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ABSTRACT The objectives of this study were to characterize the role of the uhpT, glpT,
and fosA genes in fosfomycin resistance in Klebsiella pneumoniae and evaluate the use of
sodium phosphonoformate (PPF) in combination with fosfomycin. Seven clinical isolates
of K. pneumoniae and the reference strain (ATCC 700721) were used, and their genomes
were sequenced. AuhpT, AglpT, and AfosA mutants were constructed from two isolates
and K. pneumoniae ATCC 700721. Fosfomycin susceptibility testing was done by the gra-
dient strip method. Synergy between fosfomycin and PPF was studied by checkerboard
assay and analyzed using SynergyFinder. Spontaneous fosfomycin mutant frequencies at
64 and 512 mg/liter, in vitro activity using growth curves with fosfomycin gradient con-
centrations (0 to 256mg/liter), and time-kill assays at 64 and 307 mg/liter were evaluated
with and without PPF (0.623 mM). The MICs of fosfomycin against the clinical isolates
ranged from 16 to =1,024 mg/liter. The addition of 0.623 mM PPF reduced fosfomycin
MIC between 2- and 8-fold. Deletion of fosA led to a 32-fold decrease. Synergistic activ-
ities were observed with the combination of fosfomycin and PPF (most synergistic area
at 0.623 mM). The lowest fosfomycin-resistant mutant frequencies were found in AfosA
mutants, with decreases in frequency from 1.69 x 10" to 1.60 x 107> for 64 mg/liter of
fosfomycin. In the final growth monitoring and time-kill assays, fosfomycin showed a
bactericidal effect only with the deletion of fosA and not with the addition of PPF. We
conclude that fosA gene inactivation leads to a decrease in fosfomycin resistance in K.
pneumoniae. The pharmacological approach using PPF did not achieve enough activity,
and the effect decreased with the presence of fosfomycin-resistant mutations.
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he reported worldwide increase in antibiotic resistance, together with the shortage

of new active drugs, has made it necessary to reuse old antimicrobial agents as an
alternative strategy (1, 2). As a result, interest in fosfomycin has increased, with the aim
of obtaining a better understanding of its pharmacokinetic (PK) and pharmacodynamic
(PD) properties and its effectiveness in difficult-to-treat infections caused by multidrug-
resistant Enterobacteriaceae (3, 4).

Extended-spectrum beta-lactamase (ESBL)-producing Klebsiella pneumoniae infections
are particularly worrisome, as the incidence of such infections has increased dramatically,
with limited therapeutic options for patients (5). Fosfomycin is an antimicrobial currently
approved in several countries for treating uncomplicated urinary tract infections caused
by Enterobacterales, with activity against multidrug-resistant K. pneumoniae strains (6).
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TABLE 1 Fosfomycin MIC by gradient strip assay, with and without the addition of 0.623 mM PPF and amino acid modifications in fosfomycin

resistance-related proteins relative to reference strain K. pneumoniae ATCC 7007217

MIC (mg/liter) Mutation
Strain Without PPF With PPF glpT uhpT fosA ptsl uhpB uhpC
ATCC 700721 32 8
ATCC 700721 AfosA 1 2 AfosA
ATCC 700721 AglpT 32 8 AglpT
ATCC 700721 AuhpT =1,024 =1,024 AuhpT
Kp12 32 4 A462T N174K L337M
Kp12 AfosA 1 4 A462T AfosA N174K L337M
Kp12 AglpT 32 8 AglpT A462T N174K L337M
Kp12 AuhpT =1,024 =1,024 AuhpT N174K L337M
Kp142 32 8 A462T N174K L337M
Kp142 AfosA 1 8 A462T AfosA N174K L337M
Kp142 AglpT 32 16 AglpT A462T N174K L337M
Kp142 AuhpT =1,024 =1,024 AuhpT N174K L337M
Kp28 32 4 A462T N174K L337M
Kp58 32 16 A261_N262inslA A462T N174K L337M
Kp86 =1,024 256 1260_A261del A462T D138E N174K
Kp88 16 2 A261_N262inslA A462T N174K L337M
Kp108 =1,024 128 Y258 _1259insIA A462T N174K T140A L337M

aData for wild-type ATCC 700721, Kp12, and Kp142 are in bold. ins and del, insertion and deletion, respectively.

