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I LIST OF ABBREVIATIONS AND ACRONYMS

AEMPS: Agencia espafiola del medicamento y productos sanitarios (Spanish Agency for Medicines and
Medical Devices)

AUC: Area under the curve

cAMP: Cyclic adenosine monophosphate

CDC: Center for diseases control and prevention

CFU: colony forming units

CLSI: Clinical & Laboratory Standards Institute

Cmax: Maximum concentration

COESANT: Comité Espafiol del Antibiograma (Spanish Antibiogram Committee)

COMBACTE-MAGNET: Combatting Bacterial Resistance in Europe-Molecules against Gram-Negative
Infections

CRP: complex receptor of cAMP
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EAR: Emerging Antimicrobial Resistance Reporting

EARS-Net: European Antimicrobial Resistance Surveillance Network
ECDC: European Centre for Disease Prevention and Control

ECOFF: Epidemiological cut-off values

EC50: concentration the produce 50% of inhibition

EMA: European Medicines Agency

ENABLE: EFuropean Gram-Negative Antibacterial Engine

ESBL: extended-spectrum beta-lactamases

ESCMID: European Society for Clinical Microbiology and Infectious Disease
EUCAST: European Committee on Antimicrobial Susceptibility Testing
FAO: Food and Agriculture Organization of the United Nations

FDA: US Food and Drug Administration

GARDP: Global Antibiotic Research and Development Partnership
GLASS: Global Antimicrobial Resistance Surveillance System

G3P: glycerol-3-phosphate

G6P: glucose-6-phosphate

HPr: histidine protein



JPIAMR: Joint Programming Initiative on Antimicrobial Resistance
KPC: K. pneumoniae carbapenemase

LOD: Limit of detection

MIC: minimum inhibitory concentration

MFS: Major Facilitator superfamily

MRSA: Methicillin-resistant S. aureus

NCCLS: National Committee for Clinical Laboratory Standards
ND4BB: New Drugs for Bad Bugs

OECD: Organisation for Economic Co-operation and Development
OIE: Office International des Epizooties

PEP: phosphoenolpyruvate

Pi: inorganic phosphate

PIRASOA: Programa integral de prevencion y control de las infecciones relacionadas con la asistencia
sanitaria y uso apropiado de los antimicrobianos (Integrated program for the prevention and control of
healthcare-associated infections and appropriate use of antimicrobials)

PD: pharmacodynamics
PK: pharmacokinetics
PPF: sodium phosphonoformate

PRAN: Plan Nacional frente a la Resistencia a los Antibidticos (National Plan against Antimicrobial
Resistance)

PROA: Programas de optimizacion de tratamientos antimicrobianos (Antimicrobial therapy optimization
programs)

PTS: phosphotransferase sugar

REPAIR: Replenishing and Enabling the Pipeline for Anti-Infective Resistance
SFEM: Société Frangaise Microbiologie

WHO: World Health Organisation

ZIP: Zero Interaction Potency Model



1. ABSTRACT

Since the discovery of the first antimicrobials, bacteria with resistance mechanisms against
them have been detected. The appearance of bacterial resistance is a natural phenomenon, which has
increased as a result of the use of antimicrobials. Therefore, the availability of antimicrobials does not
ensure therapeutic success. Moreover, in recent decades, a progressive increase in antimicrobial
resistance has occurred, and it has become a global public health problem, since there is an increase in
deaths caused by or related to bacteria that present resistance mechanisms. As a result of this problem
and the scarcity of new effective molecules for the treatment of multidrug-resistant bacteria, various
organizations (such as WHO and FAQ) are developing plans with different strategies to address the
problem. These strategies include optimizing of the use of existing antimicrobials and the rescue of old

antibiotics that are still active, such as fosfomycin.

Fosfomycin is an old antimicrobial that can be a good therapeutic option, since it many bacteria
of clinical interest remain sensitive to this antibiotic. Fosfomycin is a derivative of phosphonic acid, a
hydrophilic, low molecular weight molecule. It has three carbon atoms, is soluble in water, and is similar
to phosphoenolpyruvate. Itis a broad-spectrum bactericidal antimicrobial that acts in the growth phase
of bacteria, inhibiting the first step of cell wall peptidoglycan synthesis by binding to the enzyme MurA.
Fosfomycin must penetrate the cytoplasm to reach its target, MurA, producing bactericidal effect. For
this purpose, two membrane transporters GlpT and UhpT are described, whose physiological function
in bacteria is the uptake of phosphorylated carbon sources and expel inorganic phosphate (Pi). The
regulation and activity of these transporters is fundamental to the mechanism of action of fosfomycin

and, therefore, to fosfomycin resistance.

The transcription of both transporters is induced by their own substrate, in addition to the
AMPc-CRP metabolism regulator complex, and they are also activated by the FNR regulator, a bacterial
regulator under anaerobic conditions. The GlpT transporter has the function of introducing glycerol-3-
phosphate (G3P), this molecule binds to the GIpR repressor, causing the loss of affinity for promoters
of the glp regulon genes, such as glpT. On the other hand, UhpT transports hexose-phosphate, mainly
glucose-6-phosphate (G6P). This molecule is detected by a two-component system, UhpB and C, and
when this occurs, it phosphorylates UhpA, which binds to the uhpT promoter, inducing its transcription.
Thus, in the susceptibility assays G6P must be added to induce the presence of this transporter, as the
susceptibility results obtained in this way are more consistent with susceptibility breakpoints and

therapeutic success.

Fosfomycin resistance mechanisms can be plasmid and chromosomal mediated, as

modifications of MurA, the presence of peptidoglycan recycling pathways, alteration of fosfomycin



permeability or the presence of fosfomycin-modifying enzymes. Chromosomal mediated fosfomycin
resistance usually occurs in a stepwise mode, often generating complex phenotypes difficult to

interpret.

In this sense, to better understand the mechanisms of resistance to fosfomycin in Klebsiella
pneumoniae and to optimize the use of this antimicrobial, the following study was carried out. The
objectives were to characterize the role of the genes uhpT, glpT, and fosA in resistance to fosfomycin
in K. pneumoniae and to evaluate the use of phosphonoformate sodium (PPF) due to its ability to inhibit
the FosA enzyme, in combination with fosfomycin. For this purpose, seven clinical isolates of K.
pneumoniae and the reference strain (ATCC 700721) were used, and their genomes were sequenced.
Mutants for transporters and fosA were constructed from two isolates of K. pneumoniae ATCC 700721.
The susceptibility test to fosfomycin was performed using the gradient strip method. Synergy between
fosfomycin and PPF was studied by checkerboard assay and analyzed with SynergyFinder. Spontaneous
frequencies of occurrence of fosfomycin and PPF mutants, in vitro activity by growth curves with
gradient concentrations of fosfomycin with and without PPF, and time-kill assays with and without PPF
were also evaluated. The fosfomycin MICs of the clinical isolates ranged from 16 to 1,024mg/L. The
addition of 0.623 mM PPF reduced the MIC by 2 to 8-times. Deletion of fosA gene led to a 32-fold
decrease. Synergistic activities were observed with the combination of fosfomycin and PPF (most
synergistic area at 0.623mM). The lowest frequencies of fosfomycin resistant mutants were found in
AfosA mutants with frequency ranging from 1.69x107 to 1.60x107 for 64 mg/L fosfomycin. Finally, the
growth monitoring and time-kill assays, fosfomycin showed bactericidal activity only against fosA
mutants and not with the addition of PPF. The study concludes that inactivation of the fosA gene results
in decreased resistance to fosfomycin in K. pneumoniae. The pharmacological approach using PPF did
not achieve sufficient activity and the effect decreased with the presence of other fosfomycin resistant

mutations.

The second chapter of the Thesis follows the line of optimizing the use of fosfomycin with the
addition of an adjuvant, and to better understand how the regulation of fosfomycin transporters may
affect their activity. The main objective was to evaluate the role of glycerol at therapeutically relevant
concentrations in combination with fosfomycin in Escherichia coli, since this molecule is clinically used
as a treatment for example for elevated intracranial pressure and can induce glpT expression. For this
purpose, a collection of isogenic mutants of fosfomycin-related genes was evaluated in E. coli strains.
The induction of fosfomycin transporters was evaluated and susceptibility tests, interaction assays, and
time-to-death assays were performed. Our results showed that glycerol allows the activation of the
GlpT transporter, but this induction is delayed in time and is not homogeneous in all E. coli strains

throughout the bacterial population, leading to contradictory results in terms of fosfomycin activity.
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The susceptibility assays showed increased fosfomycin activity with glycerol in the disc diffusion assay,
but not in the agar dilution or broth microdilution assays. Similarly, in time-kill assays, the effect of
glycerol was absent because of the appearance of fosfomycin-resistant subpopulations. In conclusion,

glycerol may not be a good candidate for use as an adjuvant to fosfomycin.

Finally, to better understand physiological factors that affect fosfomycin transporters activity,
the aim of third chapter was to evaluate the in vitro activity of fosfomycin under different physiological
concentrations of inorganic phosphate (Pi). For this purpose, the wild-type strain BW25113, four
isogenic mutants (AglpT, AuhpT, AglpT-uhpT and AphoB) and six clinical isolates of E. coli with different
fosfomycin susceptibilities were used. Susceptibility was assessed by agar dilution using Mueller-Hinton
agar (Pi=ImM) and supplemented with Pi (13 and 42mM, minimum and maximum urinary
concentrations of Pi) and/or glucose-6-phosphate (25mg/L). The promoter activity of the fosfomycin
transporter was assessed by monitoring fluorescence accumulation using pUA66-PglpT::gfpmut2 or
pPUAB6-PuhpT::gfpmut2 plasmids in standard Mueller-Hinton broth (MHB) supplemented with Pi (13 or
42mM) + glucose-6-phosphate. Fosfomycin activity was quantified spectrophotometrically at 24 hours
as before with glucose-6-phosphate, and fosfomycin ranged from 1 to 1024mg/L. The EC50 of
fosfomycin was estimated and compared. Time-kill assays were performed with fosfomycin
concentrations of 307 (plasma Cmax), 1053 and 4415mg/L (urinary Cmax range), using MHB with 28mM
Pi (mean urinary concentration) +25mg/L glucose-6-phosphate. The results showed that all strains
decreased fosfomycin susceptibility linked to increasing Pi concentrations: 1-4-log2 dilution differences
from 1 to 13mM, and 1-8-log2 dilution differences at 42 mM Pi. Changes in phosphate concentration
did not affect the expression of fosfomycin transporter promoters. Also, increasing Pi concentrations
resulted in a higher bacterial viability EC50 of fosfomycin, except against the AglpT-uhpT mutant strain.
Therefore, the present study concludes that Pi variations in physiological fluids may reduce the activity
of fosfomycin against E. coli. Also, the elevated urinary Pi concentrations may explain the failure of oral

fosfomycin in non-wild but fosfomycin-susceptible E. coli strains.






.  INTRODUCTION

1. Bacterial resistance

The development of antimicrobials has been one of the greatest advances in the field of health
since it has made it possible to cure numerous infectious processes?. After the discovery of penicillin
and its possible uses in the 1940s by Alexander Fleming, he himself warned in 1945 that the availability
of antimicrobials did not ensure therapeutic success, since microorganisms adapted, becoming
resistant to treatment and, therefore, reducing their efficacy?. The emergence of bacterial resistance is
a natural phenomenon that is inherent in microorganisms, and efforts have been made to overcome it
with the introduction of new antimicrobials. Despite this, soon after their use, microorganisms with

resistance mechanisms against them appear®?
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Figure 1. Timeline showing the introduction of antibiotics into clinical practice and the emergence of antimicrobial
resistance. Most antibiotic scaffolds were discovered up to the 1970s. Then, most of them were chemically
expanded by introducing new functional groups®.

The beginning of the study of bacterial resistance occurred when the decrease in the efficacy
of antimicrobial treatments began to be detected, although the existence of resistance mechanisms
predates the use of these substances>>®. The existence of these factors, prior to the introduction of
antimicrobial treatments, has been demonstrated in some studies and can be explained by the
evolution of microorganisms coexisting in the same natural habitat, accumulating protective and
metabolic mechanisms that promote their survival”®. The set of genes involved in antimicrobial
resistance that bacteria have been acquiring is called the "antimicrobial resistome", a term that began

to be used in 2006 by Gerry Wright's group in an article on the determinants of resistance present in
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soil’®. Subsequently, the resistome was defined as the set of all genes conferring resistance to
antimicrobials and precursors, in pathogenic and non-pathogenic bacteria. This includes all types of
resistance genes, both acquired and intrinsic, their precursors, and some potential resistance
mechanisms in microbial communities that require evolution or altered gene expression to confer
resistance. The study of resistance since then, based on the resistome concept, has confirmed that; (i)
antimicrobial resistance is ancient and ubiquitous in microbiomes, (ii) the resistome is complex and
diverse, (iii) the environmental resistome is the origin and reservoir of antimicrobial resistance genes,
(iv) the resistome is determined by microbial community structure in the natural environment, (v)
human activities modify the environmental resistome, (vi) mobile genetic elements are responsible for
the transmission of these genes, and (vii) antimicrobial resistance genes flow between humans,
animals, and the environment. These findings have served as a basis for approaching a solution to the
resistance problem from a "One-Health" point of view, that the study of antimicrobial resistance should

be directed at all sectors: human, animal, and environmental, as all are affected by each other!®1?,

In general, antimicrobial resistance mechanisms can be summarized as: (i) genes captured by
gene mobilization and gene transfer (conjugation, transduction, and transformation); (ii) chromosomal
mutations, which usually have a biological cost, but can be accompanied by compensatory mutations;
(iii) overexpression of intrinsic resistance mechanisms, such as enzymes that inactivate antimicrobial,

or efflux pumps??14,

This natural phenomenon has been amplified by the extensive use of antimicrobials by humans,
both in medicine and veterinary medicine, as well as their disposal as waste. This has helped the
evolution and diffusion of resistance mechanisms both in clinical environments and in natural
ecosystems. All this has led to the spread of bacteria resistant to different antimicrobials simultaneously
(multidrug-resistant bacteria), especially in clinical settings, although they are increasingly distributed
in community environments, making the treatment of infections caused by these pathogens more
difficult, since they allow few therapeutic options'>?’. These infections are associated with increased
mortality and hospital stay, and therefore also increase the economic cost. Therefore, antimicrobial

resistance has been identified as a threat to public health and the global economy?®.

2. The public health problem of antimicrobial resistance.

In the last decade, different studies on infections caused by microorganisms carrying

antimicrobial resistance mechanisms have shown the increase in morbidity, mortality, and therefore

the increase in the economic cost of infection®>%°.



The massive use of antimicrobials, both in health care and in industry (mainly livestock) causes
the selection and evolution of resistance mechanisms in microorganisms. On the other hand,
globalization throughout the world has facilitated the mobility of these microorganisms, leading to an

exponential increase in pathogens resistant to existing treatments?>22,

Genes encoding resistance mechanisms can be inherited, but they can also be transmitted
between bacterial species by mobile genetic elements such as integrons, transposons, or plasmids. In
addition, there are what are known as "successful" or "high-risk" clones. These bacterial clones have
great relevance in the dispersion of resistance mechanisms because they accumulate and exchange
resistance mechanisms effectively, have a high pathogenic, invasive and colonizing capacity, and

therefore also have high transmissibility between people.?*%,

Resistance
[ Associated with resistance
Wl Attributable to resistance

Deaths (count)

Pathogen

Figure 2. Global deaths (counts) attributable to and associated with bacterial antimicrobial resistance by
infectious syndrome, 2019%.

All of this is of great epidemiological interest and has been the subject of study. The first review
of the global health and economic consequences of bacterial resistance was published in 2014 by
economist Jim O'Neil. This review estimates that 700,000 people die each year from infections caused
by antimicrobial resistant pathogens and estimates that by 2050 there will be 10 million deaths, making
it the leading cause of death worldwide, if the trend of increasing and expanding bacterial resistance
continues®. Another major study conducted in 2019, which extracted data on 23 pathogens in 204
territories, showed results on AMR-associated deaths. Estimated, through statistical predictive
modelling, there were 4.95 million (3.62-6.57) deaths associated with AMR, including 1.27 million
(0.911-1.71) deaths attributable to AMR in 2019. The six leading pathogens for AMR-associated deaths



were Escherichia coli, followed by Staphylococcus aureus, Klebsiella pneumoniae, Streptococcus
pneumoniae, Acinetobacter baumannii, and Pseudomonas aeruginosa. These pathogens were
responsible for 929000 (660 000-1270 000) AMR-attributable deaths attributable to AMR and 3.57
million (2.62-4.78) deaths associated with AMR in 2019%°.

The main cause of the increase in bacterial resistance is the consumption of antimicrobials?®,
which has been increasing globally, raising by 65% between 2000 and 2015; and if the trend continues,
it will increase by around 200% in the next 10 years?’. However, antimicrobial consumption and
bacterial resistance are not evenly distributed throughout the world. An increase in antimicrobial

resistance can be observed in countries with lower socioeconomic and health inequities levels?’.

This public health problem has managed to become one of the main points on the international
agenda, in which various institutions such as the World Health Organization (WHO), the Food and
Agriculture Organization of the United Nations, or better known as FAO, and the World Organization
for Animal Health (Office International des Epizooties or OIE) have prepared documents proposing
solutions to alleviate this threat to public health. In 2015, the WHO approved the Global Action Plan on
Antimicrobial Resistance. This document recognizes the magnitude of the problem of antimicrobial
resistance worldwide and proposes measures to be carried out, all from a One-Health perspective, i.e.,
medicine, veterinary medicine, the environment, agriculture, and society in general should be
involved!*?!, The general measures proposed are: (i) improving awareness of antimicrobial resistance
and behavioural change among policy makers, farmers, veterinarians, and health personnel, the food
industry and the general public through education, communication and training on the most efficient
topic; (ii) strengthening the knowledge and evidence base through research and surveillance; (iii)
reducing the incidence of infections in healthcare facilities, farms, and communities, as well as
environmental contamination, through effective prevention; (iv) optimizing the use of antimicrobials in
human and animal health; eliminating the use of animals for growth promotion; (v) increasing the
development of R&D development on new drugs, diagnostics, vaccines, and other interventions related
to priority pathogens?!. The ultimate objectives of this plan are to maintain reduced levels and decrease
the development of resistance in order to maintain the ability to treat infectious diseases with effective
and safe drugs. All this would reduce the impact of infectious diseases in humans and animals at the
health and economic levels. This is being monitored and evaluated at different levels; regionally,
nationally, and globally. FAO, OIE and WHO are individually monitoring activities and results against
each organization's plan and budget, collectively tracking progress and reporting on joint work plan
activities. The Inter-Agency Coordination Group on Antimicrobial Resistance may recommend

additional issues and indicators for monitoring®.
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In the European framework, in the report published by the European Antimicrobial Resistance
Surveillance Network (EARS-Net) in 2021%, a network that collects and analyzes bacterial resistance in
29 countries of the European Economic Area, data were reported for eight pathogens: Escherichia coli,
Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter spp, Streptococcus pneumoniae,
Staphylococcus aureus, Enterococcus faecalis, and Enterococcus faecium. The most reported bacterial
species was E. coli (39.4%), followed by S. aureus (22.1%), K. pneumoniae (11.9%), E. faecalis (8.8%), E.
faecium (6.2%), P. aeruginosa (6.1%), Acinetobacter spp (3.0%) and S. pneumoniae (2.5%). In 2021, the
overall number of reported isolates increased compared to 2020 for all bacterial species. The reported
status of antimicrobial resistance varied widely depending on bacterial species, antimicrobial group,
and geographic region. In general, most bacterial species/antimicrobial combinations in this report
showed a significantly decreasing trend or no significant trend during 2017-2021. The exceptions were
resistance to carbapenem in E. coli and K. pneumoniae and resistance to vancomycin in E. faecium, for
which there was a significant increase during this period. Importantly, in 2021, more than half of the
reported E. coli strains and more than one-third of K. pneumoniae strains were resistant to at least one
antimicrobial group, and multidrug resistance (combined resistance to several antimicrobial groups)
was a frequent occurrence. Resistance rates were generally higher in K. pneumoniae than in E. coli, as
in the case of resistance to carbapenems, being higher in K. pneumoniae, but not frequently found in
E. coli?®. Resistance patterns are not homogeneous; generally, a higher rate of resistance is observed in

countries located further south and east of the European economic area®.

If we focus on our country during 2020, antimicrobial sensitivity data corresponding to a total of
20,438 isolates of blood cultures and cerebrospinal fluids from the same number of patients have been
analyzed, which represents an increase of 6.7% compared to 2019. In the report communicated by
EARS-Net, several points can be highlighted. Resistance to all antimicrobials studied in E. coli has
increased from 2001 to 2020, and a quarter of strains show resistance to three or bad families of
antibiotics. In 10 years, resistance to third generation cephalosporins has increased from 10.2% to 30%,
an increase that has been accompanied by other antimicrobials such as fluoroquinolones (30%) and
aminoglycosides (17%). Resistance to carbapenems has reached the highest figures, reaching 0.2% for
E. coliand 4.7% for K. pneumoniae. Methicillin-resistant strains of S. aureus remain stable and the trend

of a slight decrease in resistance in general and beta-lactams in particular has been maintained®.

Therefore, antimicrobial resistance is a public health problem that also affects global ecology. For
this reason, different international organizations are proposing surveillance and analysis to promote

different strategies to solve the problem.
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3. Strategies for the fight against antimicrobial resistance.

The discovery and use of antimicrobials for prophylaxis and treatment have led to great medical
advances. But, at the same time, the problem of bacterial resistance was growing and spreading
globally, threatening the usefulness of these drugs. For this reason, it became necessary to take
measures to control the emergence and spread of resistance mechanisms. These measures must be
taken with a One Health approach, that is, in @ multidisciplinary way, working together to try to solve
or alleviate this problem that concerns human, animal, and environmental health'**°. To this end, in
recent years, different organizations have proposed national and international programs whose main

measures would be the following3!:

3.1. Bacterial resistance monitoring system.

The control of antimicrobial resistance requires surveillance, monitoring, and communication
of data obtained on resistant microorganisms at the global, international, and national levels. To this
end, programs such as the Global Antimicrobial Resistance Surveillance System (GLASS), which collects,
analyzes, and exchanges resistance data worldwide??, the aforementioned EARS-Net at the European
level®?, or the National Plan against Antimicrobial Resistance (PRAN) have been established. The PRAN
was approved in Spain in 2014 in which all autonomous communities, different ministries, as well as
scientific societies, scientific organizations, and expert collaborators work together®. These plans allow
tracking, study of resistance distribution, and analysis of the data obtained to develop specific

interventions'.

