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Fosfomycin, a natural product antibiotic, has been in use for .20 years in Spain, Germany,
France, Japan, Brazil, and South Africa for urinary tract infections (UTIs) and other indi-
cations and was registered in the United States for the oral treatment of uncomplicated
UTIs because of Enterococcus faecalis and Escherichia coli in 1996. It has a broad spectrum,
is bactericidal, has very low toxicity, and acts as a time-dependent inhibitor of the MurA
enzyme, which catalyzes the first committed step of peptidoglycan synthesis. Whereas
resistance to fosfomycin arises rapidly in vitro through loss of active transport mechanisms,
resistance is rarely seen during therapy of UTIs, seemingly because of the low fitness of the
resistant organisms. Recently, interest has grown in the use of fosfomycin against multidrug-
resistant (MDR) pathogens in other indications, prompting the advent of development in the
United States of a parenteral formulation for use, initially, in complicated UTIs. Whereas
resistance has not been problematic in the uncomplicated UTI setting, it remains to be seen
whether resistance remains at bay with expansion to other indications.

Fosfomycin, originally called phosphonomy-
cin, is a broad spectrum antibiotic first found

in fermentation broths of Streptomyces fradiae
(ATCC 21096) in Spain through a collaborative
effort of Merck and the Compañı́a Española de
Penicilina y Antibióticos (CEPA) (Hendlin et al.
1969). Fosfomycin was initially developed in
Europe by CEPA and has been in use since the
early 1970s, initially as an IV preparation of
the disodium salt and later as an oral formula-
tion of fosfomycin trometamol. Its primary use
in Spain, Germany, France, Japan, Brazil, and
South Africa has been as an oral treatment for
urinary tract infections (UTIs) but it has also
been used more broadly in other indications
(Falagas et al. 2008, 2009, 2010a). Fosfomycin
was approved for use in the United States (as

Monurol, fosfomycin tromethamine [same as
trometamol]) in 1996 for treatment by single-
dose oral therapy of uncomplicated UTIs (acute
cystitis) in women caused by Escherichia coli and
Enterococcus faecalis. With the problem of in-
creasing resistance to other antibiotics, paren-
teral use of fosfomycin has been studied in ther-
apy of a variety of infections because it is active
against many multidrug-resistant (MDR) path-
ogens (Falagas et al. 2009) and is now under
development in the United States for parenteral
treatment of complicated UTIs (Zavante 2016).

DISCOVERY AND SPECTRUM

Fosfomycin (Fig. 1A) is a phosphonic acid an-
tibiotic discovered in Spain in a fermentation
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broth of S. fradiae by means of a Merck screen
for inhibition of peptidoglycan synthesis, the
SPHERO assay (Gadebusch et al. 1992). In this
morphological assay, schematized in Figure 1B,
Gram-negative bacilli are grown in osmotically
protective medium and treated for several dou-
blings with test samples. Inhibitors of steps in
the synthesis of peptidoglycan will lead to the
production of microscopically recognizable re-
fractile spheroplasts. Fosfomycin is also pro-
duced by several other Streptomyces, including
Streptomyces viridochromogenes (ATCC21240)
and Streptomyces wedmorensis (ATCC 21239),
as well as Pseudomonas syringae (Shoji et al.
1986), Pseudomonas viridiflava, and Pseudomo-
nas fluorescens (Katayama et al. 1990).

