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ABSTRACT

Fosfomycin tromethamine (FT), an old antibiotic revived as a new strategy to overcome antibiotic resistance, is an excellent
option for the treatment of lower urinary tract infection (UTI). During UTI, Escherichia coli produces biofilms and could invade
the bladder epithelial cells, developing intracellular bacterial communities (IBC). The present work aimed to evaluate the
activity of FT on biofilms and IBC from clinical isolates of E. coli. A total of 38 E. coli clinical UTI isolates previously
characterized as biofilm and IBC producers were studied. FT susceptibility was evaluated and its activity on 48 h biofilm was
determined by microtiter plate-based biofilm assay comparing three different antibiotic concentrations. Two UPEC strains
were selected to evaluate FT activity on IBC in vitro using T24 bladder cells. The survival percentage of intracellular bacteria
after 24 h exposure to FT was calculated and compared to the percentage of intracellular bacteria without antibiotic. All the
strains were susceptible to FT. FT produced a significant reduction of biofilms at the three concentrations tested, compared
to the control. However, no statistically effect on IBC was observed after 24 h of fosfomycin exposure in cell culture. FT is a
good option for bacterial biofilm reduction within UTI. However, it does not affect IBC.
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INTRODUCTION

Antibiotic resistance is a worldwide emerging problem. There-
fore, reviving old and neglected antibiotics is regarded as a new
strategy to overcome antibiotic resistance and to expand treat-
ment options.

Fosfomycin is an ‘old’ antibiotic isolated for the first time in
1969 from cultures of Streptomyces spp., which has been reintro-
duced in many countries for the treatment of different infec-
tions. Fosfomycin represents its own class of antibiotics and acts
inhibiting the early stages of bacterial cell wall biosynthesis in
an irreversible way (Hendlin et al. 1969; Popovic et al. 2010). Dif-
ferent fosfomycin formulations are available: a hydrophilic di-
sodium salt (fosfomycin di-sodium) for parenteral administra-
tion and fosfomycin tromethamine (FT) for oral administration
(Popovic et al. 2010; Bergan 1990).

It is a broad-spectrum antibiotic with activity against a
wide range of microorganisms, including Gram-negative bac-
teria like Escherichia coli, Proteus mirabilis, Klebsiella pneumoniae,
Enterobacter spp., Citrobacter spp., and Salmonella typhi and Gram-
positive as Enterococcus spp., Streptococcus spp., and Staphylococ-
cus spp. (Michalopoulos, Livaditis and Gougoutas 2011; Barry and
Brown 1995). It is also active against Multidrug-resistant Enter-
obacteriaceae, such as extended-spectrum beta-lactamases
and carbapenemases producers [Michalopoulos, Livaditis and
Gougoutas 2011; Barry and Brown 1995; Dijkmans et al. 2017; Aris
et al. 2018; Seitz, Stief and Waidelich 2017). FT is an excellent
option for the treatment of lower urinary tract infection (UTI),
with the advantage of single-dose posology, high urine concen-
trations during 48 h, and rare adverse effects (Dijkmans et al.
2017; Aris et al. 2018; Seitz, Stief and Waidelich 2017).

UTI is a common infection in children and adults, being
Uropathogenic E. coli (UPEC) the most common etiological agent
(Habib 2012; Robino et al. 2014a). Recurrent UTI is a com-
mon problem. Approximately, 20-40% of children and women,
respectively, would have another UTI during the next 12 months
after the previous episode (Elder 2009; Habib 2012; Garin et al.
2006). Adherence to the host urothelial cells is one of the first
steps in the pathogenesis of UPEC UTI. The adhesion of FimH
(the adhesin of type 1 pili) to uroplakin or integrins induces a
reorganization of the cytoskeleton allowing UPEC internaliza-
tion by an endocytic pathway. Once within the cell, bacteria can
escape from the endocytic vesicles to the cytoplasm and repli-
cate establishing structures similar to biofilms, called intracel-
lular bacterial communities (IBC) (Justice et al. 2004; Andersen
et al. 2004, 2012). Internalization may protect the bacteria from
antibiotics, neutrophil influx,and shear stress. Intracellular bac-
teria could emerge from these reservoirs, usually adopting a fil-
amentous morphology and eventually initiating a new IBC cycle
(Justice et al. 2004; Andersen et al. 2004, 2012). After infection,
UPEC may persist in the urinary tract in different situations,
as IBC or quiescent intracellular reservoirs (QIRs) and forming
biofilms on biological surfaces (Robino et al. 2013; Robino et al.
2014b; Rosenet al. 2007 ; Sanchez et al. 2013).