3.2. Infection prevention.

The aim of infection prevention is to reduce the spread of microorganisms in order to avoid or
reduce the spread of resistance mechanisms; at the same time, the reduction of infections would allow
areduction in the use of antimicrobials®*. In the hospital setting, prevention measures have been shown
to have a real impact on reducing bacterial transmission. Measures such as cleaning and
decontamination of surfaces or hand washing; in addition to screening and isolation systems for

patients carrying microorganisms with resistance mechanisms®.

Education of the population in basic hygiene measures, in addition to a good urban waste
management system, is fundamental to preventing the transmission of infectious diseases®***’. Another
important point is environmental cleanliness, with waste treatment in general, and also with water
control, with greater emphasis on hospital wastewater where both, microorganisms and antimicrobials,

have been found that would facilitate the selection of resistance mechanisms3.
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3.3. Optimizing the use of available antimicrobials.

Inappropriate use of antimicrobials promotes an increase in resistance to these drugs. It was
estimated that, in humans, more than half of the treatments are not appropriate®. To avoid
unnecessary, inappropriate, or excessive treatment, it is necessary to know the microbiological
epidemiology and up-to-date training to select the most appropriate antimicrobial treatment and
dosage. To achieve the optimized use of antimicrobials, PROA programs are implemented?;
coordinated by physicians specializing in infectious diseases, microbiologists, pharmacists,
epidemiologists, nurses, and other specialists in the affected areas; they aim to optimize treatments,
reduce costs, and avoid the emergence of bacterial resistance®'. The implementation of these programs
has improved the control of bacterial resistance, reduced healthcare-associated infections, and
associated hospital costs*, and could save some 4.8 billion dollars a year and up to 1.6 million lives by
the year 2050, according to estimates by the OECD (Organisation for Economic Cooperation and

Development) together with the CDC (Centers for Disease Control and Prevention) .

In Spain, experts from scientific societies have established national consensus on how to
implement PROA programs at the hospital level*’. In Andalusia specifically, in 2013, the Comprehensive
Program for the Prevention and Control of Healthcare-Related Infections and the Appropriate Use of

Antimicrobials, or also known as the PIRASOA program, was approved*:.

3.4. Reduction of the use of antimicrobials for non-therapeutic purposes.

Antimicrobials have been used since their discovery in the veterinary field, and although there
are antimicrobials exclusively for that use, most are the same or share similar targets as those used for
humans®. In addition, in veterinary medicine, antimicrobials have been used for nontherapeutic or
prophylactic purposes, since they were found to serve as a dietary supplement to promote growth?.

This led to the expansion of the use of antimicrobials in the livestock industry for this purpose®’.

Numerous studies agree that the use of antimicrobials in food production increases the
development of bacterial resistance, endangering its use as a therapeutic treatment, and this has a
great ecological impact®. Furthermore, the transmission of the resistance generated and the effect on
humans is because animals act as reservoirs for microorganisms that carry resistance mechanisms.
Humans come into contact with food, animals, or environmental sources such as water and can acquire

the microorganisms in all these ways*.

The regulations on the use of antimicrobials as growth promoters varies among the different
countries. In Europe, it was banned in 2006, decreasing the sales of antimicrobials for veterinary use by
32.5% in ten years. Additionally, it is intended to restrict the use of some antimicrobials for prophylaxis

and medicated feed™®. But, for example, China has one of the highest consumptions of antimicrobials
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destined for the food industry, has so far only banned the use of some specific drugs such as colistin,
and intends to eliminate the use for this purpose by 2050°. This is related to the fact that one of the

regions with the most multidrug-resistant strains is Southeast Asia >2.

Despite measures being taken, in 2013, antimicrobial consumption in animals in the food
industry was estimated at 131,109 tons and is expected to increase to 200,000 tons by 2030°3. To try
to avoid this excessive consumption, global measures are being proposed for the regulation of the
maximum consumption of antimicrobials per year, trade limits, or the introduction of taxes when used
for these purposes. In addition, the WHO is proposing a guide on the use of antibiotics in food-
producing animals®, together with the FAO, which proposes programs to optimize the use of

antimicrobials in livestock and agriculture, in order to reduce the impact on bacterial resistance®>.

3.5. Development of new antimicrobials.

With the increase in multidrug resistant infections, the development of new antimicrobials is
necessary. Derivatives of classical antibiotics as well as novel natural and synthetic compounds are

being investigated with innovative pharmaceutical development platforms®®.

There are several international initiatives and organizations supporting research and
development in this field. One example of an initiative is ND4BB (Drugs for Bad Bugs), which has projects
such as COMBACTE-MAGNET (Combatting Bacterial Resistance in Europe-Molecules against Gram-
Negative Infections) or ENABLE (European Gram-Negative Antibacterial Engine), or the JPIAMR (Joint
Programming Initiative on Antimicrobial Resistance) projects; initiatives financed by the European
Union. Organizations such as REPAIR (Replenishing and Enabling the Pipeline for Anti-Infective

Resistance), or GARDP (Global Antibiotic Research and Development Partnership) stand out®’.

The WHO compiled a list of priority pathogens for which research and development of new
treatments against infections caused by them should be more focused. Since 2017, eight antimicrobials
have been approved, although only two of them are not derived from classical antibiotic classes®®. The
problem with these types of drugs is that since they belong to classes of antimicrobials already in use,
they coincide in many mechanisms of action, so there is a higher probability of the generation of

resistance against them®.

Pew Charitable Trusts is one of the sources of information that reviews antimicrobial research
and development initiatives and programs. This database analyzes antibiotics in development with an
emphasis on WHO-declared priority pathogens. In the 2020 review, there were 41 antibiotics in

development, of which 15 were in Phase 1, 12 in Phase 3, 13 in Phase 3 and 1 had passed all trials®.
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Despite the existence of initiatives that promote the development of new antimicrobials, it is a
complicated plan mainly for economic reasons. However, advances in multidisciplinary areas like
bioinformatics, molecular biology, high throughput techniques, etc. are speeding up the search for

molecules that may be candidates for use as antimicrobials®®.

3.6. Development of new therapeutic strategies.

The scarce development of new antimicrobials, together with the high probability of rapid
generation of resistance to them, makes it appropriate to search for new nonantibiotic therapeutic
strategies. These alternatives can be used as adjuvants to new or existing antimicrobial treatments, to

improve their therapeutic effect; or as monotherapy treatments if present any effect by themselves®.

Nonantibiotic substances have been developed to bind to bacterial targets, other than
antimicrobials, can act on the bacteria, their environment or immunomodulators for the host
undergoing infection. These molecules acting on the bacteria can inhibit resistance mechanisms,

virulence factors, or bacterial physiology to enhance the action of antimicrobials®*®’

. Currently,
research is being develop on the use of nonantimicrobial drugs that can have an antibiotic effect, such

as anticancer drugs or antihistamines, for example®.

Another important line of research focuses on the use of other microorganisms (probiotics or

the use of bacteriophages) that can displace or kill pathogenic bacteria %70,

Among the strategies that enhance antimicrobial action by inhibiting resistance mechanisms,
are widely known molecules such as beta-lactamase inhibitors®, with a special focus on
carbapenemase inhibitors’?, but other approaches include molecules that can inhibit enzymes such as
FosA (which prevents the action of fosfomycin) 72, drugs that increase the permeability of the bacteria”®,

or molecules aimed at inhibiting expulsion pumps’.

Furthermore, inhibitors of virulence mechanisms are being developed, with a mechanism of
action acting directly against these virulence factors® or inhibiting interbacterial communication,
quorum sensing”, responsible for the stimulation of virulence mechanisms. In addition, metabolic and
physiological changes in bacteria can modulate bacterial resistance’®”’. Modifying bacterial
metabolism, inducing the translation of certain proteins, causing an increase in reactive oxygen species,

or inhibiting DNA repair mechanisms can lead to cellular stress followed by bacterial death®”77-7°,

3.7. Rescue of old antimicrobials.

The development of new antimicrobials may be insufficient to alleviate the problem of treating
infections caused by resistant microorganisms, thus it is possible to rescue and use old antibiotics as a

therapeutic alternative because many of these molecules are still effective against many multidrug
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resistant bacteria®. These molecules, which include antimicrobials such as chloramphenicol,
minocycline, colistin, tigecycline, temocillin, nitrofurantoin, amikacin (and other aminoglycosides) or
fosfomycin, were developed in the first decades of antimicrobial development, but ceased to be used

due to the appearance of new, more active, and/or less toxic compounds®?.

Many of these molecules have a broad-spectrum activity and are relatively inexpensive but have
not been adequately investigated. Thus, more studies are needed to optimise therapeutic dosing
through novel pharmacokinetic and pharmacodynamic studies, drug-drug interactions as well as the

resistance mechanisms that may emerge against them as their use increases.?%82,

For all these reasons, the use of these old antimicrobials, should be evaluated as valid therapeutic
options, in order to optimize their use and achieve the most effective treatment with the least
ecological impact®®, This assessment should be performed not only for the treatment of infections
caused by multidrug resistant bacteria but also®, for uncomplicated infections to protect the
emergence and dissemination of resistant bacteria against the new antimicrobial treatment

options.8>86,

4. Fosfomycin
4.1. History

Fosfomycin is a natural antimicrobial derived from phosphonic acid®’. It was discovered in Spain
in 1969 using fermentation broths of the actinobacterium Streptomyces fradiae. Its discovery was
published by the Spanish Company of Penicillin and Antibiotics, in collaboration with the Merck & Co
Inc. company. Later, this molecule has been isolated from other microorganisms such as Streptomyces
viridochromogenes and Streptomyces wedmorensis, Pseudomonas syringae, Pseudomonas viridiflava,

and Pseudomonas fluorescens®2°; in spite of this, its current production is carried out synthetically®®.

In 1974 fosfomycin mechanism of action was described °? and in 1983 the in vitro susceptibility
study method was standardized®, in which it was determined that the addition of glucose-6-phosphate

(G6P) was necessary to agree with the results observed in clinical practice %.

Originally, it was formulated for intravenous treatment, in the form of a water-soluble disodium
salt and for oral treatment, in the form of a calcium salt. Subsequently, another form of oral treatment
was developed, as fosfomycin-trometamol, which improves the bioavailability of the previous oral

formulation and is currently the treatment of choice for this form of administration®.

In Europe and the United States, it is recommended in its oral formulation for the treatment of
uncomplicated urinary tract infections, or in some countries, as prophylaxis prior to urinary tract

surgery. In its intravenous form, the use of fosfomycin use has increased for the treatment of severe
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infections caused by multidrug resistant bacteria susceptible to fosfomycin. Due to this increase,
different regulatory agencies such as the EMA or the FDA are reviewing its use, indications, and forms
of administration®®®’. The EMA published in 2020 recommendations for the correct use of intravenous
fosfomycin as second-line treatment (when first-line treatment cannot be used or has failed) in
complicated urinary tract infections, pneumonia, endocarditis or meningitis®’. However, in the United

States, fosfomycin is only approved for the treatment of urinary tract infections .

In the veterinary field, fosfomycin is approved for use only in Central and South America, while

its use is not widespread in Europe®.

4.2. Molecular characteristics.

Fosfomycin is a polar organophosphorus compound (cis-1,2-epoxypropyl phosphonic acid) with
a low molecular weight (138 Da) and soluble in water. It has several chemical characteristics that are
not usually present in organophosphorus compounds: (i) an epoxy group is attached to a negatively
charged phosphorus group (this bond causes the bactericidal power of the compound), and (ii) it has a
bond, without an oxygen bridge, between phosphorus and carbon. The optimal activity occurs at pH

6.2, although it is stable at pH between 4 and 11109101,

It is chemically unrelated to other antimicrobials, being the only representative of its own class
of antibiotics. The formulation for parenteral use substitutes two hydrogens of the phosphorus radical

for sodium. For oral forms, the calcium form is obtained in the same way as the sodium form, but

substituting the disodium for the o
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fosfomycin-trometamol is obtained by

the addition of a tris-hydroxymethyl- Figure 3. Molecular structure of fosfomycin (A), disodium (B),

; ; 101
aminomethane base (trometamol)ml. calcium (C) and fosfomycin-trometamol (D)*°%.

4.3. Mechanism of action.

Fosfomycin is a bactericidal antimicrobial drug whose clinical properties are based on its
chemical structure and unique mechanism of action. This antibiotic inhibits the first step of bacterial
cell wall peptidoglycan synthesis®>1%% Fosfomycin irreversibly inhibits the MurA enzyme by competing
with its substrate, phosphoenolpyruvate (PEP), and disrupting its binding to UDP-N-acetylglucosamine.
This antimicrobial is able to covalently bind to cysteine 115 of the MurA active site by thioether bonding
with its phosphonate group and also interacts electrostatically with other MurA residues (lysine 22,
arginine 120 and arginine 397)1%41%_ Therefore, this antimicrobial acts in the bacterial growth phase,

when wall synthesis occurs'?’, and is considered a broad-spectrum antimicrobial, since its mechanism
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of action allows it to have a spectrum of action that covers different Gram-positive and negative

bacterial species!®
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Figure 4. Mechanism of action of fosfomycin (F). NO FOSFOMYCIN) MurA synthesizes peptidoglycan precursors

for bacterial growth. FOSFOMYCIN) Fosfomycin penetrates the cytoplasm through GIpT and UhpT transporters,

binds to MurA, and inhibits the synthesis of peptidoglycan precursors, leading to bacterial death. Figure adapted
from Castafieda et al*®’.

Fosfomycin must penetrate into the cytoplasm, which takes advantage of two membrane
transporters that are part of the major facilitator superfamily (MFS) 1. The function of these
transporters is the antiport of phosphorylated carbon sources and inorganic phosphate (Pi). UhpT is
responsible for the transport of hexose-phosphate, mainly G6P and GlpT has glycerol-3-phosphate

(G3P) as its main substratel®1° Therefore, the regulation and activity of the transporters is essential

for fosfomycin activity.

4.4. Regulation and activity of fosfomycin transporters.

The regulation and activity of these transporters is complex, as it depends on many
physiological factors that are related with the bacterial metabolism, since they are transporters of

carbon sources, and participate in the phosphate homeostasis.

= Regulation of cAMP-CRP complex

One of the main regulators of the bacterial metabolism is the dual cAMP-CRP transcriptional
regulator. This complex regulates the expression of more than 180 genes*. It is composed of cAMP,
which is synthesized by adenylate cyclase encoded by the cyaA gene, and CRP, which is the cAMP
receptort'#13 Most of the regulated genes are involved in the catabolism of secondary carbon sources,
but it also participates in other processes such as biofilm formation or virulence among others*

Generally, increasing cAMP within the bacterium increases the formation of the cAMP-CRP complex,
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which induces and regulates a large number of genes that are translated into metabolic enzymes and
transporters of secondary carbon sources*'?, such as GlpT and UhpT*.
This occur because the promoters of the glpT and uhpT genes present a binding site for the cAMP-CRP

complex, so the increased expression of this complex would lead to a greater presence of transporters

115

and therefore to increased entry of fosfomycin into the bacterium

Figure 5. Representation of the transcriptional regulation system of GlpT and UhpT transporters. Figure adapted
from Castafieda et g*?’.

The regulation of the cAMP concentrations is regulated by the phosphoenolpyruvate:sugar
phosphotransferase system (PTS). When the bacterium can consume glucose or another sugar
incorporated by the PTS system, cellular cAMP levels decrease. The PTS system has several subunits;
the pts/ gene encodes the first subunit, the El protein. This protein captures a phosphate group from

phosphoenolpyruvate (PEP) and phosphorylates the next subunit (HPr), which in turn phosphorylates
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adenylate cyclase (AC), the enzyme that produces cAMP® Therefore, PTS sugars cause catabolic
repression by decreasing cAMP, negatively affecting the expression of glpT and uhpT®.

= Regulation of uhpT
o Transporter structure, expression, and transporter activity

Structurally, UhpT is a monomer with 12 a-transmembrane helices, matching the general
structure of a large number of MFS transporters, such as GIpT. Arginine residues R46 and R275 are
essential for the function of this transporter, as the others can be replaced by cysteine or lysine by

targeted mutations. These residues (arginine) are highly conserved in this group of proteins*é.

Regulation of expression is mediated by a two-component system and a kinase!®®. Loss-of-
function mutations in this transporter or in the genes of the regulatory system prevent bacterial growth
in media whose only carbon source is G6P*?°, The two-
component system is made up of UhpB and C,
transmembrane proteins whose mission is to detect

the presence of G6P in the periplasmic space (UhpC)

and when this occurs, UhpB, which is phosphorylated,

is able to yield its phosphate to UhpA, a kinase found

Outside

in the cytosol'?%'?! The uhpT promoter has a binding Figure 7. UhpT topology. The black circles

site for phosphory|ated UhpA' which acts as an represent arginines, h\ghllghtmgthe essential ones
(R46 and R275). White circles represent lysines 18,
inducer together with the cAMP-CRP complex %2,

Different studies have found that phosphorylated UhpA acts as the essential element in the
expression of uhpT, and that the cAMP-CRP complex acts as a cofactor of UhpA, increasing induction.
Furthermore, there is another cofactor that can cause increased expression of this gene under
anaerobic conditions, the FNR regulator also has a binding site to the uhpT promoter and, therefore,
can also activate its expression. This regulator should not be the only factor that affects anaerobiosis,

since even if fnr is mutated, uhpT still has a certain level of expression under this condition!?3124,

Reinforcing that the main inducer of uhpT is phosphorylated UhpA, a study shows that, in the
absence of the two-component system, UhpBC, which detects the presence of G6P in the medium,
UhpA can be activated independently in the presence of pyruvate. This is possible because UhpA can
accept the phosphate group from acetyl phosphate, which is highly present during the growth on
pyruvate via the Pta-AckA pathway!?®. However, the inorganic phosphate in the medium hinders

transport?26:127,
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Regardless of how it is regulated, the main function of this transporter is to introduce G6P,
removing inorganic phosphate from the cytoplasm in an electrically neutral antiport reaction??. In

addition, it can also incorporate other molecules: hexose phosphate and fosfomycin?’.

The integrity of this transporter is very important in the study of the susceptibility to
fosfomycin. Early experiments with fosfomycin suggest that glucose-6-phosphate may be present in
human tissues at sufficiently high concentrations to induce transcription of the uhpT transporter and
thus increase the activity of the antimicrobial against organisms such as E. coli and K. pneumoniae®?®.
Consequently, guidelines from committees such as CLSI and EUCAST state that the sensitivity of
fosfomycin should be determined in the presence of 25mg/L glucose-6-phosphate to induce this

transporter whenever it or its key regulators are present!?

= Regulation of glpT
o Structure

Structurally, the GlpT transporter in E. coli is a protein with 12 a-transmembrane helices that
form 2 domains connected by a loop where the opening allows the translocation of the substrate to
the cytoplasm is located. The 12 helices, grouped from 2 domains of 6 helices (N- and C-terminal
domains) present a pseudo-symmetry, in agreement with the weak homology presented by the two
halves of the protein, indicating a gene duplication event in the evolution of the transporter. The two
halves are connected by a long cytoplasmic loop. There are no salt bridges, and there are few hydrogen
bonds between the domains, but there are many Van der Waals interactions in the periplasmic part of
the protein. Importantly, there is a pore between the N- and C-terminal domains on the cytoplasmic

side of the protein, which narrows towards the centre of the molecule. This represents the substrate

translocation pore. The electrostatic potential of C,-P, c, C,-G3P
Periplasm
the GIpT surface shows an electroneutral pore ’_p
—> \ —>

surface, except at the closed end of the pore in T = .

G \ I Cytoplasm
the centre of the membrane, where it is positive. &

O
This area of strong positive charge is attributed to g t Periplasm

o

two conserved arginine residues, Arg45 of helix 1

|

and Arg269 of helix 7. These two arginines have

also been shown to be essential for the activity of C:-P, C

Ci-G3P

the E. coli UhpT protein. These conserved . , "
Figure 8. Mechanism of GlpT transport. The positions of

residues appear to form the substrate binding the arginines of the binding site are indicated. The
) o ) inorganic phosphate is shown as a small circle, and G3P as
site for binding to the phosphate moiety of a a triangle 120,

substrate®.
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The structure of GIpT and biochemical data suggest that this transporter acts with a single
binding site, alternating access with rocker-switch-like movement of the N- and C-terminal domains.
Therefore, it requires two main conformations with the substrate binding site facing opposite sides of
the bacterial membrane. In one study, it is proposed that inorganic phosphate binds to the arginines at
the binding site, bringing the arginines and consequently the N- and C-terminal domains closer
together, causing the pore to narrow. This binding would destabilise the interface between the two
domains on the periplasmic side, allowing the conformational change. In the periplasmic space, the
lower affinity of the protein for inorganic phosphate allows its substitution by G3P, while in the

cytoplasm, phosphate substitutes G3P due to concentration30132,

o Transporter expression

The glpT gene is part of the glp regulon whose function is to regulate the entry and metabolism
of glycerol and G3P. This regulon is made up of several operons (glpABC*?, glpTQ*3, glpEGR™*, glpD**®,
and glpFKX®% in E. coli), and its main regulator is the GIpR repressor, which binds to the promoter region

of the operons and blocks their transcription3*,

GlpT transcription is induced by its own substrate (G3P), which binds to the GIpR repressor,
releasing from the promoter region, thus a null mutation in the g/pR gene activates a constutive glpT
transcription. In studies by Larson et al., it was shown that G3P binds GlpR with an affinity Ky between
20-50 uM affinity, and that other glycerol-phosphate analogues could also bind to GlpR, while glycerol
cannot doit. GIpR blocks the promoters of the different operons but binds strongly to those of glpT and
glpD than to glpFK. The end products of lipid biosynthesis and glycolysis may provide the second site

for glpT inhibition. On the other hand, inorganic phosphate in the medium hinders transport??¢127,

Other inducers of the glpT transporter would be the cAMP-CRP complex or the FNR regulator.
As explained before, the cAMP-CRP complex has a binding site on the g/pT promoter, binding when
uptake of secondary carbon sources is needed and inducing its transcription?’. In anaerobiosis, as is
also the case for uhpT, the FNR regulator can also activate its expression, as it has an fnr site on the
promoter. Furthermore, it seems that the binding affinity in the promoter is higher in the case of glpT,
compared to uhpT#%4 This higher affinity may be due to the fact that G3P, a substrate transported
by GIpT, can be used by the bacteria as an electron donor in anaerobic respiration. Under this condition,
G3Pis oxidized to dihydroxyacetone phosphate (DHAP) by glycerol-3-phosphate dehydrogenase, which
in anaerobiosis situations is encoded by glpABC, and transfers electrons to terminal reductases. This

would compensate for the loss of fitness that occurs in anaerobiosis??.
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o Glycerol-mediated induction

Glycerol is a triol that can be used as a carbon source. This molecule can enter the cytosol by
passive diffusion, but also has a specific transporter, GlpF. Once inside the bacterium, glycerol is
phosphorylated by the glycerol kinase (GlpK), producing intracellular G3P. This endogenous G3P can
bind to GIpR, decreasing its affinity for promoters of the glp regulon and, in particular, glpT, and

inducing expression37138,

This metabolic pathway in which glycerol is transformed into G3P within the bacterium occurs
not only in E. coli, but also in other species such as P. aeruginosa or P. putida. What has also been
observed is that the consumption of this carbon source is slow, resulting in a late and prolonged

induction?3%4%_ Thus, glycerol can act as an intracellular inducer of glpT expression.
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Figure 9. Representation of the transcriptional regulation system of the GlpT transporter by indirect induction of
glycerol. Figure adapted and modified from Castafieda et a/*’.

o Transporter activity

The main function of GlpT is the incorporation of G3P into the bacterium, removing inorganic
phosphate. G3P is a molecule that can be used as a secondary carbon source and is essential in the
biosynthesis of phospholipids. G3P is part of the backbone of all phospholipid molecules and the polar
groups of phosphatidylglycerol and cardiolipin, which are indispensable in membrane formation'**. The
loss of function in this transporter means that bacteria suffering from it cannot grow on G3P as their

sole carbon sourcel®?.

