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Background: Neonatal sepsis is a serious bacterial infection of neonates, globally killing up to 680000 babies
annually. It is frequently complicated by antimicrobial resistance, particularly in low- and middle-income coun-
try (LMIC) settings with widespread resistance to the WHO’s recommended empirical regimen of ampicillin and
gentamicin.

Objectives:We assessed the utility of flomoxef and fosfomycin as a potential alternative empirical regimen for
neonatal sepsis in these settings.

Methods:We studied the combination in a 16-armdose-ranged hollow-fibre infectionmodel (HFIM) experiment
and chequerboard assays. We further assessed the combination using clinically relevant regimens in the HFIM
with six Enterobacterales strains with a range of flomoxef/fosfomycin MICs.

Results: Pharmacokinetic/pharmacodynamicmodelling of the HFIM experimental output, along with data from
chequerboard assays, indicated synergy of this regimen in terms of bacterial killing and prevention of emer-
gence of fosfomycin resistance. Flomoxef monotherapy was sufficient to kill 3/3 strains with flomoxef MICs
≤0.5 mg/L to sterility. Three of three strains with flomoxef MICs ≥8 mg/L were not killed by fosfomycin or flo-
moxef monotherapy; 2/3 of these were killed with the combination of the two agents.

Conclusions: These data suggest that flomoxef/fosfomycin could be an efficacious and synergistic regimen for
the empirical treatment of neonatal sepsis in LMIC settings with prevalent antimicrobial resistance. Our HFIM
results warrant further assessment of the flomoxef/fosfomycin combination in clinical trials.

Introduction
Neonatal sepsis is a frequent and often fatal infection of
newborn infants,1 causing an estimated 430000–680000 deaths
annually,2,3 with highest mortalities in low- and middle-income
countries (LMICs). Leading causative pathogens include Gram-
negative (e.g. Escherichia coli, Klebsiella pneumoniae) and Gram-
positive bacteria (e.g. Staphylococcus aureus, Streptococcus
agalactiae). For the empirical treatment of neonatal sepsis, the
WHO currently recommends a narrow-spectrum β-lactam anti-
biotic (e.g. ampicillin, benzylpenicillin) in combination with genta-
micin as first line.4,5 The clinical efficacy of this regimen, however,

is increasingly compromised by rising rates of antimicrobial resist-
ance (AMR).

Multiple epidemiological studies have demonstrated signifi-
cant rates of AMR in bacteria causing neonatal sepsis in a variety
of LMIC settings,6–13 including rising rates of ESBLs and
aminoglycoside-modifying enzymes (AMEs). Resistance rates to
amoxicillin and gentamicin are approximately 80% and 60%, re-
spectively.6–13 Accordingly, alternative therapeutic options that
are suitable for use in LMIC settings are needed for the empirical
treatment of neonatal sepsis in these LMIC contexts.

Flomoxef is an oxacephem β-lactam with broad activity
against Gram-negative and -positive bacteria (including
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anaerobes, but not pseudomonads).14,15 Of particular interest is
its stability to degradation by ESBLs (except for Ambler class C en-
zymes, i.e. AmpC).16–18 Fosfomycin is a recently revived antibiotic
with a unique mechanism of action—inhibition of bacterial cell
wall synthesis via MurA inhibition, with broad Gram-negative
and -positive activity.15,19 Both agents are off-patent, have a
favourable safety profile,14,15,19 have a licence for neonatal use
from a stringent regulatory authority, and have activity against
the common pathogens that cause neonatal sepsis including
those with commonly encountered resistance mechanisms.

Here, we assess the potential utility of the combination of
flomoxef and fosfomycin by examining in vitro activity, and the
nature and extent of any pharmacodynamic (PD) interaction in
both chequerboard assays and hollow-fibre infection models
(HFIMs), with a goal of defining a potential candidate regimen
suitable for future clinical study.

Materials and methods
Antimicrobial agents
Pure compounds of flomoxef (Shionogi, Osaka) and fosfomycin (Sigma–
Aldrich, St Louis) were used for all in vitro experiments, unless otherwise
stated. Clinical vials of fosfomycin (Fomicyt, Kent Pharmaceuticals Ltd)
were used for the HFIM experiments.