Early tests indicated that fosfomycin was ef-
ficacious via IV dosing against intraperitoneal
murine infections by specific isolates of E. coli,
Klebsiella pneumoniae, Pseudomonas aerugi-
nosa, Proteus vulgaris, Salmonella schottmuelleri,
Staphylococcus aureus, and Streptococcus pyo-
genes—although ED50s (median effective dose)
against K. pneumoniae, P. aeruginosa, and S.
pyogenes were high (although attainable and
safe) (Hendlin et al. 1969). More recent reports
note its broad spectrum, including activity
against many important pathogens such as S.
aureus (including methicillin-resistant S. aureus
[MRSA]), Staphylococcus epidermidis, Strepto-

coccus pneumoniae, E. faecalis, E. coli, Proteus
species, K. pneumoniae, Enterobacter species,
Serratia marcescens, and Salmonella typhi.
Whereas P. aeruginosa shows variable suscepti-
bility, fosfomycin has shown anti-pseudomonal
efficacy especially in combinations with cefe-
pime, aztreonam, and meropenem (Falagas
et al. 2008). Acinetobacter, Vibrio fischeri, Chla-
mydia trachomatis, and Bacteroides species are
resistant to fosfomycin (Falagas et al. 2008; Ka-
rageorgopoulos et al. 2012). Fosfomycin is not
cross-resistant with other antibiotics because of
its unique structure and mechanism of action.

MECHANISM OF ACTION

Fosfomycin is an inhibitor of the MurA enzyme,
UDP-N-acetylglucosamine-enolpyruvyltrans-
ferase, that catalyzes the first committed step in
peptidoglycansynthesis, the reaction of UDP-N-
acetylglucosamine (UDP-GlcNAc) with phos-
phoenolpyruvate (PEP) to form UDP-GlcNAc-
enoylpyruvate plus inorganic phosphate (shown
in Fig. 2). The finding that competition of fosfo-
mycin inhibition by PEP implied that fosfomy-
cin was acting as a PEP analog (Kahan et al.
1974). Fosfomycin covalently binds, in a time-
dependent reaction involving nucleophilic at-
tack by the cysteine 115 residue of E. coli MurA
on the epoxide of fosfomycin (Marquardt et al.
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Figure 1. Fosfomycin and the screen in which it was discovered. (A) Structure of fosfomycin. (B) Schematic of
SPHERO assay. Gram-negative rods grown in osmotically protective medium, when treated with inhibitors of
peptidoglycan synthesis, will show morphological changes leading to the production of round cells called
spheroplasts, which are highly differentiable microscopically from normal rods and debris. The assay was run
in plastic trays with wells for growth of cells and the wells viewed, after incubation, with a stereomicroscope.
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1994), and C115 is considered responsible for
the catalytic action on PEP in the synthetic reac-
tion (Wanke and Amrhein 1993; Brown et al.
1994).

In vitro, the MurA reaction proceeds with
UDP-GlcNAc binding to the so-called open
form of MurA, leading to a structural change
to a closed form to which PEP binds (Skarzyn-
ski et al. 1996) leading to a tetrahedral interme-
diate and product release (Eschenburg et al.
2005). Even though it acts as an analog of PEP,
fosfomycin’s interaction with MurA is highly
selective (Kahan et al. 1974; Marquardt et al.
1994) and shows extremely low toxicity. Its
LD50 (median lethal dose) in mice by intraper-
itoneal dosing of Na2-fosfomycin was 4 g/kg,
lethality likely being because of sodium content
(Hendlin et al. 1969).

The existence of the MurA analog of Myco-
bacterium tuberculosis that is naturally resistant
to fosfomycin and has an asparagine in the po-
sition comparable to the C115 led to studies
revealing further details of MurA reactions. Re-
placement of the C115 of the E. coli enzyme by
asparagine (to yield a C115D enzyme) leads to
fosfomycin resistance (Kim et al. 1996) and, as
expected, replacement of asparagine in the
M. tuberculosis enzyme with cysteine endows it
with fosfomycin sensitivity (De Smet et al.
1999). This indicates that C115 is not necessar-
ily required for the catalytic activity of the en-
zyme, but this activity can be supplied by the
asparagine acting as a general acid (Kim et al.
1996). Substitution of C115 of Enterobacter
cloacae MurA by serine (C115S) yielded an en-
zyme with the reaction products, UDP-GlcNAc-
enoylpyruvate and Pi, bound in the active site

(Eschenburg et al. 2005), leading the authors to
conclude that C115 is necessary for turnover
and release of the products. They reasoned
that, in C115S, other residues could carry out
the catalytic step and that, in the C115D en-
zyme, the flexible asparagine should be able to
catalyze the release of the reaction products.

