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The amikacin-fosfomycin inhalation system (AFIS), a combination of antibiotics administered with an in-line nebulizer delivery
system, is being developed for adjunctive treatment of ventilator-associated pneumonia (VAP). The in vitro characterization of
amikacin-fosfomycin (at a 5:2 ratio) described here included determining resistance selection rates for pathogens that are repre-
sentative of those commonly associated with VAP (including multidrug-resistant strains) and evaluating interactions with anti-
biotics commonly used intravenously to treat VAP. Spontaneous resistance to amikacin-fosfomycin (5:2) was not observed for
most strains tested (n, 10/14). Four strains had spontaneously resistant colonies (frequencies, 4.25 � 10�8 to 3.47 � 10�10), for
which amikacin-fosfomycin (5:2) MICs were 2- to 8-fold higher than those for the original strains. After 7 days of serial passage,
resistance (>4-fold increase over the baseline MIC) occurred in fewer strains (n, 4/14) passaged in the presence of amikacin-fos-
fomycin (5:2) than with either amikacin (n, 7/14) or fosfomycin (n, 12/14) alone. Interactions between amikacin-fosfomycin (5:2)
and 10 comparator antibiotics in checkerboard testing against 30 different Gram-positive or Gram-negative bacterial strains
were synergistic (fractional inhibitory concentration [FIC] index, <0.5) for 6.7% (n, 10/150) of combinations tested. No antago-
nism was observed. Synergy was confirmed by time-kill methodology for amikacin-fosfomycin (5:2) plus cefepime (against Esch-
erichia coli), aztreonam (against Pseudomonas aeruginosa), daptomycin (against Enterococcus faecalis), and azithromycin
(against Staphylococcus aureus). Amikacin-fosfomycin (5:2) was bactericidal at 4-fold the MIC for 7 strains tested. The reduced
incidence of development of resistance to amikacin-fosfomycin (5:2) compared with that for amikacin or fosfomycin alone, and
the lack of negative interactions with commonly used intravenous antibiotics, further supports the development of AFIS for the
treatment of VAP.

Ventilator-associated pneumonia (VAP) is a nosocomial infec-
tion that develops more than 48 h following intubation for

mechanical ventilation (1). Reports indicate that as many as 50%
of mechanically ventilated patients are infected with more than
one pathogen (2–4). Approximately 80% of cases of pneumonia
among mechanically ventilated patients involve Staphylococcus
aureus, Pseudomonas aeruginosa, Klebsiella spp., Escherichia coli,
Acinetobacter spp., and/or Enterobacter spp. Other pathogens, in-
cluding Serratia spp., Stenotrophomonas maltophilia, Streptococcus
pneumoniae, and Haemophilus influenzae, may also be involved.
Definitive microbiological culture results require as long as 3 days
to obtain, and the more rapidly obtained Gram stains of tracheal
secretions lack sensitivity and specificity (5–7).

The standard treatment for VAP is intravenous (i.v.) antibiot-
ics. Inappropriate empirical therapy during the first 48 h, even
when followed by microbiologically directed therapy, has been
associated with approximately 90% mortality among mechani-
cally ventilated patients (8). Consequently, the choice of an initial
antibiotic is crucial and must account for a range of organisms,
including highly resistant Gram-negative pathogens and the pos-
sible presence of methicillin-resistant S. aureus (MRSA). Cur-
rently available i.v. antibiotics may not effectively treat this wide
range of bacteria with a safety profile that is acceptable for wide-
spread empirical use while one is waiting for culture verification.

Further, i.v. antibiotics exhibit uneven distribution in the air-
ways and poor penetration into epithelial fluids, often resulting in
subtherapeutic concentrations at the site of infection, despite
high, and potentially toxic, systemic concentrations (9). Exposure
to subtherapeutic concentrations of antibiotics at the site of infec-

tion contributes, theoretically at least, to the selection of resistant
bacterial strains. The increasing frequencies of Gram-negative
bacteria that produce �-lactamases (e.g., Klebsiella pneumoniae
carbapenemase [KPC]) and of multidrug-resistant (MDR) Gram-
negative bacteria, and the increasingly widespread occurrence of
MRSA, are continuously eroding the utility of i.v. antibiotics in
the treatment of VAP and are cause for worldwide concern (10–
12). Few new classes of i.v. antibiotics are under development, and
the failure rate of new drugs in clinical trials is high, so there is little
near-term hope for multiple new classes of drugs for treating such
drug-resistant bacteria.