Fosfomycin disrupts the first step in peptidoglycan biosynthesis by inhibiting the
UDP-N-acetylglucosamine-3-enolpyruviltransferase (MurA) enzyme leading to cell
death. To carry out its activity, fosfomycin enters the bacteria via the membrane trans-
porters UhpT (a hexose phosphate transporter) and GIpT (glycerol-3-phosphate trans-
porter) (7). The loss of function of these transporters or genes involved in their regula-
tion is the most common mechanism of resistance in Escherichia coli clinical isolates (8).
Together with these resistance mechanisms, chromosomal or plasmid-borne fosfomy-
cin-inactivating enzymes are present in many Gram-negative bacteria (9). The fosA
gene encodes a metallo-glutathione S-transferase, widely distributed in the genomes
of Gram-negative bacteria, mostly those belonging to the family Enterobacterales, such
as K. pneumoniae. Plasmid-encoded or chromosomal fosA transformed into high-copy-
number plasmids has been shown to confer high-level fosfomycin resistance (9, 10).
The enzyme activity of this protein is reduced by sodium phosphonoformate (PPF), a
pyrophosphate analogue used for the treatment of cytomegalovirus and herpes sim-
plex virus due to its capacity to inhibit viral DNA polymerases (11). It has been used to
detect plasmid-borne fosA (11), but its antimicrobial activity in combination with fosfo-
mycin against fosA-bearing strains has also been explored (12).

Nevertheless, the contribution of this fosfomycin resistance determinant alone and
in combination with mutations affecting fosfomycin resistance-related genes remains
unclear.

The present study aimed to determine the in vitro interplay between the main fosfo-
mycin resistance determinants and fosfomycin resistance in K. pneumoniae.

(This study was presented in part at ECCMID 2019; Amsterdam, Netherlands [poster
presentation P1903].)

RESULTS

Sequences of fosfomycin resistance-related genes. The results for the fosfomycin
resistance-related proteins (GlpT, UhpT, FosA, CyaA, Crp, Ptsl, MurA, UhpA, UhpB, and
UhpQ) after de novo sequencing of the 12 K. pneumoniae isolates are shown in Table 1.
No amino acid changes were found in CyaA, Crp, MurA, or UhpA in these clinical
strains compared with K. pneumoniae ATCC 700721. Apart from polymorphisms
with activity whose significance is unknown, insertions in GIpT were found in Kp58
(A261_N262inslA), Kp88 (A261_N262inslA), and Kp108 (Y258_1259inslA) and
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FIG 1 (A) Synergistic activity of fosfomycin in combination with PPF against K. pneumoniae ATCC 700721, Kp12, and Kp142 strains. Red and green areas
represent synergy (synergy score greater than +10) and antagonism (less than —10), respectively. White rectangles show the maximum synergy area. (B)

Fosfomycin and PPF dose-response curves.

deletions were detected in Kp86 (1260_A261del). The clinical Kp88 isolate also
showed a truncated UhpT protein due to a premature stop codon.

Fosfomycin susceptibility. The fosfomycin MICs for the isogenic collection and clin-
ical isolates are shown in Table 1. The modal MIC of the clinical isolates was 32 mg/liter,
and the fosfomycin MICs ranged from 16 to =1,024 mg/liter. For the isogenic mutants,
similar results were obtained for K. pneumoniae ATCC 700721, Kp12, and Kp142. The de-
letion of glpT showed no increase in MIC relative to that of the wild-type (WT) strain
(32 mg/liter), while inactivation of uhpT (MIC of =1,024 mg/liter) led to a =32-fold
increase. Deletion of fosA caused a MIC change to 1 mg/liter, a 32-fold decrease with
respect to that of the wild type.

