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The clinical development of antibiotics with a new mode of action combined with efficient pulmonary drug delivery is a priority
against untreatable Pseudomonas aeruginosa lung infections. POL7001 is a macrocycle antibiotic belonging to the novel class of
protein epitope mimetic (PEM) molecules with selective and potent activity against P. aeruginosa. We investigated ventilator-
associated pneumonia (VAP) and cystic fibrosis (CF) as indications of the clinical potential of POL7001 to treat P. aeruginosa
pulmonary infections. MICs of POL7001 and comparators were measured for reference and clinical P. aeruginosa strains. The
therapeutic efficacy of POL7001 given by pulmonary administration was evaluated in murine models of P. aeruginosa acute
and chronic pneumonia. POL7001 showed potent in vitro activity against a large panel of P. aeruginosa isolates from CF
patients, including multidrug-resistant (MDR) isolates with adaptive phenotypes such as mucoid or hypermutable pheno-
types. The efficacy of POL7001 was demonstrated in both wild-type and CF mice. In addition to a reduced bacterial burden
in the lung, POL7001-treated mice showed progressive body weight recovery and reduced levels of inflammatory markers,
indicating an improvement in general condition. Pharmacokinetic studies indicated that POL7001 reached significant con-
centrations in the lung after pulmonary administration, with low systemic exposure. These results support the further
evaluation of POL7001 as a novel therapeutic agent for the treatment of P. aeruginosa pulmonary infections.

Pseudomonas aeruginosa is a difficult-to-treat human pathogen
causing a wide range of infections, especially in the respiratory

tract. These infections, such as ventilator-associated pneumonia
(VAP), are often life-threatening. Cystic fibrosis (CF) is another
disease where P. aeruginosa lung infections are associated with
worse outcomes (1). The high prevalence of P. aeruginosa infec-
tions, in nearly 80% of CF patients �18 years of age (2), is partially
due to the propensity of this species to form biofilms and cause
chronic infection.

Frequently observed inefficacy of available treatments is due
to intrinsic or acquired resistance of P. aeruginosa and/or lim-
ited penetration of antibiotics into biofilms (3). However, de-
spite the need for new drugs, only few novel antipseudomonal
drugs or modifications of existing molecules are currently in
the late stage of preclinical or clinical development (4). A new
family of potent protein epitope mimetic (PEM) antibiotics
has recently been described. These molecules show selective
activity against P. aeruginosa by inhibiting the transport of the
lipopolysaccharide to the outer membrane (5). Among these
antibiotics, we showed that POL7001 provided protection
against lethal P. aeruginosa infection in a mouse septicemia
model (5).

In this work, to investigate the efficacy of POL7001 in mod-
els relevant for VAP or CF, we used murine P. aeruginosa acute
and chronic pneumonia, including in CF mice. We report that
pulmonary delivery of POL7001 is effective against P. aerugi-
nosa infections with efficacy similar to that of ciprofloxacin
(CIP), one of the currently available treatments. In addition,
we demonstrate that the antibacterial activity of POL7001 is
associated with a positive impact on the inflammatory profile
of the host.

MATERIALS AND METHODS

Ethics statement. Animal studies were conducted according to protocols
approved by San Raffaele Scientific Institute (Milan, Italy) Institutional
Animal Care and Use Committee (IACUC) and adhered strictly to the
Italian Ministry of Health guidelines for the use and care of experimental
animals. Survival endpoints were not allowed for animal studies. Research
on bacterial isolates from CF patients has been approved by the CF Center
of Hannover Medical School, Hanover, Germany. Patients gave informed
consent before the sample collection. Approval for storing of biological
materials was obtained by the Hannover Medical School, Hanover, Ger-
many.

