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ABSTRACT

Given emerging uropathogen resistance to more recent antibiotics, old antibiotics used
for uncomplicated urinary tract infection (UTI) warrant reexamination. We investigated
the urinary antibacterial activities of fosfomycin and nitrofurantoin by determining the
urinary inhibitory titer (UIT) and the bactericidal titer (UBT) against uropathogens in
urine samples from female volunteers after the administration of single-dose fosfomy-
cin (3g) or nitrofurantoin (50 mg géh or 100 mg g8h). Urine samples were collected
over 48h (fosfomycin) or 8h (nitrofurantoin) with drug levels quantified with every void.
Fosfomycin concentrations ranged from <0.75 (below the limit of quantification [LOQ])
to 5729.9 mg/l, and nitrofurantoin concentrations from <4 (below LOQ) to 176.3 mg/I
(50 mg g6h) or 209.4 mg/l (100 mg g8h). There is discrepancy in the response to fos-
fomycin between Escherichia coli and Klebsiella pneumoniae species because fosfo-
mycin displayed strong bactericidal activity for 48h for Escherichia coli, and moderate
bactericidal activity for 18h against Klebsiella pneumoniae isolates. This effect was not
related to the strain’s baseline minimal inhibitory concentration (MIC), but rather to the
presence of a resistant subpopulation. Maximum titers of nitrofurantoin were obtained
during the first 2h, but no antibacterial effect was found in most samples, regardless of
the dose. In the rare samples in which antibacterial activity was detectable, titers were
comparable for both species tested. These findings confirm the doubts on fosfomycin
administration in UTls caused by Klebsiella pneumoniae and reveal discrepancy be-
tween nitrofurantoin’s measurable ex vivo activity and its clinical effect over multiple

dosing intervals.

Keywords: fosfomycin; nitrofurantoin; urinary tract infections; pharmacokinetics; phar-

macodynamics; urine; healthy volunteers
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INTRODUCTION

Fosfomycin and nitrofurantoin are recommended first-line for urinary tract infection
(UTI), the most common bacterial infection among otherwise healthy women (1).
Though resistance among uropathogens is increasing, it remains relatively low for
fosfomycin and nitrofurantoin (2-4). Despite their use over several decades, these
antibiotics’ pharmacokinetic (PK) and pharmacodynamic (PD) properties remain poorly
defined, though such information is essential for therapy optimization and the preven-
tion of the emergence of resistance (5, 6). While new data are beginning to emerge
on the PK (7-11) and PD properties (12, 13) of both drugs, most in vitro PD studies
have been conducted in a non-biological matrix and/or did not take into account drug-
concentration changes over time ex vivo, thus limiting the clinical translation of these
results.

A method to address these limitations is the determination of the urinary antibacte-
rial activity of antimicrobial agents in which ex vivo PK data are used within a static
in vitro model (14-16). The urinary antibacterial activity of an antimicrobial agent is
described by the urinary inhibitory titer (UIT) and the urinary bactericidal titer (UBT).
These are measures of antibacterial activity over time in urine, the relevant biological
matrix. Thus providing in vitro data that more closely reflects the clinical scenario by
describing antibiotic activity against the pathogen within the host’s environment.

We determined the urinary antibacterial activity of fosfomycin and nitrofurantoin
against common uropathogens, after administration of registered doses for the treat-
ment of UTI, to evaluate the effectiveness of these drugs.

MATERIAL AND METHODS

Study design, subjects, drug administration and sample collection

Urine samples to determine the UIT and UBT were obtained in two previous studies
evaluating the PK properties of the both fosfomycin and nitrofurantoin (7, 8). Briefly, the
fosfomycin urinary PK study was a single-center study to examine the urinary PK follow-
ing a single, oral 3 gram dose of fosfomycin trometamol (Monuril, Zambon Nederland
B.V., Amersfoort, the Netherlands) in 40 healthy, female volunteers (7). Fosfomycin
was administered under supervision of one of the researchers. Urine samples were
collected in a home setting over 48 hours with every void and two times daily from 48
hours until 7 days after administration. For the present study, we used only the samples
collected in the first 48 hours. There were no dietary restrictions prior to or after drug
administration. Samples were kept in home freezers until handed in to investigators.

The nitrofurantoin PK study was a single-center study in which macrocrystalline nitro-
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furantoin was administered either 50 mg gé hours (Furadantine MC, Mercury Pharma
Ltd, Croydon UK) or 100 mg g8 hours (Furadantine® retard, Mercury Pharma Ltd,
Croydon UK) in a crossover design to 12 healthy, female volunteers (8). The drug was
administered with food and administration began in a home setting 24 hours prior
to sample collection to achieve steady state. The last dose was administered in the
hospital at the start of the 8-hour visit, during which urine samples were collected
for 6 hours or 8 hours, depending on the assigned dosing interval. Volunteers were
instructed to protect the nitrofurantoin samples from daylight using aluminum foil to
avoid photodegradation of the drug.