In addition to G3P, GIpT allows the entry of other molecules such as
phosphoenol-pyruvate or fosfomycin, although the affinity of the transporter for G3P is higher®.
However, in contrast to activation of the UhpT transporter using G6P, the use of G3P also induces the
expression of the GlpT transporter, but this molecule would compete with other substrates like

fosfomycin for the occupancy of the transporter'#,
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= Phosphate homeostasis

The control and metabolism of the inorganic phosphate plays an essential role for the bacterial
physiology. As example, they are found at the hydrophilic ends of amphipathic lipids that form part of
membranes; they are also present together with the ribose or deoxyribose sugars, forming a structural
part of DNA and RNA. In addition, the cell's energy is based on the hydrolysis of phosphoanhydride
bonds between the phosphates that form ATP, and the regulation of many biological systems are
mediated by the phosphorylation or dephosphorylation of specific proteins 4. All of this means that
there are critical regulation systems to maintain optimal phosphate levels. In the case of E. coli, a range
between 1 and 10mM has been observed with the participation of multiple transporter proteins with
different expression patterns'*>%. The main transporters that bring phosphate into the bacteria are
PitA, PitB and PstSCAB systems; on the other hand, the transporters responsible for exporting inorganic
phosphate are PitA, PitB, YjbB, GlpT, and UhpT#~*°, This homeostasis is mainly controlled by the
histidine kinase PhoR and the response regulator PhoB, which have been shown to regulate at least 31
genes, but this system is not directly involved in regulating glpT and uhpT***. Therefore, although the
expression of the transporters is not regulated by the phosphate control system, the different
concentrations to which the bacteria may be exposed can affect the activity of GlpT and UhpT, and can

decrease transport under high phosphate conditions by going against the osmotic gradient.

4.5. Resistance mechanisms.

Fosfomycin resistance mechanisms may be intrinsically present in some bacterial species, or
they may be acquired mechanisms. In both cases, fundamental resistance mechanisms affect the target
(MurA) or the ability of the antimicrobial to reach the cytosol of the bacterium, where the target is

located.

= |Intrinsic resistance

There are bacteria that are intrinsically resistant to fosfomycin trough different mechanisms:

o Mutation in the murA gene

Some bacteria have mutations that produce an amino acid change at position 115, replacing
the cysteine to which fosfomycin must bind with another amino acid. These mutations generate
functional proteins, but lack the binding site for fosfomycin, leading to resistance to fosfomycin. This

1

amino acid change has been described in bacteria such as Vibrio fischeri*>, Mycobacterium

tuberculosis*>* and Chlamydia spp*>3.
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o Peptidoglycan recycling pathways

The other main mechanism of resistance to fosfomycin is ~ Peptdoglycan > Ahhaki;
. L . . AnmK
intrinsic in the use of peptidoglycan recycling pathways. Some ¢ :
) ) . ) MurNAc 6P
bacterial species can use alternative pathways of peptidoglycan .
synthesis, not requiring that it be created de novo by MurA. These Murl AgmK ‘
) ) ) ) UDP-MUNAC < MurNAC 1P < MurNAC
alternative pathways have been described in Acinetobacter
? MurB
baumannii*>* Pseudomonas aeruginosa and P. putida*>*°¢. He o,
} MurA |—' Fosfomycin <o7
Figure 10: Simplified schematic of the peptidoglycan
UDP-GlcNAC

recycling pathway in P. geuroginosa®>.

. . . Peptidoglycan de novo biosynthesis
o Other intrinsic mechanisms ’ PP i I

Listeria monocytogenes is resistant to fosfomycin in in vitro assays, as it is not able to
incorporate this antimicrobial through its transporters. However, in vivo, this bacterial species is
susceptible, because a virulence factor (hypoxanthine phosphoribosyltransferase) with G6P permease

activity (like UhpT) is produced and can be used by fosfomycin to penetrate into the bacterium?®’.

The constitutive decrease in membrane permeability of some species, such as Acinetobacter
baumannii, is also considered an intrinsic mechanism of resistance to fosfomycin. This species has a
chromosomal gene (abrP), which encodes a peptidase C13 family, whose deletion was able to increase
cell membrane permeability and showing slower cell growth rate. This gene can reduce susceptibility

to fosfomycin and other antimicrobials such as tigecycline, tetracycline, and chloramphenicol*.

= Acquired resistance
o Mutations in murA
Mutations in murA are exceptional in clinical isolates of E. coli. While no mutations have been
found at position 115, the binding site of fosfomycin to MurA, some substitutions have been described
in other positions (aspartic acid for asparagine at position 369 and leucine for isoleucine at position
370). Although not at the active site, these may interfere with the binding of fosfomycin to its
target!®¥1€0 Also, an overexpression of murA gene, has been associated with fosfomycin resistance, but

a bacterial fitness cost is observed under this phenotype 6.

Mutations in which a deletion at position 717 have also been found in S. aureus, decreasing the

sensitivity to fosfomycin?®2.

o Decreased transport of fosfomycin

As discussed above, due to the location of the fosfomycin target (MurA), the antimicrobial must

reach the bacterial cytoplasm 1. Therefore, resistance to fosfomycin mainly depend on a decrease in
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the uptake of fosfomycin. This decrease may occur through the acquisition of mutations that lead to
loss of function in the transporters, or it may occur in other genes involved in their regulation'®’. As
mentioned above, the expression of both transporters depends on induction by the presence of their
own substrates (G6P and G3P), and on the binding of the cAMP-CRP complex!?®. The expression of both
transporters is also increased by the presence of FNR, a global bacterial regulator that is activated under

conditions of anaerobiosis!?3163,

It is important to note that not all the bacteria species have both transporters. As example, the
Enterobacterales E. coli or K. pneumoniae present both permeases, however in the genus

164

Pseudomonas, P. aeruginosa do not have the uhpT gen*®®, while P. putida does not have the glpT

gene!®,

The promoters of the glpT and uhpT genes present a binding site for the cAMP-CRP complex,
which would act as an inducer of expression, so that a decrease in this complex would lead to a lower
presence of the transporters and therefore a decrease in the entry of fosfomycin into bacteria causing
fosfomycin resistance®. Loss-of-function mutations in the cygA and pts/ genes, which are associated
with decreased cAMP and thus decreased induction of fosfomycin transporters, increase resistance to
fosfomycin and/or the frequency of emergence of fosfomycin-resistant mutants®®. Because these

mutations have a significant biological cost, they are rarely found in clinical isolates*®®.

Also, loss-of-function mutations in fnr, one of the two main regulators in anaerobiosis, increase
the resistance to fosfomycin 4-fold over the wild-type phenotype in anaerobiosis in in vitro

experiments!?,

Mutations in uhpT or in the two-component system, uhpBC, or the transcriptional activator,
uhpA, show a similar fosfomycin resistance phenotype'?. On the other hand, while mutations in glpT
do not increase the fosfomycin MIC value, the frequency fosfomycin resistant mutants increase.
Furthermore, the combination of loss of function mutations in both transporters results in a greater
increase in MIC than in the case of the uhpT mutation alone!®. On the other hand, loss-of-function
mutations in glpR, would lead to an increase in intracellular fosfomycin due to the resulting glpT

overexpression®,

= |ntrinsic and acquired resistance mechanisms
o Antibiotic-modifying enzymes
Increased resistance to fosfomycin may also be caused by the existence of enzymes that can

modify the structure of the antimicrobial molecule, losing its antimicrobial properties. These enzymes
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forms fosfomycin monophosphate and FomB uses this molecule as a substrate to obtain fosfomycin
diphosphate. Both enzymes use ATP and Mg?*. They are specific to bacteria that produce fosfomycin,

such as Streptomyces wedmorensis and Streptomyces fradiae*®.

On the other hand, the mechanism of action of metalloenzymes is to break the epoxide ring of
the antimicrobial, requiring a metal as a cofactor. They are quite similar to each other, although they

have some modifications that allow them to be classified®.

- 0sB:

The fosB gene codes for a metalloenzyme that catalyzes the addition of L-cysteine to

fosfomycin, using Mg?* as a cofactor, resulting in the fosfomycin molecule without bactericidal activity.

Regulation of the expression of this gene depends on the extracytoplasmic sigma factor, a
factor involved in the induction of resistance mechanisms to other antimicrobials. The gene is present
on the Bacillus subtillis chromosome and has been described in plasmids of Staphylococcus spp and

Enterococcus spp*’°.

- 0sX:

The fosX gene codes for a metalloenzyme with hydrolase activity. Its mechanism of action is
the addition of a water molecule at the C1 position of fosfomycin. The catalyst in this case would be

glutamic acid and requires Mn?* as a cofactor®’®.

o fosA

The fosA gene codes for a glutathione-S-transferase, whose metal cofactor is manganese
(Mn?*). Its mechanism of action involves the nucleophilic addition of glutathione and K* to the epoxide

ring of fosfomycin. Therefore, the presence of Mn?* and K* is necessary for its action®’2.
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It was the first fos-type enzyme described and was found in a plasmid in S. marcescens in a
plasmid. This gene has been described in the chromosome of bacteria such as Klebsiella spp.,
Enterobacter spp., S. marcescens and P. aeruginosa. Plasmid-encoded or plasmid-transformed
chromosomal fosA has been shown to confer a high level of resistance to fosfomycin. Although it has
significant variations in amino acid sequence, the residues forming part of the active site are highly

conserved.

In Enterobacterales, there are different plasmid encoded fosA subtypes, of which fosA3 is the
most frequently detected in clinical isolates. It appears to be originated from the Kluyvera georgiana
chromosome and is associated with plasmid transmission. Other important acquired subtypes are
fosA4, fosA5, fosA6, fosA8, fosA9 and fosA10%3. The 1S26 elements, which can mediate the integration
of transposition units, are associated with fosA3, along with other resistance genes. This co-location
can contribute as a reservoir of the spread of fosfomycin resistance and other resistance genes to

clinically relevant pathogens'’.

Chromosomal fosA is part of Klebsiella spp. genome, being detectable in >99% of K. pneumoniae
isolates. Furthermore, strains of K. pneumoniae and K. variicola have been found that, in addition to

the chromosomal fosA, a plasmid-encoded fosA have been observed®’2.

Different subtypes of fosA, both plasmid and chromosomal, confer different levels of resistance
to fosfomycin, but all contribute to a lower fosfomycin susceptibility!’®. For example, most strains of K.
pneumoniae strains have a MIC considered susceptible but borderline and depend on whether the use
of the fosfomycin treatment is for urinary tract infection. Therefore, clinical use of fosfomycin may be

limited against these species!’?.

- Sodium phosphonoformate

The enzymatic activity of FosA is reduced by sodium phosphonoformate (PPF). This compound

is a small molecule (126 Da), pyrophosphate analogue commonly used as

an antiviral for the treatment of CMV retinitis in patients with acquired

HO
immunodeficiency syndrome (AIDS) and for treatment of acyclovir- \

resistant mucocutaneous HSV infections in immunocompromised HO/P\\ OH
patients. Its antiviral activity relies on the inhibition of the pyrophosphate @)
binding site on virus-specific DNA polymerases at concentrations that do  Figure 12. Molecular structure
) ) . of phosphonoformate

not affect cellular DNA polymerases®’®. PPF was first synthesized by Nylén
in 1924 by alkaline hydrolysis of triethyl phosphonoformate although, the synthesis of trisodium

phosphono [**C] formate from [**C] phosgene has been reported by Gawell in 1983. It has been found
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that phosphonoformate can be synthesized in vivo by Streptomyces hygroscopicus mutants®®*in a series

of reactions starting with phosphoenolpyruvic acid.

Attempts have been made to test the ability to reduce the enzymatic activity of FosA with other
phosphonates derivatives, but only PPF has shown remarkable activity. This is because it is the only one
capable of forming a complex with the active site of the metalloenzyme, thus avoiding the addition of

glutathione that inactivates fosfomycint”’.

A +PPF +PPF This inhibitory capacity has been

FR-GST(fosA3) used to show the presence of plasmid

positive E. coli

encoded fosA in E. coli. This test consists in

the addition of 1mg of PPF to the

FR-GST
negative E. coli

commercial (fosfomycin-G6P) antimicrobial

W plate HH-GEP pate susceptibility discs. If the isolate studied

B +PPF +PPF
; increases the inhibition zone compared to

the same disc, but without the addition of

fosC2-positive E. coli fosAd-positive E. coli PPF, it can be said that fosA is present®’®.

Figure 13. Disk potentiation assay for detection of glutathione S-Transferase (FosA) production in Escherichia
coliisolates?’®,

4.6. Spectrum of action and epidemiology

Fosfomycin is considered as a broad-spectrum antimicrobial due to its activity against different
bacterial species, including Gram-negative and Gram-positive bacteria. At the same time, it is a

molecule whose efficacy is maintained against multidrug-resistant microorganisms?°,

=  Gram-positive spectrum of action

Among Gram-positive bacteria, S. aureus shows fosfomycin susceptibility with variability
between studies with respect to the percentages of susceptibility to fosfomycin of this microorganism,
with values ranging from 33.2% to 100% of the isolates. Also, different species of Enterococcus spp also
present a good response to this antimicrobial, but again the results vary according to the different
studies!®®. In a study carried out on a total of 1,847 Gram-positive isolates from a focus other than the
urinary tract, a general percentage of resistance to fosfomycin of 69.1% was observed. Analysing these
data by the different bacterial species, 99.3% of S. aureus isolates, including MRSA, were susceptible to
fosfomycin; however, lower susceptibility percentages were found in coagulase-negative staphylococci
(77.5%), Streptococcus pneumoniae (61.9%), Streptococcus pyogenes (40.6%) and other Gram-positive
(48.4%)'"°. Among Gram-positive microorganisms, the bacterial species Staphylococcus saprophyticus,

Staphylococcus capitis, and Corynebacterium spp. are considered intrinsically resistant to fosfomycin*€°.
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=  Gram-negative spectrum of action

In general, fosfomycin shows activity against Gram-negative microorganisms, mainly against
enterobacteria of urinary origin. Studies show high sensitivity percentages for E. coli bacterial strains,
ranging from 100% to 81%. However, lower percentages are usually observed for K. pneumoniae, with
resistance values varying between 85% and 100% of the isolates, depending on the geographical

areas'®,

Analyzing the fosfomycin susceptibility of other Enterobacterales, Proteus spp and Enterobacter
spp. show higher percentages of resistance with respect to to E. coli, reaching values of 50% and 25%,
respectively'®®18! Contrary, Citrobacter spp. maintain high percentages of susceptibility, studies

showing resistance percentages below 1%%2.

On the other hand, among the nonfermenting Gram-negative bacilli, P. aeruginosa and A. baumannii
show decreased susceptibility to fosfomycin, with minimum inhibitory concentration (MIC) values
between 16 mg/L and 64 mg/L'®3. Fosfomycin shows good activity against Aeromonas hydrophila,
Campylobacter jejuni, and Yersinia enterocolitica, although against other species of the genera

Bordetella, Legionella, Pasteurella, and Vibrio, its activity is moderate®18>,

Furthermore, several studies have demonstrated fosfomycin activity against multidrug-
resistant Gram-negative bacteria, especially in ESBL and carbapenemase-producing Enterobacterales;
however, there are indications that resistance to this antibiotic is increasing in this type of
microorganisms. In particular, a study conducted in Spain in more than 16,000 BLEE-producing E. coli
strains between 2005 and 2011 showed a significant reduction in susceptibility to fosfomycin. The
activity of fosfomycin during the last years of the study remained in fact above 80%, while resistance
to other antimicrobials such as ciprofloxacin or cotrimoxazole was 78.2% and 62.3%, respectively, giving
the impression that the phenomenon of co-resistance in BLEE-producing Enterobacterales is more
related to other antibiotics than to fosfomycin'®. Regarding Enterobacterales producing
carbapenemase, most of the data come from studies conducted with KPC-type carbapenemase-
producing isolates, with susceptibility percentages ranging from 39% to 100%. It should be noted that
this antibiotic maintains its activity against Enterobacterales isolates that show resistance to other

antimicrobials from the reserve group, such as colistin®31%,

Regarding the activity of fosfomycin against nonfermenting Gram-negative bacteria considered
as multidrug-resistant, such as P. aeruginosa, its susceptibility is very variable according to the different
studies and according to geographical location®. Some Acinetobacter species, such as A. baumannii,

A. pittii, and A. nosocomialis are considered intrinsically resistant to fosfomycin according to EUCAST
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breakpoints, as well as other Gram-negative microorganisms such as Burkholderia cepacia,

Stenotrophomonas maltophilia, or Leclercia adecarboxylata*®.

It has recently been shown that fosA is present in most of the chromosomes of species like
Klebsiella spp, Enterobacter spp, Serratia marcescens, and P. aeruginosa, which would explain the
decreased susceptibility of these microorganisms to fosfomycin. In contrast, they have not been found
in the chromosome of E. coli, A. baumannii or B. cepacia, since the intrinsic resistance of these last two

species is produced by other mechanisms’2,

=  Gram-negative epidemiology

In Spain, resistance to fosfomycin in E. coli has varied over time. Two multicenter studies
described an increase in resistance since 2003, both in ESBL-producing and non-producing
isolates'®18 but it is still very low and varies among the different autonomous communities. As an
example, in the autonomous community of Aragodn, the studies carried out showed resistance values
to fosfomycin below 4% in isolates from community urinary tract infection between 2011 and 2013,
Similarly in Galicia, the percentages of fosfomycin susceptibility in E. coli isolates from urinary samples
from different hospitals between 2011 and 2012, were higher than 95%, with the highest rates
observed in patients older than 75 years of age of male sex, and the lowest in the paediatric
population'®. However, different studies have shown lower susceptibility values to fosfomycin in K.
pneumoniae, especially in isolates that present other concomitant resistance mechanisms. A
retrospective study conducted in Valladolid on the susceptibility profile of isolates of E. coli and K.

pneumoniae from urine samples showed resistance values of 11.3% and 54%, respectively®®.

In Europe, a recent multicenter study showed resistance rates to fosfomycin in E. coli isolates
of less than 1.2%'?. Higher values have been reported in other European countries such as Germany
(4.5%)', although good activity of this drug has been observed against other enterobacteria such as
Proteus mirabilis or Enterobacter spp., as well as against carbapenemase-producing Enterobacterales
or ESBL-producing E. coli*®*1%*, In a study carried out in France that analyzed 51,643 E. coli isolates of
urinary origin, of which 3.3% were ESBL producers, and 3,495 isolates of K. pneumoniae, fosfomycin
susceptibility higher than 95% was observed. In E. coli isolates from community and nosocomial urinary
tract infections, resistance rates to fosfomycin were found to be 0-6% among those isolates producing
ESBL, which, on the other hand, showed resistance rates of over 69% to other antibiotics, such as

amoxicillin-clavulanic acid, quinolones or cotrimoxazole®>1%,

Globally, different studies have shown that overall resistance to fosfomycin in China is higher

than in other parts of the world, both in isolates from human and animal samples, which could be
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attributed to the presence and dissemination of the plasmid mediated fosA3 gene, which is very

prevalent in that geographical area®’ %,

4.7. Susceptibility studies

Susceptibility studies are performed to test the response of a microorganism against an
antimicrobial, this type of in vitro assays is known as antibiogram and can be developed under. The
antibiograms can evaluate the activity of one or more microorganisms or antimicrobials in a single
assay. They are of great important because the result is used as a predictor of clinical efficacy. In 1961,
the WHO published the methodology for performing sensitivity studies in a standardized manner,

taking into account the different techniques®.

Currently, the most important organizations responsible for evaluating and recommending
antibiogram standards are the Clinical and Laboratory Standard Institute (CLSI) and the European
Committee for Antimicrobial Susceptibility Testing (EUCAST). These organizations publish annual
guidelines establishing the techniques and methodologies with which the most reliable results are

obtained?%:201,

The most commonly used antibiogram techniques in microbiology laboratories are the

following:

= Agar dilution:

In the agar dilution assay, an antimicrobial gradient is prepared in plates with agar culture
medium. Decreasing antibiotic concentrations in Log2 dilutions are usually used. Each plate is
inoculated by different microorganisms in spots; each
spot must have an inoculum of 10* CFU. To automate this
technique, a Steers replicator is usually used, an
instrument that has wells where the microorganisms to
be evaluated are placed, and tips that are immersed in
these wells. These tips inoculate the plates with the
different concentrations. Depending on the size of the

tips, they inoculate approximately 2 ulL or 0.15 L,

although regardless of the size used, there should be 10*

Figure 14. Agar plates on which the agar

dilution technique has been performed?®2. colony-forming units (CFU) in each spot?°%2%3,
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The plates are incubated for 16-20 hours at
37°C. The media or incubation conditions in which this
assay is performed depend on the antimicrobial and
microorganisms evaluated. This technique is the

reference standard for the evaluation of fosfomycin

susceptibility for Enterobacterales using Mueller-
Figure 15. Steers replicator for inoculation in the agar

Hinton Il medium (with adjusted cations) together .o, sensitivity testing techniques.

with 25 mg/L of G6P.

