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ABSTRACT Uropathogenic Escherichia coli (UPEC), the major causative agent of urinary
tract infections, can invade different types of host cells. To compare the pharmacody-
namic properties of antibiotics against intra- and extracellular UPEC, an in vitro model of
intracellular infection was established in J774 mouse macrophages infected by the UPEC
strain CFT073. We tested antibiotics commonly prescribed against urinary tract infections
(gentamicin, ampicillin, nitrofurantoin, trimethoprim, sulfamethoxazole, and ciprofloxacin)
and the investigational fluoroquinolone finafloxacin. The metabolic activity of individual
bacteria was assessed by expressing the fluorescent reporter protein TIMERbac within
CFT073. Concentration-response experiments revealed that all tested antibiotics were
much less effective against intracellular bacteria than extracellular ones. Most antibiotics,
except fluoroquinolones, were unable to reach a bactericidal effect intracellularly at clini-
cally achievable concentrations. Ciprofloxacin and finafloxacin killed 99.9% of extracellular
bacteria at concentrations around the MIC, while for intracellular bacteria, concentrations
more than 100� over the MIC were required to achieve a bactericidal effect. Time-kill
curves showed that finafloxacin was more rapidly bactericidal in acidic medium than at
neutral pH, while the reverse observation was made for ciprofloxacin. Intracellularly, kill
curves showed biphasic kinetics for both fluoroquinolones, suggesting the presence of
drug-tolerant subpopulations. Flow cytometry analysis of TIMERbac fluorescence revealed
a marked heterogeneity in intracellular growth of individual bacteria, suggesting that the
presence of subpopulations reaching a state of metabolic dormancy was the main reason
for increased antibiotic tolerance of intracellular UPEC.

KEYWORDS TIMERbac, UPEC, UTI, flow cytometry, fluorescent reporter,
fluoroquinolones, intracellular infection, macrophages, persisters, pharmacodynamics

The Escherichia coli species contains both commensal bacteria living in human gut as
well as pathogenic strains causing infections like gastroenteritis, Crohn's disease, hem-

orrhagic colitis, neonatal meningitis, and urinary tract infections (UTIs). Uropathogenic
Escherichia coli (UPEC) is the most prevalent causative agent of UTIs (1). While often charac-
terized as an extracellular pathogen, many studies have revealed the ability of this bacte-
rium to invade host bladder and renal epithelial cells as well as macrophages as a part of
urinary tract pathogenesis (2–4). Once bacteria have been internalized, the intracellular
environment provides them protection against host defensive mechanisms and, in some
cases, antibiotic activities, which together are proposed to contribute to the colonization
and persistence of UPEC in the urinary tract (1, 5, 6). The resurgence of persistent intracellu-
lar bacterial reservoirs may in turn explain the recurrence of UTIs (7, 8). It is important to
emphasize that besides the persistence of bacteria in bladder epithelium, recurrent UTIs
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can also be caused either by infection by a new strain or reinfection by the same strain per-
sisting in the gastrointestinal tract (9, 10).

Enhanced survival of intracellular bacteria has been studied for several bacterial species
that cause persistent infections. In many cases intracellular persistence is attributed to the
acquisition of a so-called persister phenotype (11–13). Persisters are subpopulations of bac-
teria that remain susceptible but do not respond to antibiotic treatment due to metabolic
adaptation. They do not multiply and revert to a normal phenotype when the antibiotic
pressure has been removed (14). In vitro experiments have shown that persisters can also
serve as a source of de novo resistance mutations (15, 16).

When dealing with the treatment of intracellular bacterial infections, many obstacles for
antibiotics to act on their target need to be taken into consideration. These include the
capacity of the drug to reach the bacteria in the infected subcellular compartment or to
express its activity at the local pH of this infected compartment as well as to effectively tar-
get metabolically inactive bacteria (17, 18) Pharmacodynamic indices are indeed different
for many species when intracellular bacteria are compared to extracellular bacteria grow-
ing in pure culture (19–23). Previous work with UPEC showed that bacteria can persist
intracellularly in the presence of antibiotics with different mechanisms of action, and that
some antibiotics, such as nitrofurantoin and fluoroquinolones, were more efficient than
others at intracellular bacterial eradication (24, 25). However, the earlier studies lack a direct
comparison with extracellular bacteria and measurement of pharmacodynamic indices.

The commonly prescribed first line of UTI treatment antibiotics includes nitrofuran-
toin, trimethoprim-sulfamethoxazole, and fosfomycin, while the second line of treat-
ment makes use of fluoroquinolones, beta-lactams, or, sometimes, aminoglycosides
(26). In the present study, we investigated the pharmacodynamic properties of com-
monly prescribed antibiotics and of a novel fluoroquinolone, finafloxacin, currently in
clinical development for the treatment of complicated urinary tract infections (27).
Finafloxacin shows the unusual property for a fluoroquinolone of being more active at
acidic pH against different bacterial species because it accumulates to higher levels
inside bacteria under these conditions (21, 28). This has been ascribed to the fact that
finafloxacin is predominantly present as a diffusible zwitterion at acidic pH (28). We
compared the activity of different antibiotics against extra- and intracellular UPEC in
growth medium and a macrophage cell culture assay, respectively. We used a compre-
hensive approach that includes concentration- or time-kill curves. Concentration-kill
curves allowed us to determine pharmacodynamic indices such as relative potencies
and maximal efficacies that characterize the activity profile of antibiotics (29). Time-kill
curves were used to reveal the existence of antibiotic-tolerant subpopulations. In paral-
lel, bacteria expressing a fluorescent reporter protein (TIMERbac) were used to analyze
growth dynamics and the metabolic activity of intracellular bacteria at the single bac-
terial cell level. We found that the efficacy of all antibiotics was markedly impaired
intracellularly, leaving an untouched pool of dormant or metabolically inactive bacteria
that survived antibiotic treatment even at high concentrations.