A biofilm is defined as a microbial-derived sessile commu-
nity characterized by cells that are irreversibly attached to a sub-
stratum or interface on each other and embedded in a matrix
of extracellular polymeric substances that they have produced
(Flemming and Wingender 2010). Bacteria within the biofilm are
in a different replication state (Soto 2014). These characteristics
may prevent bacteria eradication during antibiotic treatment.

Antibiotic resistance in biofilms has been widely studied in
the last years, proposing that it is an adaptive and reversible sit-
uation, demonstrated by the recovery of the original susceptibil-
ity when bacteria return to a planktonic state (Keren et al. 2004).
Itis proposed that antibiotic resistance in the biofilm occurs due
to different mechanisms, like a limitation of antibiotic diffusion
through the matrix, horizontal transmission of resistance genes,
inactivation of the antibiotic by changes in metal ion concentra-
tions and pH values, and the metabolic inactive bacterial status.
The level of resistance depends on the biofilm formation stage,
being the bacteria in the initial reversible step more suscepti-
ble (Soto 2014). However, some cephalosporins, amikacin and
ciprofloxacin, at concentrations achieved in human urine after
a standard UTI treatment dose, produced a reduction on UPEC
biofilm ‘in vitro’ models (Gonzalez et al. 2017).

Treatment for IBC eradication is not well established.
Schilling et al. (2002) showed that a long-term antibiotic therapy
with trimethoprim-sulfamethoxazole, was unable to eradicate
persistent bacteria from the bladder. Blango and Mulvey (2010)
suggested that UPEC IBC can persist in the face of treatment with
multiple antibiotics. Recently, Liu et al. (2016) have demonstrated
the persistence of UPEC within the bladder epithelial cells in
female patients with recurrent UTI despite sensitive antibiotic
therapy.

The present work aimed to evaluate the ‘in vitro’ activity of
FT on biofilm and IBC eradication from clinical isolates of UPEC.

MATERIALS AND METHODS
Bacterial strains and bladder cell culture

A total of 38 strains of UPEC isolated from children with UTI,
and previously characterized as biofilm producers (Gonzalez et
al. 2017), were included for the FT activity on biofilm assay.

Two of these UPEC strains, Ec7U and Ec144U (previously char-
acterized as IBC producers (Robino 2013, 2014) were selected for
the study of FT activity on IBC ‘in vitro’. For the invasion and
IBC assay, the human bladder epithelial cell line T24 (ATCC HTB-
4) was used. The cell line was maintained at 37°C and 5% CO2
in DMEM medium supplemented with 10% fetal bovine serum
(Gibco).

Antibiotic susceptibility assay

Fosfomycin susceptibility was assessed using the disk diffu-
sion assay using 200 pg fosfomycin disk containing 50 pg of
glucose-6-phosphate, according to the Clinical Laboratory Stan-
dard Institute (CLSI 2018). Minimal inhibition concentration
(MIC) was tested by agar dilution using agar media supple-
mented with 25 pg/ml of glucose-6-phosphate (CLSI 2018). The
minimal biofilm eradication concentration (MBEC) was deter-
mined using the Calgary Biofilm Device. Biofilm assay was per-
formed as described later (see point’Antibiotic assay in biofilm’).
After 48 h, biofilm was exposed to serial dilutions of fosfomycin
tromethamine in Luria-Bertani Broth (from 1024 to 8 ug/ml) and
incubated for 24 h more. The ODs were read at » = 650 nm for
planktonic cells and at A = 590 for the biofilm biomass.