Media and agar
CAMHB (Sigma–Aldrich) was used as the primary medium in all experi-
ments. Where fosfomycin was used, the CAMHB was supplemented
with 25 mg/L glucose-6-phosphate (G6P) (Sigma–Aldrich). Mueller–
Hinton agar (MHA) was used in all agar plates. For drug-containing plates,
MHA was supplemented with antibiotic (with an additional 25 mg/L G6P,
if fosfomycin) to a concentration of four times the antibiotic MIC for the
specific bacterial strain, prepared within each antibiotic’s stability time
limits.

Bacterial isolates
Isolates were supplied by JMI Laboratories, IHMA, PHE, LGC standards,
University of Birmingham, University of Oxford and Royal Liverpool
University Hospital. For the initial non-dynamic in vitro experiments, a pa-
nel of strains was assembled representing a range of possible neonatal
sepsis bacterial pathogens and resistance mechanisms in an
AMR-prevalent environment consisting of 10 strains of each of the follow-
ing: S. agalactiae, MRSA, E. coli and K. pneumoniae. All Enterobacterales
strains were ESBL (nine E. coli and nine K. pneumoniae strains) or carba-
penemase producers (one E. coli and one K. pneumoniae strain) (Table S1,
available as Supplementary data at JAC Online). All isolates were stored
in glycerol at−80°C and subcultured onto two MHA plates for 18–24 h at
37°C prior to each experiment. In each experiment, colonies were sus-
pended in PBS to McFarland standard 0.5 (1×108 cfu/mL) and diluted
to the target concentration.

Antimicrobial susceptibility testing
MICs of fosfomycin and flomoxef for a panel of representative neonatal
sepsis bacterial pathogens were determined using the EUCAST broth mi-
crodilution methodology.20 E. coli ATCC 25922 or S. aureus ATCC 29213
were used as controls in all experiments, using quality control MIC values
from both EUCAST and the Japanese Society of Chemotherapy.21,22 The
antibiotic gradient strip assay method was used for fosfomycin MIC de-
termination from isolates from the HFIM experiment. Briefly, an inoculum
of the isolate was made using a suspension of a sweep of colonies into

PBS to a McFarland standard of 0.5. A lawn of the inoculum was plated
onto an MHA plate and an antibiotic gradient strip (Etest, bioMérieux,
Marcy-l’Étoile, France) placed on the plate, which was subsequently incu-
bated for 18–24 h at 37°C before reading.

In vitro PD assays
Chequerboard assays were used on selected strains (with fosfomycin and
flomoxef MICs in the range .0.0625 to ≤32mg/L) to assess the PD inter-
action of the flomoxef/fosfomycin combination. An 8×8 grid was as-
sembled on a 96-well plate with 100 μL 1:2 serial dilutions of each
antibiotic along each axis, with the final row/column having 0 mg/L of the
appropriate drug. Each plate was assembled bespoke to each strain, with
the maximum concentration of antibiotic being 4× MIC for that strain. An
inoculum of 1×106 cfu/mL was prepared in CAMHB, with 100 μL added to
each well of the prepared plate. The well containing 0 mg/L of each drug
acted as the positive control; an additional rowof blank CAMHBon the plate
acted as negative control. Plateswere incubated for 18–24 h at 37°C before
being readbyanopticaldensitometer (Varioskan, ThermoFisher) at600 nm.
Plates were considered valid if the MIC on the monotherapy rows of the
chequerboard were within one dilution of the previously determined MIC,
the negative controls had no growth, and the prepared inoculum bacterial
quantification was within 6–14×105 cfu/mL.

Raw OD readings were normalized to the positive control. The read-
outs were then modelled using Greco’s model of drug synergy23 using
ADAPT 5.24 Meta-analysis was performed on the output of the model be-
tween individual strains using the R package ‘metafor’.25

HFIM
The HFIM is a well-established dynamicmodel simulating the PD effect of
antimicrobials with dynamic concentrations.26 The HFIM method was
used largely as described previously.27 Briefly, each arm in the HFIM
was set up as demonstrated in Figure 1; monotherapy arms omitted
the supplementary compartments. CAMHB was pumped into the central
compartment at a rate set to simulate a physiological clearance rate for
the drug, with media in the central compartment removed at an equiva-
lent rate. The target-simulated half-lives for fosfomycin and flomoxef
were 5.1 and 2.3 h, respectively.28,29 To account for the difference in
clearance between flomoxef and fosfomycin, supplementary compart-
ments were set up according the principles laid out by Blaser.30 No
drug binding occurred within the model, and drug time–concentration
profiles were aimed to replicate that of the in vivo free fraction.