Bacterial strains. Clinical and laboratory P. aeruginosa strains used in
this study included PAO1 (6), PA14 (7), LESB58 (8), and clone TB (9) and
40 sequential P. aeruginosa strains from CF patients of the CF clinic in
Hanover (10, 11). Among the latter, P. aeruginosa strains from the first
positive cultures were designated “early” isolates, whereas “intermediate”
isolates were collected 1 to 5 years thereafter and “late” isolates were col-
lected 7 to 16 years after colonization or prior to death or lung transplan-
tation (10). In particular, the MDR-RP73 strain, used for murine models
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of infection, was isolated 16.9 years after the onset of chronic colonization
of the CF patient’s airways with P. aeruginosa (12). P. aeruginosa was
cultured in Trypticase soy agar plates at 37°C for 24 h.

Pharmacokinetic (PK) measurements. POL7001 was administered
to C57BL/6NCr mice by parenteral and local delivery. At specific time
points, lungs were recovered and homogenized with an Ultraturax Pro200
blender after addition of water. Plasma samples were processed without
further treatment. Briefly, after addition of an internal standard, lung
homogenates or plasma samples were extracted with acetonitrile acidified
with formic acid. Supernatants were evaporated to dryness under a stream
of nitrogen, reconstituted in an appropriate solvent, and then analyzed by
reverse-phase chromatography (Acquity BEH C18 column [Waters]; 100
by 2.1 mm, 1.7-�m pore size), using an acidified water/acetonitrile gradi-
ent elution (ultraperformance liquid chromatography [UPLC]; Waters).
The detection and quantification were performed by mass spectrometry,
with an electrospray interface in positive mode and selective fragmenta-
tion of analytes (AB Sciex 4000 Q Trap mass spectrometer). Standards,
quality controls, and samples were extracted and assayed using the same
procedure.

Animals, infection, and measurements. Immunocompetent C57Bl/
6NCrlBR male mice (8 to 10 weeks of age) from Charles River and gut-
corrected CF transmembrane conductance regulator (CFTR)-deficient
male C57BL/6 Cftrtm1UNCTgN(FABPCFTR)#Jaw mice and the corre-
sponding congenic wild-type (wt) mice (11 to 18 weeks of age) (12),
obtained from Case Western Reserve University and maintained at San
Raffaele Scientific Institute (Milan, Italy), were used. Mice were infected
with 1 � 107 CFU of the planktonic multidrug-resistant (MDR)-RP73
strain for acute infection or 1 � 106 CFU of the strain embedded in agar
beads for chronic infection, as previously described (10, 13, 14). After
infection, mice were treated with antibiotics or saline solution and mon-

itored for body weight according to the schedule shown in Fig. 1. Mice
were monitored twice per day for the following parameters: vocalization,
piloerection, attitude, locomotion, breathing, curiosity, nasal secretion,
grooming, and dehydration. If mice lost �25% body weight and had
evidence of severe clinical disease, such as scruffy coat, inactivity, loss of
appetite, poor locomotion, or painful posture, they were sacrificed before
the termination of the experiments with an overdose of carbon dioxide.

A total of at least two experiments were performed (with at least 8
mice/group) to evaluate weight loss, bacteriology, and inflammatory pa-
rameters. The results of these experiments have been combined. In some
cases, mortality occurred after surgery due to intratracheal (i.t.) injection,
as previously described (15, 16), reducing the final number of mice. Thus,
not all outcome measures were the same for each experiment. Lung CFU,
counts of cytokines or chemokines, and bronchoalveolar lavage fluid
(BALF) cell counts were analyzed as previously described (13, 17).

Antibiotic treatments. POL7001, synthesized by Polyphor Ltd., and
CIP (MPBiomedicals), both in saline solution as a vehicle and saline for
the vehicle control group, were administered either i.t. with a 22-g can-
nula or endotracheally with a MicroSprayer Aerosolizer device (Penn-
Century Inc.) under conditions of anesthesia (5% isoflurane– oxygen,
running at 4 liters/min) according to established procedures. Treatment
by subcutaneous (s.c.) parenteral administration was carried out for PK
comparison.