Antibiotic assay in biofilm

Biofilm formation assays were performed as previously
described with a few modifications (Pratt and Kolter 1998). The
strains were grown overnight in Luria-Bertani (LB) broth at
37°C under static conditions. Aliquots of 20 ul from overnight



cultures were inoculated in 180 ul of LB in 96 flat-bottomed
well, polystyrene microtiter plates (Deltalab) and incubated for
48 h at 37°C without shaking. The optical densities (ODs) were
read at A = 600 nm for bacterial growth. Planktonic bacteria
were removed, and fresh LB broth was added to each well
with or without fosfomycin at the following concentrations: 0,
300, 700 and 1500 pug/ml. The antibiotic concentrations used
were selected according to the concentration that fosfomycin
achieves in urine in humans after 3 g oral dose (dose usu-
ally used in humans for UTI treatment) (Zhanel, Walkty and
Karlowsky 2016). These concentrations by far exceeds the
MIC either in susceptible and resistance strains (CLSI 2018).
After an additional 24 h of incubation, the wells were washed
with PBS three times and stained with 200 ul of 0.1% crystal
violet for 15 min at room temperature. Then, the plates were
washed to remove the dye excess, and CV was solubilized with
200 pl of 95% ethanol. The ODs were read at A = 590 nm for
stained biofilms using a Microplate Reader (Varioskan, Thermo
Scientific, Waltham,Massachusetts, USA). The results are the
mean of 3 independent experiments. In each experiment, the
strains were assayed in triplicate and the means and standard
error were calculated for all experiments.

Live and dead assay on biofilm

Ec7U and Ec144U were selected for live and dead assay.

The biofilm was produced on a glass cover, with and
without FT (as described above in biofilm and antibiotic
assay), and stained with a solution containing 10 uM Green-
fluorescent nucleic acid stains (Syto9, Molecular Probes, Invit-
rogen, Waltham,Massachusetts, USA), 5 pg/ml Propidium
iodide nucleic acid stain (Molecular Probes, Invitrogen, )
and 2 pg/ml Hoescht 33 342 (Molecular Probes, Invitrogen,
Waltham,Massachusetts, USA) for 15 min, in a humid chamber
in the dark. After 3 washes with PBS, slides were fixed with 4%
of paraformaldehyde for 15 minutes. Slides were analyzed using
laser confocal microscopy as described above.

Cellular invasion, IBC and antibiotic eradication assay

T24 bladder epithelial cells were seeded into 24-well plates and
grown to 1 x 10° cells/well, in DMEM medium supplemented
with 10% heat-inactivated fetal bovine serum. Bacteria were
then added to the medium using a multiplicity of infection of 15
bacteria per host cell, for 2 h at 37°C. After 2 h incubation at 37°C,
samples were washed three times with PBS containing Ca?* and
Mg (PBS2) to remove non-adherent bacteria. Monolayers were
then incubated for another 2 h with complete DMEM medium
with 100 pug/ml of gentamicin to kill extracellular bacteria. Fol-
lowing additional washes with PBS2, fresh medium containing
a lower concentration of gentamicin (10 ng/ml) was added, and
incubation was continued for another 18 h. Then, the different
antibiotic concentrations were added and incubated for another
10 h.

After final washes in PBS2, host cells were lysed in PBS plus
0.4% Triton X-100 and bacteria present within the lysates were
enumerated by plating serial dilutions on LB agar plates. Exper-
iments were performed in triplicate.

Confirmation of FT activity over IBC and biofilm was made
by confocal laser scanning microscopy. Immunofluorescence
staining of IBC was performed according to the protocol previ-
ously published (Robino 2014b) using specific rabbit anti-E. coli
antibody coupled to fluorescein isothiocyanate (Abcam, Biotech,
Life Science, Eugene, USA), anti-Actin (Rhodamine-Phalloidin)
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and Hoescht 33258 (molecular probes, Waltham,Massachusetts,
USA). Slides were fixed with 4% of paraformaldehyde for 15
minutes. Acquisition and processing of 3-D image stacks were
performed using a BX61 confocal microscopy (Olympus, Shin-
juku, Tokyo, Japan) as described before (Schlapp et al. 2011) using
350/460, 488/520 and 543/565 excitation/emission wavelengths.
Acquisition step size was of 0.3 yum in the z-axis and 1024 x 1024
pixels in the x-y plane with a pixel size of 70 nm. The 3-D
image stacks were deconvolved using the Huygens Software and
were reconstructed using Volocity 3-D Image Analysis Software
(PerkinElmer, Waltham,Massachusetts, USA).