Recent work (Zhu et al. 2012) indicates that,
in the cell, the activity of MurA is subject to
regulation by the binding of UDP-NAc-muram-
ic acid (UDP-MurNAc), the product of the
MurB enzyme, to MurA. In the presence of
bound UDP-MurNAc, PEP covalently attaches
to C115, leading to the formation of a “locked”
dormant tertiary complex (MurA:PEP-UDP-
MurNAc), which is the predominant form of
cellular MurA. This had apparently been missed
previously because much crystallographic work
with MurA had been done by diluting samples
into phosphate buffer, which releases the li-
gands. Extensive crystallographic findings by
these authors led them to a model for the regu-
latory and reaction schemes: when the UDP-
MurNAc to UDP-GlcNAc ratio in the cell de-
creases, UDP-GlcNAc replaces UDP-MurNAc
in the dormant complex in a rapidly reversible
manner, leading to formation of the tetrahedral
reaction intermediate that then yields the prod-
ucts, still bound in the active site. PEP enters,
reacts with C115, and displaces Pi, stimulating
the reversible exchange of UDP-GlcNAc with
UDP-GlcNAc-enoylpyruvate, leading to its re-
lease to restart the cycle. The authors speculate
that the existence of the locked dormant com-
plex may explain why discovery of reversible,
noncovalent inhibitors of MurA has been diffi-
cult. In this model, then, the covalent interac-
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Figure 2. Overall reaction performed by the MurA enzyme.
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tion of PEP with C115 is necessary for forma-
tion of the dormant complex and also for release
of the reaction products (as had been proposed
by Eschenburg et al. 2005) but is not necessary
for catalysis by the enzyme that may be supplied
by other residues (as had been proposed by Kim
et al. 1996).

In low GC Gram-positives, there are two
“murA” genes, murA and murZ, the products
of which are structurally very similar (Du et al.
2000; Blake et al. 2009). In the case of the S.
pneumoniae and S. aureus enzymes, each gene
product is capable of sustaining peptidoglycan
synthesis and both isozymes are sensitive to fos-
fomycin in vitro (Blake et al. 2009). Neither gene
is essential but a double deletion is not viable. In
Bacillus subtilis (Kobayashi et al. 2003; Kock
et al. 2004) and Bacillus anthracis (Kedar et al.
2008), however, only the murA gene is essential
and, evidently, the second enzyme cannot sub-
stitute.

FOSFOMYCIN UPTAKE

In E. coli, two carrier-dependent systems can
actively transport fosfomycin. Initial work
showed that fosfomycin could be transported
by the system for uptake of a-glycerophosphate
and that mutants in the glpT gene, encoding the
a-glycerophosphate permease, were 30-fold
more resistant than the isogenic parent strain.
Whereas a-glycerophosphate will induce ex-
pression of GlpT, the basal levels of GlpT are
sufficient for fosfomycin uptake (Kahan et al.
1974). The GlpT system is widespread, found at
least in P. aeruginosa, E. coli, Salmonella, Shigella
flexneri, Klebsiella, Haemophilus influenzae,
S. aureus, B. subtilis, E. faecalis, and Rickettsia
prowazekii (Kahan et al. 1974; Lemieux et al.
2004). It was also shown that the blood compo-
nent, glucose-6-phosphate (G-6-P), could in-
duce the hexose-phosphate uptake system,
UhpT, to levels sufficient for fosfomycin trans-
port (Zimmerman et al. 1969; Kahan et al.
1974). The UhpT system is limited to Entero-
bacteriaceae (with the exception of Proteus spe-
cies) and S. aureus (Winkler 1973). Important-
ly, Pseudomonas does not have a UhpT system

and so solely uses glpT for uptake (Winkler
1973; Castañeda-Garcı́a et al. 2009).