RESULTS
Antibiotic susceptibility testing. Antibiotic MICs for the CFT073 strain were deter-

mined in Mueller-Hinton broth (MHB) and Dulbecco’s modified Eagle’s medium
(DMEM), adjusted to neutral pH 7.4 or acidic pH 5.5 to mimic the pH of intracellular
vacuoles (Table 1). In DMEM at neutral pH, MICs were the same or 1 doubling dilution
higher than those measured in MHB, except for nitrofurantoin (2 dilutions higher).
Lowering the pH of DMEM increased marginally (0 to 1 doubling dilution) the MIC of
ampicillin and trimethoprim, 1 to 2 doubling dilutions for gentamicin and sulfamethox-
azole, and 4 doubling dilutions for ciprofloxacin. In contrast, the MIC of finafloxacin
was 4 doubling dilutions lower at acidic pH than at neutral pH. For most antibiotics,
the highest concentration tested in further experiments corresponded to 100� the
MIC measured in DMEM at pH 7.4. For fluoroquinolones, the highest tested
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concentration was 150 mg/liter, which was much higher than the human Cmax in serum
but similar to the measured or predicted human Cmax in urine (Table 1).

Setting up an in vitro intracellular model of infection to study intracellular
antibiotic activity. To establish a model for pharmacodynamic studies of antibiotic activ-
ity, the infection of mouse macrophage-like cell line J774 was carried out using the UPEC
strain CFT073 at different bacterium/cell ratios (MOI, or multiplicity of infection). This cell
line was selected because it is quite permissive toward a variety of intracellular infectious
agents, allowing detailed analysis of the effects of antibiotics without too much interfer-
ence from the host-derived mechanisms of defense (30). Bacteria were carrying a plasmid
expressing reporter-protein TIMERbac to enable visualization and subsequent analyses of
the physiological state of each bacterium.

Using a previously described experimental setup (Fig. 1A) (30), we tested bacterial inter-
nalization at different MOIs (bacterium/cell ratio). As shown in Fig. 1B, the number of inter-
nalized bacteria increased in proportion to the extracellular inoculum. An MOI of 50 was
selected for further experiments, because we aimed to reach an initial infection level of
approximately 106 CFU per milligram of protein, which allows us to later monitor the killing
of intracellular bacteria by antibiotics. Macrophage cell viability at an MOI of 50 was also
determined, with 91.6%6 5.9% of cells remaining viable based on a Trypan blue exclusion
test.

FIG 1 J774 macrophage infection model for pharmacodynamic evaluation of antibiotics against intracellular E. coli CFT073. (A) Schematic representation of
infection protocol. Gentamicin (Gen) treatment (100 mg/liter) was used to remove of the extracellular bacteria. (B) Number of intracellular bacteria at time
zero for different infection loads indicated as multiplicity of infection (MOI). Results are mean values 6 standard deviations from at least 3 experiments
(each experiment was done in triplicate). (C) Representative flow cytometry analysis for one experiment of red and green fluorescence in J774
macrophages after infection by CFT073 expressing TIMERbac and elimination of extracellular gentamicin (time zero in panel A). Overlay of control cells
(noninfected; blue color) and macrophages that were exposed to bacteria (time zero in panel A; red color) gives two distinct subpopulations; one with
high red fluorescence (infected cells) and another that overlaps with the control (noninfected cells).
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Next, to determine the proportion of infected cells in our experimental setup, we
measured the signal of the fluorescent reporter protein TIMERbac, expressed by inter-
nalized bacteria, by analyzing formaldehyde-fixed macrophages with flow cytometry.
The TIMERbac protein is a tetramer bearing green and red fluorophores. Due to its
branched maturation pathway, green fluorophores appear earlier than slowly maturing
red fluorophores. Therefore, in dividing cells, the slow-maturating red form is diluted
out, and cells have a higher green/red fluorescence ratio. Conversely, both red and
green fluorescence accumulate in nondividing cells (see Fig. S1 in the supplemental
material) (31). This is what we observed for overnight cultures of bacterial cells. J744
macrophage cells have relatively high autofluorescence, especially in the green light
range. Therefore, infected macrophages were distinguished mostly by higher red fluo-
rescence coming from the bacterial reporter protein TIMERbac than for noninfected
control cells (Fig. 1C). This feature was used to calculate the percentage of initially
infected macrophages, which was 41.2% 6 16.6% based on 3 different experiments
with two replicates.

Intracellular localization and restricted growth of internalized bacteria. To visu-
alize the localization of intracellular bacteria, infected macrophages were examined
under a confocal microscope. Bacteria were identified via the signal emitted by the re-
porter protein TIMERbac in both the green and red channels. LysoSensor was used to
localize the acidic vacuoles in the blue channel. Confocal microscopy pictures of
infected macrophages at time zero revealed that bacteria were localized in round com-
partments with an acidic pH (Fig. 2A to C).