The addition of 0.623 mM PPF reduced the MIC values of fosfomycin against all clini-
cal isolates between 2- and 8-fold compared with the absence of PPF. The AuhpT and
AfosA strains in the isogenic collection showed no decrease in fosfomycin MIC with the
addition of PPF. Also, the fosfomycin MICs against Kp12 and Kp142 AfosA strains were
4- and 8-fold higher, respectively. Finally, AglpT mutants of K. pneumoniae ATCC
700721 and Kp12 showed a 4-fold reduction in the fosfomycin MIC.

Synergy assays. The combination of fosfomycin and PPF showed synergistic activity
against K. pneumoniae ATCC 700721, Kp12, and Kp142 strains (Fig. 1). According to the
synergy score, the average (and maximum) proportions of bacterial response attribut-
able to the drug interaction were 15.46 (42.96), 26.88 (65.15), and 30.7 (65.77) for K.
pneumoniae ATCC 700721, Kp12, and Kp142, respectively. This maximum synergistic

March 2021 Volume 65 Issue3 e01911-20

aacasm.org 3

Downloaded from https://journals.asm.org/journal/aac on 10 January 2023 by 150.214.182.235.


https://aac.asm.org

Ortiz-Padilla et al.

10" o o
10°] =
o n s
107 Os-
o
> 102 o
§ 103
3‘ -4 a -
] 10 5 o O 2. =
bl 5] = = o
£ 10%m - & o =
'g 10°¢ & =] °
= - o =
1074 o
1084 _
101 e
10-10— . . . . - . . . . . .
WT  AfosA AgIpT AuhpT  WT  AfosA AglpT AuhpT  WT  AfosA  AglpT AuhpT
Kp ATCC 700721 Kp12 Kp142
Strains
0 Fosfomycin 64 mg/L Fosfomycin 512 mg/L

FIG 2 Fosfomycin-resistant mutant frequencies of K. pneumoniae ATCC 700721, Kp12, and Kp142
wild-type and isogenic mutant strains. Empty and full boxes show individual results, and black lines
represent the median values of the three replicates.

area occurred in fosfomycin ranges of 2 to 8 mg/liter for K. pneumoniae ATCC 700721
and 8 to 32 mg/liter for Kp12 and Kp142 and in PPF ranges of 0.3 to 1.2 mM for K. pneu-
moniae ATCC 700721 and Kp142 and 0.6 to 2.5 mM for Kp12.

Mutant frequencies. The results of the mutant frequency estimates are shown in
Fig. 2. The lowest fosfomycin resistance mutant frequencies were found among AfosA
mutants, with a decrease in frequency from 1.69 x 10~" to 1.60 x 107> at 64 mg/liter
and from 5.38 x 1073 to 2.13 x 10~° at 512 mg/liter relative to their wild-type strains. In
terms of fosfomycin selection of mutants, small or no differences were observed
between AglpT and wild-type strains at 64 or 512 mg/liter. The AuhpT mutation showed
a frequency of close to 1, confirming a uniform population with a MIC above the select-
ing conditions, i.e., 64 or 512 mg/liter of fosfomycin. Addition of PPF showed no effect
on mutant frequencies (see Fig. S1 in the supplemental material).

Bacterial growth monitoring. Figure 3 and Fig. S2 show the results for 24-h-growth
monitoring assays, expressed as percentage of bacterial viability at each fosfomycin
concentration used. The experiment was carried out with the isogenic collection and
clinical isolates.

With respect to the isogenic collection of mutants (Fig. 3), AfosA strains showed the
highest susceptibility after fosfomycin exposure, with absence of growth at concentra-
tions of 32, 8, and 4 against K. pneumoniae ATCC 700721, Kp12, and Kp142, respectively.
High viability of AglpT and AuhpT mutants was observed across the range of fosfomy-
cin concentrations tested. Finally, the addition of PPF did not reduce the viability of any
mutant, except for the Kp12 AglpT mutant.