Delivery of antibiotics directly to the airways is a proven ap-
proach that offers several key advantages over a maximum i.v.
dose, including higher concentrations in sputum and reduced sys-
temic exposure (13). Additionally, antibiotics are rapidly cleared
from the lung, so that despite maximum concentrations that can
be well above the MIC, trough concentrations do not persist at
sub-MIC levels, thus reducing the risk of treatment-emergent re-
sistance. In addition, the combination of amikacin and fosfomy-
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cin has been shown to decrease the frequency of spontaneous re-
sistance (14). Aerosolized antibiotics have been studied in small
clinical trials in patients with VAP (15–17). The results of these
studies suggest that treatment of VAP with adjunctive aerosolized
antibiotics may reduce the frequency of emergence of antibiotic-
resistant bacteria. For example, in a study of VAP caused by P.
aeruginosa, treatment with nebulized ceftazidime and amikacin
alone was noninferior to treatment with i.v. antibiotics alone, and
the emergence of antibiotic-resistant P. aeruginosa was observed
after i.v. therapy, but not after aerosolized therapy (16).

The amikacin-fosfomycin inhalation system (AFIS) is a com-
bination of 2 antibiotics administered with an in-line nebulizer
delivery system that is being developed for the adjunctive treat-
ment of VAP, more specifically, to treat patients with pneumonia
caused by Gram-negative organisms, as well as those coinfected
with Gram-positive bacteria (18). AFIS consists of 300 mg amika-
cin and 120 mg fosfomycin in a total of 6 ml, administered in
standard ventilator circuits with the PARI Investigational eFlow
Inline System. In a phase 1 study, high airway antibiotic concen-
trations were achieved with AFIS (median amikacin concentra-
tion, 11,400 �g/g sputum; median fosfomycin concentration,
6,650 �g/g sputum) (18).

In a previous in vitro study, presented in our accompanying
article (19), combining amikacin with fosfomycin at a 5:2 ratio
significantly enhanced the potency of amikacin against 62 amika-
cin-nonsusceptible Gram-negative pathogens. All amikacin-fos-
fomycin MIC results were �256 and �102.4 �g/ml, respectively,
and MIC values for the combination of antibiotics were lower
than those of amikacin alone (MIC range, 32 to �1,024 �g/ml) or
fosfomycin alone (MIC range, 3.2 to 204.8 �g/ml). Interactions
between amikacin and fosfomycin differed by isolate, ranging
from no detectable interaction to high synergy. Comparison of the
in vitro MIC results with the high airway antibiotic concentrations
achieved in vivo reveals that AFIS is well positioned to achieve the
goal of delivering a broad-spectrum fixed-dose antibiotic combi-
nation at concentrations that will be effective in treating highly
resistant bacteria, thus limiting the selection of resistant strains.

The in vitro activity of amikacin-fosfomycin (at a 5:2 ratio) was
further characterized in the studies described here. Amikacin-fos-
fomycin (5:2) resistance selection rates were determined for
pathogens that were representative of those commonly associated
with VAP, including MDR bacterial strains, by using single-step
spontaneous and serial passaging mutational analyses. Checker-
board synergy and time-kill interaction studies were conducted to
confirm that no adverse interactions occurred between amikacin-
fosfomycin (5:2) and antibiotics commonly used in the i.v. treat-
ment of VAP.

MATERIALS AND METHODS
Bacterial strains. Bacterial strains were either obtained from ATCC (Ma-
nassas, VA) or selected from a worldwide antimicrobial surveillance col-
lection (SENTRY), which contains a library of �35,000 organisms col-
lected in 2011 from �100 medical centers on 6 continents (JMI
Laboratories, North Liberty, IA).

Single-step (spontaneous) and serial passaging mutational analyses.
(i) Strains. Fourteen bacterial strains were evaluated, including 3 MDR
clinical isolates of Acinetobacter spp., 1 strain of Escherichia coli (ATCC
25922), 1 clinical isolate of Enterobacter cloacae, 3 clinical isolates of Kleb-
siella pneumoniae (2 of which produced extended-spectrum �-lactamases
[ESBL], while 1 produced KPC �-lactamase), 3 strains of Pseudomonas
aeruginosa (ATCC 27853 and 2 carbapenem-resistant clinical isolates), 2

strains of Staphylococcus aureus (1 methicillin-susceptible S. aureus
[MSSA] strain [ATCC 29213] and 1 methicillin-resistant S. aureus
[MRSA] clinical isolate), and 1 strain of Streptococcus pneumoniae (ATCC
49619).