This technique is interpreted by reading the inoculated spots at different antimicrobial
concentrations and establishing the Minimum Inhibitory Concentration (MIC) value at the lowest
concentration of fosfomycin that inhibits the bacterial growth discarding any single a colony or the

presence of a faint bacterial growth halo?®.

=  Broth microdilution:

The broth microdilution assay is the reference method for the determination of the MICs for
most antibiotics. In this case, the
antimicrobial concentration gradient
performed in the liquid medium and
each well contain an antimicrobial
concentration. Similarly, as in the agar
dilution assay, antimicrobial serial Log2

dilutions are evaluated. The bacterial

inoculum should be according to

standardized recommendations of 1-5

x 10° CFU/mL. After an incubation of
Figure 16. Microdilution plate showing inhibition of bacterial

growth4®, 16-20 hours the plates are analysed
and the MIC is established as the lowest antimicrobial concentration that inhibits the bacterial growth,

i.e. no turbidity present in the well%,

Most of the automated or semiautomated commercial methods are adaptations of this
technique that simplify and speed up the preparation and allow testing a wide range of antimicrobials

in a single assay.
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= Disc diffusion:

In the disc diffusion technique, the antimicrobial is placed on
a paper disc at a known amount. This paper disc is placed on a plate
of solid medium previously inoculated with a bacterial concentration
of 108 CFU/mL. The plate is incubated for 16 to 20 hours while the
antibiotic diffuses through the agar, creating a concentration

gradient forming a bacterial growth inhibition halo.

Then the reading is made by measuring the diameter of the

Figure 17. Antibiogram reading by
measuring the diameter of the
inhibition halo with the disc-
each assay. Both, the CLSI and EUCAST committees, include this diffusion technique?®.

inhibition halos in millimeters. Multiple antimicrobials can be

evaluated per plate; but only one microorganism can be present in

technique as reference method for the categorisation of the antimicrobial susceptibility.

This method offers a reliable and reproducible technique with an easy preparation and in
reading. Also, the availability of a wide range of commercial discs with standardized amount
antimicrobial permits a rapid implementation of this technique in the clinical microbiology routine. The
main limitation of this technique is that a MIC value is not obtained as a result, however a corelation

between millimeters of inhibition and MIC are performed in order to set the clinical breakpoints2°%201,

»= Gradient diffusion strips:

In the gradient diffusion strip technique, the antimicrobial is placed

on a plastic or paper strip in a concentration gradient of known and

S

numbered concentration. The strip is placed on a plate of solid medium
previously inoculated with a bacterial concentration of 108CFU/mL of the

microorganism under study. The plate is

onwseosaRERE

e
o

incubated for 16 to 20 hours and the
antibiotic diffuses through the agar,

creating an exponential concentration

gradient that forms an ellipse of -
Figure 18. Fosfomycin

inhibition of bacterial growth. The gradient diffusion strip
technique.

reading is made by taking as MIC value

,,,,,,,

Figure 19. Gradient diffusion strip - the interception of the bacterial growth with the strip [0,
technique?®.
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4.8. Clinical categories (Susceptibility breakpoints)

Susceptibility breakpoints are used to classify infection-causing microorganisms into clinical
categories of susceptibility or resistance. Pathogens that are in the susceptible clinical category will
have a higher probability of therapeutic success, while resistant pathogens will have a lower probability
of therapeutic success. Depending on the type of antibiogram used, the susceptibility breakpoints
points are expressed in concentration units in the case of antibiograms performed with a microdilution
or agar dilution method that provide MIC values; or in distances in millimeters if the disc-diffusion

technique is used?®.

Itis important to understand that therapeutic success in a patient depends not only on the direct
interaction of the microorganism with the antimicrobial, which is what is routinely evaluated in a
microbiology laboratory, but also depends on immune factors, pharmacokinetics, pharmacodynamics,
and other aspects. This makes necessary to periodically review and update the breakpoints that
establish the clinical categories, modifying them if necessary, depending on new evidences on the

factors mentioned above, that may impact in the clinical success of the antimicrobial treatment?®.

= (Clinical breakpoints

The clinical breakpoints intended to mark the concentration of an antimicrobial that predicts
the efficacy of a treatment using a standard dose during an infection caused by a certain
microorganism?%2%,_ There are no breakpoints for all possible combinations of antimicrobials and
microorganisms; combinations of microorganisms and antimicrobials with intrinsic resistance are
excluded, although other combinations are also excluded because there is insufficient evidence to

establish them.

- In 2019 the definitions of clinical categories were modified. These categories are
established based on the degree of exposure of the microorganism to the antimicrobial at
the site of infection, which will depend on several factors such as mode of administration,
dose, dosing interval, infusion time; as well as distribution, metabolism, and excretion of
the drug. These categories are defined as?%’:

- Susceptible to standard doses (S): a microorganism is classified in this category when there
is a high probability of therapeutic success using a standard antimicrobial agent dose
regimen.

- Susceptible to increased antimicrobial exposure (1): a microorganism is classified in this
category when there is a high probability of therapeutic success due to increased exposure
to the antimicrobial agent due to adjustments in dosage or concentration of the agent in

the focus of infection for physiological reasons.
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- Resistant (R): a microorganism is classified as resistant when there is a high probability of

therapeutic failure, even in a situation of increased exposure to the antimicrobial agent.

= Epidemiologic Cut-Off: ECOFF
The epidemiological cut-off values, or ECOFF, was established by EUCAST and is determined for
a bacterial species against a specific antimicrobial. The ECOFF corresponds to the highest MIC value of
isolates of the same species that do not present acquired resistance mechanisms against the
antimicrobial and are therefore considered as wild-type strains?®. They are determined by studying the
MIC distribution curve of values evaluated in a large number of isolates for an antimicrobial by its

reference method?®.

The clinical response to a treatment does not depend on the defined category by the
epidemiological cut-off value, but they serve to monitor and detect the appearance of new resistance
mechanisms. Mechanisms that may occur despite MIC values below the clinical breakpoints. ECOFFs,
like clinical cut-off points, should be reviewed periodically. For example, in 2020, the ECOFF for
fosfomycin against E. coli changed from 8 to 4 mg/L and in 2022 the ECOFF for K. pneumoniae, was set
at 128 mg/L. However, it is not always possible to establish a cut-off value that separates the population
without acquired resistance mechanisms from those with acquired resistance mechanisms?2°.

Fosfomycin / Escherichia coli
International MIC distribution - Reference database 2022-11-28

Based on aggregated distributions

MIC distributions include collated data from multiple sources, geographical areas and time periods and can never be used to infer rates of resistance
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Figure 20. Distribution of fosfomycin MIC in 2351 E. coli isolates. ECOFF: 4 mg/L with confidence interval of 1-4%1°,
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Fosfomycin / Klebsiella pneumoniae
International MIC distribution - Reference database 2022-11-28
Based on aggregated distributions

MIC distributions include collated data from multiple sources, geographical areas and time periods and can never be used to infer rates of resistance
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Figure 21. Distribution of fosfomycin MIC in 1396 K. pneumoniae isolates. ECOFF: 128 mg/L with confidence
interval of 64-25621°.

In addition, it is important to keep in mind that the efficacy of an antimicrobial agent depends
on the relationship between the MIC of the microorganism and the exposure of the microorganism to
the agent in the patient. Thus, the clinical outcome depends on the triangular relationship between
MIC, exposure, and efficacy. And in turn, the exposure of the microorganism to the antimicrobial agent

in the patient depends on the dose and pharmacokinetic properties of the drug?*!.

=  Fosfomycin susceptibility breakpoints

According to CLSI and EUCAST, the agar dilution method supplemented with G6P at a
concentration of 25 mg/L is the reference method for fosfomycin susceptibility studies and both
recommend the addition of 50 ug of G6P for the sensitivity study with disc-diffusion of 200 pg of
fosfomycin. However, they differ in the application and interpretation of the susceptibility breakpoints
for this antimicrobial against Enterobacterales. EUCAST establishes that the study of susceptibility to
fosfomycin by the disc diffusion method and/or techniques that provide MIC values is applicable to E.
coli, while only the susceptibility breakpoints according to MIC can be applied to the rest of
Enterobacterales. However, CLSI set the fosfomycin susceptibility breakpoints, both obtained by disc-

diffusion and MIC, exclusively to E. coli of urinary origin?%%2°2,

The clinical susceptibility breakpoints for Enterobacterales, EUCAST establishes as susceptible

those MIC values <8 mg/L and as resistant if >8 mg/L for an oral use of fosfomycin for the treatment of
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uncomplicated urinary tract infection caused by E. coli. However, it establishes in susceptible category
those MIC values €32 mg/L and as resistant if the concentration is >32 mg/L for the intravenous use of
fosfomycin. On the other hand, CLSI set the categories of susceptible if the MIC is <64 mg/L,
intermediate for a MIC of 128 mg/L and resistant when it is 2256 mg/L. Similarly, the susceptibility
breakpoints for disc-diffusion techniques differ between committees. According to the CLSI, those
growth inhibition halos 216 mm are considered as susceptible, intermediate if the diameter is between
13-15 mm and resistant when the size is <12 mm. For EUCAST, those isolates with a growth inhibition
halo =24 mm is considered as susceptible. EUCAST differentiates between the susceptibility breakpoints
applied for the intravenous fosfomycin formulation from those applied to oral fosfomycin for the
exclusive treatment in uncomplicated UTIs?®2%', However, these breakpoints are under revision and

will be soon harmonised?'2.

Since 2017, in the breakpoint tables for interpretation of MICs and zone diameters of EUCAST
published a section exclusively dedicated to the interpretation of inhibition zones in the fosfomycin
disc-diffusion assays. These colonies that appear inside the inhibition zones can be considered as
bacterial subpopulations with reduced susceptibility with respect to the rest of the bacterial population,
showing a heteroresistance phenotype. However, the document does not mention the possible clinical

implication or relevance of this phenomenon.

a-c) ignore all colonies and read the edge of the outer zone of inhibition.
d) register as a non-inhibition zone.

Figure 22. Examples to correct analysis and interpretation of inhibition zones in fosfomycin disc-diffusion assays

against E. coli?®.

Contrary, CLSI has no interpretation for the inhibition zones in the presence of a
heteroresistance phenotype for the study of fosfomycin susceptibility. CLSI simply states in general
terms that in the presence of bacterial heteroresistance to an antimicrobial, the study with molecular

techniques "may" be more appropriate than the phenotypic sensitivity study?2.
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4.9. Subpopulations

The usual view of homogeneity in the metabolism of prokaryotic populations has been
increasingly challenged in recent years, especially since the advent of single-cell technologies?!*. These
methodologies have revealed the existence of a complete repertoire of responses to specific
environmental conditions in individual microorganisms within the same population?®®. The
diversification of metabolic pathways in single cells within otherwise clonal populations can be
considered as a particular case of phenotypic variation, where different regulatory or epigenetic traits
lead to the stochastic manifestation of alternative traits in isogenic individuals?'®?Y’. This allows
phenomena such as persistence, i.e., the appearance of a fraction of living but nongrowing cells in a
bacterial pool under a given circumstance, to occur, which is one of the most intriguing cases of
phenotypic variation. Persistence ensures the survival of cells exposed to agents that act on growing
bacteria, e.g., some antibiotics. Once the selective pressure is stopped, persistent bacteria can resume
growth and completely rebuild the original population?:8. Also, the existence of subpopulations allows
the phenomenon of heteroresistance?'®. Regardless of the mechanisms underlying these behaviours,
the question that arises is whether these population differences are an adaptive trait or simply a chance

occurrence that is beneficial for bacteria that are susceptible to the antimicrobial agents®®°.

= Heteroresistance

The generalized definition of heteroresistance is the presence of a heterogeneous population
of bacteria with one or more subpopulations with a decreased susceptibility to the antibiotic compared
to the main population?®. The genetic mechanisms leading to heteroresistance are multiple, and not
all of them are well known. It should be noted that this definition encompasses a multitude of different
underlying factors that bring different connotations to the heteroresistant bacterial population such as:
the clonal origin of the bacterial population, the level of resistance of the subpopulations compared to
that of the main population, the frequency of resistant subpopulations, and the stability of the

heteroresistant phenotype (Figure 23)2%.

Depending on the clonal origin of the bacterial population, heteroresistance may be polyclonal
or monoclonal. A bacterial clone is defined as those bacterial cells that arise from a single isolated CFU.
Thus, polyclonal heteroresistance is defined when the heterogeneity in resistance of the bacterial
population is due to the presence of different bacterial clones, genetically different, one susceptible,
and the other resistant. In polyclonal heteroresistance, when the different bacterial clones are
separated, isolated and purified in CFU, the heteroresistance phenomenon disappears. However, in
monoclonal heteroresistance, the heterogeneity of resistance is generated from a single bacterial clone

that differentiates into two different populations, one susceptible and the other resistant in the
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absence of antibiotic pressure. The difference from the previous case is that the frequency with which
resistant mutant populations spontaneously appear from the general susceptible population is very
high. Therefore, a CFU contains millions of individual bacterial cells that has been formed from the
division of a single bacterial cell, from a single clone, will in turn be composed of a population variety
of resistant and susceptible cells. This heteroresistance phenotype will be maintained even when pure
clones are analyzed as opposed to polyclonal?®.

a Clonality

Polyclonal heteroresistance Polyclonal heteroresistance

Heteroresistance linked to mixed infections
(detected only in populations)

Heteroresistance linked to rare resistant mutants that slowly increase in
proportion during antibiotic treatment (detected only in populations)
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Figure 23. Factors to consider when defining heteroresistance??°,

Considering the level of resistance of the subpopulations with respect to the majority
population, it can be said that most bacterial isolates can present subpopulations that grow at antibiotic
concentrations close to their MIC. But there is an absence of criterium to define heteroresistance
phenotype. Some studies define bacteria as heteroresistant when the MIC of the subpopulations are

higher than 2 to 8 (base 2 serial dilutions) above the MIC of the majority population. Other definitions
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include the presence of populations in which the resistant subpopulation exceeds the clinical

susceptibility breakpoints established for the antibiotic%°.

The proportion or frequency of resistant subpopulations within the majority population is also
a factor to be consider when defining an isolate as heteroresistant. This frequency indicates the number
of resistant bacterial cells (or cells with decreased sensitivity) in the population. In the monoclonal
heteroresistance, both the susceptibility and concentrations of the antibiotic used to study the resistant
subpopulations and the minimum proportion established to consider these subpopulations as
significant, will influence the classification of the isolate as heteroresistant. In the latest review on
heteroresistance by Andersson et al., they propose that the frequency of bacterial subpopulations
should be reported at a concentration of antibiotic 8 times higher than the MIC of the main

population?%.

The stability of the resistant subpopulations is another factor to be considered when defining
heteroresistance, since this phenomenon can be stable or unstable and can affect the ability to be
detect. Unstable heteroresistance is defined when resistant subpopulations can become susceptible

again in the absence of antibiotic pressure after 50 generations in the absence of antibiotic?%.

The frequency of heteroresistance in clinical isolates depends on the definition used or the
detection method; therefore, a great variability of heteroresistance rates is observed, ranging from 0%
to 100% for the same combination of antibiotics and bacterial species, depending on the study.
The frequency of heteroresistance to fosfomycin in clinical isolates has been studied in different

bacterial species, and the same heterogeneous results have been observed94221:222,223,224
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V.

HYPOTHESES AND OBJECTIVES

The problem of antimicrobial resistance is limiting the treatability of infections caused by

bacteria. Numerous strategies have been proposed to solve this problem, including the reintroduction

of antimicrobials in disuse and the optimization of treatments. Therefore, more knowledge is needed

on older antimicrobials, antibiotics to which bacteria remain sensitive, such as fosfomycin. These

studies would allow an optimization of their use, in single treatment and in combination with other

antimicrobials or adjuvants. Therefore, the hypotheses and objectives of this work are the following:

1. Hypothesis

Fosfomycin resistance in Klebsiella pneumoniae is explained by the presence of the fosfomycin
inactivating enzyme chromosomal FosA together with inactivation of the fosfomycin transporter
GlpT and UhpT.

Fosfomycin susceptibility in K. pneumoniae can be restored using sodium phosphonoformate as
FosA inhibitor.

Fosfomycin activity can be enhanced activating glpT transcription increasing glycerol-3-
phosphate intracellular concentrations with glycerol in E. coli.

Inorganic phosphate extracellular concentrations modify E. coli fosfomycin susceptibility at

human physiological concentrations.

2. Objectives

To study the interaction between the main determinants of fosfomycin resistance in K.
pnheumoniae.

To evaluate the activity of sodium phosphonoformate (PPF) as a FosA inhibitor in K. pneumoniae.
To determine the effect of glycerol as an inducer of the glpT transporter at therapeutic
concentrations and to understand the effect of glycerol on the activity of fosfomycin at
therapeutic concentrations against E. coli.

To study whether the physiological concentrations of phosphate can affect the transport of

fosfomycin in E. coli.
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1. Interplay among Different Fosfomycin Resistance Mechanisms in

Klebsiella pneumoniae.

Infections with extended-spectrum beta-lactamase (ESBL)-producing Klebsiella pneumoniae are
of particular concern. Fosfomycin is an antimicrobial currently approved in several countries for the
treatment of uncomplicated urinary tract infections caused by Enterobacteriaceae, with activity against
multidrug-resistant strains of K. pneumoniae. However, the study of fosfomycin resistance
determinants in K. pneumoniae has not been sufficiently studied.

Therefore, the first article of the work aimed to determine the in vitro interaction between the
main determinants of fosfomycin resistance and fosfomycin resistance in K. pneumoniae. In addition,
we also evaluated the possibility of using PPF as an adjuvant of fosfomycin in the treatment against K.
pheumoniae.

The results obtained in this work are the following:

Fosfomycin resistance-related gene sequences.

The results for fosfomycin resistance-related proteins (GlpT, UhpT, FosA, CyaA, Crp, Ptsl, MurA,
UhpA, UhpB, and UhpC) after de novo sequencing of the 12 K. pneumoniae isolates are shown in Table
1 (Art.1). No amino acid changes in CyaA, Crp, MurA, or UhpA were found in these clinical isolates
compared with K. pneumoniae ATCC 700721. Apart from polymorphisms with activity whose
significance is unknown, GlpT insertions were found in Kp58, Kp88 and Kp108, and deletions were
detected in Kp86. The clinical isolate Kp88 also showed a truncated UhpT protein due to a premature
stop codon.

Fosfomycin sensitivity.

The fosfomycin MICs for the isogenic collection and clinical isolates are shown in Table 1 (Art.1).
The modal MIC of the clinical isolates was 32 mg/L, and the MICs of fosfomycin ranged from 16 to
1,024 mg/L. For isogenic mutants, similar results were obtained for K. pneumoniae ATCC 700721, Kp12
and Kp142. The DglpT mutant showed no increase in MIC relative to that of the wild-type (WT) strain
(32 mg/L), whereas inactivation of uhpT led to a 32-fold increase. Deletion of fosA led to a change in
MIC 32-fold decrease relative to wild-type (1 mg/L).

Addition of 0.623mM PPF reduced the MIC values of fosfomycin against all clinical isolates by 2-
to 8-fold compared to no PPF. AuhpT and AfosA strains from the isogenic collection showed no
decrease in fosfomycin MIC with the addition of PPF. Furthermore, the MICs of fosfomycin against
Kp12 and Kp142 AfosA strains were 4-fold and 8-fold higher, respectively.

Synergy assays.
The combination of fosfomycin and PPF showed synergistic activity against K. pneumoniae ATCC

700721, Kp12 and Kp142 strains (Fig. 1, Art.1). According to the synergy score (ZIP), the mean (and
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maximum) bacterial response ratios attributable 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 zone occurred at fosfomycin ranges of 2 to 32 mg/L, and at PPF ranges of 0.3 to 2.5mM.
Mutant frequencies.

The results of mutant frequency estimates are shown in Fig. 2 (Art.1). The lowest frequencies of
fosfomycin-resistant mutants were found among the AfosA mutants with a decrease in frequency from
1.69 x 10! to 1.60 x 10 at 64 mg/L and from 5.38 x 103 to 2.13 x 10 at 512 mg/L relative to their
wild-type strains. In terms of fosfomycin mutant selection, little or no differences were observed
between AglpT and wild-type strains. The AuhpT mutation showed a frequency close to 1, confirming
the existence of a uniform population with an MIC above the selection conditions of fosfomycin. The
addition of PPF had no effect on mutant frequencies (Fig. S1, Art.1).

Bacterial growth monitoring.

Figure 3 and Fig. S2 (Art.1) show the results of the 24-h growth monitoring assays. With respect
to the isogenic collection of mutants (Fig. 3, Art.1), the AfosA strains showed the highest susceptibility
after exposure to fosfomycin, with no growth at concentrations of 32, 8 and 4 against K. pneumoniae
ATCC 700721, Kp12 and Kp142, respectively. High viability of the AglpT and AuhpT mutants was
observed across the range of fosfomycin concentrations tested. Finally, the addition of PPF did not
reduce the viability of any mutant except the Kp12 Ag/pT mutant. With respect to clinical isolates, in
susceptible strains without known fosfomycin resistance-related mutations, viability was not observed
at 256, 256 and 128 mg/L, respectively (Fig. S2, Art.1). The addition of PPF showed an increase in
fosfomycin activity, reducing by 3 log2 dilutions the concentration of fosfomycin capable of killing
viable bacteria. Although the isolates were susceptible but had mutations in GlpT, none of the tested
fosfomycin concentrations were able to eradicate bacterial growth. Similar results were obtained with
the highly resistant strains. No differences in viability were observed with the addition of PPF against
isolates with mutations or resistant.

Time-kill assays.

K. pneumoniae ATCC 700721, Kpl12, Kp142, and their derivatives at two concentrations of
fosfomycin (64 and 307 mg/L), with and without 0.623mM PPF. The results of the assays are shown in
Table 2 and Figs. S3, S4 and S5 (Art.1).

Heterogeneous bactericidal effect of fosfomycin was observed at both concentrations studied,
with a bactericidal effect or decrease in bacterial load during the first hours of the study, in all strains
except for the uhpT gene mutant. In all cases (except Kp142 at 307mg/L and mutants for the fosA gene)
there is regrowth at the end of the assay. The bactericidal effect was not increased by the addition of

PPF.
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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.