MIC measurement. MICs of POL7001 and control antibiotics were
determined according to CLSI guidelines (18). The antimicrobial agents
were prepared using a 1 mg/ml stock solution in Milli-Q water. The stock
solutions were then further diluted for testing of the agents in the range of
8 to 0.008 �g/ml. The medium used for the MIC testing was cation-
adjusted Mueller-Hinton broth (MH-II broth) (BBL; catalog no. 212322).
POL7001 was tested in the presence of polysorbate-80 (P-80) or Tween 80

FIG 1 Treatment schedule with antibiotics in murine models of acute and chronic P. aeruginosa RP73 infection and readouts. At day 0, mice were infected with
P. aeruginosa planktonic cells to mimic acute infection (A) or with P. aeruginosa embedded in agar beads to achieve long-term chronic infection (B). The
treatment schedule used with the antibiotics was administration of a single dose by the i.t. route for acute infection or administration every 2 days by endotracheal
delivery for chronic infection. Readouts of the disease progression were body weight recorded before treatment or sacrifice (for chronic infection), CFU counts
(performed at 4, 8, or 24 h for acute infection or after 7 days for chronic infection), total and differential cell counts (performed at 24 h for acute infection), and
analysis of cytokines assayed at the time of sacrifice (performed at 24 h for acute infection or after 7 days for chronic infection).
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TABLE 1 In vitro activity of POL7001 and comparators against a panel of multidrug-resistant P. aeruginosa CF isolatesa

Origin Strain Genotype/phenotype

Antibiotic resistance (MIC [�g/ml])

POL7001 COL GEN CIP CAZ MER TOB IPM

Reference ATCC 27853 0.03 0.5 1 0.5 2 0.5 0.25 4
Reference PAO1 0.125 0.125 1 0.125 2 2 0.25 4
Reference PA14 0.015 0.125 0.5 0.06 2 0.25 2 ND
Epidemic TB 0.03 1 4 0.125 4 0.25 0.5 4
Epidemic LESB58 0.06 1 16 2 >32 4 1 8

CF patient 1 RP1e A 0.03 2 2 0.25 4 0.5 2 4
RP2e A 0.03 0.5 4 0.125 4 1 0.5 4
RP73l B 0.125 0.125 8 0.5 16 8 2 ND
RP74l B/hypermutable 0.03 0.5 8 8 >32 8 0.5 32

CF patient 2 AA2e � 0.06 1 8 0.25 8 2 2 2
AA11i �/mucoid 0.06 0.125 0.5 0.125 0.5 ND 0.25 ND
AA12i �/mucoid 0.06 0.06 0.5 0.125 0.5 ND 0.25 ND
AA43l �/mucoid 0.125 0.5 4 0.25 8 1 1 1
AA44l � 0.03 0.25 8 0.5 2 1 1 1

CF patient 3 NN1e � 0.03 0.5 >32 1 8 2 32 4
NN2e � 0.03 0.5 >32 1 16 2 >32 4
NN83l �1/hypermutable 0.06 1 >32 2 32 8 >32 32
NN84l �1 0.06 1 16 8 8 16 2 32

CF patient 4 BST1e N 0.06 2 2 0.125 4 0.125 0.5 4
BST2e M2 0.03 0.25 0.5 0.06 2 0.06 0.06 0.5
BST44l M2/hypermutable 0.06 0.5 8 0.25 16 16 1 8
BST45l N 0.06 2 4 0.125 4 0.5 0.25 2

CF patient 5 SG1e A 0.06 0.5 1 0.125 4 2 0.5 2
SG2e �/hypermutable 0.06 0.06 4 0.125 32 ND 0.5 ND
SG57l A 0.06 0.5 4 0.25 4 1 2 2
SG58l A 0.03 0.5 4 0.125 4 0.5 0.5 2

CF patient 6 BT1e �2/hypermutable 0.06 0.06 32 0.125 8 ND 32 ND
BT2e �2/mucoid 0.06 1 1 1 1 0.5 0.125 2
BT72l �2/mucoid 0.06 1 8 0.125 2 0.25 1 1
BT73l �2/mucoid 0.03 0.06 0.125 1 1 ND 0.06 ND