(ii) Baseline MICs. Baseline amikacin and fosfomycin MIC values for
the amikacin-fosfomycin (5:2) combination were determined for each
bacterial strain using reference agar dilution methods (20). Serial passage
studies were performed in a broth microdilution format, and susceptibil-
ity was interpreted using CLSI criteria (21). Testing (either agar dilution
or broth microdilution) was performed in cation-adjusted Mueller-Hin-
ton broth medium with 25 �g/ml glucose-6-phosphate.

(iii) Single-step (spontaneous) mutation rates. Fresh colonies from
an agar plate were suspended in sterile water until at least a 4 McFarland
standard was achieved (approximately 1 � 109 to 2 � 109 CFU/ml), and
0.1 ml and 1.0 ml of each suspension were plated on agar plates containing
amikacin-fosfomycin (5:2) at concentrations that were 4-fold, 8-fold, and
16-fold higher than the baseline MIC for each strain. Tests were per-
formed in duplicate. Serial dilutions were plated on antibiotic-free agar
plates in order to determine the CFU/ml for each initial bacterial suspen-
sion. Resistance rates were calculated by dividing the number of resistant
mutant colonies (CFU/ml) that grew on antibiotic-containing agar plates
by the number of CFU/ml in the initial antibiotic-free starting inoculum
(approximately 109 CFU/ml). If resistant colonies were observed, repre-
sentative colonies (�10 per strain) were selected and were retested against
amikacin-fosfomycin (5:2) using reference agar dilution and broth mi-
crodilution methods (20) in order to confirm the resistance.

(iv) Serial-passaging mutational analysis. To measure the stepwise
development of resistance, strains were passaged by using a broth mi-
crodilution method over a period of 7 days in the presence of serial 2-fold
dilutions of amikacin-fosfomycin (5:2), amikacin, or fosfomycin. MIC
values at baseline were compared to those at day 7 (agar dilution method).
To assess the stability of resistance, organisms for which the MIC in-
creased during serial passage in the presence of an antibiotic were trans-
ferred from the broth well that showed growth (highest antibiotic concen-
tration) directly to antibiotic-free sheep blood agar plates. MIC values
were then determined from growth on the sheep blood agar plates by
broth microdilution. Those organisms that were confirmed as resistant
were then passaged twice on antibiotic-free sheep blood agar plates. MICs
for these subcultured strains were determined by broth microdilution in
order to ascertain if there was a reversion of the MIC.

Interaction of amikacin-fosfomycin (5:2) with other antibiotics.
(i) Strains. A total of 30 organisms were tested. The 15 Gram-positive
organisms included Staphylococcus aureus (10 strains: ATCC 29213, 1
MSSA clinical isolate, and 8 MRSA clinical isolates), Enterococcus faecalis
(2 strains: ATCC 29212 and 1 clinical isolate), and S. pneumoniae (3
strains: ATCC 49619 and 2 clinical isolates). The 15 Gram-negative or-
ganisms included Escherichia coli (ATCC 25922), Klebsiella pneumoniae (4
strains: 3 clinical isolates with the ESBL phenotype and 1 with the KPC
phenotype), Enterobacter cloacae (4 clinical isolates), Pseudomonas aerugi-
nosa (3 strains, comprising ATCC 27853 and 2 carbapenem-resistant clin-
ical isolates), and Acinetobacter spp. (3 clinical isolates).

(ii) Baseline MICs. Baseline MIC testing was performed in 96-well
panels, under standard CLSI broth microdilution testing conditions (cat-
ion-adjusted Mueller-Hinton broth, 35°C, ambient atmosphere, 16 to 20
h of incubation) in conformance with CLSI standards (20).

(iii) Checkerboard synergy testing. Broth microdilution was per-
formed in a checkerboard configuration in a 96-well panel, in confor-
mance with established procedures (22–25). Ninety-six-well panels were
configured with serial dilutions of amikacin-fosfomycin (5:2) and were
paired with serial dilutions of gentamicin, aztreonam, cefepime, mero-
penem, or tigecycline for Gram-negative bacilli or with azithromycin,
vancomycin, daptomycin, linezolid, or tigecycline for Gram-positive
cocci. Panels were produced at JMI Laboratories (North Liberty, IA).
Antibiotics were tested by serial 2-fold dilutions (11 dilutions for amika-
cin-fosfomycin [5:2]; 7 dilutions for comparator antibiotics), spanning
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the range of 0.25-fold to 2-fold the baseline MIC value for each test or-
ganism.