KEYWORDS Klebsiella pneumoniae, antimicrobial resistance, fosfomycin

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

March 2021 Volume 65 Issue3 e01911-20

aacasm.org 2

VIdVLISHIAINN NIDV.LO9/3SN ¥e 120z 'S Ydre uo /Bio wsedee//:dny woly papeojumoq


https://aac.asm.org
http://aac.asm.org/

Fosfomycin Resistance in Klebsiella pneumoniae

A

Kp ATCC 700721
Synergy score: 15.46
Most synergistic area score: 42.96

Kp12
ZIP synergy score: 26.88
Most synergistic area score: 65.15

10- 10-
s s
& g
5 5
£ £ 25
3 3
§ 8
98_, o 12
£ £
2 S os
£ é 0.3
5 5
8 & 02
- : : : = = : : : ; : : 0- ; : : : = : : : : : :
0 05 1 2 4 8 16 32 64 128 256 512 0 05 1 2 4 8 16 32 64 128 256 512
Fosfomycin concentration (mg/L) Fosfomycin concentration (mg/L)
B 100 100-
80 80-
c f =
< 601 £ 604
5 8
£ €
= 404 = 40+
® ES
20+ 20+
0 T T T T T T T T T T T 1 0 T T T T T T T T T T T 1
D D N U X D0 >R O N B D N U X D00 ;RO N
P © I PP NN N WP N
Fosfomycin concentration (mg/L) Fosfomycin concentration (mg/L)
100 100+
80 80
§ 5
£ 60 2 604
8 8
£ £
= 404 . = 40
X B
L]
- L] o
04, 0 4 ¢ 201 o . .
° . N ° ]
0 T T T T T T 1 0 T T T T T T 1
N »
Q_@‘JQ{JQ@ v LIRSS Q&&«,Q@\mu%@

Sodium phosphonoformate concentration (mM) Sodium phosphonoformate concentration (mM)

Sodium phosphonoformate concentration (mM)

Kp 142
ZIP synergy score: 30.70
Most synergistic area score: 65.77

Antimicrobial Agents and Chemotherapy

0

% Inhibition

% Inhibition

100+

0.5

3
i

o
<

I
<

Score

L

1 2 4 8 16 32 64 128 256 512
Fosfomycin concentration (mg/L)

60

40

20+

?\Y\\\
KN R

T T T T T 1
P D ® Y
& PP

Fosfomycin concentration (mg/L)

—40
g0

. ’ﬁ

N ™

Q
Sodium phosphonoformate concentration (mM)

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
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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
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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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Table S1. Primers and plasmids used to construct and check the mutant isogenic collection.

Primers Sequence

ApmR-5ext 5'- CTGTTGCAAATAGTCGGTGGTGA-3'

ApmR-3ext 5' -CCGAGATCCGTTGATCTTCCT-3'
5'-

1bT KO Fwd' TTAAGTATTTTTAAACCCGCCGCGCATAAAGCGCGTTTGCCA

gpi_Av_ GCAGCGGAGATTGATCCGCTATATCGCCGATTACGCTGattcegg
goatccgtegace-3°
St

olpT 'KO Rev GGCTTGTTTCAGCTGTTGGTGATGGCGACGTTCACCGAGCAT

CACGATAACCAGCAGGATAACCGCCAGCACGCTGCCGC Ctgtagg
ctggagctgette-3°

Pre-H1-glpT Kp

5'-CACGAAATCACATAACACGCTC-3'

Post-H2-glpT Kp

S'-CACCAGGTCTTGCTCAAGGTAATC-3'

5
CTGGCCTTTCTGAATCAGGTGCGCAAGCCGACCCTGGATCTG

SopL ey Tewsl CCGCTCGATGTGCGGCGCAAAATGTGGTTCAAACCT TTattcegg
ggatccgtegace-3’
5'-
, GGCGGCCTGCAAAATACGGTTCTTTTTCTCGCGGCGAATTTTA
uhpT 'KO _Rev

CGCTCTTCAAAGATAGCCACGATGGCCATCAGGCAGAtgtagget
ggagctgette-3’

Pre-H1-uhpT Kp

5-CCAGCGAAGCGTGATGTAGCT-3"

Post-H2-uhpT Kp

5"-CCTCTCATCCAATCGCAGCCTGA-3"

5
CTGAGTGGACTGAATCACCTGACCCTGGCAGTCAGCCAGCTG

Rosh. BO Tt GCGCCGAGCGTGGCGTTTTATCAGCAGCTGCTGGGCATattecgg
goatccgtcgace-3°
5
CTGATCAAAAAACACCATCCCCTTATACGGCTGTTCGCGGCA
fosA_'KO_Rev

GGCGGCCAGACGCTGGGCGAGACTGCCGACGTGCAGCTtgtagg
ctggagctgctte-3°

Pre-H1-fosA Kp

5-GAGACCCTGCGCAATAGCGAT-3"

Post-H2-fosA_Kp

5’-CCTGCCGCCGACCGAGAAACAT-3

Plasmid

Description Source

plI773

Template to amplify the apramycin resistance gene,
aac(3)IV, and flanking FRT sites.

Addgene

PACBSR-Hyg

A p15A replicon plasnud containing an arabinose-
inducible A-red recombinase and hygromycin
resistance marker. Thermosensitive; 1t replicates at
30° but not 37°C.

Addgene

pFLP-Hyg

Plasnud bearing a heat-shock inducible FLP
recombinase with p15A replicon and hygromycin
resistance. It was used to excise the apramycin
selection marker from the chromosome via FRT
sites.

Addgene
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Table S2. Median (IQR) frequencies of spontaneous fosfomycin (64 and 512 mg/L) and rifampicin
resistant mutants (100 mg/L), with and without the addition of 0.623mM of PPF.

Fosfomycin mutant frequencies Rifampicin mutant frequencies
°Strains (%] +0.623mM PPF
64 mg/L 512 mg/L 100 mg/L
. . : I 1.77x10°% 2.09x10°°
E. coli MG1655 10* 10 (1.15x10%. 2 47x10%) | (1.71x10°%. 2 46x10%)
— 7.50x10° 9.20x107 3.45x10% (2155107, 2 35x10°
T _ : ]
ATCC 7o (625x10%. 187%10%) | (9.14x10”. 1.09x10%) 3.04x10%) (1.06x10°. 2 45x107)
3.00x10° 5.00x10 (3 75x10°. ‘ _
ATCC Afos4 (1.50 %107, 167 x109) 5.86x107) ND ND
1.60x10° 8.10x10%. | 7.20x10° (5.35x10°, _
ATCC AgbT 2 80x10%) 1.36x10%) o ot
. 14 3.66x107 _ ,
ATCC AuhpT (8.55 x10°, 2.01) (1.83x10°). 4.04x10°) e it
v 241x10° 443x107 5.80x107 105x10%
Kpl2 (2.04x10%.280x10%) | (2.48x107.926x107) | (9.43x101 8.82x10%) | (9.26x107%. 2 01x10%)
4.08x107 3.08x1010
;. - = ]
Kpl2 Afasd (2.94x107.709x107) | (2.53x107° 2.08x101%) s il
1.00x10° 6.73x10% ‘ ,
Kp12AglpT (1.09x10%, 333x10%) | (5.72x10°. 2 70x10) ND ND
9.37x107 9 11x107
>
Kp12 AubpT (649x102.132x10%) | (5.26x107. 1.17x10Y) N N
e 1.04x10° 7.81x10° 132x10° (651x10%, | 2.48x10° (1.95x10°,
Kpl42 (5.69 x10°, 3.80x107) (3.9x10°%, 3.79x107%) 2.23x10%) 3.23x10%)
1.67x10° 1.67x10% :
Kp142 Afosd (146x10°.7.50x10%) | (1.46x10°.250x10%) ND ND
7.50x10° 6.00x10°
2 / .
Kp142 AglpT (4.78 x10°. 3.00) (4.50x10°. 1 40x10Y) ND ND
3.00x107 133107 :
Kp142 AuhpT G43x10%. 170) (9.52x10°. 327x10%) ND ND

Figure S1. Frequencies of spontaneous rifampicin resistant mutants of ECMG1655, KpATCC, Kpl2
and Kp142 wild-type strains after incubation, with and without PPF. Black lines represent the median
values of the three replicates.
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Figure S2. Viability of clinical isolates against fosfomycin concentrations from 0-256 mg/L, with and
without 0.623 mM PPF after 24h. Lines stand for mean values of measured viability. Symbols represent
single results of the replicates.
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Figure S3. Time-kill results for KpATCC 700721, wild-type (WT), and isogenic mutant strains using

64 and 307 mg/L fosfomycin, alone and in combination with 0.623 mM PPF. Dashed lines represent
bacterial concentrations in fosfomycin-containing plates (64 mg/L).
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Figure S4. Time-Kkill results for Kp12, wild-type (WT), and isogenic mutant strains using 64 and 307

mg/L fosfomycin, alone and in combination with 0.623 mM PPF. Dashed lines represent bacterial
concentrations in fosfomycin-containing plates (64 mg/L)
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Figure S5. Time-kill results for Kp142, wild-type (WT), and isogenic mutant strains using 64 and 307

mg/L fosfomycin, alone and in combination with 0.623 mM PPF. Dashed lines represent bacterial
concentrations in fosfomycin-containing plates (64 mg/L)
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2. Effect of Glycerol on Fosfomycin Activity against Escherichia coli.

The bactericidal action of fosfomycin require the entry into the cytoplasm. This entry is
mediated by the GlpT (glycerol-3-phosphate transporter) and UhpT transporter (hexose phosphate
transporter). UhpT is induced by the presence of G6P, and regarding GlIpT, this transporter is induced
by the presence of G3P. Thus, to fully observe fosfomycin activity, glucose-6-phosphate (G6P, inductor
of UhpT) is added for fosfomycin susceptibility assays according to the CLSI or EUCAST guidelines.
However, the role of the GIpT transporter in susceptibility testing remains unclear. Although the
addition of glycerol-3-phosphate induces the GIpT transporter, it also reduces the transport of
fosfomycin by occupancy of the transporter site.

The use of glycerol could solve the problem of activating the glpT transporter (indirect way)
without reducing the intake of fosfomycin. However, fosfomycin activity has not been previously
studied in combination with glycerol. Therefore, the objective of the present study is to characterize
and evaluate the activity of fosfomycin using glycerol at clinically physiological concentrations for the
activation of the GIpT transporter.

The results obtained in this work are the following:

Fosfomycin Transporters Promoters Activity

The results on the promoter activity of glpT and uhpT at the time points 4 h, 12 h, and 24 h are
shown in Figure 1 (Art. 2). Furthermore, the 24-h fluorescence kinetics is shown in the Supplementary
Materials (Figure S1, Art. 2). The presence of glycerol produced a significant increase in glpT
transcription for both strains at 12 and 24 h. This increase was minimal or absent within the first 4 h,
but after this initial lag period, glpT transcription increased during the remainder of the assay. The
addition of G6P did not modify the expression of glpT. Regarding the promoter activity of uhpT, the
addition of G6P, but not glycerol, increased the expression of uhpT within the first 4 h, followed by a
gradual decline.

The results of flow cytometry are shown in Figure 2 (Art. 2). In the absence of glycerol and G6P,
no expression of the uhpT gene was observed. The addition of G6P increased the percentage of positive
events at 4 h. However, the fluorescence decreased after 24 h. Regarding the expression of the glpT
gene in MHB alone at 4 h, E. coli ATCC25922 showed glpT expression. The addition of glycerol increased
the percentage of positive events for both strains, except for the case of E. coli ATCC25922 with 7
mg/mL of glycerol. At 24 h, almost all the population of E. coli ATCC25922 and half of the population of
E. coli MG1655 showed fluorescence without glycerol. The addition of glycerol increased the
percentage of positive events for both strains, except with 7 mg/mL of glycerol. The fluorescence
intensity was higher in the case of the E. coli ATCC25922 strain, closer to the intensity obtained by the

positive control.
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Susceptibility Testing

The fosfomycin MICs, performed with the reference method, for the isogenic collection are
shown in Table 1 (Art. 2), and the results of disk diffusion are shown in Figure 3 (Art. 2).

With the agar dilution assay, in wild-type strains, the MIC with G6P is 2mg/L, without G6P, the
MIC increased to 64 and >64 mg/L. The mutant for glpR gen is susceptible in all conditions evaluated
(MIC=1-4 mg/L). Mutants for uhpT and glpT-uhpT presented resistant phenotype in all conditions
evaluated (>64 mg/L). The rest of mutant evaluated showed MIC of 1 - 4 mg/L with G6P, and 32 - >64
mg/L. The addition of glycerol did not improve fosfomycin activity (MIC drop by +/-1 log2 dilution) with
respect to fosfomycin alone or in combination with G6P, in any conditions evaluated.

Regarding the disk diffusion, in wild-type and mutant AuhpT, the increase in glycerol causes an
increase in the inhibition zone (increased susceptibility). In the mutant AglpT, there is an increment of
inhibition zone with the addition of 1.8 and 7mg/mL of glycerol (no addition of G6P conditions). In the
mutant AcyaA, there is an increment of inhibition zone with the addition of 0.45 and 1.8mg/mL of
glycerol (+G6P). The addition of any concentrations of glycerol modification the inhibition zone of the
mutants AglpT-uhpT, AglpK and AglpR.

Fosfomycin and Glycerol Interaction Assay

The result of the interaction assay is shown in Table 2 and Figure S2 (Art. 2). The combination
of fosfomycin and glycerol showed synergistic activity (ZIP score > +10) G6P for the wild-type strains
and for E. coliMG1655 AuhpT strain with G6P and without. The most synergistic area occurred between
7-28 mg/mL of glycerol and 0.5-2 mg/L of fosfomycin for the E. coli ATCC25922 strain. Similar results
were observed for the E. coli MG1655 strain, but at 0.25-1 mg/L of fosfomycin. In the case of MG1655
AuhpT, the greatest synergy was observed at the same concentration as that observed for the
ATCC25922 strain with and without G6P. Antagonism (ZIP score < -10) was observed against the
MG1655 AglpT-uhpT strain under any conditions.

Fosfomycin and Glycerol Time-Kill Assays

The strains were evaluated at two concentrations of fosfomycin (64 and 307 mg/L), without
glycerol, and with two concentrations (0.45 and 7 mg/mL). The results are shown in Figure 4 and Figure
S3 (Art. 2). The addition of glycerol and G6P did not modify growth under control conditions.
Fosfomycin alone at 64 mg/L showed a bactericidal effect within the first 4 h against the wild-type and
the E. coli MG1655 AuhpT mutant strains, but bacterial regrowths were observed at 8 and 24 h. The
addition of G6P also showed a bactericidal effect within the first 4-8 h in all strains except MG1655
AuhpT and AglpT-uhpT and prevented the bacterial regrowth for the wild-type strains and the MG1655
AglpR and AglpK mutant strains. The addition of glycerol at both tested concentrations did not improve

the bactericidal effect against any of the evaluated strains. Fosfomycin alone at 307mg/L showed a
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bactericidal effect against all the strains within the first hours, except for MG1655 Ag/pT and AglpT-
uhpT strains. However, bacterial regrowth was observed except for the wild-type ATCC25922 and
MG1655 AglpR strains. The addition of G6P improved the bactericidal effect and prevented the
regrowth in all the strains except for MG1655 AuhpT and AglpT-uhpT. The addition of glycerol at both
concentrations did not improve the bactericidal effect in any of the evaluated strains. Only against
MG1655 AuhpT strain fosfomycin combined with 0.45 mg/mL of glycerol showed an initial improved

activity; however, bacterial regrowth was observed after 24 h.
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Abstract: Fosfomycin is an antimicrobial that inhibits the biosynthesis of peptidoglycan by entering
the bacteria through two channels (UhpT and GlpT). Glycerol is clinically used as a treatment for
elevated intracranial pressure and induces the expression of glpT in Escherichia coli. Glycerol might
offer synergistic activity by increasing fosfomycin uptake. The present study evaluates the use
of glycerol at physiological concentrations in combination with fosfomycin against a collection of
isogenic mutants of fosfomycin-related genes in E. coli strains. Induction of fosfomycin transporters,
susceptibility tests, interaction assays, and time-kill assays were performed. Our results support the
notion that glycerol allows activation of the GlpT transporter, but this induction is delayed over time
and is not homogeneous across the bacterial population, leading to contradictory results regarding
the enhancement of fosfomyecin activity. The susceptibility assays showed an increase in fosfomycin
activity with glycerol in the disk diffusion assay but not in the agar dilution or broth microdilution
assays. Similarly, in the time-kill assays, the effect of glycerol was absent by the emergence of
fosfomycin-resistant subpopulations. In conclusion, glycerol may not be a good candidate for use as
an adjuvant with fosfomyecin.

Keywords: fosfomycin; antimicrobial resistance; optimization treatment

1. Introduction

Bacterial resistance has been steadily increasing in recent decades, along with the lack
of new active drugs, leading to the need to reuse old antimicrobial agents as an alternative
strategy [1,2] to combat increased morbidity and mortality worldwide [3]. Fosfomycin
is a broad-spectrum antimicrobial approved for the treatment of uncomplicated urinary
tract infections, soft tissue infections, and sepsis caused by Enterobacteriaceae [4,5]. The
bactericidal action of fosfomycin is achieved by interrupting the first step of peptidoglycan
biosynthesis by blocking the MurA enzyme, thus requiring entry into the cytoplasm. This
entry is mediated by the GlpT (glycerol-3-phosphate transporter) and UhpT transporters
(hexose phosphate transporter), which belong to the major facilitator superfamily [6]. The
expression of these transporters is regulated by many factors. As many other genes involved
in the catabolism of secondary carbon sources, both are controlled by the concentration of
cyclic AMP (cAMP, synthesized by adenylate cyclase encoded by the cyaA gene) bound
to its transcriptional dual regulator CRP (cAMP receptor protein receptor) [7]. Therefore,
the absence of the cyaA gene leads to increased resistance to fosfomycin [8]. Moreover,
each transporter is induced by its own substrate. UhpT is induced by the presence of
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G6P, which is detected in the periplasmic space by the two-component system UhpBC,
where UhpB phosphorylates UhpA acting as a transcriptional activator of uhpT. Thus,
mutations in any gene in this system lead to increased resistance to fosfomycin [9]. With
regard to GIpT, this transporter is induced by the presence of G3P, which binds to GIpR, a
transcriptional repressor of glpT, causing a loss of affinity for the promoter, thus inducing its
transcription. Loss of function of this gene would increase the sensitivity to fosfomycin [10].
In this sense, the main mechanism of resistance in E. coli clinical isolates is the loss of
function of these transporters or genes involved in their regulation [6]. Thus, to fully
observe fosfomycin activity, glucose-6-phosphate (G6P, inductor of UhpT) is added for
fosfomycin susceptibility assays according to the CLSI or EUCAST guidelines. However,
the role of the GlpT transporter in susceptibility testing remains unclear. Although the
addition of glycerol-3-phosphate induces the GlpT transporter, it also reduces the transport
of fosfomycin by occupancy of the transporter site [11]. Alternative activators should be
explored to overcome this problem in order to increase the activity of fosfomycin. In this
sense, glycerol could be a good candidate for this function. Glycerol is a triol that can be
used by E. coli as a carbon source and has also been used orally or intravenously in clinical
practice as a potent osmotic dehydrating agent in the treatment of elevated intracranial
pressure [12]. In E. coli, glycerol enters the bacterium through passive diffusion or through
the glycerol facilitator, the GIpF transporter [13]. Once inside, it is phosphorylated by
GlpK kinase, producing intracellular glycerol-3-phosphate. This endogenous glycerol-3-
phosphate can remove the GlpR repressor from the glpT promoter region, activating its
transcription [13-15]. The use of this carbon source could solve the problem of activating the
glpT transporter without reducing the intake of fosfomycin. However, fosfomycin activity
has not been previously studied in combination with glycerol. Therefore, the objective of
the present study is to characterize and evaluate the activity of fosfomycin using glycerol
at clinically physiological concentrations for the activation of the GlpT transporter.

2. Results
2.1. Fosfomycin Transporters Promoters Activity

The results on the promoter activity of glpT and uhpT at the time points 4 h, 12 h,
and 24 h are shown in Figure 1. Furthermore, the 24-h fluorescence kinetics is shown in
the Supplementary Materials (Figure S1). The presence of glycerol produced a significant
increase in glpT transcription for both strains at 12 and 24 h. This increase was minimal
or absent within the first 4 h, but after this initial lag period, glpT transcription increased
during the remainder of the assay. In the case of E. coli ATCC25922, the highest transcription
of glpT was observed at the maximum glycerol concentration of 7 mg/mL. While in the case
of E. coli MG1655, the maximum activity of the glpT promoter was observed at a glycerol
concentration of 1.8 mg/mL. The addition of G6P did not modify the expression of glpT.
Regarding the promoter activity of uhpT, the addition of G6P, but not glycerol, increased
the expression of uhpT within the first 4 h, followed by a gradual decline.

The results of flow cytometry are shown in Figure 2. In the absence of glycerol
and G6P, no expression of the uhpT gene was observed for E. coli ATCC25922 and E. coli
MG1655. The addition of G6P increased the percentage of positive events at 4 h (76.9% and
99.7%). However, the fluorescence decreased to 7.7% and 60% after 24 h. Regarding the
expression of the glpT gene in MHB alone at 4 h, 59.3% of the E. coli ATCC25922 population
and 1.1% of the E. coli MG1655 population showed glpT expression. The addition of
glycerol increased the percentage of positive events for both strains, except for the case
of E. coli ATCC25922 with 7 mg/mL of glycerol. At 24 h, almost all the population of
E. coli ATCC25922 (97.3%) and half of the population of E. coli MG1655 (54.5%) showed
fluorescence. The addition of glycerol increased the percentage of positive events for both
strains, reaching almost 100% of positive events in E. coli ATCC25922 and nearly 95% in
E. coli MG1655, except with 7 mg/mL of glycerol. The fluorescence intensity was higher
in the case of the E. coli ATCC25922 strain, closer to the intensity obtained by the positive
control (pMS201-PcyaA::gfpmut?2).
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Figure 1. Induction of the glpT and uhpT genes in the ATCC25922 and MG1655 strains. Fold induction
is GFP fluorescence after 4, 12, and 24 h of exposure, normalized to promoterless strains. Error bars
represent standard deviation. Significant p-values compared to their corresponding (*: p < 0.05;
**:p < 0.01; ***: p < 0.001; ***: p < 0.0001).
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Figure 2. Transcriptional analysis of glpT, uhpT, and cyaA expression in E. coli ATCC25922 and E. coli
MG1655 at 4 h and 24 h. GFP fluorescence in E. coli cells carrying the transcriptional fusions (P, r-gfp,
Punpr-8fp, and Peyaa-gfp) and grown in MHB alone or supplemented with glucose-6-phosphate (G6P)
or glycerol (GLY). The red and yellow areas identify the regions considered negative and positive for
the fluorescence signal, respectively (as assessed with cells carrying the empty pMS201vector or with

Peya-gfp fusion).
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2.2. Susceptibility Testing

The fosfomycin MICs, performed with the reference method, for the isogenic collection
are shown in Table 1, and the results of disk diffusion are shown in Figure 3.

