequency of recurrence (22, 36, 48). Their mechanism of action is

to inhibit the function of the extracellular FimH pilus tip adhesin, which does not require the

compound to cross the bacterial outer membrane for efficacy, thus circumventing the

development of resistance because of porin mutations or efflux.

The compounds described here are orally bioavailable and have potent, fast-acting efficacy

in treating chronic cystitis. A single dose of compound 6 resulted in a significant reduction

in bacterial colonization 6 hours after treatment in chronically infected mice. The optimized

compound 8 was significantly more efficacious in treating chronic cystitis than compound 6,

which reduced chronic cystitis significantly better than did the standard treatment of TMP-

SMZ. By extension, the more potent compounds 8 and 10 are likely to be even more

effective than 6 relative to TMP-SMZ. Further, enhanced efficacy is derived from three

doses of compound 8 given in a 24-hour period, which reduces colonization of the bladder

to near-undetectable levels. Currently, treatment of UTI typically requires a 3- to 10-day

course of antibiotics or, in the case of chronic cystitis, daily prophylaxis. Also, addition of

compound 6 to TMP-SMZ for treatment augmented TMP-SMZ activity as evidenced by a

significant reduction in bacterial counts in the bladder over that produced by compound 6
alone or TMP-SMZ alone, even when the strain was clinically resistant to TMP-SMZ. Thus,

if clinically translatable to humans, these mannoside compounds have the potential to

shorten the standard course of treatment and/or increase the efficacy of TMP-SMZ, resulting

in fewer treatment failures.

Prophylactic use of the compounds discussed here was also effective in vivo at preventing

UTI in a mouse model. Compound 6 prevented UPEC from invading bladder epithelial cells

and thus prevented IBC formation, which is thought to be important for prolonged

colonization (36). If our results translate to clinical practice, prophylactic mannoside

administration could benefit specific patient populations such as sexually active women with
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a propensity for UTI (49), the elderly, and possibly catheterized patients. Greater than 1

million catheter-associated UTIs are diagnosed annually with an estimated cost exceeding

$600 million, of which UPEC cause about 30% (50–52). Whether prophylactic delivery of

mannoside could reduce the incidence of catheter-associated UTIs is the subject of future

research.

Treatment failures for chronic and recurrent UTIs, especially those related to antibiotic

resistance, continue to impose a significant burden of morbidity and decreased quality of

life. A recent study demonstrated that 17 antibiotics capable of killing the virulent cystitis

isolate, UTI89, in vitro or in tissue culture, are ineffective in eliminating UTI89 from the

bladder tissue during in vivo infection (9). UPEC were protected from even highly

membrane-permeable antibiotics such as quinolones. Thus, by harboring antibiotic-tolerant

bacteria, IBCs or quiescent intracellular reservoirs (53) could provide a reservoir of

surviving pathogens responsible for relapsing or non–antibiotic-responsive infection (54).

We reasoned that our mannoside compounds, which prevent these intracellular bacteria, and/

or prevent their recurrence, would potentiate efficacy of existing antibiotics. We have

demonstrated this potentiation, showing efficacy against two different clinical strains of

UPEC: one that is broadly antibiotic-susceptible and one that carries a common but

clinically troublesome form of antibiotic resistance. We demonstrated that administration of

the mannoside compounds described here resulted in reduced intracellular bladder

colonization of UPEC and sensitized a TMP-SMZ–resistant strain, presumably by

prolonging exposure to antibiotic levels in the urine above its MIC. These results highlight

the importance of the intra-cellular pathway in bacterial persistence. In addition to escaping

the immune system in their intracellular niche, bacteria are also able to evade exposure to

antibiotics as highlighted by the clinically TMP-SMZ–resistant strain. Translated to clinical

practice, mannosides could be a cost-effective treatment that lowers the antibiotic resistance

rate, which is currently as high as 30% in some studies (55). This could also have the benefit

of reducing the use of fluoroquinolones and decreasing resistance. In our animal models,

compounds 6 and 8 are effective as a treatment against UTI, and their oral availability

represents a major step toward advancing these compounds into clinical trials and drug

development. Further, preclinical lead optimization studies of these compounds are currently

focused on improving their oral bioavailability in addition to increasing compound exposure

in plasma and the bladder tissue to facilitate less frequent dosing.

MATERIALS AND METHODS

Bacterial strains

UTI89 is a prototypical cystitis isolate of serotype O18:K1:H7. PBC-1 is a TMP-SMZR

strain of serotype OX13:K1:H10 isolated from a 59-year-old asymptomatic female with a

history of recurrent UTI and diagnosis of primary biliary cirrhosis.