CF patient 7 TR1e � 0.03 0.5 2 0.125 2 0.5 0.25 0.5
TR2e � 0.03 0.5 2 0.25 2 0.5 0.25 1
TR66l � 0.06 1 16 0.5 32 8 4 32

vCF patient 8 KK1e 	1 0.06 1 1 0.125 4 0.5 0.25 2
KK2e 	1 0.06 1 2 �0.03 1 0.06 0.5 2
KK27i 	1 �0.0078 0.5 1 �0.03 2 0.25 0.5 1
KK28i 	1/mucoid 0.06 1 8 0.25 2 0.06 1 1
KK71l 	1 0.06 1 8 2 32 16 1 32
KK72l 	1 0.06 2 8 2 32 32 2 32

CF patient 9 MF1e K 0.03 0.5 0.25 0.06 4 0.5 0.125 2
MF2e K/hypermutable 0.06 1 2 0.5 8 2 1 4
MF24i K 0.06 0.25 16 0.5 >32 2 4 2
MF25i K/mucoid 0.125 0.25 16 0.5 16 1 4 2
MF51l K 0.06 0.5 16 2 32 16 4 32
MF52l 
 0.03 0.25 32 1 8 0.25 8 2

a MIC values were determined by the microdilution method in cation-adjusted Mueller-Hinton (MH-II) broth, according to the CLSI guidelines. COL, colistin; GEN, gentamicin;
CIP, ciprofloxacin; CAZ, ceftazidime; MER, meropenem; TOB, tobramycin; IMP, imipenem. POL7001 was tested in the presence of 0.002% (vol/vol) P-80 to avoid binding to the
plastic. Resistance is indicated with boldface characters (http://www.eucast.org/clinical_breakpoints/). MICs of POL7001 are indicated with gray shading. Times of isolation are
indicated as described in Materials and Methods using superscript letters as follows: e, early; i, intermediate; l, late. Genotypes and phenotypes of relevant P. aeruginosa strains are
indicated as previously described (10, 11), and the data from the MDR-RP73 strain used for in vivo efficacy studies are indicated with gray shading. ND, not determined.
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(Merck, catalog no. 655207) (sterile filtered; 10% solution) at a 0.002%
(vol/vol) final concentration to avoid the binding of the compound to the
plastic. MIC testing was run in sterile 96-well Microtiter plates (Greiner
Bio-One; catalog no. 651161) (polystyrene V shape). The P. aeruginosa
ATCC 27853 control strain was included.

Statistical analysis. The sample size expected to show a standard de-
viation difference of at least 1.5 between the saline solution-treated mice
and the CIP- or POL7001-treated mice has been predicted. According to
the prediction, in order to achieve statistical significance, 8 mice per group
are required to detect differences between groups with 80% power and an
alpha error equal to 0.05. Thus, efficacy was tested starting with groups of
8 mice. Testing of the most promising doses was repeated for confirma-
tion. Two-way analysis of variance (ANOVA) with Bonferroni’s multiple-
comparison test was used to compare changes in body weight. For CFU
determinations, analysis of levels of cells and cytokines or chemokines was
performed by one-way ANOVA followed by Dunnett’s analysis to com-
pare results from three or more experimental groups and by the Mann-
Whitney U test to compare results from two experimental groups. The
analyses were performed using Prism (GraphPad). Tests are considered
statistically significant when the significance level is �0.05.