The fractional inhibitory concentration (FIC) for amikacin-fosfomy-
cin (5:2) (agent 1) in combination with a second antibiotic (agent 1 in
combination with agent 2) was calculated as the MIC of agent 1 in com-
bination with agent 2, divided by the MIC of agent 1 alone. The FIC for
agent 2 was calculated as the MIC of agent 2 in combination with agent 1,
divided by the MIC of agent 2 alone. A FIC index was calculated for the
combination of agents 1 and 2 as the sum of the individual FICs of agent
1 and agent 2. Synergy was defined as an FIC index of �0.5, indifference as
�0.5 to �4.0, and antagonism as �4.0.

(iv) Time-kill synergy testing. Antibiotic-strain combinations with
checkerboard synergy testing results indicating synergy were further
tested by time-kill assays. Amikacin-fosfomycin (5:2) and the compar-
ator antibiotics were each tested alone at concentrations correspond-
ing to their MICs and were tested in combination, at an amikacin-
fosfomycin (5:2) concentration that was equal to its MIC and a
comparator antibiotic concentration that was 0.25-fold of its MIC.
The amikacin-fosfomycin (5:2) combination alone was also tested at
4� MIC. Time-kill samples were plated for colony counts at 0, 2, 4, 8,
and 24 h after initiation. Synergy was defined as a �2 log10-CFU/ml
decrease in the colony count with the combination from that with the
most efficient agent alone at 24 h. Indifference was defined as a de-
crease of �1 log10 to �2 log10 CFU/ml with the combination com-
pared to the most efficient agent alone, and antagonism was defined as
an increase of �1 log10 CFU/ml with the combination compared to the
less-active single agent alone. Bactericidal activity for an individual
drug was defined as a �3 log10-CFU/ml (99.9%) reduction in the
colony count at 24 h from that of the starting inoculum.

RESULTS
Single-step mutational analysis. Resistant colonies were ob-
served for 4 of the 14 tested strains at amikacin-fosfomycin (5:2)
concentrations that were 4-fold higher than the baseline amika-

cin-fosfomycin (5:2) MIC values (Table 1). No resistant colonies
were observed for any of the 14 strains at concentrations 8-fold or
16-fold higher than the baseline MIC values. Mutation frequen-
cies for the 4 strains with resistant colonies were 4.25 � 10�8 (E.
cloacae), 1.63 � 10�9 and 2.28 � 10�9 (2 K. pneumoniae strains),
and 3.47 � 10�10 (P. aeruginosa). Mutation frequencies for the
other 10 strains were all �1.27 � 10�11 (except for Acinetobacter
sp. strain 1986, for which the mutation frequency was �1.65 �
10�9).

Representative colonies from the 4 resistant strains were re-
tested to confirm the observed resistance to amikacin-fosfomycin
(5:2). Amikacin-fosfomycin (5:2) MIC values had increased over
the baseline for each representative colony from the 4 resistant
strains. Eight-fold increases from baseline amikacin-fosfomycin
(5:2) MIC values were the largest increases observed and occurred
for all 9 representative colonies from the resistant E. cloacae strain
5686 and for 2 of 10 representative colonies from the resistant P.
aeruginosa strain 1185. Two- to 4-fold increases over baseline ami-
kacin-fosfomycin (5:2) MIC values occurred for the remaining 8
representative colonies from the resistant P. aeruginosa strain
1185 and for 10 representative colonies from each of 2 resistant K.
pneumoniae strains (strains 25 and 1015).

Serial-passaging mutational analysis. The 14 strains were
passaged for 7 days in the presence of amikacin-fosfomycin (5:2),
amikacin, or fosfomycin, and MIC values at day 7 were compared
with baseline (day 1) MIC values. To determine if any changes in
MIC values that were observed at day 7 were stable, the strains
were then passaged twice on blood agar plates with no antibiotic,
and MIC values were redetermined.

Resistance, defined as a �4-fold increase over the baseline
MIC, was observed for fewer strains after serial passage in the

TABLE 1 Frequency of spontaneous mutations among 14 strains tested at 4-, 8-, and 16-fold the baseline MIC for amikacin-fosfomycin (5:2)

Species Phenotypea Strain no.