Total volume, pH and time of each sample were recorded for both fosfomycin and
nitrofurantoin samples prior to storage at -80°C. Stability of the samples under these
conditions was confirmed during the validation of the analytical methods (17, 18). Drug
levels were quantified using ultra-high performance liquid chromatography (UHPLC)
with tandem mass spectrometry (MS/MS) detection for fosfomycin and ultraviolet (UV)
detection for nitrofurantoin. Both methods were validated according to FDA guide-

lines, as described elsewhere (17, 18).

Test organisms and MICs

Isolates were obtained from clinical sources with the exception of the ATCC reference
strain and were selected with a range of fosfomycin and nitrofurantoin MIC values
(table 1). Fosfomycin susceptibility was determined by agar dilution using 10* CFU/
spot of each isolate inoculated on Mueller-Hinton Il agar (MHA; BD Diagnostics,
Franklin Lakes, NJ, USA) containing 25 mg/L glucose-6-phosphate (G6P; Sigma,
Taufkirchen, Germany) and fosfomycin (InfectoPharm, Heppenheim, Germany) follow-
ing CLSI recommendations in a concentration range of 0.25 — 1024 mg/L. Isolates were
tested in triplicate. Nitrofurantoin susceptibility was determined by broth microdilution
according to ISO guidelines (19).

Fosfomycin containing urine samples from the volunteers were divided in two sets
to allow for the limited volumes of material. Set 1 consisted of samples of the initial 20
volunteers and the second set consisted of those from the remaining 20 volunteers.
Both sets were tested against two Escherichia coli strains, two Klebsiella pneumoniae
strains and the ATCC strain (table 1). All strains were used for testing the nitrofurantoin

samples.

Determination of UlTs and UBTs

All urine samples were filtered before analysis by centrifugation (10 minutes at 13.000
rom) using Amicon Ultra-0.5 centrifugal filter units with a 10 kDa cutoff Ultracel-10
membrane (UFC5010BK; Merck, Amsterdam, the Netherlands). The large volumes of
antibiotic-free urine were filtered over 0.2 pm bottle-top vacuum filters (CLS430756;
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Table 1. MICs of fosfomycin and nitrofurantoin. The MIC represents the modal value based on the
results of agar dilution (fosfomycin) or micro dilution (nitrofurantoin) performed in triplicate.

Test strain Source MIC Fosfomycin (mg/liter)*  MIC Nitrofurantoin (mg/liter)
E. coli
ATCC 25922 Laboratory strain 1 16
51° Blood 2 32
03° Urine 0.25 16
1231 Urine 16 512
4807 Rectal swab 32 16

K. pneumoniae

58 ° Urine 8 b4
20° Rectal swab 32 256
31865 Blood 2 128
55 Sputum 4 256

 The MIC represents the modal value based on the results of agar dilution (fosfomycin) or microdilution (nitrofu-
rantoin) performed in triplicate.
® Strains used for set 1 of the urine samples of volunteer 1 to 40 in the fosfomycin study.

Corning, Taufkirchen, Germany). UITs and UBTs were determined by microdilution.
Urine samples underwent a serial two-fold dilution series in antibiotic-free urine from
healthy volunteers such that the first well of the microtiter plate contained a 2-times di-
luted sample. The final bacterial inoculum within the microtiter tray was approximately
2.5 x 10° CFU/ml. Inoculated plates were incubated for 18 + 2 hours at 35 * 2°C. After
which every well was checked visually for growth. The UIT represents the bacteriostatic
activity and was defined as the highest dilution that inhibited visible growth. The UBT
represents the bactericidal activity and was defined by the absence of bacterial growth
following a subculture from the microtiter tray onto an antibiotic-free Tryptic Soy agar
plate supplemented with 5% sheep blood (TSB, 254087, Becton Dickinson, Franklin
Lakes, NJ, USA). The limit of detection was 50 cfu/ml. TSB plates were incubated for
18 = 2 hours at 35 + 2°C. The UBT was defined as the highest dilution of the sample
that still exhibited bactericidal activity. Comparable UIT and UBT reflect antibiotic bac-
tericidal activity, while a UIT exceeding the UBT reflects bacteriostatic activity. UlTs and
UBTs are presented as reciprocal values of the titers and could therefore range from
<2 (no antibacterial activity observed) to 1024, with higher titers indicating greater

antibacterial activity.