Synthesis of mannosides

General synthesis, purification, and analytical chemistry procedures—Starting

materials, reagents, and solvents were purchased from commercial vendors unless otherwise

noted. 1H NMR (nuclear magnetic resonance) spectra were measured on a Varian 300-MHz

NMR instrument. The chemical shifts were reported as d ppm (parts per million) relative to

TMS with residual solvent peak as the reference unless otherwise noted. The following

abbreviations were used to express the multiplicities: s = singlet; d = doublet; t = triplet; q =

quartet; m = multiplet; br = broad. HPLC purifications were carried out on a Gilson GX-281

with Waters C18 5 µM, 4.6 × 50 mm and Waters Prep C18 5 µM, 19 × 150 mm reverse-

phase columns, eluted with a gradient system of 5:95 to 95:5 acetonitrile/water with a buffer

consisting of 0.05% trifluoroacetic acid. Purity and structure identification studies were
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performed using liquid chromatography–mass spectrometry (LCMS) with electrospray

ionization (ESI) for detection. All reactions were monitored by thin-layer chromatography

(TLC) carried out on Merck silica gel plates (0.25 mm thick, 60F254), visualized with

ultraviolet (254 nm) or dyes such as KMnO4, p-anisaldehyde, and ceric ammonium

molybdate (CAM). Silica gel chromatography was carried out on a Teledyne ISCO

CombiFlash purification system with prepacked silica gel columns (12- to 330-g sizes). All

compounds used for biological assays are greater than 95% purity based on NMR and HPLC

by absorbance at 220- and 254-nm wavelengths.

Experimental procedure for the preparation of compound 8—Step 1. [(2R,3S,4S,

5R,6R)-4,5-diacetoxy-6-(acetoxymethyl)-2-(4-bromo-2-methyl-phenoxy)tetrahydropyran-3-

yl] acetate

Under nitrogen atmosphere and at room temperature, boron tri-fluoride diethyl etherate

(3.41 g, 24 mmol) was added dropwise into the solution of α-D-mannose pentaacetate (3.12

g, 8 mmol) and 4-bromo-2-methylphenol (2.99 g, 16 mmol) in 100 ml of anhydrous CH2Cl2.

After a few minutes, the mixture was heated to reflux and stirring was kept for 45 hours. The

reaction was then quenched with water and extracted with CH2Cl2. The CH2Cl2 layer was

collected, dried with Na2SO4, and concentrated. The resulting residue was purified by silica

gel chromatography with hexane/ethyl acetate combinations as eluent, giving the title

compound (3.22 g) in 77% yield. 1H NMR (300 MHz, CHLOROFORM-d) δ 7.18 to 7.38

(m, 2H), 6.97 (d, J = 8.79 Hz, 1H), 5.50 to 5.59 (m, 1H), 5.43 to 5.50 (m, 2H), 5.32 to 5.42

(m, 1H), 4.28 (dd, J = 5.63, 12.50 Hz, 1H), 3.99 to 4.15 (m, 2H), 2.27 (s, 3H), 2.20 (s, 3H),

2.02 to 2.11 (three singlets, 9H). MS (ESI): found: [M + Na]+, 539.0.

Step 2. N-methyl-3-[3-methyl-4-[(2R,3S,4S,5S,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)tetrahydropyran-2-yl]oxy-phenyl]benzamide (8)

Under nitrogen atmosphere, the mixture of [(2R,3S,4S,5R,6R)-4,5-diacetoxy-6-

(acetoxymethyl)-2-(4-bromo-2-methyl-phenoxy)tetrahydropyran-3-yl] acetate (0.517 g, 1

mmol), 3-(N-methylaminocarbonyl)phenylboronic acid pinacol ester (0.392 g, 1.5 mmol),

cesium carbonate (0.977 g, 3 mmol), and tetrakis(triphenylphosphine)palladium (0.116 g,

0.1 mmol) in dioxane/ water (15 ml/3 ml) was heated at 80°C with stirring for 1 hour. After

cooling to room temperature, the mixture was filtered through a silica gel column to remove

the metal catalyst and salts with hexane/ethyl acetate combinations as eluent. The filtrate

was concentrated and then dried in vacuo. The residue was diluted with 15 ml of methanol

containing a catalytic amount of sodium methoxide (0.02 M), and the mixture was stirred at

room temperature overnight. H+ exchange resin (DOWEX 50WX4–100) was added to

neutralize the mixture. The resin was filtered off, and the filtrate was concentrated. The

resulting residue was purified by silica gel chromatography with CH2Cl2/MeOH

combinations as eluent, giving the title compound (0.260 g) in 64% yield for two steps. 1H