Cytotoxicity assay of the different antibiotic
concentrations on the monolayer cell

Cells were incubated during 10 h with the different antibiotic
concentrations, in 6 wells plates with coverslips. After incuba-
tion and 3 washes with PBS, staining was performed as previ-
ously reported by Kabakov, Kudryavtsev and Gabai (2011) using
5 pg/ml of propidium iodide (PI) and 1 pg/ml of Hoescht 33342.
A total of 20 fields were analyzed for each experiment. The dead
cells percentage was calculated and the results were compared
using the Mann-Whitney statistic test and a P-value <0.05 was
considered significant.

Statistical analyses

The differences between the treatments groups were first
assessed using the Kruskal-Wallis test, and the differences
between pairs of groups were further assessed using the Mann-
Whitney U test.

RESULTS
FT susceptibility and its effect on established biofilm

All the E. coli strains (38) used in this study were susceptible to
FT by the disk diffusion assay. The MIC for all the strains was
between 0.5 and 2 pg/ml and the MBEC from 8 to 128 pg/ml.

The mean OD associated with biofilm formed in the culture
medium without antibiotic was 0.53 (Standard error [SE], 0.07).
The mean OD after 300 ng/ml FT exposure was 0.196 (SE 0.043;
P < 0.000), at 700 pg/m 0.128, (SE 0.025, P < 0.000) and at 1500
pg/ml 0.165 (SE 0.035, P < 0.000). The three-fosfomycin concen-
trations showed a significant reduction of the biofilm compared
with the condition without antibiotic. Fig. 1 compares the effect
of fosfomycin at 0, 300, 700 and 1500 pg/ml concentrations on
all strains.

When biofilms were formed without the antibiotic, most of
the bacteria were live and the presence of microcolonies, the
basic structure of the biofilm, was observed. When the medium
was supplemented with 300 pg/ml of FT, a decrease in the vol-
ume of live and dead bacteria was observed and the micro-
colonies were more sparsely containing fewer bacteria. When
700 and 1500 pg/ml FT concentrations were used, a decrease of
both live and dead bacteria was observed, without the presence
of microcolonies (Figs 2 and 3).

Fosfomycin activity on intracellular bacteria

Two IBC-producer UPEC isolates (EcU7 and EcU144) were selected
to assess the ability of fosfomyecin to eradicate intracellular bac-
teria.
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Figure 1. Biofilm quantification with different fosfomycin tromethamine con-
centrations. Boxplot comparing the effect of fosfomycin tromethamine at 0, 300,
500 and 1000 pg/ml concentrations.
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Figure 2. Effect of different concentrations of fosfomycin on bacterial number
in biofilm analyzed with LIVE/DEAD stain. A reduction of bacterial volume, in
live and dead groups, is observed with different fosfomycin concentrations com-
pared to no antibiotic.

After monolayer epithelial cells were exposed to EcU7 and
EcU144 E. coli strains, extracellular bacteria were killed by gen-
tamicin (which cannot cross host cellular membranes). Then,
cells were incubated in the presence of FT at three different con-
centrations that were similar to the levels achieved in urine after
a 3 g dose (dose usually used in adults).

No effects on intracellular bacteria were observed at the 3
antibiotic tested concentrations. The averages of intracellular
bacteria recovered after no antibiotic exposure (except gentam-
icin) and fosfomycin at 300, 700 and 1500 pg/ml are shown in
Table 1.

When the images of invasion assay were analyzed by laser
confocal microscopy, IBC could be detected, both with and with-
out fosfomycin exposure (Fig. 4).

Fosfomycin cytotoxicity on the cell monolayer

The cytotoxic effect of different concentrations of FT on the cell
culture monolayer was assessed. When a FT concentration of
300 pg/ml was used, the percentage of surviving cells was sim-
ilar to the monolayer incubated without the antibiotic (99.9%).
However, at 700 pg/ml of fosfomycin a low cytotoxic effect was
observed (95.4%) but at 1500 pug/ml cytotoxicity was statistically
significant compared to untreated controls (47.1%) (Fig. 5).