Determination of fosfomycin-resistant subpopulation

To determine the presence of fosfomycin low-level resistant (LLR) or high-level re-

sistant (HLR) subpopulations, isolates were cultured overnight in both Muller-Hinton
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broth (MHB) and antibiotic-free urine using a starting inoculum of 2.5 x 10° CFU/ml.
Quantitative cultures were then performed in parallel on antibiotic-free Muller-Hinton
agar (MHA) and MHA supplemented with 25 mg/liter glucose-6-phosphate together
with 64 or 512 mg/liter of fosfomycin. Total bacterial density, and the comparative
density of any growth on the fosfomycin-containing media, was determined by plating
20 pl from a serial 10-fold dilution of the incubated liquid media. Growth capacity and
resistant-subpopulation proportions were compared between MHB and urine. MHA
plates were incubated overnight at 35 £ 2°C. The limit of detection was considered
to be 1.4 logio CFU/ml. This additional analysis was performed for fosfomycin based
on previous studies in which a resistant subpopulation was identified in susceptible
Enterobacteriales (9, 20).

Statistical analysis

Microsoft Excel 2013, IBM SPSS Statistics 24 and Graphpad Prism (San Diego, CA,
version 7.0) were used for processing the data. Fosfomycin samples were grouped in
6-hour time intervals and nitrofurantoin samples were grouped in 2-hour time inter-
vals. The median and range of UITs and UBTs were calculated for each interval. The
area under the inhibitory titer—time curve (AUIT) and the area under the bactericidal
titer-time curve (AUBT) where calculated to give an indication of the inhibitory and
bactericidal activity for each strain using the trapezoidal rule (14). A period of 48 hours
was considered for fosfomycin and 6 and 8 hours for nitrofurantoin for the 50 mg g6
and 100 mg g8 hour dosing regimens, respectively. Titer values were compared using
a two-sided Wilcoxon matched-pairs rank test (p<0.0001) to compare the titers of the
two species and a one-sided Wilcoxon matched-pairs rank test (p<0.0001) was used to
compare the UIT values and the UBT values per time interval. The d’Agostino-Pearson
test was used to check normal distribution of data. Untransformed data were used for
the statistical analysis. Titer values of <2 were transformed into 1 for statistical analysis.
The UBT in the most concentrated sample was used to calculate the percentage of
volunteers in whom bactericidal activity (UBT =2) could be measured.

RESULTS

Subjects and urine samples

Volunteers in both studies were Caucasian females with a mean age (SD) of 24.3 (= 7.9)
years and 28.5 (+ 7.9) years in the fosfomycin and nitrofurantoin groups, respectively. A
more detailed overview of volunteer characteristics can be found in the original studies
(7, 8). The number of samples collected by the volunteers varied from 6 to 19 for fos-

fomycin and from 3 to 9 for nitrofurantoin because they were not instructed to follow a
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voiding schedule. Fosfomycin urinary concentrations ranged from <0.75 (lower limit of
quantification [LOQ]) to 5729.9 mg/| and did not differ significantly between the two
sets (p<0.05; table S1). Nitrofurantoin concentrations ranged from <4 mg/I (LOQ) to
176.3 mg/I (nitrofurantoin 50 mg g6 hours), and from <4 to 209.4 mg/| (nitrofurantoin
100 mg g8 hours; table S1). Nitrofurantoin concentrations were slightly higher for the
100 mg dose, but peak concentrations were almost equal (mean C,.., 94.4 mg/I [+ 47.8]
for 50 mg g6 hours versus 94.1 mg/I [+ 49.9] for 100 mg g8 hours).

(A)UITs and (A)UBTs

Fosfomycin

The high interindividual variability in urinary drug concentrations was reflected by the
wide range in UlTs and UBTs (7). For E. coli, fosfomycin UlTs ranged from <2 to 256
and maximum titers were obtained during the first 12 hours after dosing (figure 1A and
table S2). Likewise, UBTs ranged from <2 to 512 and were comparable to the UITs for E.
coli. Thus, fosfomycin was bactericidal against E. coli (figure 1B and table 2). There was
still reasonable bactericidal activity after 48 hours for E. coli because UBTs were =2 in
the majority (95%) of the samples. The only exception was the E. coli 1231 strain (MIC
16 mg/liter) where UlTs and UBTs did not exceed 2 for the full 48 hours. The AUITg.4sh
values between the five E. coli strains were comparable, again with the exception of E.
coli 1231 (table 2 and table S2). The same is true for the AUBT .4 values (table 2). The
difference in AUITo.4g, and AUBTo.g, values between the E. coli strains did not reflect
their varying baseline MICs for fosfomycin (table 1).