With respect to the wild-type clinical isolates, in the susceptible strains without
known fosfomycin resistance-related mutations (K. pneumoniae ATCC 700721, Kp12,
Kp28, and Kp142), no viability was observed at 256, >256, 256, and 128 mg/liter,
respectively (Fig. S2). The addition of PPF showed an increase in fosfomycin activity,
reducingby =3 log, dilutions the fosfomycin concentration able to eliminate viable
bacteria. Despite the fact that the isolates were susceptible (Kp58 and Kp88), but had
mutations in GIpT, none of the fosfomycin concentrations tested were able to eradicate
bacterial growth. Similar results were found with the highly resistant strains (Kp86 and
Kp108). No differences in viability were observed with the addition of PPF against Kp58,
Kp86, Kp88, and Kp108.

Time-kill assays. K. pneumoniae ATCC 700721, Kp12, Kp142, and their derivatives
were evaluated at two concentrations of fosfomycin (64 and 307 mg/liter), with and
without 0.623 mM PPF. The results of the time-kill assays are shown in Table 2 and Fig.
S3, S4, and S5.

All the tested strains showed the emergence of bacterial subpopulations able to
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TABLE 2 Time-kill results for K. pneumoniae ATCC 700721, Kp12, and Kp142 wild-type and isogenic mutant

strains using 64 and 307 mg/liter of fosfomycin, alone and in combination with 0.623 mM PPF¢

Fnsfomycfn Time (h) KpATCC Kpl2 Kp142
concentration WT_| AfosA | AglpT | AuhpT | WT | Afosd | AglpT | AuhpT | WT_| Afosd | AglpT | AuhpT

2 -1.79 | -1.16 | -1.69 | -0.34 | -1.43 | -2.39 | -1.64 | 035 | -1.74 | -3.48 | -3.27 | -0.21

64 mg/L 4 -1.40 | -1.42 | -1.92 | -0.41 | -2.60 | -3.94 | -2.28 | 144 | -2.75 | -428 | -1.94 | 133

. 8 -1.17 | -1.82 | '1.69 | 0.47 | -1.03 | -4.84 | 0.25 2.80 | -1.99 | -4.13 | 1.15 2.06
& 24 337 | -235 | 412 | 3.80 | 3.16 | -1.88 | 3.55 326 | 294 | 404 | 393 3.74
2 -1.41 | -1.33 | -1.66 | -1.59 | -3.37 [ -3.06 | -3.91 | -0.28 | -2.59 | -2.44 [ -2.28 | -1.85
307 mg/L. 4 -2.19 | -1.64 | -1.95 | -1.29 | -3.18 | -4.08 | -2.85 | 0.84 | -3.22 | -3.48 [ -2.05 | -2.04

8 -3.19 | -1.94 | 2.01 092 | -124 | -4.08 | -0.17 | 2.65 | -3.50 | -4.13 | 1.30 | 0.59

24 -0.44 | -2.10 | 4.06 | 395 | 257 | 408 | 230 | 245 | -5.02 | -4.13 | 3.99 B9,

2 -2.15 | -2.46 | -2.47 | -0.56 | -2.04 | -2.79 | -1.81 | 0.64 | -1.97 | -2.87 | -2.25 | 0.63

< 64 mg/L 4 -2.60 | -4.16 | -2.69 | 047 | -2.80 | 433 | -2.49 | 1.50 | -2.14 | -5.11 | -2.47 [ 1.20
s 8 -0.80 [ -1.57 | 0.76 | 0.33 | -1.64 | -3.58 | -0.31 | 2.74 | -2.17 | -3.14 | 0.83 2.67
g 24 3.62 | -0.80 [ 3.81 335 [ 3.1 | -030 | 3.59 | 332 | 231 | 038 | 3.83 4.29
s 2 -2.64 | -3.53 | -1.79 | -1.00 | -2.50 | -2.52 | -1.93 | -0.31 | -2.84 | -4.27 | -2.16 | -0.84
E 307 mg/L. 4 -4.15 | -4.96 | -2.54 | -1.03 | -4.15 | -5.04 | -2.35 | 0.0 | -2.78 | -5.27 [ -2.23 | 0.28
8 -3.21 | -496 | 0.85 | 0.47 | -3.85 [ -5.04 | -0.03 | 2.06 | -3.08 | -5.27 | 0.71 0.11