Next, we aimed to record quantitative data of the fluorescence levels of the
TIMERbac reporter to determine whether intracellular bacteria are metabolically active
and dividing within macrophages. To this aim, we analyzed intracellular bacteria versus
extracellular bacteria in DMEM using flow cytometry. Extracellular bacteria (as a growth
resumption control) were obtained from infected macrophages at the zero time point
by lysing macrophages and inoculating the released bacteria into DMEM. Intracellular
bacteria were obtained from macrophages grown in the presence of gentamicin at
3 mg/liter in the medium to prevent growth of any extracellular bacteria. Having the
same population at the starting point allows us to compare multiplication rate of bac-
teria in the intra- and extracellular environments after 3 h of incubation using flow
cytometry. Based on the measured fluorescence levels, bacteria were divided into
three subpopulations (quartiles), Q1, Q2, and Q3 (Fig. 2D). Q1 corresponds to dividing
bacteria for which the fluorescence of the red fluorophore has decreased over time,
while the signal from the rapidly maturing green fluorophore has not decreased. Q2
denotes bacteria with relatively high green and red fluorescence that do not divide
but maintain metabolic activity. Q3 represents bacteria for which red fluorescence
dominates, which indicates that active protein synthesis has stopped (may correspond
either to metabolically inactive or to already dead cells).

A comparative analysis shown in Fig. 2D and E revealed that at the 3-h time point,
extracellular bacteria are dividing and metabolically active (prevalence of Q1 and Q2 sub-
populations). In contrast, the proportion of Q3 cells increased intracellularly during the 3 h
of incubation, suggesting strong growth inhibition in this environment (Fig. 2E).

Pharmacological comparison of antibiotics against extra- and intracellular
bacteria. To compare antibiotic pharmacodynamics against extra- and intracellular
bacteria, CFU numbers were determined after 24 h of exposure to drugs over a wide
range of concentrations. For activity against extracellular bacteria in broth, only simple
CFU determination was performed. For intracellular bacteria, infected macrophages
were first washed to remove potential extracellular bacteria, and the CFU numbers
determined from lysed host cells were normalized to the sample protein content. We
suspected that if the antibiotic concentration in the growth medium is below the MIC,
then killing of macrophages and release of extracellular bacteria to the surrounding
medium can take place within 24 h. Therefore, after 24 h of incubation with different
concentrations of gentamicin, we determined (i) the number of CFU growing from
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extracellular media; (ii) the number of macrophages; and (iii) macrophage viability
based on a lactate dehydrogenase (LDH) assay.

As shown in Fig. 3A, the number of extracellular bacteria was very high under con-
ditions where gentamicin concentrations were 0.003 mg/liter (below the MIC). This
was accompanied by the change of color of the medium from red to yellow, indicating
acidification resulting from bacterial growth. Importantly, at a gentamicin concentra-
tion of 1 mg/liter (i.e., the MIC in DMEM), we observed a high variability in the number
of bacteria in medium between different experiments (Fig. 3A). Of note, the appear-
ance of small colony variants of CFT073 were detected from samples incubated with
gentamicin at 1 mg/liter but not with higher or lower concentrations (Fig. S2).
Compared to the condition before infection, there was a significant decrease in macro-
phage cell number (P = 0.02) and viability (increase in LDH release; P = 0.001) when the
gentamicin concentration was 0.003 mg/liter (Fig. 3A). Conversely, when the

FIG 2 Fluorescent microscopy and flow cytometry analyses on bacterial growth and activity with TIMERbac reporter-protein. (A) Confocal microscopy
image of infected macrophages at time zero with overlay of three pseudocolored channels. Blue color (Ex, 458 nm; Em, 474 to 554 nm) indicates signal
from Lyso Sensor dye DND-189; green (Ex, 488 nm; Em, 493 to 533nm) and red color (Ex, 561 nm; Em, 566 to 616 nm) indicate signal from reporter protein
TIMERbac. Intracellular bacteria are indicated with white arrows. (B) Fluorescent image is overlaid with transmitted light image from 488-nm laser, and the
dotted line indicates the section from which quantitative fluorescence intensities are measured and presented in panel C. (C) Bacteria expressing TIMERbac
protein (green and red fluorescence) are localized within acidic intracellular compartments (blue fluorescence). (D) Three bacterial subpopulations Q1, Q2,
and Q3 detected by FACS by analyzing intracellular (IC) and extracellular (EC) control bacteria. Abundances of respective bacterial subpopulations (shown
in percentages) are presented in panel E. Results are averages 6 standard deviations from three experiments with at least two parallels.
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FIG 3 Antibiotic concentration-response curves for planktonic (extracellular) versus internalized (intracellular) bacteria after 24 h of
incubation. (A) The effect of three different gentamicin concentrations on extracellular contamination (bacterial CFU/ml, red triangles); total
number of macrophages per ml of DMEM after trypsinization (black dots) and LDH release (gray bars). All three parameters were acquired
from the same well. (B to H) Activity of antibiotics against extracellular (open symbols, black line) and intracellular bacteria (closed symbols,
red solid line; apparent intracellular bacteria counts at sub-MIC concentrations are presented with a dotted red line) were expressed in
changes log10 CFU units from time zero to 24 h, and the concentrations tested (mg/liter) are presented in log10 scale. The first vertical black-
dotted line corresponds to the MIC of the antibiotic as measured in DMEM at pH 7.4, and the second vertical blue-dotted line corresponds
to the Cmax of the drug in patient urine. Results are mean values 6 standard errors of the means (SEM) from at least three experiments
(each experiment was done in triplicate). The horizontal dotted lines correspond to the initial inoculum and to the limit of detection,
respectively.
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extracellular growth of bacteria was prevented by gentamicin at a concentration 3�
higher than its MIC (3 mg/liter), the extracellular contamination was much lower, and
the viability of macrophages was not affected and was comparable to that of the non-
infected control (Fig. 3A). Therefore, we can conclude that in our infection model, kill-
ing of macrophages by intracellular bacteria is only negligible when the antibiotic con-
centration is higher than its MIC, thereby preventing the growth of extracellular
bacteria that have escaped from the macrophages. With lower antibiotic concentra-
tions, the contamination of the samples by extracellular bacteria cannot be excluded
despite the extensive washing of macrophages before studying the intracellular bacte-
ria, which is the reason why the fit for the intracellular concentration-response curves
was represented by a dotted line for these sub-MIC antibiotic concentrations (Fig. 3).