Table 1. Fosfomycin MIC (mg/L) results by agar dilution without and with 7 mg/mL of glycerol and
25 mg/L of glucose-6-phosphate (G6P).

Fosfomycin MIC (mg/L)

No Glycerol Glycerol 7 mg/L
No G6P G6P 25 mg/L No G6P G6P 25 mg/L
E. coli ATCC25922 >64 2 64 2
Wild-type 64 2 32 2
AglpT >64 2 >64 2
. AuhpT >64 >64 >64 >64
E. coli
MG1655 AcyaA >64 4 >64 2
AglpR 4 1 2 1
AglpK >64 4 32 4
AglpT-uhpT >64 >64 >64 >64
. E. coli ATCC ) E. coli MG1655
£
E
g w0,  E-coliMG1655 AgipT ) E. coli MG1655 AuhpT
a 404
20+
601 E. coliMG1655 AglpT-uhpT _ E. coliMG1655 AcyaA
40
5
E 204
B E. coliMG1655 AglpR E. coli MG1655 AglpK
o 404 4
20 E
0- m
Control  045mg/mL 1.8mg/mL 7 mg/mL Control  045mg/mL 1.8mg/mL 7 mg/mL
Glycerol concentration Glycerol concentration

mm Reduced inhibition zone - Fosfomycin =21 Reduced inhibition zone - Fosfomycin+G6P
Bl Main inhibition zone - Fosfomycin mm Main inhibition zone - Fosfomycin+G6P

Figure 3. Results of fosfomycin susceptibility by disk diffusion assay with the addition of 0.45, 1.8,
and 7 mg/L of glycerol and/or 25 mg/L of glucose-6-phosphate (G6P). The dark-colored columns
show the diameter of the main inhibition zone (mean, mm), and the light-colored columns show the
diameter of the reduced inhibition zone (mean, mm). Error bars represent the standard deviation.
* denotes p < 0.05 with respect to their respective control.
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With the agar dilution assay, the fosfomycin MIC for E. coli ATCC25922 was 2 mg/L
with the addition of G6P. The absence of G6P increased the MIC to >64 mg/L, and the
addition of 7 mg/mL glycerol did not restore fosfomycin susceptibility. With respect to
the E. coli MG1655 strain, similar results were observed with a MIC of 2 mg/L with G6P,
64 mg/L without G6P, and 32 mg/L without G6P but with the addition of glycerol. The
fosfomycin MIC for the single uhpT and the double-gene mutant for both transporters
(AglpT-uhpT) were >64 mg/L for all the assayed conditions. For the remaining mutant
strains, the MIC ranged from 1-4 mg/L with the addition of G6P, >32 mg/L in the absence
of G6P, regardless of the addition of glycerol, except the mutant for AglpR gene (2 and
4 mg/L).

Regarding the results observed by the agar dilution method, the addition of glyc-
erol did not improve fosfomycin activity (MIC drop of >2 log, dilution) with respect to
fosfomycin alone or in combination with G6P.

Regarding the disk diffusion assays, considering the main inhibition zone, the results
showed that the wild-type strains significantly increased their fosfomycin susceptibility
with the addition of glycerol. This increase occurred with and without the addition of
G6P for both wild-type strains, except for the E. coli ATCC25922 strain with glycerol
(0.45 mg/mL) with G6P.

The use of fosfomycin without G6P generated a reduced inhibition zone for the E. coli
ATCC25922 but not for the E. coli MG1655 strains. It should be noted that the addition of
glycerol also generated this reduced inhibition zone under certain conditions. The addition
of glycerol did not modify the size of the reduced inhibition zone for the E. coli ATCC25922
strain but produced a reduced inhibition zone with the addition of G6P, also observed for
the E. coli MG1655.

With respect to the AglpT mutant, a significant increase in susceptibility was observed
with the addition of 1.8 and 7 mg/mL of glycerol. This increase did not occur with the
addition of G6P. Regarding the reduced inhibition zone, no changes were observed with
the addition of the different concentrations of glycerol, with or without G6P.

The E. coli MG1655 AuhpT mutant showed, in the reduced inhibition zone, a signifi-
cant increase in susceptibility with 1.8 and 7 mg/mL of glycerol, with and without G6P.
Furthermore, the addition of any concentration of glycerol significantly increased the main
inhibition zone, with or without G6P.

E. coli MG1655AcyaA strain showed a significant increase in susceptibility with 0.45
and 1.8 mg/mL of glycerol. The addition of 7 mg/mL of glycerol did not produce any
effect, regardless of the addition of G6P.

E. coli MG1655 AglpT-uhpT, AglpR, and AglpK strains did not show any significant
increase in susceptibility in any of the conditions evaluated.

2.3. Fosfomycin and Glycerol Interaction Assay

The result of the interaction assay is shown in Table 2 and Figure S2. The combination
of fosfomycin and glycerol showed synergistic activity (ZIP score > +10) G6P for the wild-
type strains (E. coli ATCC25922: 16.3 £ 1.2 and E. coli MG1655: 16.5 & 1.9), and for E. coli
MG1655 AuhpT strain with G6P (12.3 &£ 3.6) and without (11.3 = 2.9). The most synergistic
area occurred between 7-28 mg/mL of glycerol and 0.5-2 mg/L of fosfomycin for the
E. coli ATCC25922 strain. Similar results were observed for the E. coli MG1655 strain, but at
0.25-1 mg/L of fosfomycin. In the case of E. coli MG1655 AuhpT, the greatest synergy was
observed at the same concentration as that observed for the E. coli ATCC25922 strain with
and without G6P.
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Table 2. ZIP synergy scores for the combination of fosfomycin with glycerol, with and without glucose-
6-phosphate (G6P). Green and red colors show synergistic and antagonistic results, respectively.

MG1655
ZIP SYNERGY ATCC25922
SCORE Wild-Type AglpT AuhpT AglpT-uhpT AcyaA AglpR AglpK
Fosfomycin 164+12 165+19 25+48 113+£29 | —128+54 —07+64 27+16 17419
+ Glycerol
Fosfomycin
+ Glycerol 6.8+19 58+ 2.6 69+43 124436 —21 + 3.8 1.8+ 6.6 6.1+16 27+37
+ Gé6P

Antagonism (ZIP score < —10) was observed against the E. coli MG1655 AglpT-uhpT
strain under any condition (—12.8 £ 5.4 and —21 =+ 3.8). The addition of glycerol did not
interact with the rest of the evaluated strains.

2.4. Fosfomycin and Glycerol Time-Kill Assays

E. coli E. coli ATCC25922, E. coli MG1655, and their mutant derivatives were evaluated
at two concentrations of fosfomycin (64 and 307 mg/L), without glycerol, and with two
concentrations (0.45 and 7 mg/mL). The results are shown in Figure 4 and Figure S3 (for
E. coli AglpT-uhpT, AcyaA, AglpR, and AglpK strains).

64 mg/L of Fosfomycin 307 mg/L of Fosfomycin
E. coli ATCC 25922
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Figure 4. Time-kill assays of fosfomycin alone and in combination with glycerol (0.45 and 7 mg/L)
and/or glucose-6-phosphate (G6P, 25 mg/L) against E. coli wild-type E. coli ATCC25922 and E. coli
MG1655 wild-type and mutant derivative strains (AglpT and AuhpT), at 0, 2, 4, 8, and 24 h. Bacterial
concentrations (CFU/mL) are represented as symbols for mean and range.

The addition of glycerol and G6P did not modify growth under control conditions
(without fosfomycin, data not shown). Fosfomycin alone at 64 mg/L showed a bactericidal
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effect (decreased the bacterial burden >3 logg CFU/mL) within the first 4 h against the
wild-type and the E. coli MG1655 AuhpT mutant strains, but bacterial regrowths were
observed at 8 and 24 h. The addition of G6P also showed a bactericidal effect within
the first 4-8 h in all strains except E. coli MG1655 AuhpT and AglpT-uhpT and prevented
the bacterial regrowth for the wild-type strains and the E. coli MG1655 AglpR and AglpK
mutant strains. The addition of glycerol at both tested concentrations did not improve the
bactericidal effect against any of the evaluated strains.

Except for E. coli MG1655 AglpT and AglpT-uhpT strains, fosfomycin alone at 307 mg/L
showed a bactericidal effect against all the strains within the first hours. However, bacterial
regrowth was observed except for the wild-type E. coli ATCC and MG1655 AgIpR strains.
The addition of G6P improved the bactericidal effect and prevented the regrowth in all the
strains except for E. coli MG1655 AuhpT and AglpT-uhpT. The addition of glycerol at both
concentrations did not improve the bactericidal effect in any of the evaluated strains. Only
against E. coli MG1655 AuhpT strain fosfomycin combined with 0.45 mg/mL of glycerol
showed an initial improved activity; however, bacterial regrowth was observed after 24 h.

3. Discussion

The present study evaluates the role of glycerol in enhancing fosfomycin activity
against wild-type strains of E. coli and strains that harbor specific determinants of resistance
to fosfomyecin.

In general, the activation of the GlpT transporter using glycerol as an internal activator
showed contradictory results on the activity of fosfomyecin.

The present study shows that glycerol, at physiological concentrations, can activate the
glpT promoter, increasing glpT expression [13,16]. This result agrees with previous works
showing the activation of genes (g/pACB, glpD glpFKX, glpTQ, etc.) involved in the glycerol
catabolism and regulated by the gIpR repressor in E. coli, P. aeruginosa or P. putida [14,15,17].
However, this glycerol induction of glpT shows a delayed initiation in contrast to the
rapid activation of the hexoses-6-phosphate transporter (uhpT) with the addition of G6P.
These effects have been observed using GFP promoter fusions in real-time fluorescence
monitoring and flow cytometry assays for glpT and uhpT genes.

A possible explanation for this behavior was given by Nikel et al. [14], who observed
a protracted lag phase in cultures of P. putida KT2440 growing in glycerol.

The regulatory network of the glp genes needs the product of the first biochemical
reaction (sn-glycerol-3-P) to derepress gene expression, which is otherwise inhibited by
GlpR. However, the genes that encode the glycerol transporter and the kinase that produces
G3P from glycerol are repressed by the GlpR protein. Thus, to get the transcription started
is the low-probability effector-independent stochastic lifting of the repression. While the
derepression process is taking place, this transcriptional architecture translates into different
levels of metabolic activity (representing, in this context, the ability of the cells to catabolize
glycerol). It is important to note that while the glpT gene is absent in P. putida, the regulation
network is conserved in E. coli and P. aeruginosa. [1,15,18]

With regard to fosfomycin activity with the addition of glycerol, the present study
shows distinct results depending on the characteristics of the assay.

In the disk diffusion assays, secondary and reduced inhibition zones were observed,
suggesting the presence of subpopulations with different fosfomycin susceptibility, even
with the use of glycerol and G6P. The maximum fosfomycin activity was observed against
the glpR repressor mutant because the glpT transporter is fully derepressed and insensitive
to the addition of glycerol. Additionally, the addition of glycerol did not show any effect in
glpK mutant due to the inability to transform glycerol into glycerol-3-phosphate [16].

However, fosfomycin activity was observed, similar to that observed against the
E. coli MG1655 wild-type strain without glycerol, and this could be partially explained by
the intracellular biosynthesis of sn-glycerol-3-phosphate as a precursor of phospholipid
synthesis [19]. The absence of activity was observed in the double-gen mutant AglpT-uhpT
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strain, indicating that the activation of the fosfomycin transporters is the main control factor
of fosfomycin activity, as previously observed by Ballesteros et al. [1].

It is also important to note that the reduced inhibition zones remained unchanged,
irrespective of the glycerol concentration or the addition of G6F, suggesting the presence of
baseline defects in the complex regulatory networks of the fosfomycin transporters glpT
and uhpT [6,20].

In the present study, discrepancies between disk diffusion and agar dilution suscepti-
bility assays have been observed. These results agree with our previous studies in which
fosfomycin susceptibility showed inconsistent results between broth and agar dilutions
and agar diffusion techniques in collections of clinical isolates and isogenic mutants related
to fosfomycin resistance, including heteroresistant strains [1,21,22]. Although there were
no differences in the MIC of fosfomycin when glycerol was added to the assay, it must
be noted that lower bacterial densities were observed (data not shown), indicating a mild
synergistic effect not measurable with the assay. Regarding the interaction assays between
fosfomycin and glycerol, only the wild-type strains and E. coli MG1655 AuhpT mutant
showed synergistic activity. However, the time-kill assays did not show sensitization with
the combination of fosfomycin and glycerol. It is important to note that in the time-kill
assays, divergent results were observed between the replicates for wild-type strains and for
the E. coli MG1655 AuhpT. For these strains, one replicate of the time-kill assay showed a
total bacterial clearance and the other a bacterial regrowth after 24 h, which partially agrees
with the results observed in the interaction assay. This divergence found between these
replicates could be explained considering the rapid bactericidal activity of fosfomycin in
contrast to our previous results showing the delayed activation of the glpT transporter,
increasing the probability of the emergence of fosfomycin-resistant subpopulations as
commonly observed in previous studies [1,23].

In conclusion, glycerol showed increased expression of the fosfomycin transporter
glpT and a synergistic effect with fosfomyecin in the interaction and disk diffusion assays.
However, this molecule does not appear to be a good candidate as an adjuvant to fos-
fomycin therapy since the delay in the induction of glpT allows the selection of resistant
subpopulations. It would therefore be necessary to perform further in vitro and in vivo
studies aimed at overcoming these problems.

4. Materials and Methods
4.1. Bacterial Strains

E. coli ATCC25922 and E. coli MG1655 were used as the reference strain, and six
isogenic mutants from E. coli MG1655 mutants (AglpT, AuhpT, AglpT-uhpT, AcyaA, AglpR,
and AglpK) were used in the assays. Isogenic mutants were generated from the KEIO
collection [24] using phage Plvir transduction (Coli Genetic Stock Center [CGSC], Yale
University, New Haven, CT, USA) as previously described [25].

4.2. Activation Kinetic of Fosfomycin Transporters Promoters

The activity of the fosfomycin transporter promoters glpT and uhpT was evaluated
by monitoring the fluorescence accumulation in E. coli ATCC25922 and E. coli MG1655
carrying pMS201-PglpT::gfpmut2 or pMS201-PuhpT::gfpmut2 reporters, as described by Za-
slaver et al. [26]. Bacterial culture fluorescence was determined after transferring overnight
cultures in MHB to 96-well plates (Nunclon Delta Surface, Thermo Scientific, Waltham,
MA, USA) with 200uL of MHB per well. Starting bacterial concentrations were adjusted to
5 x 105 CFU/mL. The assays were carried out in Mueller Hinton Broth II (MHB) alone or
supplemented with 0.45 mg/mlL, 1.8 mg/mL, and 7 mg/mL of glycerol with and without
G6P (Sigma-Aldrich, Madrid, Spain). Low, medium, and high glycerol physiological con-
centrations were assayed in combination with fosfomycin. The low glycerol concentration
of 0.45 mg/mL corresponded to a target effective concentration to reduce the intracranial
pressure [12]. The high glycerol concentration of 7 mg/mL corresponded to steady-state
serum concentrations in patients with normal hepatic and renal function following constant
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intravenous infusion of 0.87 g/kg/h [27]. Finally, the medium glycerol concentration of
1.8 mg/mL was selected, corresponding to an intermediate concentration between 0.45
and 7 mg/mL in a log, dilution scale. Green fluorescence (excited at 485 nm and mea-
sured at 540 nm) and bacterial growth (measured at 595 nm) were monitored each hour
for 24 h with an Infinite200 Pro plate reader (Tecan Group AG, Méannedorf, Switzerland).
The assays were performed in duplicate. The OD:fluorescence ratio of the promoterless
construction (pMS201-::gfpmut2) was used as background for all experiments under
the different growth conditions. Fluorescence was normalized to the OD, and the back-
ground was subtracted. The results were compared with ANOVA and Tukey’s multiple
comparison test.

4.3. Population Analysis of Fosfomycin Transporters Promoters Induction

Flow cytometry assays were conducted to assess the population distribution of glpT
and uhpT expressions (pMS201-PglpT::gfpmut2 or pMS201-PuhpT::gfpmut? reporters) in
E. coli ATCC25922 and E. coli MG1655. Furthermore, a negative expression control (pMS201-
@::¢fpmut2) and positive expression control (pMS201-PcyaA::gfpmut2) were used as de-
scribed. Overnight cultures were diluted in 20 mL adjusting a bacterial concentration of
5 x 10° CFU/mL. Bacterial growths were carried out in MHB, MHB supplemented with
25 mg/L of G6P, and MHB supplemented with glycerol: 0.45 mg/mL, 1.8 mg/mL, and
7 mg/mL. A milliliter sample of each condition was taken, and fluorescence was monitored
at 4 and 24 h. The Beckman Coulter FC500 cytometer (Beckman Coulter, United States) was
used for size (FSC) and complexity (5SC) measurements to define the bacterial population.
Green fluorescence was excited using a blue laser (488 nm) and measured at 530/30 nm.
The promoterless construction (pMS201-J::gfpmut2) was used as a negative control, and
pMS201-PcyaA::gfpmut2 was used as a positive control.

4.4. Susceptibility Testing

Fosfomycin MIC was performed using the reference method, the agar dilution assay,
following EUCAST standards [28]. Mueller Hinton I agar (MHA) plates (Sigma-Aldrich,
Madrid, Spain), with and without 25 mg/L of G6P, with and without 7 mg/mL of glycerol.
The fosfomycin (Sigma-Aldrich) concentration ranged from 0.5 to 64 mg/L. Plates were
dried and incubated for 20 h at 35 °C. The assays were performed in duplicate.

Fosfomycin susceptibility was also determined using the disk diffusion method using
blank antimicrobial disks loaded with 200ug of fosfomycin alone or with 50pug of G6P,
following EUCAST recommendations [28]. Additionally, fosfomycin activity was assayed
by supplementing MHA plates with the addition of 0.45 mg/mL, 1.8 mg/mL, and 7 mg/mL
of glycerol. The diameter of the main and any other reduced inhibition zone was measured.
The addition of glycerol was compared with respect to the negative control (MHA with or
without G6P). The results were compared with ANOVA and Tukey’s multiple comparison
test. The assays were performed in triplicate.

4.5. Fosfomycin and Glycerol Interaction Assay

The interaction between fosfomycin and glycerol was studied using the checkerboard
assay in duplicate. Briefly, the interaction assay was performed with an inoculum of
5 x 10° CFU/mL in 96-well plates with a final volume of 200 uL per well. Assays were
performed with MHB with and without 25 mg/L G6P. Fosfomycin concentrations ranged
from 0.125 to 128 mg/L, and glycerol concentrations from 0.45 t028.8 mg/mL. Wells without
fosfomycin or glycerol were used as single-drug assays or growth controls. Bacterial
densities were quantified spectrophotometrically by measuring optical density at 595 nm
using an Infinite200 Pro plate reader. Bacterial viability was calculated as the ratio of
the 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 glycerol. The degree of drug synergy across the entire dose—
response matrix was analyzed using the response surface model, zero interaction potential
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(ZIP) [29]. The ZIP model assumes that two noninteracting drugs are expected to incur
minimal changes in their dose-response curves. A delta score was calculated to quantify
the deviation from the expectation of ZIP for a given dose pair and used the average delta
over a dose-response matrix as a summary interaction score for a drug combination. Model
construction and synergy studies were performed with the Synergyfinder package for
R [29]. A synergy score of <—10 was considered antagonistic, a range from —10 to 10 as
additive, and >10 as synergistic.

4.6. Fosfomycin and Glycerol Time-Kill Assays

Time-kill assays were performed in duplicate using fosfomycin concentrations of 0 (as
growth control), 64, and 307 mg/L with and without 25 mg/L G6P, with and without
0.45 and 7 mg/mL of glycerol. The activity of fosfomycin alone at concentrations of
64 mg/L (lowest concentrations of fosfomycin in the non-susceptible category according to
EUCAST breakpoints) and at 307 mg/L (mean maximum plasma concentrations in humans
at steady-state after a dose of fosfomycin 8 g/Q8h), respectively, was determined [28,30].

Briefly, isolated colonies overnight of each strain were used to prepare the pre-
inoculum in MHB 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 incu-
bated at 37 °C with shaking. The number of viable CFUs was determined at 0, 2, 4, 8, and
24 h by serial dilution, followed by plating on MH agar plates with or without 64 mg/L
fosfomycin and 25 mg/L G6P. The number of colonies was counted after 24 h of incubation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antibiotics11111612/s1, Figure S1: Assay of promoter activities
in response to glycerol (GLY) and glucose-6-phosphate (G6P). Time-course quantification of GFP
expression as a measure of induction of the glpT and uhpT genes in the ATCC25922 and MG1655
strains after 4, 12, and 24 h of exposure. The data were normalized to promoterless strains. Error
bars represent standard deviations. Concentrations of glycerol (Gly) of 0.45, 1.8, and 7 mg/mL
and glucose-6-phosphate (G6P) of 25 mg/L were used as inductors; Figure S2: Interaction assay of
fosfomycin in combination with glycerol against Escherichia coli ATCC25922 and MG1655 strains,
represented as heat maps. The red and green areas represent synergy and antagonism, respectively.
The white rectangles show the maximum synergistic area. The concentration-response curves for
fosfomycin and glycerol alone are found on the left side of each heatmap. Figure S3: Time-kill assays
of fosfomycin alone and in combination with glycerol (0.45 and 7 mg/L) and/or glucose-6-phosphate
(G6P, 25 mg/L) against E. coli wild-type E. coli MG1655 mutant derivative strains (AglpT-uhpT, AcyaA,
AgIpR, and AglpK), at 0, 2, 4, 8, and 24 h. Bacterial concentrations (CFU/mL) are represented as
symbols for mean and range.
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Supplementary Material of Effect of Glycerol on Fosfomycin Activity against Escherichia
coli.