UITs for K. pneumoniae ranged from <2 to 128 and maximum titers were found
during the first 6-hour time period (figure 1A and table S2). UITs and UBTs were com-
parable, reflecting bactericidal activity of fosfomycin in K. pneumoniae (figure 1B and
table 2). In contrast to E. coli, no antibacterial activity of fosfomycin in K. pneumoniae
was observed in the majority (86%) of samples throughout the complete 48 hours.
Where an antibacterial effect was detected, it was bactericidal in the majority (90%)
of the samples, but it was present only during the first 18 hours after administration.
UITs and UBTs declined dramatically after that 18-hour time point. UITs and UBTs for
K. pneumoniae were significantly lower than those for E. coli (p<0.0001 for all time
intervals) (figure 1A and 1B). AUITg.4sn and AUBT.4g, values ranged from 47 to 110 and
were independent of strains’ baseline MICs for fosfomycin (table 2 and table S2).

Nitrofurantoin
For E. coli, nitrofurantoin UlTs ranged from <2 to 16 for the 50 mg g6 hour regimen
and from <2 to 32 for the 100 mg g8 hour regimen and were generally within the

same range for both dosing regimens (figure 1C and table S3). Maximum titers were
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Figure 1. Fosfomycin UIT values (1A) and UBT values (1B) for E.coli (black) and for K. pneumoniae
(red) for all samples. Below, nitrofurantoin UITs (1C) and UBTs (1D) for both dosing regimens for
E.coli (black and red) and for K. pneumoniae (green and blue). Every dot represents the mean UIT
or UBT for each sample for the E. coli and K. pneumoniae strains, respectively.

obtained within the first 2 hours after administration. UBTs for E. coli were comparable
with the UIT values, demonstrating bactericidal activity of nitrofurantoin against E. coli
(figure 1D and table 3). After 2 hours, no detectable antibacterial activity was found in
the majority of the samples (titers of <2).

For K. pneumoniae, nitrofurantoin UITs ranged from <2 to 16 for both dosing
regimens; maximum titers were found in the first 2 hours after administration (figure 1C
and table S3). UBTs ranged from <2 to 8 and did not differ between dosing regimens
(figure 1D and table 3). UITs and UBTs were comparable in these first two 2 hours, again
reflecting bactericidal activity of nitrofurantoin in the few samples in which antibacterial
activity was detectable.

The UITs and UBTs were higher for E. coli compared to those for K. pneumoniae for
both dosing regimens (figure 1C and 1D). Similar to fosfomycin activity, the AUIT and
AUBT values were found to be independent of the baseline nitrofurantoin MICs of the

isolates (tables 3 and S3). This is true for both dosing regimens.
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Table 3. Median (range) of UBTs and AUBTy4, or AUBT,4, values for nitrofurantoin over time for
each strain (MIC).

Dose, strain UBT (median (range)) for the indicated time periods (h)
(MIC, mg/liter),
and isolate 0-2 2-4 4-6 6-8 AUBTy¢, or AUBT g0
Nitrofurantoin 50 mg q6 hours
E. coli
ATCC25922 (16) 8(<2-16) 2(<2-16) <2(<2-4) <2 (<2-4) 18 (10-31)
51(32) 4(<2-16) <2 (<2-8) <2(<2-2) <2 (<2-2) 14 (9-25)
03 (16) 4(<2-16) <2(<2-8) <2(<2-2) <2 (<2-2) 15 (9-25)
1231 (512) <2 (<2-<2) <2(<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (9-22)
4807 (16) 2(<2-8) <2(<2-4) <2(<2-<2) <2 (<2-2) 12 (8-11)
K. pneumoniae
58 (64) 2 (<2-8) <2(<2-4) <2(<2-8) <2 (<2-2) 11 (7-9)
20 (256) <2 (<2-2) <2(<2-2) <2(<2-<2) <2 (<2-<2) 9 (9-17)
31865 (128) <2 (<2-<2) <2(<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (7-9)
55 (256) <2 (<2-2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (7-11)

Nitrofurantoin 100 mg q8 hours

E. coli
ATCC25922 (16) 4(<2-32) 2(<2-16) <2(<2-8) <2 (<2-4) 15 (10-25)
51(32) 2 (<2-16) <2(<2-8) <2(<2-2) <2 (<2-2) 12 (8-21)
03 (16) 2 (<2-16) <2(<2-8) <2(<2-2) <2 (<2-4) 13 (11-24)
1231 (512) <2 (<2-<2) <2(<2-<2) <2(<2-<2) <2 (<2-<2) 9 (8-21)
4807 (16) <2 (<2-8) <2(<2-4) <2(<2-2) <2 (<2-2) 11(7-11)
K. pneumoniae