24 036 | 032 [ 355 | 392 | 292 | 243 [ 366 | 3.77 | -1.04 | -372 | 3.84 | 6.13

9The results are represented as differences (log,, CFU per milliliter) relative to the initial time point (0 h). Green indicates a >3-log,,

CFU/ml decrease, yellow a 3- to 0-log,, CFU/ml decrease, and red no bacterial reduction. WT, wild type.

grow at 64 mg/liter fosfomycin in the control tubes (assays without fosfomycin). In all
these cases, subpopulations did not displace the main bacterial population. No differ-
ences were observed with the addition of PPF.

Fosfomycin (64 mg/liter) showed bactericidal activity (>3-log CFU/ml decrease)
against Kp12 AfosA (at 4 and 8 h), Kp142 AfosA (from 0 to 24 h), and Kp142 AglpT (at 2
h). Fosfomycin reduced the bacterial burden of WT and AglpT strains in the first 8 h and
4 h, respectively. AuhpT mutants showed mild (K. pneumoniae ATCC 700721 and
Kp142) or no (Kp12) killing at 64 mg/liter of fosfomycin at the beginning of the assay, in
the first 4 h. All the strains in the isogenic collection, except for AfosA K. pneumoniae
ATCC 700721 and Kp142, regrew after 24 h at this concentration due to the emergence
of resistant subpopulations.

Compared with the assay with 64 mg/liter of fosfomycin alone, the addition of PPF
showed bactericidal activity against K. pneumoniae ATCC 700721 (AfosA) at 4 h and
regrowth of Kp142 (AfosA) after 24 h.

After increasing the fosfomycin concentration to 307 mg/liter, only higher activity
against WT strains and prevention of bacterial regrowth of AfosA (Kp12 and Kp142
strains) were observed.

The addition of PPF increased fosfomycin activity at this concentration, with bacteri-
cidal activity against the K. pneumoniae ATCC 700721 (WT) strain at 4 h and the Kp12
(AfosA) strain at 2 to 8 h. Kp12 (AfosA) and Kp142 (WT) showed bacterial regrowth after
24 h relative to the assay without PPF. All the recovered strains showed fosfomycin
MICs of >1,024 mg/liter.

DISCUSSION

The spread of multidrug-resistant bacteria is becoming a crucial public health prob-
lem (2). Fosfomycin has recently aroused great interest for the treatment of severe
infections caused by K. pneumoniae (13, 14), although its activity is often limited by
multiple mechanisms, including transporter defects, target modifications, and fosA-
mediated inactivation. The impact of fosfomycin-inactivating enzymes on fosfomycin
resistance among Enterobacteriaceae has been widely studied from different perspectives
(13, 14). In this sense, various studies have looked for compounds able to reduce or inacti-
vate their activity against fosfomycin (15, 16). Nevertheless, the combination of these
determinants together with commonly observed mutations affecting fosfomycin intake
has not been widely studied.
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The present study evaluated the role of specific fosfomycin resistance determinants
present in K. pneumoniae and their impact on the emergence of highly resistant strains
during in vitro fosfomycin exposure. It also investigated a potential therapeutic
approach using the FosA inhibitor sodium phosphonoformate, aimed at increasing fos-
fomycin susceptibility in K. pneumoniae clinical isolates.

In our isogenic K. pneumoniae collection of fosfomycin resistance-related genes, a
baseline fosfomycin MIC of 32mg/liter was observed for ATCC 700721, Kp12, and
Kp142. Inactivation of glpT did not increase fosfomycin resistance relative to that of the
wild-type strains. This phenotype has previously been observed in E. coli due to the use
of glucose-6-phosphate in susceptibility assays (1, 17). Under these conditions, uhpT
expression masks other fosfomycin resistance-related mutations, especially those
related to the glycerol-3-phosphate transporter. On the other hand, inactivation of
uhpT significantly increased the fosfomycin MIC (=1,024 mg/liter). The likely explana-
tion for the reduced susceptibility is reduced uptake together with fosfomycin inactiva-
tion by the chromosomally mediated FosA.