FOSFOMYCIN RESISTANCE

The mechanisms of resistance to fosfomycin
have been recently reviewed (Karageorgopoulos
et al. 2012; Castañeda-Garcı́a et al. 2013; Niko-
laidis et al. 2014). It should be noted that the
breakpoints for fosfomycin susceptibility have
been formalized for few species and are different
for the Clinical and Laboratory Standards Insti-
tute (CLSI) and the European Committee on
Antimicrobial Susceptibility Testing (EUCAST).
EUCAST break points for Enterobacteriaceae
(oral or IV) and S. aureus (IV only) are S �
32 mg/L and R . 32 mg/L (in the presence of
25 mg/L G-6-P). Wild-type isolates of Pseudo-
monas species minimum inhibitory concentra-
tions (MICs) �128 mg/L have been treated
with combinations (European Committee on
Antimicrobial Susceptibility Testing 2016).
CLSI breakpoints for E. coli and E. faecalis are
S � 64 mg/L, I 128 mg/L, R � 256 mg/L (also
in the presence of G-6-P) (Performance Stan-
dards for Antimicrobial Susceptibility Testing
2012).

Mutational Resistance

Resistance to fosfomycin arises in E. coli at high
frequencies in vitro, because of loss of transport
systems required for uptake. As noted above, in
E. coli, uptake of fosfomycin can be mediated
by the GlpT permease system, whose main sub-
strate is a-glycerophosphate, and also, when
induced by G-6-P, by the UhpT system (Kahan
et al. 1974). Both of these systems are positively
regulated by cAMP, and cAMP levels can be
lowered by mutations in the ptsI or cyaA genes
(which will also affect catabolism of a variety of
carbohydrates) (Alper and Ames 1978; Tsu-
ruoka et al. 1978; Castañeda-Garcı́a et al.
2009). For E. coli grown in the absence of G-
6-P, in which only the GlpT permease is active,
the frequency of resistance (ascertained by fluc-
tuation test) is 1027, while in the presence of
G-6-P the frequency is 1028 (Nilsson et al.
2003). Most of the mutations seen in the Nils-
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son study were located in genes leading to a
decrease in cAMP. Nilsson noted that despite
this finding of high frequencies of resistance in
vitro the rates of clinical resistance to fosfomy-
cin in E. coli throughout Europe from 1999 to
2000 (Kahlmeter 2000) were uniformly low, in
the range of 0.7% to 1.5%, with no differences
between countries with a long history of fosfo-
mycin use and those not using it. As opposed
to their in vitro findings, 13 resistant clinical
isolates tested by Nilsson were found to have
mutations almost exclusively in glpT and/or
uhpA or uhpT, with none found in the cAMP
regulatory loci, perhaps indicating a selective
disadvantage in vivo. Whereas mutants grew
well in the absence of fosfomycin, it was found
that growth rates of the three tested in vitro
mutants and 12 of the 13 clinical isolates
were severely reduced in growth rate in LB me-
dium or urine in the presence of �8 mg/L of
fosfomycin, which is significantly lower than
the fosfomycin concentration in urine during
treatment, normally greater than 128 mg/L.
Mathematical modeling indicated that the
growth rate retardation seen should be enough
to prevent resistant strains from establishment
in the bladder (Nilsson et al. 2003). Slow
growth and the absence of the cAMP-related
mutations in vivo could explain the discrep-
ancy between high-frequency mutational resis-
tance to fosfomycin in vitro and rates of resis-
tance seen in the clinic.

Interestingly, very few instances have been
reported of mutations in the fosfomycin target
gene, murA. A mutation in murA of E. coli was
isolated after mutagenesis (Wu and Venkates-
waran 1974) and counterselection against trans-
port mutants and two murA mutants of E. coli
were reported among clinical isolates in a Japa-
nese study (Takahata et al. 2010) It is likely that,
in vitro, the frequency of transport mutants is so
great relative to target mutants that they are not
generally seen. The finding of murA mutants
with clinical isolates of E. coli might reflect the
low fitness of in vitro transport mutants.