Preliminary monotherapy experiments were performed with the
ESBL-producing ST195 E. coli strain (flomoxef MIC=0.125 mg/L; fosfomy-
cin MIC=1 mg/L; supplied by the University of Birmingham).31

Pharmacokinetic (PK) and PD outputs of these experiments were mod-
elled using Pmetrics32 and simulated using estimated parameters with
ADAPT24 to determine the flomoxef and fosfomycin doses required to
achieve EC20, EC50 and EC80 in terms ofmaximal bactericidal effect within
the HFIM. A 16-arm HFIM experiment was performed using a 4×4 dosing
matrix using these three doses and no dose for both antibiotics in com-
bination. The experiment was run over 96 h, with a target initial inoculum
of 1×106 cfu/mL of ST195 inoculated into the hollow-fibre cartridges.
Flomoxef was administered by bolus every 12 h to the primary central
compartment only; fosfomycin was administered by bolus to the primary
and supplementary central compartments every 12 h.

PK samples were taken for bioanalysis at four timepoints in dosing
windows on Days 1 and 3 of the experiment before storing at −80°C
ahead of bioanalysis (see Supplementary Text 1 for bioanalysis method).
Samples of inoculum were taken from each hollow-fibre cartridge at four
timepoints during the first 24 h, then once daily before administration of
antibiotic doses until the 96 h timepoint. These were quantified via the
‘track-dilution’ method33 on drug-free and drug-containing plates.
An additional 100 μL of inoculum was plated onto a further drug-free
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MHA plate to lower the limit of detection for total bacterial quantification
(i.e. to 10 cfu/mL). Plates were then incubated at 37°C for 18–24 h for
drug-free plates and 42–48 h for drug-containing plates before counting.
MICs for any viable colonies from each arm on the final timepoint were
determined via antibiotic gradient strip assay for fosfomycin, and broth
microdilution method for flomoxef.

Further HFIM experimentswere performed assessing the effect of clin-
ically relevant flomoxef and fosfomycin regimens with neonatal-like
time–concentration profiles (alone and in combination) against six
Enterobacterales strains with a range of different flomoxef and fosfomy-
cinMICs (Table 1). PKprofiles offlomoxefand fosfomycinweredesigned to
have the same half-lives as the previous experiments, with Cmax values of
50 and 250 mg/L, respectively.28,29 Each individual experiment consisted
of four arms: monotherapy arms for both flomoxef and fosfomycin, a
combination therapy arm and an untreated control. Each experiment
lasted 7 days to reflect the typical treatment course of neonatal sepsis.
Four PK samples were taken for bioanalysis in each of three dose intervals
distributed evenly throughout the experiment. Four inoculum samples
were taken on Day 1, and once every 24 h thereafter. These samples
were quantified as before, with MICs for any viable colonies from each
arm on the final timepoint.

Modelling
Population PK models were constructed using the PK and PD outputs of
the hollow-fibre experiments using the population PK program Pmetrics
using a non-parametric adaptive grid (NPAG) estimation routine.32 The
structural model was based on Greco’s models of pharmacological syn-
ergy.23 For further details, see Supplementary Text 2.

Data availability
The programs ADAPT and Pmetrics are publicly available, with instruc-
tions, at https://bmsr.usc.edu/software/adapt/and http://www.lapk.org/
pmetrics.php, respectively.

Results
In vitro susceptibility testing
The flomoxef and fosfomycin MIC distributions for the panel of
neonatal sepsis bacterial pathogens are shown in Table 2.

Figure 1. Schematic configuration of the HFIM with two agents. The supplementary compartments are omitted in arms with monotherapy.
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The modal flomoxef MIC was 0.25 mg/L. For the
Enterobacterales, flomoxef MIC values were either ≤0.5 or
≥8 mg/L. Of the strains inhibited by higher flomoxef MICs, 3/6
carried a plasmid with a gene encoding an AmpC enzyme (e.g.
DHA-1 or CMY-II); 1/6 carried an ampC gene promoter mutation
causing chromosomal AmpCoverexpression; 1/6 was a KPC3 pro-
ducer; and 1/6 was a CTX-M-3 producer with no identified resist-
ance mechanism for flomoxef. All S. agalactiae strains had
flomoxef MICs of ≤0.5 mg/L; 9/10 MRSA strains had flomoxef
MICs of ≤4 mg/L. The fosfomycin MIC50 values were 2–4, 1–2
and 8 mg/L for the E. coli, MRSA and S. agalactiae strains, respect-
ively. The K. pneumoniae strains had a fosfomycin MIC50 of
.32 mg/L.