RESULTS
In vitro activity of POL7001 against a panel of P. aeruginosa CF
isolates. The MICs of POL7001 and comparators were deter-
mined against a panel of P. aeruginosa CF strains (Table 1). P.
aeruginosa lineages from nine CF patients, longitudinally col-
lected during a period of up to 16 years and comprising 17 “early,”
6 “intermediate,” and 17 “late” isolates, were included in the study
(19). Clonal P. aeruginosa isolates of each lineage showed different

phenotypes that changed during genetic adaptation in CF lung
(10, 20, 21). Additional P. aeruginosa strains were PAO1 and
ATCC 27853 reference strains (6), PA14 as one of the most abun-
dant genotypes (7), the highly pathogenic clone TB (22), and the
highly transmissible Liverpool epidemic strain (LESB) (8).

MIC values of POL7001 ranged from �0.0078 to 0.125 �g/ml,
with an MIC90 of 0.06 �g/ml for all the isolates. Although many of
the P. aeruginosa isolates from the CF patients were resistant to
two or more currently used antibiotics, they were sensitive to
POL7001. In particular, the P. aeruginosa RP73 strain used in this
work was isolated from a patient with CF after long-term chronic
infection and showed resistance to meropenem, ceftazidime, and
gentamicin but was sensitive to POL7001 and CIP. There was no
difference in the levels of activity of POL7001 against mucoid and
nonmucoid or hypermutable phenotypes.

Efficacy of lung administration of POL7001 in acute P.
aeruginosa respiratory infection. The efficacy of POL7001 was
tested in a murine model of acute lung infection against the P.
aeruginosa MDR-RP73 strain according to the treatment schedule
shown in Fig. 1A. C57BL/6 mice were inoculated i.t. with plank-
tonic P. aeruginosa MDR-RP73 and treated 15 min postinfection
with 8 mg CIP/kg of body weight or 2 mg/kg POL7001 or saline
solution, by the same route (Fig. 2A and Table 2). The dose of 2
mg/kg of POL7001 was chosen based on dose response (Fig. 3). In
order to show treatability of the infection, CIP was dosed at 8
mg/kg to keep the same dose/MIC ratio (Table 1). Based on a rat
pneumonia model, an intrapulmonary dose of CIP of 200 �g/kg

FIG 2 In vivo efficacy and pharmacokinetic of POL7001 against P. aeruginosa RP73 in a mouse model of acute airway infection.(A) C57BL/6 male mice (8 to 10
weeks of age) were infected i.t. with 1 � 107 CFU of planktonic MDR-RP73. After MDR-RP73 infection, 8 mg/kg CIP or 2 mg/kg POL7001 or saline solution was
administered via the i.t. route. Mouse lungs were collected after 4, 8, or 24 h, homogenized, and plated on tryptic soy agar (TSA) plates to determine the bacterial
load. (B) The concentration of POL7001 at 4, 8, or 24 h postdosing was measured in lung tissue and plasma of infected mice. Data represent mean values �
standard errors of the means (SEM). (C) The concentration of POL7001 at 24, 48, or 72 h after 2 mg/kg i.t. dosing was measured in lung tissue and plasma of
healthy (noninfected) C57BL/6 male mice (8 to 10 weeks of age). Data represent mean values � standard errors of the means (SEM). The concentration of
POL7001 in plasma was below the lowest limit of quantification (LLQ) of 5 ng/ml at the 3 time points. (D) BALF was recovered from C57BL/6 male mice (8 to
10 weeks of age) 24 h after i.t. infection with 1 � 107 CFU of planktonic MDR-RP73 and treatment with 8 mg/kg CIP or 2 mg/kg POL7001 or saline solution
administered by the i.t. route. Counts of total number of cells, neutrophils, and macrophages were performed. The data are pooled from two or three independent
experiments (n � 8 to 16). Statistical significance determined by the Mann-Whitney U test or one-way ANOVA followed by Dunnett’s analysis is indicated as
follows: *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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gives a value of 103 �g · h/ml for the area under the concentration-
time curve for the free, unbound fraction of a drug (fAUC) in the
lung. For a strain with a drug MIC of 0.5 �g/ml, this dose gives a
value for the fAUC over 24 h in the steady state divided by the MIC
(fAUC/MIC ratio) of 206, which is larger than the effective fAUC/
MIC ratio of �125 that is the common exposure target associated
with favorable outcomes of CIP therapy against P. aeruginosa (23).
A dose of 8 mg/kg in mice is then expected to largely exceed the
target exposure of CIP. The antibacterial effect of POL7001 was
significant at 8 h posttreatment, with a 1 log10 CFU reduction
compared to the results seen with saline solution-treated mice. At
24 h, both the POL7001-treated mice and the CIP-treated mice