Figure S1. Assay of promoter activities in response to glycerol (GLY) and glucose-6-phosphate (G6P).
Time-course quantification of GFP expression as a measure of induction of the glpT and uhpT genes in
the ATCC25922 and MG1655 strains after 4, 12, and 24 h of exposure. The data were normalized to
promoterless strains. Error bars represent standard deviations. Concentrations of glycerol (Gly) of 0.45,
1.8, and 7 mg/mL and glucose-6-phosphate (G6P) of 25 mg/L were used as inductors.
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Figure S2. Interaction assay of fosfomycin in combination with glycerol against Escherichia coli

ATCC25922 and MG1655 strains, represented as heat maps. The red and green areas represent
synergy and antagonism, respectively. The white rectangles show the maximum synergistic area. The
concentration—response curves for fosfomycin and glycerol alone are found on the left side of each

ZIP synergy score: 16348

heatmap.
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Figure S2. (continued) Interaction assay of fosfomycin in combination with glycerol against

Escherichia coli ATCC25922 and MG1655 strains, represented as heat maps. The red and green areas

represent synergy and antagonism, respectively. The white rectangles show the maximum

synergistic area. The concentration—response curves for fosfomycin and glycerol alone are found on

the left side of each heatmap.
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Figure S3. Time-kill assays of fosfomycin alone and in combination with glycerol (0.45 and 7 mg/L)
and/or glucose-6-phosphate (G6P, 25 mg/L) against E. coli wild-type E. coli MG1655 mutant derivative
strains (AglpT-uhpT, AcyaA, AglpR, and AglpkK), at 0, 2, 4, 8, and 24 h. Bacterial concentrations
(CFU/mL) are represented as symbols for mean and range.
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3. Role of inorganic phosphate concentrations in invitro activity of

fosfomycin.

The lack of development of new antibiotics, together with the problem of resistance, has made
it necessary to revive older antibiotics, as fosfomycin. It’s an antimicrobial approved for the treatment
of uncomplicated urinary tract infections, soft-tissue infection and sepsis caused by
Enterobacteriaceae.

Uptake of fosfomycin leads to the simultaneous counterflow of inorganic phosphate (Pi) from
the cell via an antiport mechanism, the hexose phosphate (UhpT) and glycerol-3-phosphate (GlpT)
membrane transporters. The objective of this study was to evaluate the in vitro activity of fosfomycin
under different physiological concentrations of Pi.

The results obtained in this work are the following:

Whole-genome sequencing

Analyses of translated nucleotide sequences of genes associated with fosfomycin resistance or
regulation (Table S1, Art. 3) showed no mutations in Crp and UhpA and no deletions or insertions were
detected in the rest of the amino acid sequences associated with fosfomycin resistance, except for the
Ec20190430 isolate, which showed deletions in GlpT and UhpB, and Ec20190178, which presented a
deletion causing a frameshift mutation and a premature stop codon. With respect to proteins involved
in the bacterial phosphate regulatory system (Table S2, Art. 3), only PitA and PhoB showed WT
sequences. The rest of the amino acid sequences likewise showed many polymorphisms. Nevertheless,
the biological significance of many of the observed polymorphisms is unclear.

Susceptibility testing

The fosfomycin MICs for the isogenic collection and clinical isolates are shown in Table 1 (Art.3).
The isogenic collection and clinical isolates showed a decrease in fosfomycin activity linked to increased
concentrations of Pi. When the Pi concentration in MHA increased from 1 to 13mM, 1-4-log; dilution
differences were observed. Clinical category changes were observed for AglpT and Ec20190736,
Ec20200150, and Ec20200178. An increase to 42mM showed 1-8 log; dilution differences, and all the
susceptible strains changed to resistant. The AuhpT and AglpT-uhpT mutants, Ec20190430 (AglpT-
uhpB) and Ec20190556 were resistant irrespective of the Pi concentration. The isogenic mutant AphoB
and the wild-type strain showed similar fosfomycin MICs compared with wild-type strain at all Pi
concentrations tested.

Fosfomycin transport induction
Peak fosfomycin transporter promoter activities (at 4h), evaluated at Pi concentrations of 1, 13

and 42mM +25mg/L of glucose-6-phosphate, are shown in Figure S1 (Art. 3). The increased Pi
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concentration did not cause significant changes in glpT or uhpT transcription. Only the addition of
glucose-6-phosphate significantly increased uhpT transcription.
Fosfomycin activity assay

Fosfomycin ECsp results are shown in Table 2 (Art. 3). Figure S2 (Art. 3) shows the 24h growth
monitoring assays in the presence of fosfomycin under increasing concentrations of Pi.

By increasing the Pi concentrations in MHB, significantly higher viability and fosfomycin ECsg
were observed, except for the double mutant AglpT-uhpT.

Increasing the Pi concentration to 13mM shifted viability curves slightly to the right and raised
the fosfomycin ECso for the wild-type and AglpT with respect to 1mM Pi. Concentrations of 42 mM Pi
also increased bacterial viability at higher fosfomycin concentrations and showed a significant increase
in fosfomycin ECso with respect to 1 and 13mM Pi in the wild-type, AglpT and AuhpT.

When Pi was increased from 1 to 13 mM, there was a 2-log; increase in fosfomycin
concentration able to inhibit bacterial viability, while an increase to 42 mM Pi led to a 4-log; dilution
increase in the wild-type and AuhpT strains, and an 8-log; dilution increase in the AglpT strain. None of
these changes however were observed for the double mutant AglpT-uhpT as the Pi concentration
increased.

Time-kill assay

The results of the time-kill assays of E. coli BW25113 and the isogenic mutants (AglpT, AuhpT
and AglpT-uhpT) evaluated at three fosfomycin concentrations (307, 1053 and 4015 mg/L) under two
different Pi concentrations (ImM and 28mM) are shown in figure S3 (Art. 3). All the tested strains at
the two concentrations of Pi in the absence of fosfomycin showed similar growth. All fosfomycin
concentrations showed bactericidal activity (>3 log CFU/mL decrease) against the wild-type strain. It
should be noted that 307 mg/L of fosfomycin was unable to clear the bacterial culture at 28 mM Pi.
Similar results were observed in the AglpT strain at the low Pi concentration. At 28 mM Pi, however,
bacterial regrowth occurred at fosfomycin concentrations of 307 and 1053 mg/L.

With respect to the AuhpT strain, the bacterial counts dropped in the first 4 hours at all
fosfomycin concentrations, although regrowth was observed at 307 mg/L of fosfomycin after 8h with
both Pi concentrations, and at 1053 mg/L of fosfomycin with 28 mM Pi. Finally, against the double
mutant (AgloT-uhpT), not even 4015 mg/L of fosfomycin was able to sterilise the bacterial culture with
28mM Pi after 24h. However, early fosfomycin activity was observed at 1053 and 4015 mg/L with both
Pi concentrations, although bacterial regrowth was observed with the lowest fosfomycin concentration

and a static effect with the highest.
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ABSTRACT

Objectives: The objective of this study was to evaluate the in vitro activity of fosfomycin under different
physiological concentrations of inorganic phosphate (P;).
Methods: The wild-type BW25113 strain, four isogenic mutants (AglpT, AuhpT, AglpT-uhpT, and AphoB)
and six clinical isolates of Escherichia coli with different fosfomycin susceptibilities were used. EUCAST
breakpoints were used. Susceptibility was evaluated by agar dilution using standard Mueller—Hinton
agar (P; concentration of 1 mM similar to human plasma concentration) and supplemented with P; (13
and 42 mM, minimum and maximum urinary P; concentrations) and/or glucose-6-phosphate (25 mg/L).
Fosfomycin transporter promoter activity was assayed using PglpT::gfpmut2 or PuhpT::gfpmut2 promoter
fusions in standard Mueller—Hinton Broth (MHB), supplemented with P; (13 or 42 mM) + glucose-6-
phosphate. Fosfomycin activity was quantified, estimating fosfomycin ECsy under different P; concen-
trations (1, 13 and 42 mM + glucose-6-phosphate) and in time—kill assays using fosfomycin concen-
trations of 307 (maximum plasma concentration (Cmax)), 1053 and 4415 mg/L (urine Cmpax range), using
MHB with 28 mM P; (mean urine P; concentration) + 25 mg/L glucose-6-phosphate.
Results: All the strains showed decreased susceptibility to fosfomycin linked to increased P; concentra-
tions: 1—4 log; dilution differences from 1 to 13 mM, and 1—8 log; dilution differences at 42 mM P;.
Changes in phosphate concentration did not affect the expression of fosfomycin transporters. By
increasing P; concentrations higher fosfomycin ECsy bacterial viability was observed, except against
AglpT-uhpT. The increase in P; reduced the bactericidal effect of fosfomycin.
Discussion: Pj variations in physiological fluids may reduce fosfomycin activity against E. coli. Elevated P;
concentrations in urine may explain oral fosfomycin failure in non-wild-type but fosfomycin-susceptible
E. coli strains. Miriam Ortiz-Padilla, Clin Microbiol Infect 2022;28:302.e1—302.e4
© 2021 European Society of Clinical Microbiology and Infectious Diseases. Published by Elsevier Ltd. All
rights reserved.
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Introduction

Fosfomycin is a bactericidal broad-spectrum antimicrobial,
approved for the treatment of uncomplicated urinary tract in-
fections, soft-tissue infections and sepsis caused by Enter-
obacterales [1]. Fosfomycin uptake is mediated by the uptake
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(P;) from the cell [2]. This intracellular P; is maintained within the
range 1-10 mM for Escherichia coli [3] by P; importers (PitA, PitB
and PstSCAB) and exporters (PitA, PitB, GIpT, UhpT), and controlled
by the histidine kinase PhoR and the response regulator PhoB [3].
Human P; levels vary among the different tissues and fluids, being
maintained within a narrow range through a complex interplay
between intestinal absorption, exchange with intracellular and
bone storage pools, and renal tubular reabsorption [4].

Thus, the aim of the present study was to evaluate the in vitro
activity of fosfomycin mimicking P; physiological concentrations
against a collection of isogenic E. coli mutants and clinical isolates.

Material and methods
Bacterial strains and plasmids

The wild-type E. coli BW25113 strain and isogenic mutants
(AglpT, AuhpT and AphoB) from the KEIO collection and the double
mutant AglpT-uhpT, generated by phage P1vir transduction [5],
were used. Six urinary clinical E. coli isolates (Ec20190430,
Ec20190556, Ec20190736, Ec2019800, Ec20200150 and
Ec20200178) with different fosfomycin resistance from the Anda-
lusian reference laboratory for molecular typing of nosocomial
pathogens (PIRASOA programme) were included. Bacterial whole
genome sequencing was performed as described in the supple-
mentary material. Escherichia coli ATCC 25922 was used as control
strain for the susceptibility tests. pUA66-PglpT::gfpmut2 and
pUA66-PuhpT::gfpmut2 promoter fusions were constructed as
described by Zaslaver et al. [6].

Bacterial growth medium

Mueller—Hinton Broth (MHB) and Mueller—Hinton Agar (MHA)
were used with different concentrations of P by adjusting standard
Mueller—Hinton medium (P; = 1 mM, similar to plasma concen-
tration (0.8—1.4 mM)) with Na,HPO4 to 13 and 42 mM P;, corre-
sponding to the minimum and maximum concentrations of P; in
urine, adjusted for a 1-L volume (13—42 mmol/24 hr) or 28 mM
(average concentration of P; in urine) [4].

Susceptibility testing

Fosfomycin MICs were determined by agar dilution [7], in
standard MHA (reference) or supplemented with P; (13 and 42 mM
P;). P;j concentrations in Mueller—Hinton were quantified as
described in the supplementary material. EUCAST breakpoints
were used for intravenous fosfomycin performed at 1 mM of P; (i.e.
R > 64 mg/L) and for oral fosfomycin at 13 and 42 mM of P; (i.e.
R > 16 mg/L) according to the P; concentrations in blood and urine,
respectively.

Fosfomycin activity

Fosfomycin transporter expressions were assayed by monitoring
the fluorescence accumulation in E. coli MG1655 carrying pUAG6-
PglpT::gfpmut2 or pUA66-PuhpT::gfpmut2 reporters as described
in supplementary data.

Bacterial growth curves were performed in triplicate using
5 x 10° CFU/mL in 96-well plates with 200 L of volume of stan-
dard MHB or supplemented with P; (13 and 42 mM) with 25 mg/L
of glucose-6-phosphate. Fosfomycin concentrations ranged from 1
to 1024 mg/L, and controls without drug were used. Bacterial
viability was quantified spectrophotometrically (595 nm) at 24 hr
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with an Infinite 200 Pro plate reader. Fosfomycin concentration
that reduces bacterial viability to 50% (ECs9) was estimated by
fitting the bacterial viability to the equation: Viability(%) =

. The mean fosfomycin ECsg values

100= <] I fosfomycmEcConcentratmn
50

were compared using the ANOVA and Tukey and Bonferroni post
hoc tests.

Time—kill assays were conducted in duplicate, using fosfomycin
concentrations of 0 (control), 307 mg/L (plasma Cp,3x concentration
after 8 g/every 8 hr intravenously) [8], 1053 and 4415 mg/L (lower
and upper limit for the mean Cy,x observed in urine after a single
dose of 3 g of oral fosfomycin tromethamine) [9], as fully described
in the supplementary material.

No ethical considerations were necessary for the present study.

Results
Susceptibility testing

The fosfomycin MICs are shown in Table 1. Increasing MHA P;
concentrations from 1 to 13 mM, 1—4 log; dilution differences were
observed. Clinical category changes occurred for AglpT and
Ec20190736, Ec20200150 and Ec20200178. The susceptible strains
changed to resistant using 42 mM P; (1—8 log; dilution differences).

The AuhpT and AglpT-uhpT mutants, Ec20190430 (AglpT-uhpB)
and Ec20190556 were resistant irrespective of the P; concentration.
The isogenic mutant AphoB and the wild-type strain showed
similar MICs at all P; concentrations tested. Similar results were
observed with AglpT with a 1 log and 2 log; increase at P; 13 and 42
mM, respectively, with respect to the wild-type strain.

Fosfomycin activity

The increased P; concentration did not cause significant changes
in gIpT or uhpT transcription (Fig. S1).

Fosfomycin ECsp under increasing P; concentrations are shown
in Table 2 and Fig. S2. Concentration of 13 mM P; raised the fosfo-
mycin ECsg for the wild-type (1.42 vs. 0.34 mg/L) and AgIpT (1.62 vs.
0.32 mg/L) with respect to 1 mM P;. Concentrations of 42 mM P; also
increased fosfomycin ECsg with respect to 1 and 13 mM P; for the
wild-type (8.9 vs. 0.34 and 1.42 mg/L), AglpT (81.28 vs. 0.32 and 1.62
mg/L) and AuhpT (65.15 vs. 11.75 and 24.79 mg/L). P; increased from
1 to 13 mM, showed a 2 log; increase in fosfomycin concentration

Table 1

Fosfomycin MICs (mg/L) of the wild-type BW25113, single-gene and double-gene
mutants and clinical isolates, tested by agar dilution in MHA with increasing P;
concentrations

Strains P; concentration

1mM (standard) 13mM 42mM
BW25113 wild type 4(S) 8(S) 64 (R)
BW25113 AglpT 4(S) 16 (R) 256 (R)
BW25113 AuhpT 128 (R) 256 (R) 512 (R)
BW25113 AglpT-uhpT 512 (R) 512 (R) 1024 (R)
BW25113 AphoB 4(S) 8(S) 128 (R)
Ec20190430 512 (R) 1024 (R) 1024 (R)
Ec20190556 64 (R) 128 (R) 1024 (R)
Ec20190736 1(S) 16 (R) 256 (R)
Ec2019800 2(S) 8(S) 32 (R)
Ec20200150 8(S) 16 (R) 64 (R)
Ec20200178 4(S) 16 (R) 64 (R)

Clinical categories for intravenous fosfomycin at 1 mM of P; (R > 64 mg/L) and oral
fosfomycin at P; 13 and 42 mM (R > 16mg/L) are shown as susceptible (S) or
resistant (R). Bold indicates changes in the clinical category.
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Table 2
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Summary of ECsg values calculated from fosfomycin dose—response experiments generated by measuring bacterial viability over 24 hr at different P; concentrations

P; concentration Fosfomycin ECsq (95%CI)

AuhpT AglpT-uhpT

Wild type AglpT
1 mM 0.34 (0.26, 0.42) 0.32(0.18,0.48)
13 mM 1.427 (1.1, 1.82) 1.627 (1.15, 2.25)
42 mM 8.9*%(6.24, 12.56) 81.28"(57.63, 114.1)

11.75 (6.7, 20.74)
24.79 (16.82, 36.41)
65.15*"(45.51, 92.62)

260.4 (188.9, 360.5)
334.4 (240.2, 469.3)
367.1 (248.4, 549.5)

2 p <0.05 with respect to 1 mM P;.
b p < 0.05 with respect to 13 mM P;.

able to inhibit bacterial viability, a 4 log; dilution increase at 42 mM
P; in the wild-type and AuhpT strains, and 8 log, increase in the
AglpT strain. None of these changes were observed for AglpT-uhpT.
The time—Kkill assay results (described in the supplementary ma-
terial) showed that all fosfomycin concentrations exhibited bacte-
ricidal activity (>3 log CFU/mL decrease) against the wild-type
strain, but fosfomycin activity was more affected in mutants,
showing bacteriostatic activity or even bacterial regrowth at higher
P; concentrations.

Discussion

The present study showed a reduction of fosfomycin in vitro
activity as the P; concentration increased, focusing on P; and fos-
fomycin blood and urine concentrations where should exert its
antimicrobial activity. This phenomenon was observed in suscep-
tibility testing, viability and time—kill assays in both the isogenic
and clinical isolate collections.

Environmental variables and the presence of different carbon
sources have a great impact on fosfomycin activity [10—13], and the
importance of phosphate homeostasis in fosfomycin activity was
recently highlighted by Turner et al., showing a strong selection of
fosfomycin mutants for the phosphonate uptake and catabolism
operon and the phosphate transporter [14].

In a previous study aimed at understanding how urinary tract
conditions affected fosfomycin activity against E. coli strains har-
bouring chromosomal mutations involved in fosfomycin uptake,
urine at pH 7 reduced fosfomycin activity, especially against the
null mutants AglpT and Aptsl [12]. Among other factors, the
different concentrations of P; could explain, in part, these
observations.

Recently, a dynamic bladder infection model simulating oral
therapy using MHB, and human and synthetic urine, showed a lack
of correlation between fosfomycin MICs determined using agar
dilution or broth microdilution with MHB supplemented with
glucose-6-phosphate and fosfomycin activity [15], underlining
underlines the gap between fosfomycin susceptibility tests and
outcome possibly by the relationship between bacterial meta-
bolism and fosfomycin activity.

The main limitation of our in vitro study is that
Mueller—Hinton composition may have conditioned fosfomycin
activity due to the lack of other components present in blood or
urine. Also, the limited number of clinical strains with specific
genotypes may have biased the conclusions. In conclusion, Pj
content modifies fosfomycin activity at concentrations achieved
using standard oral or parenteral dosages. Furthermore,
Mueller—Hinton media are suitable for fosfomycin susceptibil-
ity testing due to their low P; content, but may overestimate
in vitro activity with respect to infection sites with higher P;
levels. Both observations should be validated with a larger

number of clinical isolates, together with their clinical out-
comes especially in cases of P; homeostasis disorders, to
establish the clinical significance.
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Supplementary Material of Role of inorganic phosphate concentrations in in vitro activity
of fosfomycin.

MATERIAL AND METHODS

Bacterial growth medium

lon chromatography, using Metrohm 883 basic IC plus equipment with a Metrosep A supp 5
column and precolumn (Metrohm Hispania, Madrid, Spain), was carried out to determine Pi
concentrations in standard Mueller Hinton media. Pi was identified by comparing the retention
time established in the conditions of analysis with a certified standard, and quantified using a 7-
point calibration line with R2=0.999 and average relative standard deviation of 1.943%, < 5% in
any case.

Mueller-Hinton Broth (MHB) and Mueller-Hinton Agar (MHA) were used with different
concentrations of Pi by supplementing standard Mueller-Hinton medium (Pi=1mM) with Na2HPO4
until the desired concentrations of 13 and 42mM of Pi were reached, corresponding to the minimum
and maximum concentrations of Pi in urine, adjusted for a 1L volume (13-42mmol/24h) (1), and

28mM, corresponding to the average concentration of Pi in urine.

Fosfomycin-transporters induction

Fosfomycin transporter expressions were assayed by monitoring the fluorescence accumulation in
E. coli MG1655 carrying pUA66-PglpT::gfpmut2 or pUAG66-PuhpT::gfpmut2 reporters. Bacterial
growth curves were performed using 5x10sCFU/mL as starting inoculum in 96-well plates with
200uL of volume per well. MHB 1mM Pi (standard), MHB 13Mm or 42Mm Pi were used. Glucose-
6-phosphate (25mg/L) was added as control for uhpT gene expression. Green fluorescence (excited
at 485nm and measured at 540nm) and bacterial growth (measured at 595nm) were monitored at 0
and 24 hours with an Infinite200 Pro plate reader (Tecan Group AG, Ménnedorf, Switzerland).
Assays were performed in quintuplicate. Fluorescence was normalized to OD and the background
was subtracted. The OD:fluorescence ratio of the promoterless construction (pUA66-@::gfpmut2)
was used as background for all experiments under the different growth conditions. The results were

compared with ANOVA and Tukey and Bonferroni post-hoc tests.

Time-kill assays.

Time-kill assays were conducted in duplicate, using fosfomycin concentrations of 0 (control),
307mg/L (Cmax concentration in plasma after an intravenous dose of 8g/Q8h) (2), 1053 and
4415mg/L (lower and upper limit for the mean Cmax observed in urine after a single dose of 3g of
oral fosfomycin tromethamine) (3). The assay was done in standard MHB or supplemented with Pi

(28mM, mean Pi urine concentration), with 25mg/L glucose-6-phosphate. Bacterial inoculum was
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5x10sCFU/mL in 20mL. The number of viable CFUs, after incubation with shaking at 37°C, was
determined at 0, 2, 4, 8, and 24h by serial dilution followed by plating on MHA plates.

RESULTS

Whole-genome sequencing

Analyses of translated nucleotide sequences of genes associated with fosfomycin resistance or
regulation (Table S1) showed no mutations in Crp and UhpA proteins in our collection of clinical
isolates. No deletions or insertions were detected in the rest of the amino acid sequences associated
with fosfomycin resistance, although many different polymorphisms were found, some of them
conserved in most clinical isolates, except for the Ec20190430 isolate (fosfomycin MIC of 512
mg/L), which showed deletions in GlpT and UhpB, and Ec20190178 (fosfomycin MIC of 4 mg/L),
which presented a deletion causing a frameshift mutation and a premature stop codon. With respect
to proteins involved in the bacterial phosphate regulatory system (Table S2), only PitA and PhoB
showed WT sequences. The rest of the amino acid sequences likewise showed many
polymorphisms, some of them conserved in the clinical isolates. Nevertheless, the biological

significance of many of the observed polymorphisms is unclear.