DISCUSSION

The reincorporation of ‘neglected antibiotics’, such as fos-
fomycin, for the treatment of UTI, is one of the strategies pro-
posed to tackle the burden of antimicrobial resistance.

An excellent bioavailability in the urinary tract after a single
dose and unfrequent side effects make the use of fosfomycin
suitable for the treatment of cystitis (Dijkmans et al. 2017; Aris
et al. 2018; Seitz, Stief and Waidelich 2017).

Many clinical guidelines, such as NICE (National Institute for
Health and Care Excellence) and PHE (Public Health England)
guidelines, include FT for the treatment of uncomplicated UTI
(defined as no fever/flank pain) caused by ESBL-producing E. coli
in adults and pregnant woman (National Institute of Health and
Care Excellence 2015; Public Health England 2015). The Infec-
tious Disease Society of America recommends its use in lower
urinary tract infection for women (Gupta et al. 2011). Although
most of the guidelines include its use for the treatment of ESBL-
producer microorganisms, FT is frequently prescribed for not
complicated cystitis. In a retrospective study, evaluating the
indications of FT according to the clinical guidelines, only 41% of
patients who received FT met the guidelines criterion (Matthews
et al. 2016).

Despite its increasing use, susceptibility levels have
remained relatively stable (98-100%), being the selection of
resistant strains more frequent in non-E. coli Enterobacteriaceae
than in E. coli (Matthews et al. 2016; Vardakas et al. 2016). In
Uruguay, oral FT was introduced a few years ago in the vademe-
cum, although susceptibility tests are not performed routinely
in clinical microbiology laboratories so far.

In the collection of strains studied in the present study, no
resistance to FT was detected.

A biofilm is proposed to be an antibiotic resistance mecha-
nism due to different conditions, including metabolically inac-
tive bacterial populations within the biofilm, limitation of antibi-
otic diffusion through the matrix and transmission of resis-
tance genes within the community (Soto 2014). Different strate-
gies have been proposed to control microbial biofilm formation
such as the use of compounds that prevents the formation of
the components of adhesin systems or blocking their functions,
which are responsible for the initial steps of biofilm formation
and suppression of biofilm formation at the maturation stage
by affecting quorum sensing or the effect of cyclic diguano-
sine monophosphate (c-di-GMP)-dependent systems. Another
strategies proposed to control bacterial biofilms are the use of
bacteriophages and proteolytic enzymes that promote biofilm
dispersion like DNase or alginate lyase (Plakunov et al. 2017).
However, these strategies require extensive evaluation to pass
through clinical trials to be used in humans.

Recently, Gonzalez et al. (2017) studied the activity of differ-
ent antibiotics, including ampicillin, cephalothin, ceftriaxone,
ceftazidime, amikacin and ciprofloxacin on biofilms formed by
UPEC. Except ampicillin, the other tested antibiotics induced
a significant reduction of biofilm biomass, even in resistant
strains.

Rodriguez-Martinez, Ballesta and Pascual (2007) studied the
activity of fosfomycin on E. coli biofilm produced on catheter sur-
faces, concluding that fosfomycin was able to kill more than 96%
of viable bacteria, partially due to their high penetration rate into
a mature biofilm, but it was not able to sterilize the catheter
surface completely. Blango and Mulvey (2010) found that fos-
fomyecin not only inhibited the biofilm growth but also promoted
the disassemble preexisting biofilm communities. Our results
are consistent with these studies, showing that FT reduces the
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Figure 3. Effect of different concentrations of fosfomycin on bacterial biofilm analyzed with LIVE/DEAD stain. The biofilm was stained with a solution containing Syto9
(green), Propidium iodide nucleic acid stain (red) and Hoescht 33342 (blue). A reduction of bacterial volume and number, in live and dead groups, and microcolonies
disruption using 300 pg/ml (B) and 1500 pg/ml (C) of fosfomycin tromethamine is observed compared with no fosfomycin tromethamine (A).

Table 1. Percentage of infection in bladder epithelial cell line (T24) of two UPEC isolates after different concentrations to fosfomycin compared

to the percentage of infection without antibiotics.