Similar susceptibility results were found among fosA mutants. The inactivation of this
chromosomal resistance determinant produced a 32-fold reduction in the fosfomycin MIC
with respect to that of the wild-type strains. This change in susceptibility matches the
modal MIC observed in the EUCAST fosfomycin MIC distribution found in E. coli (1 mg/liter
and epidemiological cutoff [ECOFF] of 4 mg/liter), which lacks the chromosomal fosA gene
(9, 18). The addition of PPF increased fosfomycin susceptibility in a variable way, although
no activity was found in the uhpT mutant. This effect would not be explained by an
increase in mutant frequency caused by PPF. Nevertheless, no differences in selection of
rifampicin-resistant mutants were observed. Another plausible explanation is that PPF may
compete with fosfomycin for transportation via the UhpT transporter, and this effect would
be more evident in a strain lacking fosA, although this hypothesis was not studied.

With respect to the pharmacological approach for inhibiting FosA activity, a synergy
study was performed combining fosfomycin and PPF.

The maximum synergistic area occurred within the fosfomycin susceptibility range
(2 to 8 mg/liter for K. pneumoniae ATCC 700721 and 8 to 32 mg/liter of fosfomycin for
Kp12 and Kp142), using EUCAST susceptibility breakpoints for E. coli (19). This synergis-
tic activity was also promoted with the addition of PPF in a range from 0.3 to 2.5 mM,
which corresponds to human blood concentrations after administration of 90 mg/kg of
body weight every 12 h (q12h) (mean = standard deviation [SD] for steady-state maxi-
mum concentration of drug in serum [C,,,J, 0.623 = 0.132mM) (20). Similar results
were obtained by Ito et al. using agar dilution assays (12), in which they found an appa-
rent lack of activity of PPF at concentrations of up to 0.667 mM against some clinical
strains or transformants with high fosfomycin MIC values.

The growth monitoring assays showed increased fosfomycin activity when fosA was
absent relative to the wild-type strain. Despite showing better fosfomycin activity with
the addition of PPF, these results did not improve those obtained with AfosA strains.
These discrepancies could be explained as the inefficient activity of PPF blocking FosA
or the degradation or inactivation of PPF during the assay.

With respect to the AglpT mutants, fosfomycin activity was lower than for the wild-
type strains, despite having similar MICs. These results were similar to those previously
obtained by our group in E. coli, whereby highly resistant mutants emerged from AglpT
strains following the selection of additional mutations in loci associated with fosfomy-
cin resistance (1). These results also fit the higher fosfomycin mutant frequencies
observed in AglpT strains than in wild-type strains. No improved effects were observed
against AuhpT mutants when the assays were supplemented with PPF.

Comparable results were obtained with the other clinical isolates. The effect of PPF
was observed in strains with low MICs and in the absence of fosfomycin resistance-
related mutations, whereas a lack of PPF efficacy was observed when fosfomycin MIC
was high or AglpT was present.

Overall, the time-kill assays showed results similar to those found in the growth
assays. Inactivation of fosA greatly improved fosfomycin efficacy with bacterial

March 2021 Volume 65 Issue3 e01911-20

Antimicrobial Agents and Chemotherapy

aacasm.org 7

Downloaded from https://journal s.asm.org/journal/aac on 10 January 2023 by 150.214.182.235.


https://aac.asm.org

Ortiz-Padilla et al.

reductions of between 1 and 5log,, CFU/ml. The addition of PPF to the time-kill assays
improved fosfomycin activity only in the first hours, but the emergence of highly resist-
ant mutants occurred in all assays. Our study differs slightly from the results obtained
by Ito et al. (12). In that study, using a single K. pneumoniae strain with fosfomycin MIC
of 256 mg/liter, the authors found a bactericidal effect at 8 and 24 h at concentrations of
256 and 512 mg/liter but bacterial regrowth at 24 h with 128 mg/liter. The addition of
PPF to this assay showed a bactericidal effect at all concentrations of fosfomycin tested,
including 128 mg/liter.