58 (64) 2 (<2-8) <2 (<2-4) <2(<2-4) <2 (<2-<2) 11 (7-9)
20 (256) <2 (<2-2) <2(<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (7-20)
31865 (128) <2(<2-2) <2(<2-<2) <2(<2-<2) <2 (<2-<2) 9 (7-10)
55 (256) <2 (<2-2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (7-10)

Bactericidal effect in the samples and in volunteers
To correlate with clinical antibiotic effectiveness for UTI treatment, the percentages of

volunteers in which bactericidal activity was found was calculated for sequential time
intervals for the five E. coli and four K. pneumoniae strains. Figure 2 demonstrates

these percentages over time. A higher percentage reflects a more effective treatment.
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Considering fosfomycin, the percentages for E. coli were higher than for K. pneu-
moniae. Bactericidal activity against E. coli was found in a mean percentage of 90% of
the volunteers during 24 hours, but this declined to <60% thereafter. This applies to
all E. coli strains with the exception of the E. coli 1231 strain, against which fosfomycin
was not bactericidal in the least diluted sample in 50% of volunteers (figure 2A). This
finding was supported by the detection of a resistant subpopulation in this isolate
(section 3.3). Against K. pneumoniae, bactericidal activity of fosfomycin was found in
only an average percentage of 60% of the volunteers during the first 18 hours after
administration (figure 2A). Percentages declined quickly thereafter to <20% beyond
24 hours after dosing. Thus, fosfomycin remained bactericidal against K. pneumoniae
isolates after 24 hours in a very small number of volunteers.

Nitrofurantoin was bactericidal in E. coli ATCC 25922, E. coli 51 and E. coli 03, re-
gardless of the administered dose (figure 2B and 2C). However, this bactericidal activity
was only found in 0% - 50% of volunteers. Percentages of >60% were found only in

the first 2 hours after administration. In K. pneumoniae, percentages never exceeded

fosfomycin
A
1004 ® FE. coli
>
££ = K. pneumoniae
25 804
2 &
g3 o
3
S5 4 *
>5
R 201
0 T T T T T T T T
At & S S gt
ISP LA N . L
CAFCANCAN P P s
Time interval
nitrofurantoin 50 mg q6h nitrofurantoin 100 mg q8h
100 B 100 c
® F£. coli
> 4 > -4
g€ 80 ££ 80 ® K. pneumoniae
22 60 28 o]
[ [
@ —= o =
28 401 23 401
€5 €5
32 32
S & 201 S & 20
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RE  pdeerrdirninnibi b RE ot e
20 T T T T -20 T T T T
0-2h 2-4h 4-6h 6-8h 0-2h 2-4h 4-6h 6-8h
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Figure 2. Percentage of volunteers where a bactericidal effect was found of fosfomycin during 48
hours (2A), and nitrofurantoin 50 mg gé hours during 8 hours (2B) 100 mg g8 hours or (2C) in E. coli
(black) and in K. pneumoniae (red). The numbers are expressed as the mean (+ SD) percentages
for both species (y axis) of the total number of volunteers that had produced urine samples in the
considered time interval (x axis). Because bactericidal activity in K. pneumoniae was found in only a
small number of volunteers (ranging from 1 to 3 volunteers) in the time intervals after 24 hours, these
percentages are negligibly small and are therefore not presented in figure 2A.
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17% in strains 58, 20, and 31865. This was independent of the administered dose.
Only in K. pneumoniae 55, bactericidal activity was found in approximately 40% (100
mg g8 hours) and 60% (50 mg g6 hours) of volunteers. These percentages remained

consistent over the 8-hour urine collection time period for this strain.

Fosfomycin-resistant subpopulation

Only one out of five E. coli isolates had a detectable fosfomycin-resistant subpopula-
tion when grown in both standard laboratory media and human urine. Whereas, all
of the K. pneumoniae isolates had a detected resistant subpopulation (table 4). The
resistant subpopulation detected in E. coli 1231 and in the K. pneumoniae isolates had
a fosfomycin MIC of >1024 mg/liter, after subculturing off the fosfomycin containing
MHA onto TSA. This result is consistent with the low antibacterial activity of fosfomycin

in these strains.

Table 4. Presence of a fosfomycin LLR and/or a HLR subpopulation of the strains in urine or MHB.