Recent in vitro experiments (Couce et al.
2012) showed that overexpression of the murA
gene by induction of a regulated promoter can
lead to greatly increased MICs, to levels that

would afford clinical resistance, while having
relatively low effects on fitness (relative to mu-
tations to fosfomycin resistance found in clini-
cal isolates). However, this has not been noted
yet in clinical isolates.

A study of a set of 441 Italian Gram-nega-
tive urinary isolates (Marchese et al. 2003)
showed very high susceptibility to fosfomycin
of E. coli isolates (99%), 87.5% susceptibility
for Proteus species, whereas other species
showed variable susceptibilities. Fosfomycin-
resistant mutants (�2000 mg/L) of sensitive
E. coli, K. pneumoniae, and P. aeruginosa were
obtained through stepwise selection on agar
containing fosfomycin, and the growth rates
of these resistant mutants were compared to
their parental strains. In contrast to the mu-
tants tested by Nilsson et al., these all showed
significantly reduced growth rates in a variety
of conditions (in the absence of fosfomycin) as
well as reduced adhesion to uroepithelial cells
and to urinary catheters.

A study of fosfomycin resistance in Pseudo-
monas (Rodrı́guez-Rojas et al. 2010b) showed
that a glpT null mutant was equal in virulence to
its glpþ parent in a mouse lung infection sur-
vival model, had equivalent biofilm-forming
ability, and caused similar inflammation in his-
tological studies. This and other data were in-
terpreted by the authors to show that mutation-
al resistance in P. aeruginosa may have no
obvious fitness cost in vivo. It may well be that
the site of infection contributes to the difference
in apparent fitness seen between P. aeruginosa in
the lung and E. coli in the bladder.

As there is interest in use of parenteral fos-
fomycin for treatment of indications in addi-
tion to uncomplicated UTI, recent hollow fiber
pharmacokinetic/pharmacodynamic (PK/PD)
studies were undertaken by the Ambrose group
(VanScoy et al. 2015) to determine the PK/PD
index for IV fosfomycin and to determine re-
quirements for stasis, and 1- and 2-log reduc-
tions of colony-forming units. The results
showed that, at least for the E. coli isolates stud-
ied, there was a large resistant subpopulation
from the inception of infection. Thus, a new
PK/PD index was instituted, %T . RIC—the
percentage of the dosing interval in which the
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concentration was above the “resistance inhibi-
tory concentration.” For stasis, 1- and 2-log re-
ductions, %T . RIC were 11.9%, 20.9%, and
32.8%, respectively. The authors note some ca-
veats with this type of in vitro work: in vivo
fitness of the mutants is unknown and longer
treatment will be required to model clinical
treatment duration.

In vitro pharmacodynamics of Na2-fosfo-
mycin against clinical 64 P. aeruginosa isolates
was studied by an Australian group (Walsh et al.
2015). MICs from 1 to .512 were seen with
61% of isolates susceptible (MIC � 64 mg/L),
but all isolates tested had a resistant subpopula-
tion as revealed by population analysis profiling.
At low inocula (�106 cfu/mL), there was mod-
erate killing with regrowth by 24 h at most dos-
ages. No killing was seen with high inocula
(�108 cfu/mL). This indicates that monother-
apy of P. aeruginosa with fosfomycin may be

problematic if this finding translates to in vivo
conditions; furthermore, study of combination
therapy is warranted.

Fosfomycin-Modifying Enzymes

Several fosfomycin-modifying enzymes have
been found that inactivate the drug. The main
enzymes described are three types of metalloen-
zymes, FosA, FosB, and FosX, and two kinases,
FomA and FomB, as shown in Figure 3.