In conclusion, strategies aimed at inactivating fosA activity through gene editing
(21) or using pharmacological approaches are promising for increasing fosfomycin ac-
tivity against K. pneumoniae strains. In this respect, the pharmacological route is the
most plausible one, but further PK/PD models should be carried out to better assess
the activity of FosA-inactivating compounds.

MATERIALS AND METHODS

Bacterial strains. Seven clinical multidrug-resistant K. pneumoniae strains from the Andalusian
Reference Laboratory for Molecular Typing of Nosocomial Pathogens (PIRASOA program) categorized as
susceptible or resistant to fosfomycin by MicroScan WalkAway (Beckman Coulter, Indianapolis, IN) were
used. K. pneumoniae ATCC 700721 was used as the reference strain.

The two clinical isolates (Kp12 and Kp142) with the lowest fosfomycin MIC values and the reference
strain K. pneumoniae ATCC 700721 were selected for isogenic mutant construction.

Whole-genome sequencing. The 7 clinical isolates were subjected to whole-genome sequencing on
the MiSeq platform (lllumina, San Diego, CA), and sequencing was performed in-house. For this, the libra-
ries were prepared with the Nextera XT DNA library preparation kit, and sequencing was done with a V3
600-cycle reagent cartridge. Sequencing was achieved with at least 30x average coverage. lllumina
sequences were assembled de novo using the CLC genomics Workbench (Qiagen, Netherlands). The
genomes were annotated with Rapid Annotation using Subsystem Technology (RAST) (22). The fosfomy-
cin resistance-related proteins (MurA, GlpT, UhpT, FosA, CyaA, Crp, Ptsl, UhpA, UhpB, and UhpC) were
compared with K. pneumoniae ATCC 700721 using the NCBI BLAST online application.

Isogenic mutant construction. AfosA, AglpT, and AuhpT mutants were constructed using the A-red
gene replacement method, described by Huang et al. (23). All the required primers and plasmids are
listed in Table S1. Briefly, the genes of interest (fosA, glpT, and uhpT) were removed by homologous
recombination using an apramycin resistance cassette flanked by two 60-bp homologous sequences of
the desired gene using the L-arabinose (Sigma-Aldrich, Madrid, Spain)-inducible recombinase of the
PACBSR-Hyg plasmid. FLP recombination target (FRT) sites were also included in the construction to
remove the apramycin resistance cassette (using pFLP-Hyg) from the chromosome once the mutants
had been constructed. All the mutants were confirmed by PCR with sequence-specific primers for each
region.

Susceptibility testing. Fosfomycin in vitro activity was determined by the gradient strip method
(Liofilchem Diagnostici, Italy) using Mueller-Hinton agar (MHA). EUCAST fosfomycin susceptibility break-
points for Enterobacterales were used (19).

In addition, fosfomycin susceptibility testing was performed in Mueller-Hinton agar containing
0.623 mM PPF (Clinigen Healthcare, Staffordshire, UK). This concentration was selected on the basis of
the maximum synergy results obtained in the synergy assay and corresponding to the C,,, values for
dosing of 90 mg/kg q12h (20). Assays were performed in duplicate.