LLR/HLR subpopulation present

Strain (MIC, mg/liter)

Urine MHB
E. coli
ATCC25922 (1) No No
51 (2) No No
03 (0.25) LLR LLR
1231 (16) HLR HLR
4807 (32) LLR LLR
K. pneumoniae
58 (8) HLR HLR
20 (32) LLR HLR
31865 (2) HLR HLR
55 (4) HLR HLR

MHB, Muller-Hinton Broth; LLR, low level resistant; HLR, high level resistant
DISCUSSION

While fosfomycin exhibited bactericidal activity for at least 48 hours against E. coli,
no antibacterial activity was detected in the majority of K. pneumoniae samples. In
contrast to fosfomycin, nitrofurantoin showed low antibacterial activity in both species
regardless of the administered dose, though only one dose interval was examined

among the many intervals intended with a course of nitrofurantoin.
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In general, fosfomycin exhibited bactericidal activity as demonstrated by compa-
rable UIT and UBT values. The duration of activity was strongly species-dependent,
with =48 hours for E. coli and only 18 hours for K. pneumoniae. Indeed, 48-hour anti-
bacterial activity against K. pneumoniae could be demonstrated in only a small subset.
These findings are supported by earlier in vitro research demonstrating that fosfomycin
was not able to reliably kill K. pneumoniae isolates (9, 20).

It was suggested that fosfomycin is able to kill (or at least inhibit growth of) E. coli,
but regrowth occurs thereafter. The extent of regrowth depends on the presence of
a resistant subpopulation and this is not predicted based on the baseline fosfomycin
MIC for the strain (21). This is corroborated by our finding that bactericidal activity
against E. coli over 24 hours was found in approximately 90% of volunteers, but quickly
fell below 60% thereafter. This was true for all E. coli strains with the exception of E.
coli 1231, the strain harboring a HLR subpopulation. For K. pneumoniae, we found
moderate (or almost totally absent) antibacterial activity of fosfomycin in the majority of
the samples, confirming other reports (?, 10, 22). All K. pneumoniae strains had a HLR
subpopulation. This may be more a matter of intrinsic rather than acquired resistance
after antibiotic exposure (9, 23). These findings suggest that a single, 3g dose may be
sufficient for UTls caused by E. coli without HLR subpopulations, and that fosfomycin
is inappropriate for UTIs caused by K. pneumoniae, regardless of the MIC for the strain
and the fosfomycin dose.

Maximum UITs and UBTs of nitrofurantoin were obtained in the first two-hour time
interval. Titers were low but comparable for both species tested, demonstrating rea-
sonable bactericidal activity of nitrofurantoin only in the first two hours, confirming a
previous report describing early activity against extended spectrum beta lactamase
(ESBL)-producing pathogens like E. coli and K. pneumoniae (12). We did not find any
significant differences in antibacterial activity between the two dosing regimens; the
slightly higher urinary concentrations of nitrofurantoin after 100 mg versus 50 mg did
not result in more antibacterial activity in our experiment (8).

The major advantage of the method used here is that it is an ex-vivo model combin-
ing patient-related pharmacokinetic properties of a drug with its PD effect. The ex-vivo
results obtained with this method therefore may reflect the antimicrobial clinical ef-
fectiveness against uropathogens better than most other ex-vivo/in-vitro methods. This
is important, as bacterial growth ex-vivo/in-vitro can be different from that in humans
(24). Yet we found bactericidal activity of nitrofurantoin in less than 50% of volunteer
samples, and this only for a short period of time. This contrasts with fosfomycin’s
bactericidal activity, which was detected in 90% of volunteer samples. These results
are in conflict with what was found in a recent randomized clinical trial comparing five
days of nitrofurantoin (100 mg g8 hours) to single-dose fosfomycin (3g) for acute lower
UTI (25). Seventy percent of those receiving nitrofurantoin had clinical success versus
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only 58% of those receiving fosfomycin. Microbiologic resolution was achieved in 74%
versus 63%, respectively. There is thus discrepancy between the ex-vivo activity of ni-
trofurantoin in a single dosing interval (and also, but to a smaller extent, of fosfomycin)
and its clinical efficacy.