In vitro drug–drug interaction modelling
Static chequerboard assays were performed on the strains from
the original panel with MICs in the range .0.0625 to ≤32 mg/L

for both flomoxef and fosfomycin (n=16), with the output fitted
to the model originally described by Greco23 (Figure 2). The PD
interaction was quantified using the point estimate of the inter-
action parameter α and an assessment of its 95% CI. α is inter-
preted as follows: a lower CI bound of .0 indicates synergy; an
upper CI bound of,0 indicates antagonism; a CI containing 0 in-
dicates additivity only. The magnitude of α is contextual to the
experimental conditions and PD measure. Interpretations of
the value of α is therefore limited to categorization of interaction
and relative comparison with values determined from similar ex-
perimental conditions.

In this static system, 5/16 strains demonstrated synergy with
the combination of flomoxef and fosfomycin (i.e. α was positive
with a 95% CI lower bound of .0). In the remaining cases the
drug combination was additive. When the outputs were com-
bined using a meta-analysis, the value of α was 0.0417 (95%
CI=0.0372–0.0461) suggesting an overall conclusion of synergy,
with low levels of inter-species and inter-strain heterogeneity.

PD interaction of flomoxef and fosfomycin using
neonatal PK
The nature and magnitude of the PD interaction between flo-
moxef and fosfomycin was further explored using an HFIM
using neonatal free concentration–time profiles in plasma for
both drugs (Figure 1).28,29 The challenge strain was E. coli
ST195, which is a CTX-M-14-producing isolate from Laos with
flomoxef and fosfomycin MIC values of 0.125 and 1 mg/L, re-
spectively.31 Preliminary dose-finding experiments for each
drug as monotherapy defined the dose–exposure response re-
lationships for bactericidal effect and the emergence of resist-
ance. Concentrations corresponding to the EC20, EC50 and EC80
of maximal bactericidal effect were defined. For flomoxef, drug
exposures (quantified in terms of the fAUC0–24) of 12, 50 and
90 mg·h/L resulted in the EC20, EC50 and EC80, respectively.
Similarly, fAUC0–24 of 60, 250 and 500 mg·h/L resulted in
the EC20, EC50 and EC80 for fosfomycin, respectively. The corre-
sponding target Cmax values for these exposures were 2,

Table 1. Details of strains used in the HFIM experiments

Strain ID Species
Resistance
mechanisms

MIC (mg/L)

Fosfomycin Flomoxef

ST195 E. coli CTX-M-14, aph(3′),
aac(3), TEM-OSBL,

mdf(A)

1 0.125

SPT 719 E. coli SHV ESBL, TEM ESBL 2 0.25
BAA2523 E. coli OXA-48 8 0.5
I1025 E. coli mdf(A), ampC

promoter mutation
32 8

1216477 K. pneumoniae SHV-OSBL, TEM-OSBL,
CTX-M-15

32 0.25

1280740 K. pneumoniae SHV-OSBL, TEM-OSBL,
CTX-M-15, DHA-1

4 32

1256506 K. pneumoniae SHV-OSBL, TEM-OSBL,
CTX-M-2, CMY-2

32 128

Table 2. Flomoxef (top) and fosfomycin (bottom) MIC distributions for the panel of 40 representative bacterial strains

Bacterial species

Flomoxef MIC (mg/L)

≤0.0625 0.125 0.25 0.5 1 2 4 8 16 32 .32

E. coli 1 4 2 1 — — — 1 — — 1
K. pneumoniae — 1 4 1 — — — 1 — 2 1
MRSA — — 1 1 1 1 5 — 1 — —

S. agalactiae 1 1 7 1 — — — — — — —

Fosfomycin MIC (mg/L)

≤0.0625 0.125 0.25 0.5 1 2 4 8 16 32 .32

E. coli — — — — — 5 2 1 — — 2
K. pneumoniae — — — — — — 1 — — 1 8
MRSA — — 1 2 2 2 2 — — — 1
S. agalactiae — — — — — 2 2 2 1 2 1

Flomoxef and fosfomycin combination pharmacodynamics

1337



8.5 and 15 mg/L for flomoxef and 5, 20 and 40 mg/L for
fosfomycin.