Fosfomycin transport induction

Peak fosfomycin transporter promoter activities (at 4h), evaluated at Pi concentrations of 1, 13 and
42mM £25mg/L of glucose-6-phosphate, are shown in figure S1. The increased Pi concentration
did not cause significant changes in glpT or uhpT transcription. Only the addition of glucose-6-

phosphate significantly increased uhpT transcription.

Time-kill assay results

All fosfomycin concentrations showed bactericidal activity (>3log CFU/mL decrease) against the
wild-type strain. It should be noted that 307mg/L of fosfomycin was unable to clear the bacterial
culture at 28mM Pi. Similar results were observed in the AglpT strain at the low Pi concentration.
At 28mM Pi, however, bacterial regrowth occurred at fosfomycin concentrations of 307 and
1053mg/L.

With respect to the AuhpT strain, the bacterial counts dropped in the first 4h at all fosfomycin
concentrations, although regrowth was observed at 307mg/L of fosfomycin after 8h with both Pi
concentrations, and at 1053mg/L of fosfomycin with 28mM Pi. Finally, against the double mutant
(AglpT-uhpT), not even 4015mg/L of fosfomycin was able to sterilise the bacterial culture with

28mM Pi after 24h. However, early fosfomycin activity was observed at 1053 and 4015mg/L with
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both Pi concentrations, although bacterial regrowth was observed with the lowest fosfomycin

concentration and a static effect with the highest.

Table S1. Amino acid modifications in fosfomycin-related resistance proteins relative to reference

strain BW25113. del = deletion.

GlpT GlpR | UnpT | UnpB UhpC | GIpK | Craa PsI | Murd
del
del
del del
p210_246del p307 379del | YI8H R367K
L6V /
!
P233Q Q37K Y18H N1425 gé%k
/ T4371
N1425/
P84S / ‘;;;gg
QUIH/ | YISH/ |L2IM/ | 3o
E35Q | G45D/ | AITIS/ | DIBE/ | Tiio R367K
Q463H / SATA | SIIN | oo
H482T
DS37E /
TS40A
P99S
G683D
N1415 /
Y18H/ HNK712-
E448K E350Q A177S/ 714QUN/ | R367K
S417A p71s-
8485TOPdel
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Table S2. Amino acid modifications in genes related to phosphate uptake relative to reference
strain BW25113. del = deletion.

S26A/
ME8A / GI47D/
£135Q | A4Ty SM3L/
e QISSL/ | S3mT DSsV/
N196D / T296V
A108V
S26A/
MESA /
E135Q/ | A41T/
vasoa | ase e A B
N196D
JAI08V
ESST/
g S26A/
HSR/ amoe/ | FOE MESA/ | ASIT/
GISA/ | sTA | Quok/ [ DIME/ MI2ST/ | Y180F/ N230D
3711 V2524 / AT/ | T200A
E2611 NI196D
MO7L/
A341P
vasa 5264
AT
vasa $26A | Y180F/
T299A
QUOIK/ | yoom E135Q/ | A4t/ %’:},’g
V254 QISEL/ | S3mT QAL
NISD/ P363L
Al08V

90



Figure S1. Promoter activity of fosfomycin transporters glpT and uhpT at different concentrations
of Pi. Glucose-6-phosphate (G6P, 25mg/L) was used as positive control for uhpT expression. Bars

and whiskers indicate mean and standard deviation.
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Figure S2. Viability after 24h of wild-type E. coli BW25113 and isogenic mutant strains (AglpT ,
AuhpT and AglpT-uhpT) against fosfomycin concentrations ranging from 0-1024 mg/L in standard
MHB (Pi=1 mM) and supplemented with Pi (final concentration of 13 and 42mM). Lines and
symbols indicate mean values (xSD) of viability measurements.
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Figure S3. 24-hour time-kill results for wild-type E. coli BW25113 and isogenic mutant strains
(AglpT , AuhpT and AglpT-uhpT) using 307, 1053 and 4015 mg/L fosfomycin in standard MHB
(Pi=1 mM, continuous lines) and supplemented with Pi (final Pi concentration of 28mM, dashed
lines) .
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VI.  DISCUSSION

The progressive increase in antimicrobial resistance is a worldwide public health problem that
science is trying to find a solution under different ways*®. The current global interest in the recovery of
old antimicrobials and the optimization of their use for the treatment of infections caused by multidrug-
resistant microorganisms is the result of the scarcity of therapeutic alternatives. This strategy has been
proposed by international organizations such as the WHO or the ECDC, focusing in certain

antimicrobials 289225,

These old antimicrobials have remained active and in some cases with low resistance profiles

over the years due to their low use, motivated by the emergence of more promising drugs®.

In this sense, fosfomycin is an antimicrobial discovered more than 50 years ago and is still active
against bacteria with multiple resistance mechanisms®®*. Thus, the systemic use of this antibiotic
belongs to the options in the therapeutic arsenal used against infections caused by multidrug resistant

bacteria according to the EMA®,

Despite the availability of this drug for several decades, its use as intravenous formulation has
been limited until the last decade. One of the restricting factors in the use of this drug has been the
peculiarities and controversies in the development and interpretation of the susceptibility studies, a
key factor for the prediction of the therapeutic success or failure of an antimicrobial treatment??%2?7_ |n
this sense, the CLSI and EUCAST committees establish that the reference method for determining- the
susceptibility or resistance to fosfomycin is the dilution in agar supplemented with G6P (25 mg/L)?0%228,
However, this procedure is unfeasible for its development in the daily routine of the clinical
microbiology laboratory, for this reason the use of better adapted, easier, and faster alternative
methodologies (disc-diffusion, broth microdilution, or gradient strips) have been adopted by the
laboratories. These adaptations from the reference method differ and originates discrepant

d??”22%_ This produces uncertainty in the

susceptibility data depending on the methodology use
extrapolation of the results into the clinic. This may have contributed to some extent to the generation

of some mistrust in the use of this drug as a first-line systemic treatment.

Considering the potential relevance of this antimicrobial as a potential alternative use for
systemic infections caused by multidrug resistant bacteria, it is essential to understand the factors that
can alter its mechanism of action, like how fosfomycin is transported into the bacteria, how they are
regulated (a main step obtain its full activity), or whether there are molecules that can optimize and
improve fosfomycin activity. All this, aimed to be able to predict the efficacy of the drug in a more

adequate and individualized way and to increase the chance of therapeutic success.
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In the first presented work, we evaluated the impact of specific determinants in the resistance
to fosfomycin, present in K. pneumoniae; including transporter defects, as well as the contribution of
chromosomal metalloenzymes such as fosA. The impact of fosfomycin-inactivating enzymes on
fosfomycin resistance among Enterobacterales has been widely studied from different
perspectives®%3! |n our study, we constructed a collection of null mutants focused on the elimination
fosfomycin inactivating-enzyme (fosA) gen, and the fosfomycin transporters glpT and uhpT, to
evaluated whether the use of a compound able to reduce or inactivate its activity against fosfomycin

could be of clinical interest against fosfomycin susceptible and resistant strains.

Therefore, this work studied the impact of fosfomycin resistance determinants in K.
pneumoniae clinical isolates during in vitro exposure to fosfomycin in combination with sodium
phosphonoformate (PPF), a FosA inhibitor. In our mutant isogenic collection, the fosfomycin
susceptibility of the wild-type K. pneumoniae isolates was 32mg/L. Theses results agree with the most
frequent MIC observed in EUCAST epidemiological MIC distribution?®. The strains with the glpT null
mutant did not cause an increase in fosfomycin resistance, compared to wild-type strains. This
phenotype is consistent with that previously observed in E. coli susceptibility assays 1232, These results
are explained by the overexpression of uhpT transporter produced by the addition of G6P to the
susceptibility, assay according to the EUCAST and CLSI guidelines, that masks the presence of mutations
no related with the Uhp transporter system?®. On the other hand, uhpT inactivation significantly
increased the MIC of fosfomycin (21,024 mg/L). This observation can be explained by the limited uptake
of fosfomycin via UhpT together with inactivation of fosfomycin mediated by chromosomally mediated
FosA. These results differ from that previously observed in E. coli but can be easily explained by the
absence of the inactivating enzyme in this bacterial specie. In the case of inactivation of the fosA gene,
a reduction in resistance was produced of approximately 32-fold compared to that of the wild-type
strains (1 mg/L). These results match with the most frequent MIC observed in EUCAST epidemiological
MIC distribution in E. coli indicating the similarities between K. pneumoniae and E. coli when the
chromosomal fosA is inactive’?2%, These results open door to explore a pharmacological approach

aimed to inactivate FosA.

With respect to the assays with the addition of PPF, the experiments showed a variable effect
on the susceptibility tests. The addition of PPF increased fosfomycin susceptibility against in the wild-
type and glpT null mutants. These results agree with those previously observed by /to et al., where
incorporation of PPF reduced fosfomycin MIC (>4-fold) for 52% of E. coli, K. pneumoniae, Enterobacter
cloacae and P. aeruginosa clinical isolates 7. However, in all cases the addition of PPF showed less
decrease of fosfomycin resistance compared to that observed with the deletion of the fosA gene. It is

important to note that no effect was found in the null mutant for uhpT gene. An interesting finding was

94



observed with the addition of PPF to the fosA null mutant, where the fosfomycin MIC increased with
the combination of the inhibitor. Because PPF inhibits viral RNA polymerases, reverse transcriptase,

177 a mutagenic role of this

and DNA polymerases through non-competitive inhibition with dNTPs
compound had to be discarded. However, no variations in the mutant frequency assays were observed
when PPF was added to the detection of rifampicin-resistant mutants. Thus, this discrepancy cannot be
explained by an increment in the mutant frequency caused by PPF. Another possible explanation, not
tested in this work, could be that PPF would be transported by UhpT, competing with fosfomycin for
being intracellularly transported. In the subsequent studies regarding the pharmacological approach to
inhibit FosA activity, a concentration range study combining fosfomycin and PPF was carried out to
assess the interaction between fosfomycin and PPF in terms of synergy or antagonism. The maximum
synergistic area was observed within the fosfomycin susceptibility range (from 2 to 8 mg/L for K.
pneumoniae ATCC 700721 and from 8 to 32 mg/L fosfomycin for Kp12 and Kp142). This synergistic
activity was also found to be favourable with PPF in a range of 0.3 to 2.5 mM, corresponding to human
blood concentrations after dosing 90 mg/kg body weight every 12 h (q12h) (mean + standard deviation
[SD] for the maximum steady-state concentration of the drug in serum [Cmax], 0.623+0.132 mM)?*3. In
this sense, [to et al. reported similar results using agar dilution assays, in which they obtained an

apparent low activity of PPF at concentrations up to 0.667 mM against some isolates with high MIC

values of fosfomycin®’®.

In line with the previous results, the growth monitoring assays demonstrated higher fosfomycin
activity against the fosA null mutant, relative to the wild-type strain. Despite this enhanced activity with
the addition PPF, again these results did not provide an improvement over those results obtained with
the AfosA strains. These discrepancies might be explained by lack of effective PPF activity blocking FosA

or by a degradation or inactivation of PPF during the assay.

With respect to the strains with deleted glpT, fosfomycin activity resulted lower than that of
wild-type strains, although they had similar MICs. These results agree with a higher proportion of
fosfomycin mutants observed with the AglpT strains with respect to the wild-type strain. These

observations were consistent with those reported previously by our group in E. coli*®

, showing that
highly resistant mutants emerged from AglpT strains after selection for additional mutations at loci
associated with fosfomycin resistance. No higher activity was observed against uhpT null mutants when
the assays were supplemented with PPF. Similar results were observed with the remaining clinical
isolates. In strains with low MICs and in the absence of fosfomycin resistance mutations, an effect of

the addition of PPF could be observed, whereas in strains with high MIC or with mutations, the addition

of PPF did not have an effect.

95



Finally, the time-kill assays revealed results similar to those found in the growth assays. The
inactivation of fosA considerably improved the efficacy of fosfomycin, with reductions in bacterial the
burden of 1-5logio CFU/mL. The addition of PPF to the assays mildly improved fosfomycin activity but
only within the first hours except for the uhpT mutant. However, at the end of the assay highly resistant
mutants emerged in all the conditions. Our study differs slightly from the results obtained by Ito et
al.r’®. In that study, using a single strain of K. pneumoniae with a fosfomycin MIC of 256 mg/L, the
authors found a bactericidal effect at 8 and 24 h using concentrations of 256 and 512 mg/L, but a
bacterial regrowth at 24 h with 128 mg/L. The addition of PPF to this assay showed a bactericidal effect

at all concentrations of fosfomycin tested, including 128 mg/L.

The present work concludes that strategies aimed at inactivating fosA activity by gene editing
or using pharmacological approaches are potentially promising for increasing the activity of fosfomycin
against strains of K. pneumoniae #*. In this regard, the pharmacological approach is the most feasible,
but more PK/PD models should be conducted to better evaluate the activity of FosA-inactivating

compounds.

In the line of optimizing the use of fosfomycin through the use in combination with molecules
that can increase it activity, the second manuscript of the present Thesis evaluates the role of glycerol
as an enhancer of fosfomycin activity. This improvement would occur increasing fosfomycin uptake

through the activation of GIpT transporter.

The work shows that, under therapeutically relevant concentrations of glycerol, the glpT
promoter can be activated, increasing its expression'* 2> This result agrees with previous work
showing the activation of genes (gIpACB, glpD, glpFKX, glpTQ, etc.) that are implicated in glycerol
catabolism and regulated by the glpR repressor in E. coli, P. aeruginosa or P. putida**® 4%, However, this
induction of glpT by glycerol exhibits a delayed onset, that contrast to the faster activation of the
hexose-6-phosphate transporter (uhpT) after the addition of G6P. These differences in the rate of
transporter induction have been reported using GFP promoter fusions in real-time fluorescence

monitoring and flow cytometry assays for the glpT and uhpT genes.

Nikel et al. proposed an explanation for this behaviour, where a prolonged lag phase in P. putida
KT2440 was observed in cultures grown in glycerol as sole carbon source *. The glp gene regulatory
network requires G3P, a product of glycerol phosphorylation, to derepress gene expression, which is
otherwise inhibited by GlpR. However, the genes that encode the glycerol transporter and the kinase
that produces G3P are also repressed by the GlpR protein. Thus, to initiate the transcription process, a
stochastic repression lifting is required, which has low probability and is activator independent. This

stochastic derepression process produces different levels of metabolic activity (representing, in this
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context, the ability of cells to catabolize glycerol). This glp regulation system is highly conserved in
different species like E. coli, K. pneumoniae, P. aeruginosa, P. putida, etc., although not all have the

same genes (P. putida does not have the glpT gene)!38164165,

Regarding the activity of fosfomycin in combination with glycerol, this study showed
heterogeneous results depending on the characteristics of the assay. In the disc diffusion assays, it was
observed that the addition of glycerol increased susceptibility for in wild-type phenotype strains and all
mutants except AglpT-uhpT, AglpR, and AglpK. However, secondary and reduced zones of inhibition
were also detected, indicating the presence of subpopulations with different susceptibility to
fosfomycin, even with the use of glycerol and G6P in combination. The maximum fosfomycin activity
was observed against the glpR repressor mutant and the addition of glycerol did not increase its activity.
This is explained, because in under the absence of repressor the expression of the glpT transporter is
fully derepressed. Furthermore, the addition of glycerol did not show any effect on the g/pK null mutant

indicating the role of kinase in the generation of intracellular glycerol-3-phosphate?®

. However,
fosfomycin activity was similar to that observed against the wild-type E. coli MG1655 strain in the
absence of glycerol, and this could be explained in part by the intracellular production of sn-glycerol-3-
phosphate via UgpQ, GpsA, Gpr, etc., as a precursor of phospholipid synthesis?*®. The totally absence
of activity was observed in the AglpT-uhpT double gene mutant strain, pointing out the activation of
fosfomycin transporters as the main factor controlling fosfomycin activity, as previously observed by
Ballesteros et al*®. in E. coli. It is also important to note that the reduced inhibition zones remained
unchanged regardless of the combination with glycerol or G6P, suggesting that this phenotype was not
affect by these molecules, enhancing the complex regulatory networks of the fosfomycin uptake and

activity 107109,

In this study, discrepancies between susceptibility testing by disc diffusion and agar dilution
were observed. These results agree with our previous studies, in which fosfomycin susceptibility
showed inconsistent results between broth and agar dilutions and agar diffusion techniques in
collections of clinical isolates, fosfomycin heteroresistant strains or fosfomycin resistance-related
isogenic mutants!®>227.232 Although the addition of glycerol did not modify fosfomycin MIC, performed
with the agar dilution method, it should be noted that lower bacterial densities were observed,
indicating a mild synergistic effect that could not be measurable with this kind of assay. In the
fosfomycin-glycerol interaction assays, synergistic activity was observed only for the wild-type and
AuhpT mutant strains of E. coli MG1655. However, the time-kill assays did not reflect this sensitization
with the combination of fosfomycin and glycerol. It is important to note that in time-kill assays,
divergent results between replicates were found for wild-type and E. coli MG1655 AuhpT strains. In the

case of these strains, one replicate showed total eradication of the bacterial burden and the other
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bacterial regrew after 24 hours. This partially matched with the results seen in the interaction assay.
This observed divergence between the replicates could be explained in view of the rapid bactericidal
activity of fosfomycin combined with the delayed activation of the glpT transporter. This challenge
increases the probability of the emergence of subpopulations that may have variable resistance to

fosfomycin, as observed in previous studies¢>%¥7.

In conclusion, glycerol showed an increased expression of the fosfomycin transporter glpT and
a synergistic effect with fosfomycin in interaction and disc diffusion assays. However, this molecule
does not appear to be a good candidate as an adjuvant to be added to a fosfomycin treatment, as the
delay in induction of the glpT transporter allows the selection of resistant subpopulations. Therefore,

further in vitro and in vivo studies would be necessary to overcome these problems.

Following the line of study of the importance of fosfomycin transporters, the third publication
analysed a physiological factor that may alter the activity of the transporters and thus the activity of
the antimicrobial. The following work evaluated the role of inorganic phosphate (Pi) concentrations on
fosfomycin activity. The inorganic phosphate is the molecule expelled by GlpT and UhpT proteins when
they enter their natural substrates or fosfomycin they its present. Environmental variables like oxygen,
Pi concentration, pH, and the presence of different carbon sources such as G6P, G3P and glycerol,
among others, have a great impact on fosfomycin activity 1231262382240 | this, context, different studies
have shown inhibition of G3P or G6P intake by different metabolites, including elevated Pi
concentrations!?®?% The importance of phosphate homeostasis in fosfomycin activity was also recently
highlighted in a genome-wide analysis of E. coli in response to fosfomycin, using transposon-directed
insertion site sequencing that combines an inducible promoter into the transposon cassette (TraDIS-
Xpress) 2*1. Turner et al. showed strong selection of fosfomycin mutants for the phosphonate uptake
and catabolism operon (phnCDEFGHILILMNO) and the phosphate transporter, PstBCAS.

For the development of our study a collection of isogenic E. coli mutants for glpT, uhpT and
phoB from BW25113 and six clinical isolates was used, to evaluate the influence of Pi concentration on
fosfomycin activity, focusing on blood (1mM) and urine concentrations (13-42mM) where fosfomycin
should exert its antimicrobial activity. Fosfomycin intake in Enterobacterales occurs mainly through
GlpT and UhpT transporters 1% Like other proteins, the two transporters act as Pi exporters not directly
regulated by the main Pi homeostasis controller in E. colj, the Pho regulon, in agreement with our
studies regarding the activity of the fosfomycin transport induction results, in which the increase in
phosphate concentration did not cause significant changes in transcription of these transporters 2*2In
a previous study aimed at understanding how urinary tract conditions affected fosfomycin activity
against E. coli strains harbouring chromosomal mutations involved in fosfomycin uptake, urine at pH=7

reduced fosfomycin activity, especially against the null mutants AglpT and Apts! 2*. Among other
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factors, the different concentrations of Pi could explain, in part, these observations, in line with our
work, where the main result was the reduction of antimicrobial activity as the Pi concentration
increased. This phenomenon was observed in susceptibility testing, fosfomycin activity assays and time-
kill assays in both the isogenic and clinical isolate collections.

Almost all the time-kill results showed that there is a possibility of regrowth at physiological
concentrations of fosfomycin and Pi (urine conditions), in strains with mutations for fosfomycin
transports, or if the concentration of fosfomycin remains low. Once again, this underline the gap
between fosfomycin susceptibility tests and outcome due to the close relationship between bacterial
metabolism and fosfomycin activity, in line with other studies as recent dynamic bladder infection
model simulating oral therapy using MHB supplemented with G6P, and human and synthetic urine,
there was a lack of correlation between fosfomycin MICs determined using agar dilution or broth
microdilution with MHB supplemented with G6P and fosfomycin activity?*.

The main limitation of our study is that the in vitro assays were carried out in MHB and the lack
of other nutrients or factors that may be present in blood or urine may have conditioned fosfomycin
activity. However, the low Pi content of MHB offers a well-known background medium for the study of
a single variable such as Pi concentration, rather than using minimal media where bacteria often show
poor growth and are not recommended for susceptibility testing. In addition, the limited number of
clinical strains based on the inclusion of specific genotypes of fosfomycin resistance may have biased
the conclusions.

In conclusion, Pi content modifies fosfomycin activity at concentrations achieved using
standard oral or parenteral dosages. Furthermore, Mueller-Hinton media are suitable for fosfomycin
susceptibility testing due to their low Pi content but may overestimate in vitro activity with respect to
infection sites with higher inorganic phosphate levels. Both observations should be validated with a
larger number of clinical isolates, together with their clinical outcomes, to establish the clinical

significance.
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Vi

. CONCLUSIONS

1. The inactivation of the fosA gene show decreased fosfomycin resistance in K. pneumoniae
clinical isolates, leading to a susceptibility level similar to that found in E. coli.

2. The pharmacological approach with sodium phosphonoformate did not achieve enough activity
and the effect decreased with the presence of fosfomycin resistance mutations.

3. Glycerol induces transcription of the GlpT transporter, has a synergistic effect in combination
with fosfomycin and increases fosfomycin susceptibility in wild-type and mutant strains such
as in the UhpT transporter gene at therapeutically relevant concentrations.

4. Glycerol does not appear to be a suitable molecule for use as an adjuvant together with
fosfomycin, as the induction of the glpT transporter is slow, resulting in emergence of resistant
subpopulations.

5. Extracellular high inorganic phosphate concentration increases fosfomycin resistance.

6. This increase is not mediated by direct regulation of GlpT and UhpT transporters and occurs at

physiological inorganic phosphate concentrations.
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