Full pharmacological dose-response curves were obtained for seven drugs that are
or can be used for the treatment of UTIs: gentamicin, ampicillin, trimethoprim, nitrofur-
antoin, sulfamethoxazole, ciprofloxacin, and finafloxacin (Fig. 3). The concentrations
we tested covered a broad range, corresponding to 0.003� up to 100� their MIC val-
ues (determined in DMEM, pH 7.4) and including levels that can be reached in the
urine of treated patients (Table 1).

CFU data were used to fit Hill equation curves to derive a key pharmacodynamic pa-
rameter describing relative efficacy, namely, Emax (maximal reduction of inoculum ex-
trapolated for an infinitely large concentration). In addition, we calculated the drug kill-
ing concentration, KC90 and KC99, resulting in 90 and 99% reduction from the initial
inoculum, respectively. Both predicted Emax and interpolated KC90 and KC99 are pre-
sented in Table 2. In this analysis, the Hill factor was fixed to 21, because there was no
a priori reason to consider cooperative effects in antibiotic action.

Clearly, all antibiotics were more effective against extracellular bacteria than against in-
tracellular bacteria (more negative Emax) (Fig. 3B to H). Extracellularly, a bactericidal effect
(99.9% of killing) was achieved at the highest tested concentration for all drugs except sul-
famethoxazole, which reduced the initial inoculum of 99%. Fluoroquinolones, especially
ciprofloxacin, were the most potent, allowing samples to reach the limit of detection at
their MIC or low multiples thereof. Intracellularly, the most effective drugs were nitrofuran-
toin and finafloxacin, with an Emax surpassing 99.9% killing, followed by ciprofloxacin, with
an Emax over 99% killing. Ampicillin and trimethoprim were also able to reduce intracellular
bacterial levels but did not reach the bactericidal threshold over the time and concentra-
tions we tested. Gentamicin and sulfamethoxazole only caused marginal reductions in in-
tracellular counts at the highest concentration tested. KC90 were, in general, similar or
slightly higher (2- to 3-fold) extra- and intracellularly, except for ciprofloxacin, which was
less potent intracellularly, and gentamicin and sulfamethoxazole, which did not reach a
90% reduction against intracellular bacteria over the range of concentrations investigated.
KC99 was also similar or slightly higher intracellularly for nitrofurantoin and finafloxacin and
250-fold higher for ciprofloxacin.

TABLE 2 Pharmacodynamic parameters of concentration-response curve

Antibiotic

Extracellular Intracellular

Emax
a KC90

b KC99
b R2 c Emax

a KC90
b KC99

b R2 c

Ampicillin ,24 8.3 12.3 0.95 21.995 (22.316 to21.688) 19.1 NAd 0.94
Trimethoprim 23.08 (23.559 to22.614) 1.1 2.4 0.96 21.181 (21.509 to20.873) 4.5 NA 0.87
Sulfamethoxazole 22.103 (22.703 to21.542) 43.7 555.9 0.95 20.272 (20.589 to 0.015) NA NA 0.86
Gentamicin ,24 2.8 4.0 0.92 20.491 (20.728 to20.268) NA NA 0.82
Nitrofurantoin ,24 24.6 37.0 0.94 23.288 (23.974 to22.678) 20.4 46.8 0.93
Ciprofloxacin ,24 0.01 0.01 0.78 22.527 (23.271 to21.842) 0.6 2.5 0.78
Finafloxacin ,24 0.5 0.8 0.93 23.208 (23.663 to22.795) 1.1 2.7 0.89
aMaximal reduction in bacterial counts (log10 difference compared to initial CFU) extrapolated from the Hill equation of concentration-response curves shown in Fig. 3; 95%
confidence interval is given in parentheses.

bConcentrations in mg/liter resulting in 90 and 99% reduction from initial inoculum calculated from the Hill equation of concentration-response curves shown in Fig. 3.
cGoodness-of-fit curves shown in Fig. 3.
dNA, not applicable.
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Pharmacodynamic comparison between ciprofloxacin and finafloxacin. Differences
in the pharmacodynamic profiles of two fluoroquinolones led us to study them in
more detail. Based on the known contrasting pH on the activity of ciprofloxacin and
finafloxacin, we compared their full concentration-response profiles against extracellu-
lar and intracellular bacteria (same as data presented in Fig. 3) with their effect on
extracellular bacteria at pH 5.5. In this case, the variable slope was allowed for curve fit-
ting to potentially better capture differences in concentration-effect relationships in
these situations. Indeed, Fig. 4 shows marked differences between the two drugs
depending on the extracellular pH. Ciprofloxacin displays a steep killing curve (Hill
slope, 23.4) at pH 7.4, which becomes shallower at pH 5.5 (Hill slope, 21.3). The effect
of pH was reversed for finafloxacin, with a steep curve at pH 5.5 (Hill slope, 23.9) and a
shallower curve at pH 7.4 (Hill slope, 21.1). Interestingly, the Hill slope was even shal-
lower intracellularly but similar between the two drugs (20.3 for ciprofloxacin and
20.4 for finafloxacin, respectively), which indicates an impact of the intracellular envi-
ronment independent of the local pH on their killing capacity.