NMR (300 MHz, METHANOL-d4) δ 7.94 (t, J = 1.65 Hz, 1H), 7.57 to 7.72 (m, 2H), 7.33 to

7.50 (m, 3H), 7.23 (d, J = 8.52 Hz, 1H), 5.48 (d, J = 1.92 Hz, 1H), 4.00 (dd, J = 1.79, 3.43

Hz, 1H), 3.83 to 3.94 (m, 1H), 3.60 to 3.76 (m, 3H), 3.46 to 3.58 (m, 1H), 2.87 (s, 3H), 2.24
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(s, 3H). MS (ESI): found: [M + H]+, 404.2. Compounds 7 and 9 were prepared after a

procedure similar to the synthesis of 8.

Experimental procedure for the preparation of compound 10—Step 1. [(2R,3S,

4S,5R,6R)-4,5-diacetoxy-6-(acetoxymethyl)-2-(4-bromo-2-trifluoromethyl-

phenoxy)tetrahydropyran-3-yl] acetate

Using the procedure outlined in the [(2R,3S,4S,5R,6R)-4,5-diacetoxy-6-(acetoxymethyl)-2-

(4-bromo-2-methyl-phenoxy)tetrahydropyran-3-yl] acetate section with 4-bromo-2-

trifluoromethylphenol, we obtained the title compound (2.5 g) in 54% yield. 1H NMR (300

MHz, CHLOROFORM-d) d 7.75 (d, J = 2.20 Hz, 1H), 7.61 (dd, J = 2.47, 8.79 Hz, 1H), 7.15

(d, J = 8.79 Hz, 1H), 5.61 (d, J = 1.65 Hz, 1H), 5.32 to 5.58 (m, 3H), 4.28 (dd, J = 5.22,

12.36 Hz, 1H), 3.95 to 4.22 (m, 2H), 2.21 (s, 3H), 2.07 (s, 3H), 2.06 (s, 3H), 2.04 (s, 3H).

MS (ESI): found: [M + Na]+, 593.0.

Step 2. N1,N3-dimethyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzene-1,3-

dicarboxamide

Dimethyl 5-bromobenzene-1,3-dicarboxylate (10.6 g, 36.8 mmol) was dissolved in a 33 wt

% solution of methylamine in ethanol (30 ml) and stirred for 6 hours at room temperature.

The precipitate that formed during the reaction was filtered to give 5.3 g (53%) of the

intermediate 5-bromo-N1,N3-dimethyl-benzene-1,3-dicarboxamide as a white solid.

Concentration of the remaining filtrate yielded an additional 4.6 g (46%) of product. 5-

Bromo-N1,N3-dimethyl-benzene-1,3-dicarboxamide (5.3 g, 19.5 mmol), Pd(dppf)Cl2 (0.87

g, 1.2 mmol), di-pinacolborane (6.1 g, 24 mmol), and potassium acetate (7.8 g, 80 mmol)

were dissolved in dimethyl sulfoxide (DMSO) (100 ml). The solution was stirred under

vacuum and then repressurized with nitrogen. This process was repeated three times, and

then the resultant mixture was stirred at 80°C for 5 hours under a nitrogen atmosphere. After

removal of the solvent under high vacuum, the crude material was purified by silica gel

chromatography to give the title compound as a light tan solid (2.2 g, 35%). 1H NMR (300

MHz, DMSO-d6) δ 8.63 (m, 2H), 8.41 (t, J = 1.51 Hz, 1H), 8.23 (d, J = 1.65 Hz, 2H), 2.80

(s, 3H), 2.78 (s, 3H), 1.33 (s, 12H). MS (ESI): found: [M + H]+, 319.2.