The metalloenzymes open the epoxide
(oxirane ring) by the addition of various sub-
strates as recently reviewed (Castañeda-Garcı́a
et al. 2013). FosA is a glutathione-S-transferase
present on transposon TN2921 originally found
on a plasmid in S. marcescens (Suárez and Men-
doza 1991), using Mn2þ and Kþ as metal cofac-
tors; other related glutathione transferase (FosA
type) enzymes found to be plasmid-borne are
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L.L. Silver

6 Cite this article as Cold Spring Harb Perspect Med 2017;7:a025262

w
w

w
.p

er
sp

ec
ti

ve
si

n
m

ed
ic

in
e.

o
rg

Press 
 on December 15, 2024 - Published by Cold Spring Harbor Laboratoryhttp://perspectivesinmedicine.cshlp.org/Downloaded from 

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://perspectivesinmedicine.cshlp.org/


FosA3, FosA4, FosA5, and FosC2. A related
FosA enzyme is found encoded in the chromo-
some of P. aeruginosa.

Recent studies in China (Li et al. 2015)
found that 7.8% of nonduplicate E. coli clinical
isolates collected from 20 geographically dis-
persed hospitals from July 2009 to June 2010
were nonsusceptible to fosfomycin (MIC .

64 mg per liter). Of these, 80% carried the
fosA3 gene; the fosA3 gene of 42% of those
isolates was transferable, presumably via a con-
jugative plasmid. With growing interest in the
possible use of fosfomycin to combat resistant
Gram-negative infections, a study was done to
ascertain the prevalence of fosfomycin resis-
tance in 278 K. pneumoniae isolates carrying
the K. pneumoniae carbapenemase (KPC) and
in 80 extended-spectrum b-lactams (ESBLs)
(non-KPC) K. pneumoniae from 12 hospitals
in China (Jiang et al. 2015). Fosfomycin resis-
tance was 60.8% in KPC producers, compared
to 12.5% among ESBL producers. Ninety-four
of the KPC isolates were found to carry fosA3
genes and 92 of those appeared clonally related,
with 71% belonging to a single clonal group.
The distribution of fosfomycin resistance levels
varied greatly among the different hospitals, but
there was general correlation between levels of
resistance and presence of fos3 genes. Rather
alarming was the finding that, in a representa-
tive isolate of the predominant clone, the fosA3
and blaKPC-2 genes were colocalized on a plas-
mid designated pFOS18. The blaKPC-2 gene, lo-
cated on a Tn3–Tn4401 structure, and fosA3,
bracketed by IS26 sequences, are normally
transmitted on plasmids. This data indicates
that they can be linked on a single plasmid.
The data from this recent study in China con-
trasts with earlier data from a U.S. study (Endi-
miani et al. 2010) in which fosfomycin suscept-
ibility of 68 K. pneumoniae KPC-possessing
strains was measured and 93% were found sus-
ceptible. It is likely that the Chinese study rep-
resents a clonal outbreak that has not (yet)
spread to the United States. It will be necessary
to monitor the spread of such clones.

FosA3 was also found on CTX-M plasmids
of E. coli in Japan, flanked there as well by IS26
elements (Sato et al. 2013). An unexpected in-

crease in fosfomycin resistance of E. coli CTX-
M-15-carrying strains in Madrid was studied
and found to be caused by two main clonal
types (Oteo et al. 2009). In the larger clone,
none of the normal mutational resistance alleles
were found, whereas in the second clone of five
strains, there was a small deletion in the uhpA
gene and a single IS26 linked to blaCTX-M-15.
There was no mention of genes associated
with the IS26. Is it possible that these clones
could contain fosfomycin-modifying enzymes,
perhaps Fos3 associated with CTX-M as in the
Japanese isolates (Sato et al. 2013)?