We then examined the killing capacity of both fluoroquinolones over the first few
hours of incubation in medium at pH 7.4 or 5.5, using concentrations causing a 0.5- to
1-log decrease in CFU numbers intracellularly based on concentration-response curves.
As seen in Fig. 4C, ciprofloxacin killed bacterial cells faster at pH 7.4 than at pH 5.5,
while the opposite was observed with finafloxacin.

Next, we monitored the kinetics of killing of intracellular bacteria using a very high
but still clinically relevant concentration of 150 mg/liter ciprofloxacin and finafloxacin
(Fig. 5A). The killing rate was higher in the first 3 h and slower at later time points for
both antibiotics. Minimal duration of killing (MDK) was calculated from fitted curves for
a reduction of 99% and 99.99% of the population (MDK99 and MDK99.99). MDK99 were
shorter for finafloxacin (4.6 h) than for ciprofloxacin (8.5 h) and markedly slowed down
for both drugs when comparing the time needed to kill 99% of the entire population
and then 99% of the survivors (MDK99.99 of 23.5 h for finafloxacin and 27.2 h for cipro-
floxacin). A biphasic killing curve is characteristic of heterogeneous bacterial popula-
tions containing persister cells, suggesting that metabolically more active cells are
killed faster than dormant ones (32).

Analysis of the fluorescence of the reporter protein TIMERbac by flow cytometry
was used to evaluate the metabolic status of intracellular bacteria (Fig. 5B to D) and
allowed us to confirm its heterogeneity. Control samples of intracellular bacteria incu-
bated in the presence of gentamicin at 3� MIC, to avoid extracellular contamination,

FIG 4 Effect of pH on ciprofloxacin and finafloxacin pharmacodynamics. (A and B) Concentration-response curves for extracellular
bacteria in media at pH 7.4 or 5.5 or intracellularly exposed during 24 h to ciprofloxacin or finafloxacin at the indicated
concentrations (expressed as multiples of the MIC at pH 7.4). (C) Evaluation of the number of bacteria over time of incubation
under control conditions or with fluoroquinolones at the indicated concentrations in media at pH 7.4 or 5.5. Results on the
graphs are mean values 6 SEM from at least three different experiments (each experiment performed in triplicate). CIP,
ciprofloxacin; FIN, finafloxacin; Ctr, control condition without antibiotics.
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confirmed that their internalization results in an induction of dormancy, with the ma-
jority of bacteria being metabolically inactive even 6 h postinfection (Fig. 5B).
However, at 24 h, the fraction of dividing cells started to increase (P = 0.04; unpaired t
test between 6 and 24 h), suggesting that subpopulations of bacteria remain able to
actively replicate within J744 macrophages after an adaptation period. Conversely, the
numbers of dividing and/or metabolically active intracellular bacteria were significantly
decreased within the first 3 h when the macrophages were exposed to high concentra-
tions of ciprofloxacin or finafloxacin (Fig. 5C and D), and the number of metabolically
active bacteria further decreased over time.

Notably, the number of bacteria detected by flow cytometry (FC events) decreases
only three times when exposed to fluoroquinolones, while the CFU numbers decrease
by several orders of magnitude (Fig. 5). This means that most of the bacteria detected
by flow cytometry upon exposure to fluoroquinolones have lost their viability and/or
culturability. However, changes in the fluorescence profile of bacterial cells still reveals
which cells are more vulnerable to antibiotic action. The same biphasic profile was
observed in comparisons of flow cytometry data with time-kill curves. Dividing bacteria
were killed quickly during the first phase. Metabolically active but nondividing bacteria
were killed mainly during the first hours but still at a slower pace during the second

FIG 5 Intracellular time-kill curves comparing ciprofloxacin and finafloxacin. (A) Time-dependent
killing of intracellular bacteria (presented as log10 CFU per ml of J744 lysate from one well) by
ciprofloxacin and finafloxacin at an extracellular concentration of 150 mg/liter or in the presence of
gentamicin (at 3� MIC to avoid extracellular contamination). (B to D) In parallel with CFU
determination, the same samples were analyzed by flow cytometry (FC) for TIMERbac fluorescence in
the green and red channels as described in Fig. 2. Results on graphs are mean values 6 standard
deviations from at least three different experiments (each experiment performed in triplicate).
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phase. The number of dormant bacteria only marginally decreased after prolonged
drug exposure.

DISCUSSION

In this study, we compared the activities of commonly used antibiotics for the treat-
ment of UTIs, including a novel fluoroquinolone, finafloxacin, against extra- and intra-
cellular infection by UPEC strain CFT073. We also determined the metabolic activity of
intracellular bacteria and of the subpopulation that can escape antibiotic killing.

Using a J774 infection model, we found that intracellular UPEC is completely or par-
tially protected from killing by several antibiotics, with nitrofurantoin and fluoroquino-
lones showing the best efficacy. Several reasons may lie behind the survival of intracel-
lular bacteria during antibiotic treatment. They include inadequate pharmacokinetic
properties (poor access to the infected subcellular compartment) or pharmacodynamic
issues (lack of expression of activity intracellularly) (18), which may affect antibiotics
from different classes in different ways.