Step 3. N1,N3-dimethyl-5-[3-(trifluoromethyl)-4-[(2R,3S,4S,5S,6R)-3,4,5-trihydroxy-6-

(hydroxymethyl)tetrahydropyran-2-yl]oxy-phenyl]benzene-1,3-dicarboxamide (10)

Using the procedure outlined in the N-methyl-3-[3-methyl-4-[(2R,3S,4S,5S,6R)-3,4,5-

trihydroxy-6-(hydroxymethyl)tetrahydropyran-2- yl]oxy-phenyl]benzamide section with
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[(2R,3S,4S,5R,6R)-4,5-diacetoxy-6-(acetoxymethyl)-2-(4-bromo-2-trifluoromethyl-

phenoxy)tetrahydropyran-3-yl] acetate (0.57 g) and N1,N3-dimethyl-5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)benzene-1,3-dicarboxamide (0.48 g), we obtained the

title compound (0.340 g) in 69% yield for the two steps. 1H NMR (300 MHz, METHANOL-

d4) d 8.17 to 8.24 (m, 1H), 8.14 (d, J = 1.65 Hz, 2H), 7.92 (d, J = 1.92 Hz, 1H), 7.87 (dd, J =

2.20, 8.79 Hz, 1H), 7.57 (d, J = 8.79 Hz, 1H), 5.64 (d, J = 1.65 Hz, 1H), 4.04 (dd, J = 1.65,

3.30 Hz, 1H), 3.87 to 3.96 (dd, 1H), 3.64 to 3.83 (m, 3H), 3.48 to 3.63 (m, 1H), 2.93 (s, 6H).

MS (ESI): found: [M + H]+, 515.1.

Biofilm assay

UTI89 was grown in LB in wells of PVC microtiter plates at 23°C in the presence of

individual compounds at varying concentrations. After 48 hours of growth, wells were

rinsed with water and stained with crystal violet for quantification as described (56). For

prevention of biofilm activity in PVC plates, UTI89 was grown in LB broth in wells of PVC

microtiter plates at 23°C. After 24 hours of growth, mannoside was added and biofilms were

grown for an additional 16 hours. Wells were then rinsed, stained with crystal violet, and

quantified. For biofilm disruption activity on PVC coverslips, UTI89 was grown in LB broth

in 50 ml of conicals containing PBC coverslips at 23°C. After 24 hours of growth, 0.3 µM

compound 6 was added and the biofilm was grown for an additional 16 hours. Coverslips

were then rinsed, fixed with 2% (v/v) paraformaldehyde, stained with SYTO9 (1:1000 in

PBS; Molecular Probes), and observed with a Zeiss LSM410 confocal laser scanning

microscope under a 63× objective.

Animal infections

Bacteria were grown under type 1 pilus–inducing conditions (2 × 24 hours at 37°C statically

in LB). The bacteria were harvested and resuspended to an A600 (absorbance at 600 nm) of

0.5 in PBS. Eight-week-old C3H/HeN (Harlan) female mice were anesthetized by inhalation

of isoflurane and infected via transurethral catheterization with 50 ml of the bacterial

suspension, resulting in 1 × 107 to 2 × 107 inoculum. At 6 hours after infection, mice were

killed by cervical dislocation under anesthesia and the bladders were immediately harvested

and processed as described below. All animal studies using mice were approved by the

Animal Studies Committee of Washington University (Animal Protocol Number 20100002).

Chronic infection

Mice were infected with UTI89, and the infection was allowed to continue for 2 weeks. At

12 days after infection, urine was collected and titered to determine which mice were

chronically infected (urine titers >106). At 2 weeks after infection, chronically infected mice

were treated orally with mannoside (50 or 100 mg/kg). Six hours after treatment, mice were

killed and bladders were aseptically removed and homogenized to determine tissue titers.

Enumeration of bladder IBCs

For animal pretreatment experiments, compound 6 was administered either intraperitoneally

(5 mg/kg) or orally (100 mg/kg) 30 min before inoculation with UTI89. To accurately count

the number of IBCs, we killed the mice 6 hours after infection and aseptically removed,

bisected, and splayed the bladders on silicone plates and fixed them in 2% (v/v)

paraformaldehyde. IBCs, readily discernable as punctate violet spots, were quantified by

LacZ staining of whole bladders (57).