had a significantly lower level of CFU in the lungs. POL7001 dis-
played higher efficacy than CIP, with reductions of 2.9 log10 and
1.6 log10 CFU compared to the results seen with the saline solu-
tion-treated mice, respectively (Fig. 2A and Table 2).

To determine the absorption and biodistribution of POL7001,
the concentration of the compound in lung tissue and plasma was
determined after 2 mg/kg local pulmonary administration (i.t.) in
comparison to 20 mg/kg parenteral administration (s.c.) in
C57BL/6 mice. The time course of the concentrations of POL7001
in lung and plasma is shown in Fig. 2B. POL7001 in the lung was
markedly more highly concentrated and had a longer terminal
half-life after pulmonary administration than after parenteral ad-
ministration over 24 h. POL7001 is retained in the lung for up to
48 h and 72 h after a single pulmonary administration (Fig. 2C).
The pharmacokinetic profile of POL7001 in plasma compared to
lung tissue showed lower systemic exposure and higher concen-
trations in lung tissue after pulmonary administration than after
parenteral administration.

Inflammatory response after treatment with POL7001 in
acute P. aeruginosa respiratory infection. To evaluate the effect
of POL7001 on the airway inflammatory response after pulmo-
nary administration, the leukocyte recruitment in the BALF and
in a panel of cytokines or chemokines in murine lung homogenate
was measured. Twenty-four hours after MDR-RP73 acute infec-
tion, total and differential counts of the cells in BALF showed that
mice treated with POL7001 had significantly fewer cells in total
than the mice in the negative-control group, indicating a reduc-
tion of inflammation. In contrast, CIP-treated mice showed no
difference in the number of recruited cells compared to the nega-
tive-control mice. In particular, mice infected with MDR-RP73
and treated with POL7001 showed a significant decrease in levels
of neutrophils, while the amounts of monocytes and macrophages
were unchanged (Fig. 2D and Table 2). In mice treated with CIP,
the levels of neutrophils were unchanged compared with the levels
seen with the saline solution-treated control mice.

CXCL2/MIP-2, CCL2/JE, and CXCL1/KC production in the

TABLE 2 Efficacy of antibiotic treatment in mouse models of acute and chronic P. aeruginosa respiratory infectiona

Infection category and
treatment

Dose
(mg/kg)

Time of
analysis

No. of
mice

CFU/lung
(log10) P value

Total no.
of cells P value

No. of
neutrophils P value

No. of
macrophages P value

MDR-RP73 acute infection—i.t.
treatment

Saline solution 4 h 8 6.929
POL7001 2 4 h 8 6.160 ns
CIP 8 4 h

Saline solution 8 h 8 6.579
POL7001 2 8 h 8 5.514 
0.05
CIP 8 8 h

Saline solution 24 h 9–16 7.172 5,777,000 5,534,000 352,319
POL7001 2 24 h 8–16 4.247 
0.001 2,862,000 
0.05 2,376,000 
0.05 335,633 ns
CIP 8 24 h 8 5.597 
0.01 6,552,000 ns 6,053,000 ns 413,412 ns

MDR-RP73 chronic infection—
aerosol treatment

Saline solution 7 days 9 4.883
POL7001 2 7 days 6 3.921 
0.01
CIP 8 7 days 11 4.113 
0.05

a All P values indicate P 
 0.05. ns, not significant.