When considering the activity of the different classes of antibiotics, our results are
consistent with the study by Blango and Mulvey, who tested different antibiotics
against another UPEC strain, UTI89, in a bladder cell culture-based assay and described
nitrofurantoin and fluoroquinolones as the most effective drugs (24). However, the
same study showed that in a mouse infection model, no drug was capable of eradicat-
ing the infection, whether it was highly (i.e., fluoroquinolones) or poorly (i.e., aminogly-
cosides) membrane permeable. Even disruption of infected mouse bladder tissue and
a subsequent 4 h of incubation with ciprofloxacin did not eradicate all bacterial cells.
These authors concluded that intracellular bacteria have become drug tolerant and are
not efficiently killed even if the access of antibiotics to bacteria is not limiting. This is
also what our data tend to suggest, pointing to the importance of examining the phar-
macodynamic reasons for antibiotic failure in this context.

Among the factors that can affect the expression of antibiotic activity intracellularly,
local pH and metabolic state of bacteria both can contribute to drug tolerance. It is
well known that acidic pH, which is often present in the urinary tract as well as in the
phagolysosomes containing intracellular bacteria, decreases the activity of most fluoro-
quinolones, such as ciprofloxacin, levofloxacin, and ofloxacin (33, 34). In contrast, the
investigational fluoroquinolone finafloxacin shows improved activity at low pH, which
makes it a good candidate for UTI treatment (35). The low pH in infected phagolyso-
somes that host bacteria might contribute to explaining why finafloxacin kills bacteria
at lower multiples of MIC than ciprofloxacin and also with a faster initial killing rate.
However, as with ciprofloxacin and other drugs, it remained much less efficient against
intracellular than extracellular bacteria (either at pH 5.5 or pH 7.4). Therefore, we can
conclude that the acidic pH that prevails in phagolysosomes is not sufficient to explain
the major loss of efficacy observed against intracellular bacteria.

Our study of bacterial division and metabolic activity at the single bacterial cell level
reveals the heterogeneity of the intracellular population, with the existence of a dor-
mant pool of bacteria that do not respond to high concentrations of fluoroquinolones,
in contrast to those that are actively multiplying and, to some extent, to those that do
not multiply but remain metabolically active (Fig. 5B to D). This heterogeneity, also
described for other intracellular pathogens, like Salmonella (36), would explain the
biphasic shape of the time-kill curves (Fig. 5A) and the markedly reduced efficacy
noticed in the concentration-kill curves (Fig. 4A and B), two hallmarks of persister sub-
populations previously evidenced for intracellular S. aureus exposed to different classes
of antibiotics in the same cellular model (12).

Our study suffers from some limitations. First, only one particular host cell line and
pathogen strain were used. The J774 cell line certainly does not represent different
host environments encountered by bacteria during UTI but is only a limited model of
intracellular space. It is known that specific host-pathogen interactions have an impact
on the outcome of the drug treatment (37, 38), but even with the same host-pathogen
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pair, the outcome of drug treatment can be different depending on the time the drug
treatment starts. In our study, the antibiotic treatment always starts after the end of
phagocytosis, i.e., conditions where bacteria have stopped growing based on fluores-
cence dilution data. Thus, we cannot exclude that the outcome would be different if
the antibiotic was added 24 h postinfection, when bacterial division seems to resume.

Second, there is an unavoidable flaw when the estimation of bacterial survival at a
given time is done by plating and subsequent colony counting. This method does not
allow one to distinguish between cells that do not give colonies because they died already
during drug treatment or later on recovery plates (39). Some studies show that after treat-
ment with DNA-damaging antibiotics, the postantibiotic environment of bacteria can
largely influence whether they recover or die from the direct and/or secondary antibiotic-
caused damage (40, 41). In the same line, we noticed a discrepancy between the number
of CFU and the number of flow cytometry events recovered from antibiotic-treated
infected cells, which indicates that part of the bacterial population reached a deeper level
of dormancy that prevents or delays their regrowth on agar plates when removed from
the stressful environment of the cells (42). This specific observation deserves additional
experiments to explore the underlying mechanisms that are outside the scope of this
work. Most likely, prolonged cell culture experiments, efficient drug removal methods, and
time-lapse microscopy could, in the future, help to elucidate how well CFU plating esti-
mates killing of UPEC by fluoroquinolones inside host cells.

Third, we exposed bacteria or infected cells to constant antibiotic concentrations, which
do not mimic fluctuations in antibiotic concentrations over time observed in the serum of
patients as well as in the urine, which may affect antibiotic efficacy as well as persister for-
mation (43). This oversimplification is partially compensated by the concomitant examina-
tion of the effect of concentration or of time of exposure on antibiotic activity.

Despite these limitations, our study may contribute to the understanding of the reasons
why antibiotics remain unable to eradicate UPEC in the context of UTIs. If we examine our
data in a more clinically oriented perspective, we know that fluoroquinolones are concen-
tration-dependent antibiotics and that Cmax (maximal concentration) values in the serum of
patients are at least 10 and even more that 100 times higher than MIC values of suscepti-
ble E. coli (44). Here, we show that extremely high antibiotic concentrations are needed to
target intracellular bacteria, which can be achieved in the urine of patients if choosing the
correct dosage regimen. The question remains whether we should consider serum or tissue
concentrations for relapsing infection, in which case only fluoroquinolones will reach levels
capable of killing 99% of the intracellular population among the drugs studied. Increasing
treatment duration or increasing the dose has been suggested to reduce relapses in
patients treated with fluoroquinolones (45–47), but a link with a possible effect on persis-
tent intracellular subpopulations has not been established.

Our data suggest that finafloxacin is more effective than ciprofloxacin for eliminat-
ing intracellular slow-growing bacteria. Whether this translates to the results from in
vivo studies should be investigated in clinical trials of UTI treatment with patient fol-
low-up. This could confirm the potential of finafloxacin for eliminating intracellular
UPEC and reducing the rate of infection relapse.