There are several possible factors that could explain this discrepancy. Fosfomycin
requires glucose-6-phosphate to enter the bacterial cell to exert its antibacterial activ-
ity so it is standard practice to add 25 mg/| glucose-6-phosphate to the laboratory me-
dia when performing in vitro experiments with fosfomycin (26). Because human urine
normally does not contain glucose-6-phosphate in significant amounts, the ex vivo
antibacterial activity was measured without adding glucose-6-phospate. It should be
noted, however, that the baseline MICs for fosfomycin were measured in the presence
of glucose-6-phosphate, as per the reference standard for fosfomycin susceptibility
testing (27). This could party explain the discrepancy between the fosfomycin MICs
at baseline and the urinary antibacterial activity. For nitrofurantoin, we investigated its
activity during only one dosing interval of a drug intended to be administered over
at least five days. It would therefore seem likely that the short period of antibacterial
activity we found, would be sufficient to achieve clinical success in the majority of the
patients when administered as a course of multiple oral doses. The cumulative effect
of the full nitrofurantoin course after repetitive dosing has not been investigated, such
that our results would underestimate the effect of the antimicrobial agent. Secondly,
we considered the bactericidal activity only when calculating the percentages of bac-
tericidal success, but whether pathogen killing is needed to achieve clinical success
is questionable. Bacteriostatic activity, or a bactericidal effect during a short period
of time (e.g., less than 2 hours), might be sufficient to promote clinical success. In
particular because of the natural urodynamics of regularly voiding episodes, during
which uropathogens are flushed out together with the urine. Finally, the percentages
of bactericidal success gives an underestimation of daily clinical practice since we were
not able to measure the antibacterial activity in the undiluted sample due to limited

sample volumes.

CONCLUSION

We found strong bactericidal activity of fosfomycin against E. coli over at least 48 hours
after administration and moderate bactericidal activity against K. pneumoniae over
18 hours. High-level resistant subpopulations were found in all K. pneumoniae strains
and in one of the E. coli strains, findings that further support the likelihood of intrinsic
resistance of K. pneumoniae against fosfomycin, and highlight that MIC measurements

might not be the best measure for predicting ex-vivo activity of fosfomycin. Titers
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of nitrofurantoin were comparable for both E. coli and K. pneumoniae, demonstrat-
ing moderate bactericidal activity in the first 2 hours after dosing. In the majority of
subsequent samples, however, no antibacterial activity was detected, regardless of the
administered dose. This finding is in contrast to nitrofurantoin’s well-observed clinical
effects over multiple dosing intervals. Our findings reveal a discrepancy between ni-
trofurantoin’s measurable ex vivo activity in a single dosing interval time period and its
clinical effectiveness. For fosfomcyin, our findings suggest that the current single-dose
approach to fosfomycin administration in UTls caused by E. coli without HLR may be
sufficient, but confirm the doubts of the use of fosfomycin in general in UTls caused

by K. pneumoniae.
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Table S1. Characteristics of the fosfomycin and nitrofurantoin samples. Median (range) of the
drug concentration, number of samples and pH of the urine samples for both drugs during each
time interval. Samples were grouped based on their time after dose.

Collection - Number of
period Concentration samples pH
(h) (mg/liter)
Fosfomycin
0-6 808.1 (19.9-5729.9) 77 5 (5-7)
6-12 744.4 (90-4375.9) 68 5.5 (5-7)
12-18 512.7 (145.1-1866.6) 33 6 (5-7)
18-24 348.3 (51.5-2189.1) 67 5 (5-7)
24-30 124 (<0.75-947.9) 82 5 (5-7)
30-36 78.5 (9.1-707.9) 64 5 (5-7)
36-42 80.8 (<0.75-454.8) 32 5 (5-7)
42-48 62.3 (<0.75-495.7) 61 5 (5-7)
Nitrofurantoin (50 mg q6 hours)
0-2 53.6 (4-176.3) 23 5.6 (5-6)
2-4 26.8 (<4-106.7) 17 5.8 (5-6)
4-6 19.7 (5.3-54.4) 9 6 (6-6)
6-8 15.7 (<4-37.6) 19 5.8 (5-6)
Nitrofurantoin (100 mg q8 hours)
0-2 326 (4-209.4) 25 5.7 (5-7)
2-4 21.3 (13.4-97.9) 11 5.6 (5-6)
4-6 17 (5.2-79.3) 16 5.8 (5-6)
6-8 10 (<4-56.4) 20 5.8 (5-6)

*The lower limit of quantification of the analytical method for fosfomycin was 0.75 mg/liter and 4 mg/liter for
nitrofurantoin.