Synergy assay. Synergies between fosfomycin and PPF were studied against Kp12, Kp142, and K.
pneumoniae ATCC 700721 using the checkerboard assay. Briefly, the synergy assay was performed with
an inoculum of 5 x 10° CFU/ml in 96-well plates with a final volume of 100 ul per well. Assays were con-
ducted using Mueller-Hinton broth (MHB) supplemented with 25 mg/liter of glucose-6-phosphate.
Fosfomycin concentrations ranged from 0.5 to 512 mg/liter and PPF concentrations from 0.16 to 10 mM.
Wells without fosfomycin or PPF were used as single-drug assays or growth controls. Bacterial densities
were quantified spectrophotometrically by measuring optical density (OD) at 595nm using an
Infinite200 Pro plate reader at 24 h. Bacterial viability was calculated as the ratio of final bacterial OD to
the final bacterial OD of the control growth well (without drug). A four-parameter log logistic model was
fitted to the data to generate dose-response curves for fosfomycin and PPF. Drug combination responses
were also plotted as heat maps to assess the therapeutic significance of the combination by identifying
the concentrations at which the drug combination had maximum effect on bacterial growth inhibition.
The degree of drug synergy over the full dose-response matrix was analyzed using the response surface
model, zero interaction potency (ZIP) with the SynergyFinder package for R (24). Synergy assays were
performed in triplicate. The summary synergy represents the average excess response due to drug inter-
actions. A synergy score of less than —10 was considered antagonistic, a range from —10 to +10 as addi-
tive, and greater than +10 as synergistic (25).

Mutant frequencies. Fosfomycin-resistant mutant frequencies were assessed for K. pneumoniae
ATCC 700721, Kp12, Kp142, and their isogenic mutants. As PPF is a pyrophosphate analogue, its role in
interfering with the replication process was assessed by analyzing the frequency of rifampicin-resistant
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spontaneous mutants in wild-type K. pneumoniae and E. coli MG1655 strains (as a control due to the ab-
sence of chromosomal fosA).

Mutant frequencies were determined in triplicate as previously described (1). Fosfomycin-resistant
mutants were recovered in MHA plates supplemented with 25 mg/liter of glucose-6-phosphate (Sigma-
Aldrich) and two concentrations of fosfomycin (64 and 512 mg/liter; Sigma-Aldrich). Rifampicin-resistant
mutants were recovered after overnight incubation of the bacterial culture with and without PPF
(0.623 mM) and then plated on MHA with 100 mg/liter of rifampicin (Sigma-Aldrich). Mutant frequencies
were the ratio of mutant to total CFU.

Bacterial growth monitoring. Bacterial growth curves were performed with 5 x 10° CFU/ml as the
starting inoculum, using 96-well plates (Nunclon Delta Surface; Thermo Scientific, MA) with a 200-ul vol-
ume per well. Assays were conducted using MHB supplemented with 25 mg/liter glucose-6-phosphate,
with or without 0.623 mM PPF. Fosfomycin concentrations ranged from 0.25 to 256 mg/liter. Bacterial
growth was quantified spectrophotometrically (595 nm) every hour, for 24 h, with an Infinite200 Pro plate
reader (Tecan Group AG, Mannedorf, Switzerland). Assays were performed in triplicate.

Time-kill assays. Time-kill assays were conducted in duplicate using fosfomycin concentrations of 0
(as a growth control), 64, and 307 mg/liter (maximal concentration of fosfomycin in plasma after intrave-
nous administration of 8 g q8h) (26) with 25 mg/liter of glucose-6-phosphate, with or without 0.623 mM
PPF. Briefly, single overnight colonies of each strain were used to prepare the preinoculum in Mueller-
Hinton Il broth and incubated overnight with shaking at 37°C. The starting inoculum was set at 5 x 10°
CFU/ml in a final volume of 20 ml, and bacterial cultures were incubated at 37°C with shaking. The num-
ber of viable CFU was determined at 0, 2, 4, 8, and 24 h by serial dilution, followed by plating on MHA
plates with or without 64 mg/liter fosfomycin and 25 mg/liter of glucose-6-phosphate. The number of
colonies was counted after 24 h of incubation.

When bacterial regrowth was observed after 24 h, up to 3 colonies were selected to assess fosfomy-
cin MIC gradient strips. The survivors were serially passaged three times on fosfomycin-free plates to
assess the stability of the phenotype and the fosfomycin MIC was determined, as previously described.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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