The regulation of expression of the fosA gene
that is resident in the genome of P. aeruginosa is
not well studied, if at all. It would seem critically
important to study the conditions under which
fosA is expressed in P. aeruginosa, to ascertain
what its effect is on basal MICs and whether
sufficient expression to yield a resistant pheno-
type can be achieved by mutation or induction.
One reference (De Groote et al. 2011) notes that
fosfomycin resistance in P. aeruginosa can be
caused by (engineered) overexpression of the
resident FosA because of an inserted promoter.
Whether turn-on of FosA in P. aeruginosa is a
possible source of mutational resistance is not
known. However, the main mutational resis-
tance in P. aeruginosa is clearly mutations in
the GlpT system (Castañeda-Garcı́a et al.
2009), because no spontaneous fosfomycin-re-
sistant colonies grew on plates containing a-
glycerophosphate as a carbon source, and all
10 sequenced mutations in this study were mis-
sense mutations in glpT.

FosB type enzymes, first discovered in
S. epidermidis (Zilhao and Courvalin 1990),
are found in low GC Gram-positive bacteria
such as B. subtilis, B. anthracis, S. epidermidis,
and S. aureus, species that do not make glutathi-
one but use bacillithiol (shown in Fig. 3) as
a substitute thiol donor. These bacillithiol-S-
transferases use Mg2þ as a cofactor. The FosB
of S. aureus is chromosomally located and is
responsible for the innate level of fosfomycin
activity—as deletion of either the fosB gene or
the bacillithiol synthetic machinery greatly in-
creases the sensitivity to fosfomycin (Thomp-
son et al. 2014).
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FosX is related to the FosA and FosB en-
zymes, but it is an Mn2þ-dependent epoxide
hydrolase, using water to break the ring. FosX
enzymes are found in Listeria monocytogenes,
Clostridium botulinum, and Brucella melitensis
(Castañeda-Garcı́a et al. 2013).

FomA and FomB are kinases from S. wed-
morensis, a species that produces fosfomycin
(Kuzuyama et al. 1996), that sequentially add
phosphates to the phosphonate moiety of fos-
fomycin from ATP with Mg2þ as a cofactor.
Presumably, these enzymes act to provide au-
toresistance to the producers. Another such ki-
nase, originally called FosC and found in the
fosfomycin producer P. syringae, is actually an
ortholog of FomA (Kim et al. 2012).

CLINICAL CONSIDERATIONS
ON RESISTANCE

As fosfomycin has low toxicity and allergenicity,
a broad spectrum of activity, including MDR
organisms, good pharmacokinetics, and is
available in parenteral as well as oral formula-
tions, its use in non-UTI indications for hard-
to-treat infections has become attractive. But
there is not a large body of data on results of
controlled trials in other indications. The Fala-
gas group has published a large number of
meta-analyses of small studies of fosfomycin
use in various settings. Initial data supported
use of fosfomycin for treatment of UTIs caused
by MDR Enterobacteriaceae, including those
carrying ESBLs (Falagas et al. 2010a). Resistance
data from studies after 2010 (Falagas et al. 2016)
was mostly on pathogens from urine samples
and showed that E. coli susceptibility ranged
from 82% to 100% and K. pneumoniae from
15% to 100%. There was less data on other En-
terobacteriaceae, but fosfomycin was active
against 72% to 97.5%. Fosfomycin was 90.5%
to 100% active against MDR Enterobacteria-
ceae. One study showed 80.6% susceptibility
to fosfomycin of carbapenem-resistant P. aeru-
ginosa strains. Carbapenem-resistant Acineto-
bacter baumannii was resistant. No major dif-
ferences in resistance were seen between data
published before 2010 and that published after
for Gram-negatives and S. aureus.

The main question is whether resistance to
fosfomycin will compromise its use in non-
UTI indications. There is no adequate answer
as yet. It is clear that the single-dose oral treat-
ment of cystitis with fosfomycin trometamol/
tromethamine is highly effective and equivalent
to other therapies with low evolution of resis-
tance seen (Falagas et al. 2010b). Most of these
infections are caused by E. coli, and it may be
that the high urinary levels of fosfomycin at-
tainable and the lowered fitness of mutants
with impaired fosfomycin uptake (as discussed
above) contribute to the efficacy of fosfomycin
in this setting.