Erasmus University Rotterdam Za.{wxg



19

Urinary antibacterial activity of fosfomycin and nitrofurantoin

(7£1-85) 06 (r-z>) 2> (r-z>) 2> (8-z>) z> (8-z>) 2> 9l-z>)¢ 9L-z>) ¥ (¥r9-2>) ¥ (¥r9-2>) ¥ (¥) S
(vzz-vL) oLl (r-c>) 2> (8-¢>) z> ©l-z>)z> (eez>) > (r9-2>) € (¥9-z>) 8 (¥9-z>) 8 (8zl-z>) 8 (@) s981€
(621-Lv) 61 (¢>-z>) > (¢-z>) > (r-z>) > (r-z>) > QL-z>)¢ (82> ¢ (¥9-2>) v (¢e-z>) v (zg) oz
(0oL-sv) £S (¢z>) > (¢>-z>) > (¢z>) > (C¢z>) 2> (8-z>) > (8-> > 9L-z>)¢ 9L-z>) v (8) 89
aejuownaud -y
(6L2-16) LLL ©l-z>)z ©l-z>) v tez>) v (zez>) € (8zl-z>) 8 (¥9-2>) 91 (95z-z>) 9L (95z-z>) € (ze) Lo8Y
(P¥L-9%) 69 (cz>) > (rz>) > (r-z>) > (r-z>) 2> (8-z>) > (8-z>) 2> (cez>) ¢ 9L-z>)¢ (9L) LezL
(661-96) 051 (8-z>) 2> (8-z>)¢ 9l-z>)e 9l-z>)¢ (r9-2>) ¥ (€291 (r9-¥) 9L (¥9-2>) 91 (sz°0) €0
r9oL-v) LLL (8-z>) > (8-c>)¢ (8-c>)¢ ©L-z>)z ©l-z>) v ©1-2>) v (ee-2) 8 (8zl-z>) 9L @1s
(60€-86) 791 (ce-z>) ¢ (ce-z>) v ¥9-z>) ¢ (r9-2>) ¥ (8zl-z>) 8 (8Z1-2>) 9L (95z2-2>) 9L (952-2>) 91 (1) 22652001V
fjo> '3
w0 Ny 8¢y Zr-9¢ 9€-0¢ 0€-vz vz-8l 8Lzl zL-9 9-0 (103

(4) spouad awin patesipul 8y} Joy ((@Bues) ueipaw) ||N

/Bw "D|A) utens

‘UleJ]s Yoea JOJ aWil JBAO UIDAWOISO) JO sanjen U870 |ny pue s| N Jo (abuel) ueipa| ‘udAwo)soy Jo sanjea Y8v0) Iny pue siin Zs d|qeL

ty Rotterdam

1versi

Erasmus Un



20 Erasmus Medical Center Rotterdam

Table S3. UITs and AUITo., or AUIT,.g, values of nitrofurantoin. Median (range) of UITs and AUIT,.
oh or AUITo.gn values for nitrofurantoin over time for each strain.

Dose, strain
(MIC, mg/liter),
and isolate 0-2 2-4 4-6 6-8

UIT (median (range)) for the indicated time periods (h)

AUITo.4, or AUITogn

Nitrofurantoin 50 mg q6 hours

E. coli
ATCC25922 (16) 8 (<2-16) 2 (<2-16) 1(<2-4) <2 (<2-4) 20 (12-31)
51(32) 4 (<2-16) 2 (<2-8) <2 (<2-4) <2 (<2-4) 17 (10-26)
03 (16) 4 (<2-16) 2 (<2-8) 2 (<2-2) <2 (<2-2) 18 (12-26)
1231 (512) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9(11-32)
4807 (16) 2 (<2-8) <2 (<2-8) <2 (<2-<2) <2 (<2-2) 13 (8-15)
K. pneumoniae
58 (64) 4 (<2-16) 2 (<2-8) 2 (<2-4) <2 (<2-8) 18 (7-9)
20 (256) <2 (<2-4) <2 (<2-4) <2 (<2-<2) <2 (<2-8) 10 (9-24)
31865 (128) <2 (<2-2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9(7-11)
55 (256) <2 (<2-2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9(7-11)
Nitrofurantoin 100 mg q8 hours
E. coli
ATCC25922 (16) 4 (<2-32) 2 (<2-16) 1(<2-8) <2 (<2-8) 18 (13-30)
51(32) 4 (<2-16) 2 (<2-8) 2 (<2-2) <2 (<2-4) 15 (10-23)
03 (16) 4 (<2-16) 2 (<2-8) 1(<2-4) <2 (<2-4) 16 (11-26)
1231 (512) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (11-30)
4807 (16) <2 (<2-16) <2 (<2-4) <2 (<2-4) <2 (<2-4) 12 (7-14)
K. pneumoniae
58 (64) 4 (<2-16) 2 (<2-8) <2 (<2-4) <2 (<2-4) 14 (7-9)
20 (256) <2 (<2-4) <2 (<2-2) <2 (<2-<2) <2 (<2-2) 9 (7-24)
31865 (128) <2 (<2-2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (7-11)
55 (256) <2 (<2-2) <2 (<2-<2) <2 (<2-<2) <2 (<2-<2) 9 (7-11)
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