FIG 3 Dose response of POL7001 against P. aeruginosa in a mouse model of
acute airway infection in comparison with CIP. C57BL/6 male mice (8 to 10
weeks of age) were infected i.t. with 1 � 107 CFU of planktonic MDR-RP73.
After MDR-RP73 infection, saline solution, 2 or 8 mg/kg CIP, or different
doses of POL7001 (0.5, 2, and 10 mg/kg) were administered 15 min postinfec-
tion by the i.t. route. Mouse lungs were collected after 24 h, homogenized, and
plated on TSA plates to determine bacterial load. Dots represent measure-
ments from individual mice, and horizontal lines represent the mean values.
The data are pooled from two or three independent experiments (n � 6 to 14).
Statistical significance determined by one-way ANOVA followed by Dunnett’s
analysis is indicated as follows: *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001.
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lungs of infected mice treated with POL7001 was significantly re-
duced in comparison to the levels seen with saline solution-treated
controls at 24 h postinfection (Table 3). Despite showing the low-
est mean values, the level of interleukin-1� (IL-1�) was not sig-
nificantly reduced by treatment with POL7001. The same trend of
reduction was observed in lung homogenates of CIP-treated mice.

Efficacy of POL7001 in P. aeruginosa chronic lung infection.
In order to investigate the efficacy of POL7001 in a chronic infec-
tion environment similar to the one characteristic of lungs of CF
patients, mice were infected with MDR-RP73 embedded in agar
beads and inoculated i.t. according to established procedures (13,
24). In order to perform endotracheal drug administration, a
MicroSprayer Aerosolizer from Penn-Century was used. Aerosol
treatment with either 8 mg/kg CIP or 2 mg/kg POL7001 (to keep
the same doses as used in the acute infection model) was started 15
min after infection and repeated every second day for a total of
four administrations according to the treatment schedule shown
in Fig. 1B. Saline solution was used as a negative control and was

administered in the same way as the antibiotics. After an initial
weight loss observed in the first 2 days, the groups of POL7001-
and CIP-treated mice showed statistically significant increases in
body weight that occurred more rapidly than those seen with the
saline solution-treated group of mice and had recovered their ini-
tial body weight almost completely by day 7 postinfection (Fig. 4).
After 7 days of chronic infection and a total of four treatments,
mice treated with both CIP and POL7001 showed a significant
reduction of the bacterial load in comparison to the saline solu-
tion-treated group (Fig. 4B and Table 2). However, POL7001 dis-
played higher efficacy than CIP, with 1 log10 and 0.7 log10 CFU
reductions compared to the results seen with the saline solution-
treated group, respectively.

Cytokine and chemokine profiles of lung tissue from P. aerugi-
nosa-infected mice showed that the levels of CXCL1/KC and
CXCL2/MIP-2 were significantly reduced in mice treated with
POL7001 or CIP compared to the levels seen in the saline solution-
treated mice at day 7 postinfection (Table 3). Levels of IL-1� were

TABLE 3 Cytokines and chemokines after P. aeruginosa acute and chronic airway infection and antibiotic treatmenta

Infection category, treatment, and
cytokine or chemokine

Level (mean pg/ml � SEM) P value

Saline solution CIP (8 mg/kg) POL7001 (2 mg/kg)
Saline solution
vs CIP

Saline solution
vs POL7001

MDR-RP73 acute infection—i.t.
treatment

IL-1� 7,068 � 1,337 4,300 � 1,137 4,203 � 1,422 ns ns
CXCL1/KC 74,255 � 11,474 19,480 � 4,793 22,591 � 3,790 
0.001 
0.001
CXCL2/MIP-2 111,456 � 14,596 34,093 � 8,157 31,750 � 6,019 
0.001 
0.001
CCL2/JE 8,731 � 1,609 3,275 � 397.7 4,085 � 1,170 
0.05 
0.05