The PD of the combination of flomoxef and fosfomycin were
determined in a 16-arm HFIM experiment that consisted of a
4×4 experimental design matrix, with a no-treatment control,
all EC20, EC50 and EC80 doses supplied as monotherapy, and in
all possible two-drug combinations (Figure 3). Target neonatal-
like time–concentration profiles were successfully replicated
(Figure S1). When administered alone, increasing fosfomycin ex-
posures led to progressively increasing bacterial kill in the first
24 h. However, fosfomycin resistance rapidly emerged, with
complete replacement of the WT population with a resistant
clone that had fosfomycin MICs of .128 mg/L (Figure 3e, i
and m). Flomoxef resistance emergence in these panels was no
different to that emerging by mutational frequency in the no-
treatment control (Figure 3a).

Progressively increasing flomoxef exposures (as monother-
apy) resulted in a dose response in terms of bacterial killing
in the first 24 h (i.e. greater magnitude of bacterial killing).
However, sterility was not achieved in the monotherapy
arms, with bacterial counts static below 4 log cfu/mL or lower
for the majority of the experiment, with no observed emer-
gence of resistance to flomoxef. Sustained .3 log kill was ob-
served in all combination arms, with no emergence of
resistance to either drug at any point, with greater bacterial
kill and suppression of resistance compared with equivalent
monotherapy doses.

The nature and magnitude of the PD interaction between flo-
moxef and fosfomycin was estimated by fitting an interaction
model to the PK/PD data (Table 3). The values for the coefficient
of determination for the observed-versus-predicted values, using
mean parameter values, were 0.987 (flomoxef concentrations),
0.965 (fosfomycin concentrations), 0.815 (total bacterial counts),
0.685 (flomoxef-resistant counts) and 0.987 (fosfomycin-resistant

counts) (Figure S2). The model demonstrated synergistic rela-
tionships for the antibiotic combination on susceptible and
fosfomycin-resistant bacteria, with mean α values of 141.22
(95% credibility interval=63.98–194.26) and 79.22 (95% cred-
ibility interval=56.22–129.82). Given the lack of emergence of
resistance in flomoxef-containing arms, an interpretable esti-
mate of α value for this population is not possible.

Assessment of a candidate regimen of flomoxef and
fosfomycin
The PD of the combination of flomoxef and fosfomycin were fur-
ther assessed using neonate-like concentration–time profiles in
the HFIM over a 7 day period. For fosfomycin, a dose equivalent
to 100 mg/kg q12h ( fAUC0–24=2400 mg·h/L) in humans was
used, with a half-life of 5.2 h, replicating PK data from the
NeoFosfo trial.28 For flomoxef, a dose equivalent to 20 mg/kg
q12h ( fAUC0–24=360 mg·h/L) in humans was used, with a
half-life of 2.3 h.29 Six Enterobacterales strains with a range of re-
sistance mechanisms and inhibited by a range of flomoxef and
fosfomycin MICs (Table 1) were selected to be assessed in these
HFIM experiments.

A summary of the PD outputs of these experiments is shown in
Figure 4 (full PD outputs are shown in Figures S3–8). Successful
replication of neonatal-like time–concentration profiles for both
drugs was attained in all experiments (Figures S9–10).
Fosfomycin monotherapy failed to achieve sustained kill in 5/6
strains inhibited by fosfomycin MICs of ≥4 mg/L, in keeping
with previous studies.34 Flomoxef monotherapy resulted in sus-
tained kill in the 3/6 strains with flomoxef MICs of ≤0.5 mg/L
whilst it failed to achieve sustained kill in the remaining three
strains with flomoxef MICs of ≥8 mg/L. Two of three strains
with flomoxef MICs of ≥8 mg/L had identified production of
plasmid-mediated AmpC enzymes, with the third having AmpC

Figure 2. Fitted α values from chequerboard assays outputs for 16 strains. The meta-analysis of the 16 strains is shown in the total summary
statistic with the α, p and I2 values of this summary statistic alongside. (a) MRSA strains; (b) K. pneumoniae strains; (c) S. agalactiae strain;
and (d) E. coli strains.
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overexpression due to a mutation in the gene promoter. When
combined, fosfomycin and flomoxef were able to kill 5/6 strains;
the single strain that failed to be killed had flomoxef and fosfo-
mycin MICs of 32 and 128 mg/L, respectively.