Baseline MIC (�g/ml) of
each drug in the amikacin-
fosfomycin (5:2)
combination Mutation frequencyb at:

Amikacin Fosfomycin 4� Baseline MIC 8� Baseline MIC 16� Baseline MIC

Acinetobacter sp. MDR 1986 4 1.6 �1.65 � 10�9 �1.65 � 10�9 �1.65 � 10�9

MDR 8133 32 12.8 �1.52 � 10�11 �1.52 � 10�11 �1.52 � 10�11

MDR 8572 128 51.2 �9.35 � 10�12 �9.35 � 10�12 �9.35 � 10�12

E. coli Wild type ATCC 25922 1 0.4 �1.23 � 10�12 �1.23 � 10�12 �1.23 � 10�12

E. cloacae AmpC 5686 8 3.2 4.25 � 10�8 �7.69 � 10�11 �7.69 � 10�11

K. pneumoniae KPC 25 8 3.2 1.63 � 10�9 �1.41 � 10�11 �1.41 � 10�11

ESBL 341 1 0.4 �1.74 � 10�12 �1.74 � 10�12 �1.74 � 10�12

ESBL 1015 8 3.2 2.28 � 10�9 �1.18 � 10�11 �1.18 � 10�11

P. aeruginosa Wild type ATCC 27853 2 0.8 �1.30 � 10�11 �1.30 � 10�11 �1.30 � 10�11

Carb-R 1113 8 3.2 �1.27 � 10�11 �1.27 � 10�11 �1.27 � 10�11

Carb-R 1185 8 3.2 3.47 � 10�10 �1.36 � 10�12 �1.36 � 10�12

S. aureus MSSA ATCC 29213 1 0.4 �1.74 � 10�12 �1.74 � 10�12 �1.74 � 10�12

MRSA 70 8 3.2 �8.13 � 10�12 �8.13 � 10�12 �8.13 � 10�12

S. pneumoniae Pen-I ATCC 49619 16 6.4 �1.60 � 10�12 �1.60 � 10�12 �1.60 � 10�12

a AmpC, AmpC type �-lactamase; Carb-R, carbapenem resistant; ESBL, extended-spectrum �-lactamase; KPC, Klebsiella pneumoniae carbapenemase; MDR, multidrug resistant;
MRSA, methicillin-resistant S. aureus; MSSA, methicillin-sensitive S. aureus; Pen-I, penicillin intermediate.
b Calculated as the number of resistant mutant colonies (CFU/ml) that grew on antibiotic-containing agar plates divided by the number of CFU/ml in the initial antibiotic-free
starting inoculum (approximately 109 CFU/ml).
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presence of amikacin-fosfomycin (5:2) than after serial passage in
the presence of either amikacin or fosfomycin alone (Table 2).
Resistance was observed for 4 of the 14 strains passaged in the
presence of amikacin-fosfomycin (5:2), including 1 strain each of
E. coli, E. cloacae, ESBL-producing K. pneumoniae, and S. pneu-
moniae, which showed increases in amikacin-fosfomycin (5:2)
MIC values of 8-, 32-, 8-, and 16-fold, respectively (Table 2). After
2 passages on antimicrobial-free medium, elevated amikacin-fos-
fomycin (5:2) MIC values were retained for all 4 strains, with no
changes observed for 3 strains and a 2-fold decrease in the amika-
cin-fosfomycin (5:2) MICs observed for E. cloacae (from 512 and
204.8 �g/ml to 256 and 102.4 �g/ml), which were still higher than
the baseline amikacin-fosfomycin (5:2) MICs for this strain (16
and 6.4 �g/ml).

In comparison, after serial passage in amikacin alone, resis-
tance was observed for 7 of the 14 strains, and a 64-fold increase in
the amikacin MIC was the largest increase observed (Table 2).
After 2 passages on antimicrobial-free medium, amikacin MIC
values remained stable for 1 of the 7 strains, increased for 1 strain,
and decreased for the other 5 strains but remained higher than the
baseline amikacin MIC. After serial passage in fosfomycin alone,
resistance was observed for 12 of the 14 strains (or possibly 13
strains; see Table 2, footnote c), and a 512-fold increase was the
largest increase in the fosfomycin MIC observed. After 2 passages
on antimicrobial-free medium, fosfomycin MIC values remained
unchanged for 2 of the 12 strains and decreased for 10 strains but
remained higher than the baseline fosfomycin MIC for 7 of the 10
strains.