MATERIALS ANDMETHODS
Bacterial strain, growth conditions, and preparation of DMSO stocks. E. coli strain CFT073, which

was originally isolated from the blood and urine of a woman with acute pyelonephritis (48), was trans-
formed with pSC101 plasmid, carrying the TIMERbac (DsRed S197T variant) (31). For plasmid selection,
kanamycin (25 mg/liter; Amresco) was added to the growth media. To prepare bacterial dimethyl sulfox-
ide (DMSO) stocks, overnight cultures were diluted 1:100 in fresh lysogeny broth (Lennox LB; Difco
Laboratories) medium and grown aerobically to exponential phase. At an optical density at 600 nm
(OD600) of 0.8, DMSO was added to a final concentration of 8%, and the culture was immediately frozen
in 120-ml aliquots at 280°C. Stocks were stored up to 6 months.

Antibiotics susceptibility testing and 24-h concentration-response experiments. Bacteria, from
DMSO stock, were diluted 1:100 in LB medium and grown aerobically for 24 h at 37°C with continuous
shaking at 220 rpm. Susceptibility testing was done under neutral and acidic conditions in cation-
adjusted Mueller-Hinton broth (CA-MHB; BD) and DMEM (ThermoFisher) supplemented with 10% fetal
bovine serum (FBS; PAN Biotech), i.e., the medium used for experiments with infected cells. Acidic
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condition (pH 5.5) was achieved by adding dropwise 1 M HCl. pH indicator strips were used for adjust-
ment of the pH of media and its measurement after 18 h of incubation. MICs were determined by 2-fold
serial microdilution in 96-well plates, according to Clinical and Laboratory Standards Institute (CLSI)
guidelines (49), with readings performed after 18 h of incubation.

For antibiotic pharmacodynamic studies, bacteria from the overnight culture were inoculated into
DMEM so that the initial inoculum was approximately 1 � 106 CFU/ml. DMEM was used for later compar-
ison of results with intracellular pharmacodynamic studies. Afterwards, the antibiotic was added over a
wide range of concentrations, corresponding to values from 0.003� MIC to 100� MIC. The incubation
period was up to 24 h, at 37°C, in a 5% CO2 atmosphere. At the end of the experiment, appropriate dilu-
tions were made and 50 ml plated on LB (lysogeny broth) agar plates. To prevent the carryover effect of
tested antibiotics, 0.4% charcoal was added to the LB agar plates for antibiotic concentrations higher
than MIC values. Results were expressed in change of CFU numbers per milliliter from the initial inocu-
lum or absolute CFU numbers per volume unit.

Cell culture and viability. Experiments were performed with murine J774 macrophages (derived
from reticulosarcoma [50]), obtained from Sandoz Forschung Laboratories, Vienna, Austria. Cells were
cultured and maintained in RPMI 1640 (ThermoFisher) medium supplemented with 10% FBS at 37°C in a
5% CO2 atmosphere. Macrophage viability was checked using trypan blue and lactate dehydrogenase
(LDH) release tests.

Trypan blue test is based on the ability of trypan blue to penetrate and dye dead cells. J774 cells
were first detached from the well bottom using 0.5% trypsin with EDTA (PAN Biotech) and resuspended
in a total amount of 2 ml of DMEM. Next, 10 ml of cell suspension was mixed with 10 ml of trypan blue
and incubated for 5 min. An automated cell counter (Invitrogen Countess) was used for assessing the
percentage of cell viability.

LDH is a fairly stable cytosolic oxidoreductase enzyme that is released from damaged cells into the
medium. Its activity was assayed using the LDH assay kit (Sigma-Aldrich), in which LDH reduces NAD to
NADH, which is detected by colorimetric assay. After 24 h of incubation of infected cells in the presence
of antibiotics, 20 ml of culture medium was collected and placed immediately on ice. Medium from unin-
fected cells and cells exposed to 1% Triton for 1 h or 24 h were collected as well and used as positive
controls. Samples were diluted 20� in a total volume of 100 ml of buffer and master mix at a ratio of 1:1
(provided in the kit) in 96-well flat-bottom plates. Spectrophotometric readings were done at 450 nm,
every 5 min, at 37°C, until the value of the most active sample is greater than the value of the highest
standard (12.5 nmol/well), using a Synergy/Mx microplate reader (BioTek). LDH activity (milliunits/ml)
was calculated according to the equation provided in the LDH kit, LDH activity = B/(reaction time � V) �
sample dilution factor, where B is the amount (nmol) of NADH generated between Tinitial and T

final, reac-
tion time is T

final minus Tinitial (minutes), and V is sample volume (ml) added to the well.
Intracellular infection and assessment of antibiotic activity in cell culture. These experiments were

performed using a protocol adapted from the one previously describing infection of J774 cells with
Staphylococcus aureus (51). Bacteria, from DMSO stock, were diluted 1:100 in LB medium and grown for 48 h
at 37°C under static conditions. The medium for intracellular experiments was DMEM with 10% FBS. Prior to
the infection, bacteria were opsonized for half an hour in DMEM with 10% heat-inactivated human serum
(obtained from healthy volunteers). This process was followed by phagocytosis, in which J774 cells were
exposed to opsonized bacteria for 1 h at a bacterium/cell ratio of 50:1. Nonphagocytosed bacteria were elimi-
nated by 1 h of incubation in the presence of 100 mg/liter gentamicin and 3� washing with phosphate-buf-
fered saline (PBS) to eliminate gentamicin. The initial rate of infection was up to 106 CFU per milligram of cell
protein. The activity of tested antibiotics against intracellular bacteria was analyzed by exposing infected
J774 cells for 24 h to a wide range of antibiotic concentrations, corresponding to values from 0.003� to
100� MICs, which were predetermined in DMEM at neutral pH. After the incubation period with antibiotics,
cells were washed 3� with PBS and then lysed in 1 ml distilled water. The cell lysate was further used for
CFU counting by plating 50 ml on LB agar plates without charcoal and for determination of total cell protein
content by Lowry’s assay (Bio-Rad DCTM protein assay). Antibiotic activity was expressed as the change of
CFU number per milligram of cell protein from the initial postphagocytosis inoculum, in log10 units.