As with the 16-arm experiment, strains that survived
fosfomycin-containing regimens (i.e. both monotherapy and
combination arms) developed fosfomycin resistance (MICs of
.128 mg/L). For all strains that survived a flomoxef-containing
regimen, the flomoxef MICs increased by ≥2–4-fold. We saw no
evidence of cross-resistance between the tested antibiotics.

Discussion
The combination of flomoxef and fosfomycin is potentially useful
for the treatment of neonatal sepsis caused by ESBL-producing
Enterobacterales. Both agents have well-established efficacy
and safety, are licensed for use in neonates, and are off-patent,
allowing potential affordability in LMIC settings. There is evidence

of synergy in both bacterial killing and the prevention of emer-
gence of fosfomycin resistance. Collectively, these observations
provide the rationale for considering further clinical studies with
this combination in neonates for clinically diagnosed neonatal
sepsis that could be caused by a range of bacterial pathogens (in-
cluding Enterobacterales, S. aureus and S. agalactiae).

Flomoxef exhibits a bimodal MIC distribution when assessed
against Enterobacterales species.18,35–39WT isolateshaveflomoxef
MICs of≤1 mg/L, whereas isolates with flomoxef MICs of≥8 mg/L
predominantly produce either various Ambler class A or B carbape-
nemases (that are also cephalosporinases) or AmpC, usually en-
coded by plasmids.37 Our HFIM experiments suggest that when
flomoxef MICs are ≤1 mg/L, monotherapy has potent activity
against WT Enterobacterales, even if the strain is producing an
Ambler Class A ESBL. This observation is consistent with clinical
data from adults where flomoxef had similar treatment outcomes
to carbapenem treatment when flomoxef MICs were ≤1 mg/L for
the infecting ESBL-producing Enterobacterales.40

Figure 3. PD output of 16-arm experiment. *The arm represented in (h) became contaminated at 36 h, so data after this point (indicated by vertical
dashed line) were disregarded.
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Our data further show that flomoxef and fosfomycin in
combination have synergy in both direct bactericidal effect and
prevention of emergence of resistance to fosfomycin, allowing
the combination to kill bacteria that neither flomoxef nor fosfo-
mycin monotherapy could kill alone. The benefit of the combin-
ation is particularly relevant when flomoxef MICs are ≥8 mg/L
for the infecting bacterium. Therefore, as an empirical treat-
ment, the benefit of flomoxef and fosfomycin in combination
over flomoxef monotherapy will depend on the prevalence of
such ‘flomoxef-resistant’ bacteria balanced against the poten-
tial toxicity caused by the additional administration of fosfomy-
cin. The epidemiological benefit of this combination may be
better defined by the determination of a treatment success
threshold, defined by the MICvalues of both drugs, as suggested
with other combinations.34 However, whilst a success threshold
is suggested by our data, further work will be needed to define it
in detail.

The predominant prevalent mechanism of resistance to flo-
moxef is degradation by AmpC β-lactamase production.37 The
ampC gene is present in the chromosomes of many
Gram-negative bacteria, including some Enterobacterales.41

AmpC is only usually produced at high levels by induction or
stable derepression in the ESCPM group of organisms (i.e.
Enterobacter spp., Serratia spp., Citrobacter freundii,
Providencia spp. and Morganella spp.);41,42 these species are
typically relatively infrequent causes of neonatal sepsis.1

Chromosomal ampC can be present in other Enterobacterales
(e.g. E. coli) but AmpC is usually produced at low levels due to
lacking the component required for induction and derepression
and are so considered clinically insignificant. However, muta-
tions in the ampC promoter region in these species can lead
to clinically significant AmpC production.41 Additionally,
non-AmpC-producing Enterobacterales can acquire plasmid-
mediated ampC (e.g. blaCMY or blaDHA) and produce AmpC in
clinically significant quantities.41

Table 3. Parameter value estimates with 95% credibility interval from
HFIM PK/PD interaction model

Parameter Mean Median 95% credibility interval

V1 (L) 0.391 0.400 0.368–0.419
V2 (L) 0.307 0.280 0.252–0.335
CL1 (L/h) 0.094 0.096 0.090–0.097
CL2 (L/h) 0.031 0.031 0.026–0.036
Kgs 1.08 1.02 0.916–1.180
Kks 3.71 3.53 2.88–4.75
EC501s (mg/L) 2.74 1.52 0.34–5.33
EC502s (mg/L) 11.20 10.92 4.26–17.63
αs 123.35 141.22 63.98–194.26
Kgr1 0.80 0.61 0.34–0.78
Kkr1 3.41 3.69 2.28–4.52
EC501r1 (mg/L) 3.32 1.86 0.51–5.54
αr1
a 27.34 27.11 13.48–51.96