Pharmacokinetic analysis

For intraperitoneal dosing, 50 µl of a solution of 6 in PBS [2 mg/ml (5 mg/kg) or 4 mg/ml

(10 mg/kg)] was injected into the peritoneal cavity of the mouse. For oral dosing, 100 µl of a
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solution of mannoside in 8% DMSO [10 mg/ml (50 mg/kg) or 20 mg/ml (100 mg/kg)] was

inoculated with a gavage needle into the mouse stomach. Urine was collected at 30 min and

1, 2, 3, 4, 6, and 8 hours after treatment. An equal volume of 10 mM internal standard

(compound 3) was added to the urine. Mannosides were extracted from the urine by loading

on C18 columns (100 mg, Waters), washing with 30% methanol, and eluting with 60%

methanol. Vacuum-concentrated eluates were analyzed using an LC-MS system (58) with a

lower heated capillary temperature of 190°C and a gradient as follows: Solvent B (80%

acetonitrile in 0.1% formic acid) was held constant at 5% for 5 min, increased to 44% B by

45 min, and then to a 95% B by 65 min. Selected reaction monitoring (SRM) mode

quantification was performed with collision gas energy of 30% for the following MS/MS

transitions [precursor mass/charge ratio (m/z)/product m/z]: compound 6, 447/285;

compound 3, 390/228. Absolute quantification was achieved by comparison to a calibration

curve.

Bladder tissue bacterial titer determination

Compound 6 was administered either intraperitoneally (5 mg/kg) or orally (100 mg/kg) 30

min before inoculation with UTI89. To enumerate the bacteria present, we killed the mice at

6 hours after infection, and we aseptically removed and homogenized the bladders in 1 ml of

PBS and serially diluted and plated them onto LB agar plates. CFU were enumerated after

16 hours of growth at 37°C.

Confocal microscopy

Compound 6 was administered intraperitoneally (5 mg/kg) 30 min before inoculation with

UTI89. To visualize bacterial behavior within the bladder, we killed the mice at 6 hours after

infection, and we aseptically removed, bisected, and splayed the bladders on silicone plates,

revealing the luminal surface, and fixed them in 2% (v/v) paraformaldehyde. The splayed

bladders were then incubated for 20 min at room temperature with (i) SYTO9 (1:1000 in

PBS; Molecular Probes) to stain bacteria and (ii) Alexa Fluor 594–conjugated wheat germ

agglutinin (WGA; 1:1000 in PBS; Molecular Probes) to stain the bladder luminal surface.

Bladders were rinsed with PBS, mounted with ProLong Gold antifade reagent (Invitrogen),

and examined with a Zeiss LSM510 confocal laser scanning microscope under a 63×

objective. SYTO9 and WGA were excited at 488 and 594 nm, respectively.

Gentamicin protection assay

To enumerate bacteria present in the intracellular versus extracellular compartments, we

aseptically harvested the bladders at 6 hours after infection. The bladders were then bisected

twice and washed three times in 500 ml of PBS each. The wash fractions were pooled,

lightly spun at 500 rpm for 5 min to pellet exfoliated bladder cells, serially diluted, and

plated onto LB agar to obtain the luminal fraction. The bladders were treated with

gentamicin (100 µg/ml) for 90 min at 37°C. After treatment, the bladders were washed twice

with PBS to eliminate residual gentamicin, homogenized in 1 ml of PBS, serially diluted,

and plated onto LB agar to enumerate the CFU in the intracellular fraction.

Antibiotic treatment

Mice were given TMP-SMZ oral suspension solution in the drinking water at a

concentration of 54 and 270 µg/ml, respectively. Water was changed daily for 3 days before

inoculation with UTI89. Mice remained on TMP-SMZ during the infection. To determine

TMP-SMZ concentration in the urine, we collected urine after 3 days of TMP-SMZ

treatment and quantified it by LC-MS after addition of sulfisoxazole as an internal standard.
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Growth curve

An overnight culture of PBC-1 was diluted 1:1000 in LB in the presence or absence of

TMP-SMZ and/or compound 6. The highest concentration of TMP-SMZ used was 512 and

2560 µg/ml, respectively. Twofold dilutions of TMP-SMZ were performed. Compound 6
was added at 100 µM. Growth curves were performed in a 96-well plate at 37°C with A600

readings taken every 30 min for 8 hours. The MIC was calculated as the lowest

concentration of antibiotic that prevented growth of the bacterial strain.