Among all 14 strains, the highest amikacin-fosfomycin (5:2)
MICs observed at day 7 after passage in amikacin-fosfomycin
(5:2) were 512 and 204.8 �g/ml (Acinetobacter sp. 8572), with
MIC values of �64 and �25.6 �g/ml observed for a total of 3
strains. In comparison, the highest amikacin MIC at day 7 after
passage in amikacin alone was �1,024 �g/ml, observed for the
same Acinetobacter sp. strain (strain 8572), with MIC values of
�64 �g/ml observed for a total of 6 strains. The highest fosfomy-
cin MIC at day 7 after passage in fosfomycin alone was �409.6
�g/ml, observed for 11 of the 14 strains, with MIC values of �25.6
�g/ml observed for all 14 strains.

Only 1 strain had spontaneously resistant colonies in the
single-step mutational analysis and also had a �4-fold increase
in the amikacin-fosfomycin MIC after 7 days of serial passage
in amikacin-fosfomycin (5:2). E. cloacae 5686 had a spontaneous
mutation frequency of 4.25 � 10�8 and had amikacin-fosfomycin
(5:2) MICs that increased 32-fold over the baseline after 7 days of
serial passage (from 16 and 6.4 �g/ml to 512 and 204.8 �g/ml).
After 2 passages without antibiotics, the amikacin-fosfomycin
(5:2) MICs decreased 2-fold for this strain, to 256 and 102.4 �g/
ml.

Interaction of amikacin-fosfomycin (5:2) with other antibi-
otics (checkerboard FIC results). Combinations of amikacin-fos-
fomycin (5:2) and 10 comparator antibiotics were tested against a
total of 30 strains that were representative of bacterial species
commonly associated with VAP. No antagonism (FIC, �4) was
observed (Table 3). Synergy (FIC, �0.5) was observed for 10
(6.7%) of the antibiotic-strain combinations (Tables 3 and 4).

Time-kill kinetics. Time-kill kinetics were assessed for 9 of the
10 different antibiotic-strain combinations that showed synergy
with amikacin-fosfomycin (5:2) in checkerboard testing. Synergy
was observed for 4 of the 9 antibiotic-strain combinations (Table 4).
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The other 5 antibiotic-strain combinations had time-kill kinetics
that indicated indifference. For all 7 strains for which time-kill-
kinetic analyses were performed, amikacin-fosfomycin (5:2) was
bactericidal at 4-fold the MIC.

DISCUSSION

Analyses to evaluate the development of antibiotic resistance were
conducted on 14 strains that are representative of bacterial species
commonly associated with VAP. For 10 of the strains, no colonies
with spontaneous resistance to amikacin-fosfomycin (5:2) were ob-
served. Low levels of spontaneously resistant colonies were observed
for the other 4 strains, for which amikacin-fosfomycin (5:2) MIC
values were 2- to 8-fold higher than those for the original strains. After
7 days of serial passage, resistance (a �4-fold increase over the base-
line MIC) occurred in fewer strains passaged in the presence of the
amikacin-fosfomycin (5:2) combination (4 of 14 strains) than in
strains serially passaged in either amikacin alone (7 of 14 strains) or
fosfomycin alone (12 of 14 strains).

Antibiotic resistance develops with prolonged exposure to an-
tibiotic levels that are below the MIC. In addition to the decreased
resistance observed with the use of a combination of two antibi-
otics, as demonstrated by the results described here, the planned
use of the amikacin-fosfomycin (5:2) combination as an aerosol
will achieve higher concentrations in tracheal aspirates (sputum)
than a maximum dose delivered i.v., with reduced systemic expo-
sure (13). Large increases in the development of antibiotic resis-
tance have not been observed in studies of other aerosolized anti-
biotics, including nebulized ceftazidime and amikacin for the
treatment of VAP (16) and multiple 28-day courses of tobramycin
for inhalation (TOBI) (26) or aztreonam for inhalation (AZLI)
(27) for the treatment of patients with cystic fibrosis and P. aerugi-
nosa airway infections.