Combinations

Checkerboard assays, kill curves, and in vitro
models have been used to predict the efficacy
and potential synergy of combinations of fos-
fomycin. Whereas monotherapy against E. coli
and E. faecalis cystitis has been successful over
the years, there is concern that treatment of oth-
er pathogens at other sites where local drug
concentrations will likely be lower than in urine
may lead to resistance selection. Thus, combi-
nation therapy is being evaluated.

Combinations with underused cell-wall in-
hibitors were tested against E. coli and K. pneu-
moniae (Hickman et al. 2013), including MDR
strains, leading to the finding that a fosfomy-
cin/aztreonam and a fosfomycin/aztreonam/
mecillinam combination were effective in re-
ducing the population in a variety of models,
including a new in vitro kinetic model.

An examination of resistance selection by
fosfomycin in combination with a number of
drugs in both wild-type and a mutator strain
(Rodrı́guez-Rojas et al. 2010a) gave the interest-
ing result that, in wild-type, combinations with
tobramycin, amikacin, meropenem, ceftazi-
dime, ciprofloxacin, and colistin gave frequen-
cies below the limit of detection (,1 � 10210),
but the combination of fosfomycin and imipe-
nem had a frequency of 1.1 � 1029, higher than
the product of the individual frequencies (3.5
� 10213). For the mutator strain, in which fre-
quencies for the single drugs were �100 fold
higher than in wild-type, all combinations
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yielded frequencies below the limit of detection
except for fosfomycin plus imipenem or cefta-
zidime, which were 1.1 � 1027 and 1 � 1028,
respectively. There was, apparently, some sort of
antagonistic effect occurring.

A recent publication (Walsh et al. 2016) re-
ported testing combinations of fosfomycin with
several drugs in killing P. aeruginosa. Against
fosfomycin-susceptible isolates, fosfomycin
monotherapy led to efficient killing but rapid
regrowth. Combination of fosfomycin with
polymyxin B or tobramycin against these sus-
ceptible isolates and combination of ciprofloxa-
cin plus fosfomycin against fosfomycin-resis-
tant isolates led to increased killing (versus
monotherapy), but did not prevent regrowth
of resistant mutants. Certainly, repeat dosing
should be tried to ascertain whether rebound
could be prevented with further treatment, but
this study is sobering.

CONCLUSIONS

Fosfomycin is an old antibiotic, but it has prov-
en useful. In this age of increasing antibiotic
resistance, fosfomycin is being reconsidered
for use against MDR pathogens within its spec-
trum of action. But, if it is true that fosfomycin
has proven effective for uncomplicated UTIs
because of fitness cost of mutants and high uri-
nary drug concentrations, then these are vari-
ables that must be addressed to move on to
indications involving other body sites. The use
of combinations may help to keep resistance at
bay, but that will likely rely on matched phar-
macokinetics. Furthermore, data from various
tests of combinations against P. aeruginosa show
the need to choose combinations carefully. Dos-
ing of drug at “resistance-inhibitory” or “mu-
tant-prevention” concentrations may be a more
realistic approach. Whereas the frequencies of
fosfomycin resistance seen over time have not
changed very much, that is likely because of the
fact that most of the present resistance seen is a
result of mutations in the pathogen. The reports
on plasmid-borne fosfomycin resistance fore-
warn of increased levels of resistance, likely
through spread of problematic clones in which
resistance to fosfomycin is linked to resistance

to other drugs, especially b-lactams. The Chi-
nese report of FosA3 and KPC-2 on a single
plasmid and its likely clonal spread (Jiang et
al. 2015) are very worrying. Whereas drugs to
treat the growing threat of MDR bacteria are
sorely needed, and fosfomycin has some attrac-
tive properties that could favor its use for treat-
ment of certain life-threatening infections, to
retain its productive use as a single-dose oral
therapy for cystitis, stewardship and monitoring
the spread of plasmid-borne resistance will be
needed.
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