Statistical analysis

Observed differences in bacterial titers and IBC numbers were analyzed for significance

with the nonparametric Mann-Whitney U test (Prism; GraphPad Software). A P value of less

than 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Inhibition, prevention, and disruption of UTI89 biofilm by mannoside. (A) Biphenyl

compounds 1 to 6 as described in (38). Cellular HAI titers (EC>90) from (38) are shown in

parentheses. (B) IC50 for compounds 1 to 3 and 6 effects on UTI89 biofilm formation (n =

3). The test mannoside was added at the initiation of biofilm formation. (C) IC50 of 1 to 3
and 6 on UTI89 biofilm inhibition of established UTI89 biofilm. Mannoside was added 24

hours after biofilm growth was initiated, and percent biofilm was calculated 16 hours after

addition of mannoside. Bars show the median value of the experiments (n = 3). (D and E)

Effect of 6 on biofilm dispersal as measured by confocal microscopy of UTI89 biofilms
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grown for 24 hours (D), then incubated for an additional 16 hours in the presence of 0.3 µM

compound 6 (E). Images along top and left are orthogonal views that show biofilm

structures that protrude from the surface (arrow). Scale bars, 26 µm (D) and 28 µm (E).
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Fig. 2.
Compound 6 pharmacokinetic distribution and effect on chronic infection. (A)

Pharmacokinetic analysis of 6 (n ≥ 3 mice) showing concentration in urine over time for

each dose indicated. Horizontal dashed line is at IC50 (0.74 µM) determined by the biofilm

inhibition assay. IP, intraperitoneally; PO, orally. (B) Compound 6 effect on UTI. Mice

chronically infected with UTI89 were treated with PBS, 6 (orally, 100 and 50 mg/kg), or

TMP-SMZ (54 and 270 µg/ml, respectively). Six hours after treatment, bacteria in the

bladder were counted. In the mannoside- and TMP-SMZ–treated groups, there was a

significant drop in bacterial load relative to that in PBS-treated mice. Horizontal lines

indicate geometric mean. *P < 0.05; **P < 0.01; ***P < 0.0001, Mann-Whitney U test.
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Fig. 3.
Compound 6 reduces UTI89 colonization by preventing invasion. (A) Total bacterial CFU at

6 hours after infection from mice treated with PBS or 6, either intraperitoneally (5 mg/kg) or

orally (100 mg/kg) 30 min before inoculation with UTI89, revealing significantly less

colonization in mannoside-treated mice. ns, not significant; LOD, limit of detection. (B) IBC

quantification at 6 hours after infection from mice treated with PBS or 6, either

intraperitoneally (5 mg/kg) or orally (100 mg/kg) 30 min before inoculation with UTI89,

revealing significantly fewer IBCs in mannoside-treated mice. (C) Bacterial CFU at 6 hours

after infection in the ex vivo gentamicin protection assay revealed that both luminal and

intracellular bacteria were significantly reduced upon intraperitoneal (5 mg/kg) pretreatment

of mice with 6. Horizontal lines indicate geometric mean. *P < 0.05; **P < 0.01; ***P <

0.0001, Mann-Whitney U test. (D and E) Confocal microscopy of bladders from PBS-

treated (D) and 6-treated (E) mice. Bacteria were stained with SYTO9 (green; 1:1000 in

PBS), and the bladder luminal surface was stained with WGA-594 (red; 1:1000 in PBS).

The image in (D) shows a robust IBC; the arrows in (E) indicate luminal bacteria. Scale

bars, 10 µm.
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Fig. 4.
Compound 6 potentiates TMP-SMZ treatment. Total bacterial CFU were quantified 6 hours

after infection. UTI89 colonization was reduced in mice treated with 6 (100 mg/kg), TMP-

SMZ (54 and 270 µg/ml, respectively), and TMP-SMZ + 6. Horizontal lines indicate

geometric mean. *P < 0.05; **P < 0.01; ***P < 0.0001, Mann-Whitney U test.
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Fig. 5.
Compounds 7 to 10 show enhanced pharmacokinetics and potency at treating infection. (A)

Optimized ortho-substituted biphenyl compounds 7 to 10. Cellular HAI titers (EC>90) are

shown in parentheses. (B) Compounds 7 to 10 show improved pharmacokinetics.

Compounds 8 and 10 at 50 mg/kg yielded concentrations in the urine 6 hours after treatment

equivalent to compound 6 at 100 mg/kg. (C) Chronically infected mice were treated with

PBS or compound 6, 8, or 10 (orally, 50 mg/kg). Six hours after treatment, there was a

significant drop in bacterial load in mannoside-treated mice relative to PBS-treated mice.

The optimized compound 8 showed increased efficacy over 6. (D) Chronically infected mice

were treated with PBS or compound 8 at one or three doses every 8 hours. Twenty-four

hours after the initial treatment, both compound 8–treated groups showed a significant drop

in bacterial counts over the PBS-treated animals. (C and D) Horizontal bars indicate

geometric mean. *P < 0.05; **P < 0.01; ***P < 0.0001, Mann-Whitney U test.
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