Kgr2 1.50 0.88 0.52–2.64
Kkr2 3.13 3.22 1.63–4.64
EC502r2 (mg/L) 30.08 30.59 25.10–33.12
αr2 82.48 79.23 56.23–129.82
H1s 2.08 1.36 1.14–4.31
H2s 2.85 3.11 1.02–4.68
H1r1 1.72 1.51 0.12–3.03
H2r2 2.92 3.50 1.35–4.72

Kg, bacterial growth constant; Kk, bacterial kill constant; α, interaction
parameter; H, Hill constant. Parameter suffices are defined as follows:
1= relating to flomoxef; 2= relating to fosfomycin; s= relating toWT bac-
terial population; r1= relating to ‘flomoxef-resistant’ bacterial population;

r2= relating to ‘fosfomycin-resistant’ bacterial population.
aαr1 is shown here for completeness, but given the lack of flomoxef resist-
ance emerging in flomoxef-containing arms, this cannot be reliably
interpreted.

Figure 4. Summary of the PD endpoints of the HFIM experiments replicating neonatal regimens of (a) fosfomycin monotherapy; (b) flomoxef mono-
therapy; and (c) flomoxef and fosfomycin in combination. Filled squares represent bacteria successfully killed to sterility; open squares represent failure
to kill bacteria to sterility.
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The BARNARDS study of neonatal sepsis in several LMIC set-
tings demonstrated that infecting species with inducible AmpC
accounted for 247/1038 (23.8%) Gram-negative and 247/2483
(9.9%) total identified blood culture isolates in neonatal sep-
sis.13,43 However, it is noted that many of these isolates came
from a small proportion of study sites that may have biased
the dataset to suggest a higher prevalence of infecting bacteria
with inducible AmpC in neonates than the true prevalence across
the geographical areas in the study. The study also demon-
strated that 17/258 (6.6%) K. pneumoniae and 2/75 (2.7%) E.
coli isolates contained a plasmid-mediated ampC gene.
Preliminary data from the GARDP-commissioned NeoOBS study
suggest similar rates: 5.6% and 2.5% plasmid-borne ampC car-
riage rates for K. pneumoniae and E. coli, respectively (S. Ellis, per-
sonal communication).

Flomoxef resistance may be mediated by porin modifications
and increased production of efflux pumps too, as with other
β-lactams, but the effect of these has largely not been character-
ized for flomoxef. Where specific associations have been charac-
terized (e.g. loss of the OmpF porin leading to flomoxef
resistance) the effect on the flomoxef MIC has been small.16

While the HFIM is increasingly used to establish neonatal
antimicrobial PD,27,34,44 there are several limitations. The
HFIM can only simulate drug concentrations in one PK compart-
ment at a time. Examination of the PD in specific compartments
(e.g. CSF, lung) is possible with a modified experimental set-up,
but this requires data informing the PK distribution to these
compartments. In our experiments we examined the systemic
circulation compartment only. Whilst this is the relevant com-
partment of distribution for most cases of neonatal sepsis,
these experiments did not model the CSF penetration of either
drug and we cannot therefore comment on the suitability of
these agents for treating neonatal meningitis. The neonatal
CSF/plasma ratio is estimated to be 0.32 for fosfomycin28 and
0.05 for flomoxef.45

A further limitation is that theHFIM lacks the immuneeffectors
present in neonates (even if immature), whichwill havean impact
on the in vivo PD outcome. Similarly, the size of the inoculumused
in these HFIM experiments was 105–106 cfu/mL—several orders
of magnitude higher than the 100–103 cfu/mL estimated in the
blood of neonates with sepsis.46,47 However, the impact of both
of these factors only potentially worsens the in vitro performance
of these agents in the HFIM compared with in vivo performance;
the conclusions drawn are therefore conservative.

We propose that fosfomycin and flomoxef will be an effica-
cious and suitable regimen for the treatment of neonatal sepsis
in LMIC settings. Our work establishes that this combination of
agents is potentially useful by extending the spectrum of either
agent as monotherapy, enabling enhanced bacterial killing and
preventing the emergence of fosfomycin resistance. The regi-
mens used in this study are therefore suitable for further assess-
ment in clinical settings.
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