Macrophage heterogeneity assessed with flow cytometry. Preparation of formaldehyde-fixed mac-
rophages for flow cytometry analysis started with 3� washing of infected cells with PBS. The washing
step was followed by cell detachment using 500 ml of 0.5% trypsin with EDTA. A final volume of 1 ml
was achieved by adding PBS to the cell suspension. After centrifugation at 300 � g for 7 min to wash
out the trypsin, the pellet was resuspended in 1 ml of 4% formaldehyde for 10 min. Fixative was further
removed by one more centrifugation at 300 � g for 7 min. Filtered PBS was used to resuspend the pellet
in a final volume of 1 ml. Samples were kept on ice before analyzing them by flow cytometry (see the
next paragraph).

Bacterial heterogeneity assessed with flow cytometry. Intracellular bacteria were obtained from
infected macrophages at time zero and after 3, 6, and 24 h of incubation in the presence of tested antibiotics.
Infected macrophages were first washed 3� with PBS and then lysed in 1 ml of filtered water. Samples were
centrifuged at high speed (900 � g, 7 min). The pellet was resuspended to the final volume of 1 ml PBS and
kept on ice before analyzing. For growth resumption control, bacteria obtained from infected macrophages
at time zero were inoculated into DMEM at a concentration of approximately 105 bacteria per ml. After 3, 6,
and 24 h postinoculation, these extracellular growth resumption control bacteria were collected for fluores-
cence-activated cell sorting (FACS) analysis and used for defining their growth activity.

Both macrophage and bacterial samples were analyzed with an Attune NxT cytometer. TIMERbac flu-
orescence was recorded in two channels: green fluorescence excitation (Ex), 488 nm; emission (Em),
515 to 545 nm; red fluorescence Ex, 561 nm; Em, 577 to 593 nm.

Antibiotic Tolerance of Intracellular UPEC Antimicrobial Agents and Chemotherapy

December 2021 Volume 65 Issue 12 e01468-21 aac.asm.org 13

https://aac.asm.org


Confocal microscopy. Intercellular heterogeneity also was assessed with the aid of confocal micros-
copy (LSM 710; Zeiss). For that purpose, J774 cells were grown in DMEM with 10% FBS in a 35-mm glass
dish with a glass bottom, suitable for cell culture and fluorescence microscopy. Prior to live-cell imaging,
Lyso Sensor green dye (DND-189; Invitrogen) was dissolved in cell culture medium (1 mM), and cells
were incubated at 37°C in a 5% CO2 atmosphere. The dye helped in visualization of acidic cell compart-
ments and determination of bacterial localization within macrophages. Lasers at 488 nm and 561 nm
were used for excitation of TIMERbac protein, and a 458-nm laser was used for Lyso Sensor dye. Filters
for collection of excited fluorescent light were 493 to 533 nm for green fluorescence, 566 to 616 nm for
red fluorescence, and 474 to 552 nm for Lyso Sensor. The separated emissions of each fluorescence for
TIMERbac protein and Lyso Sensor dye were acquired by multitrack scanning in which fluorophores
were excited sequentially using one excitation wavelength at a time. Pictures were collected at 63� oil
immersion magnification and then analyzed with Zen (2.3 SP1) software.

Antibiotics and main reagents. The following antibiotics were used as microbiological standards:
finafloxacin (potency, 84.19%), provided by MerLion Pharmaceuticals GmbH (Berlin, Germany); gentami-
cin sulfate (potency, 60.79%), from AppliChem GmbH (Darmstadt, Germany); ampicillin sodium (potency,
97%), from Carl Roth GmbH (Karlsruhe, Germany); nitrofurantoin (potency, 98%), from Norwich Eaton
Pharmaceuticals (Norwich, New York); and ciprofloxacin (potency, 98%), from Fluka, Sigma-Aldrich (St.
Louis, Missouri). Trimethoprim (potency, 98%) and sulfamethoxazole (potency, 98%) were provided by
Sigma-Aldrich (St. Louis, Missouri). For bacterial growth, LB (Difco Laboratories) medium was used, while
for culturing of macrophage-like J774 cells, we used RPMI 1640 (R7388; Sigma) and DMEM (ref. 41966-
052; ThermoFisher) supplemented with fetal bovine serum (Gibco, Life Technologies).

Statistical analysis. Statistical analyses were performed in GraphPad Prism version 8.4.3 (GraphPad
Software). Pharmacodynamic parameters were calculated using Hill equations from concentration-
response curves. P values lower than 0.05 were used to show significant statistical differences among
results.
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Supplementary Figure 1. Schematic principle of TIMERbac reporter. Constitutively expressed protein has 

branched maturation pathway with rapid emergence of green fluorophores and delayed formation of red 

fluorophores. 

 

 

 

Supplementary Figure 2. Presence of small colony variants of CFT073, detected when extracellular 

concentration of gentamicin was 1 mg/L (equal to 1 x MIC). 
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