Since the amikacin-fosfomycin (5:2) combination is planned
for use as adjunctive therapy with standard i.v. treatments for
pneumonia, it was important to test for antagonistic interactions
between amikacin-fosfomycin (5:2) and other antibiotics com-
monly used for i.v. treatment of VAP. In vitro checkerboard test-
ing was conducted to assess the antibiotic activity resulting from
combining amikacin-fosfomycin (5:2) and 10 antibiotics. Testing
was conducted using 30 different strains that were representative of

TABLE 3 Summary of FIC index interpretation categories for amikacin-
fosfomycin (5:2) with selected comparator antibiotics tested against 15
Gram-positive and 15 Gram-negative pathogens

Comparator antibiotic

No. of test results in the following FIC index
interpretative categorya:

Synergy
(FIC,
�0.5)

Indifference
(FIC, �0.5
to �4)

Indeterminacy
(FIC not
interpretable)b

Antagonism
(FIC, �4)

For Gram negative
bacteria (n 	 15)

Aztreonam 2 7 6 0
Cefepime 2 9 4 0
Gentamicin 1 11 3 0
Meropenem 3 10 2 0
Tigecycline 0 11 4 0

For Gram-positive
bacteria (n 	 15)

Azithromycin 1 3 11 0
Daptomycin 1 14 0 0
Linezolid 0 15 0 0
Tigecycline 0 14 1 0
Vancomycin 0 15 0 0

Total 10 109 31 0
a Among all antibiotic-strain combinations, 6.7% exhibited synergy, 72.7% exhibited
indifference, 20.7% gave indeterminate results, and 0.0% exhibited antagonism.
b Thirty-one results were not interpretable due to off-scale MICs and were labeled
indeterminate. Of these, 13 tests gave off-scale high MICs and 8 gave off-scale low MICs
for the comparator agent; 2 gave off-scale high values and 7 gave off-scale low values for
the amikacin-fosfomycin combination; and 1 gave off-scale low values for both the
comparator agent and the amikacin-fosfomycin combination.

TABLE 4 Time-kill kinetics for antibiotic– bacterial strain combinations showing synergya in checkerboard testing

Antibiotic-strain combination Phenotypeb Strain no.
FIC index for amikacin-fosfomycin
(5:2) plus comparator agentc

Time-kill kinetics result

Log10 reduction in
CFU/ml at 24 hd

Interpretive
category

For Gram-negative bacteria
Aztreonam

E. cloacae AmpC 5686 0.5 1.7 Indifference
P. aeruginosa Wild type ATCC 27853 0.5 2.1 Synergy

Cefepime
E. cloacae AmpC 5686 0.375 �0.5 Indifference
E. coli Wild type ATCC 25922 0.5 �8 Synergy

Gentamicin–Acinetobacter sp. MDR 8133 0.5 0.2 increase Indifference
Meropenem

Acinetobacter sp. MDR 1986 0.5 0.8 Indifference
E. cloacae AmpC 5686 0.5 1.3 Indifference
K. pneumoniae KPC 25 0.375 ND

For Gram-positive bacteria
Azithromycin–S. aureus MSSA ATCC 29213 0.5 3.0 Synergy
Daptomycin–E. faecalis Wild type ATCC 29212 0.5 2.7 Synergy

a Defined as a FIC index of �0.5.
b AmpC, AmpC type �-lactamase; KPC, Klebsiella pneumoniae carbapenemase; MDR, multidrug resistant.
c Determined by checkerboard synergy testing.
d ND, not determined.
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bacterial species commonly associated with VAP. The checkerboard
testing results indicated that the interactions between amikacin-fos-
fomycin (5:2) and the comparator antibiotics against Gram-positive
or Gram-negative bacteria were synergistic for 6.7% (n, 10/150) of the
comparator antibiotic-strain combinations tested, and no antago-
nism was observed for any combination. The synergy observed in
checkerboard testing was confirmed by time-kill methodology,
which also demonstrated that amikacin-fosfomycin (5:2) was bacte-
ricidal at 4-fold the MIC for the 7 bacterial strains tested. Importantly,
no antagonism was observed; thus, the use of this combination of
aerosolized antibiotics would not be expected to alter the efficacy of
the standard i.v. treatments now in use.

In summary, amikacin-fosfomycin (5:2) reduced the incidence
of development of resistance after prolonged antibiotic exposure
and reduced the magnitude of the increases in MIC values from
the increases observed with amikacin or fosfomycin alone. No
negative interactions with antibiotics commonly used for i.v.
treatment of VAP were observed. These microbiological results
further support the development of amikacin-fosfomycin (5:2)
for aerosol treatment of pneumonia caused by Gram-negative
bacteria in patients on mechanical ventilation.
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