Fosfomycin concentration

Strain (ng/ml) Mean (SE) P-value
7 0 0.971(0.13) -
300 0.747 (0.42) 0.6631
500 0.399 (0.23) 0.1102
1500 0.367 (0.22) 0.0591
144 0 3.010 (0.93) -
300 3.229 (0.27) 1.0000
700 2.708 (0.98) 0.8857
1500 1.735 (0.91) 0.3429

Figure 4. Image of IBC in vitro in T24 cells infected with UPEC stained with DAPI for detection of DNA (blue), anti-actin (red) and E. coli (green). The 3D images of the
stacks, where the 3 channels converge, reveal a small group of intracellular bacteria at the perinuclear level (arrow). In the central square the plane xy is observed, in
the upper zone the zx plane and to the left the zy plane. IBC was defined as >5 bacterial clusters in the cellular interior. (A) Infected cells with Ec7U and treated for 10
h with 300 pg/ml. (B) Infected cells Ec144U and treated for 10 h with 700 ug/ml. Despite the antibiotic treatment, we found IBC with or without Fosfomycin.
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Figure 5. Cytotoxic effect of fosfomycin over the cell monolayer. Cytotoxic effects
of fosfomycin used at three concentrations on T24 bladder cells were determined
after 10 h exposure and observed by immunofluorescence microscopy. Results
indicate the means = . x Significant differences compared to the control without
antibiotic (P-value <0.05).

biofilm biomass at 300, 700 and 1500 pg/ml. Even though its
effect on the biofilm biomass reduction, viable bacteria that
withstood the antibiotic treatment were detected using the
Live/Dead staining.

Another bottleneck in UTI treatment is IBC eradication.
Antibiotics frequently used for UTI treatment, such as beta-
lactams and aminoglycosides do not reach adequate intracel-
lular concentrations. Fluoroquinolones reach high intracellular
concentrations; however, do not show a significant effect on IBC
eradication in UTI mouse models (Blango and Mulvey 2010). In
this work, the effectiveness of FT against intracellular UPEC was
assessed using a cell culture assay. FT concentrations tested
were those commonly achieved in the human urine aftera 3 g
single dose. In these conditions, FT did not show any effect on
intracellular UPEC compared to the control without antibiotics
other than membrane-impermeable gentamicin.

One of the hypotheses raised is that fosfomycin may not con-
centrate well at the intracellular level because it is a hydrophilic
molecule (Dijkmans et al. 2017). However, fosfomycin demon-
strated intracellular antimicrobial activity on Listeria monocyto-
genes and Salmonella, ‘in vitro’ in HeLa cells (Okada, Nishio and
Danbara 2003).

At 1500 pg/ml, fosfomycin exerted a significant cyto-
toxic effect over the cell culture monolayer. However, non-
intracellular effect over IBC was observed at this concentration,
demonstrating that cytotoxicity does not correlate with intra-
cellular bacterial killing. The quiescent nature of UPEC within
IBC may also contribute to fosfomycin resistance thus its wall
synthesis inhibitor mechanisms requires the bacteria beingin a
replicating state.

Considering that classic antimicrobials do not seem to have
an effect on IBC eradication, other alternative molecules such as
mannosides, small-molecular weight compounds that specifi-
cally inhibit adhesion of the FimH type 1 pilus of UPEC have been
proposed for IBC prevention (Cusumano et al. 2011). Another
novel proposed therapeutic strategy is the use of chitosan,
a bladder cell exfoliant, to deplete UPEC reservoirs. Recently
Erman et al. showed that the repeated use of chitosan in combi-
nation with ciprofloxacin completely eradicates UPEC from the
urinary tract and prevents bacteriuria recurrence (Erman et al.

2017). New intracellular drug delivery systems could also be an
exciting studying area for intracellular bacterial treatment.

CONCLUSIONS

Fosfomycin tromethamine is a good option for lower urinary
tract infections treatment, with high susceptibility rates and
effect on bacterial biofilm reduction. However, it does not affect
intracellular bacterial reservoirs eradication, which may be a
cause of urinary tract infection recurrence.
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