MDR-RP73 chronic infection—aerosol
treatment

IL-1� 1,034 � 7.575 838.2 � 70.26 586.8 � 158.5 ns 
0.01
CXCL1/KC 33,174 � 9,638 9,186 � 2,849 5,145 � 1,789 
0.01 
0.01
CXCL2/MIP-2 14,919 � 3,351 2,859 � 573.8 2,279 � 414.5 
0.001 
0.001
CCL2/JE 12,269 � 1,916 11,269 � 1,558 8,577 � 1,160 ns ns

a C57BL/6 male mice (8 to 10 weeks old) were infected with MDR-RP73 and treated according to the schedule depicted in Fig. 1. IL-1�, CXCL1/KC, CXCL2/MIP-2, and CCL2/JE
levels in lung homogenates were measured by enzyme-linked immunosorbent assay (ELISA) after 24 h or 7 days of P. aeruginosa acute and chronic infection. Data represent mean
values � standard errors of the means (SEM) of results from mice (n � 4 to 11) pooled from two to three independent experiments. Statistical significance as determined by one-
way ANOVA followed by Dunnett’s analysis is indicated. ns, not significant.

FIG 4 Efficacy of POL7001 against P. aeruginosa RP73 in a murine model of chronic lung infection after aerosol administration. (A) C57BL/6 male mice (8 to
10 weeks of age) were challenged with 1 � 106 CFU of MDR-RP73, embedded in agar beads, by i.t. inoculation. Aerosol treatment with saline solution, CIP (8
mg/kg), or POL7001 (2 mg/kg) was performed every 2 days by the use of a Penn-Century instrument. Before each administration, mice were weighed and changes
from initial body weight were averaged for each group of mice. Data represent mean values � standard errors of the means (SEM). (B) At day 7, mice were
sacrificed and lungs were excised, homogenized, and plated onto TSA plates to determine bacterial load. Dots indicate CFU/lung data representing measurements
from individual mice, and horizontal lines represent the mean values (n � 6 to 11). The data are pooled from two or three independent experiments. Statistical
significance determined by two-way ANOVA with the Bonferroni posttest is indicated in the body weight curves, and results of one-way ANOVA followed by
Dunnett’s analysis are indicated in the CFU/lung data. *, P 
 0.05; **, P 
 0.01.
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significantly reduced only in POL7001-treated mice, while levels
of CCL2/JE were reduced but the differences did not reach statis-
tical significance for either of the treatments.

Antibacterial and anti-inflammatory effect of POL7001 in P.
aeruginosa chronic lung infection in CFTR-deficient mice.
Chronic infection with MDR-RP73 was established in CF trans-
membrane conductance regulator (CFTR) knockout C57BL/6
Cftrtm1UNCTgN(FABPCFTR)#Jaw (CF) mice and the correspond-
ing congenic wild-type (wt) (non-CF) mice. Animals were chal-
lenged i.t. with MDR-RP73 embedded in agar beads and treated
with either 2 mg/kg POL7001 or saline solution by the use of a
MicroSprayer Aerosolizer 15 min postinfection and then every
second day, for a total of four administrations.

Body weight loss was observed in the first 2 days after infection
in both the saline solution-treated and POL7001-treated mice
(Fig. 5A). While saline solution-treated mice did not recover
weight until day 7, mice treated with POL7001 gained weight from
the second day onward, with a significant difference compared to
the levels seen with the saline solution-treated mice from day 4.
After 7 days of chronic infection, mice treated with POL7001
showed a significant 1.5 to 2 log10 reduction in the bacterial load in
comparison to the saline solution-treated group (Fig. 5B and Ta-
ble 4). No significant differences between CF or non-CF mice in
bacterial load have been observed, indicating that the treatment is
effective in different genetic backgrounds and is not influenced by
the CF environment.

The levels of CXCL2/MIP-2 were significantly reduced in lung

homogenates of CF and wt mice treated with POL7001 compared
to saline solution-treated mice. IL-1� levels were significantly re-
duced only in the CF mice and not in the wt mice, while levels of
CXCL1/KC and CCL2/JE were reduced but the changes did not
reach statistical significance (Table 5).

Taken together, these results suggest a possible therapeutic ef-
fect of POL7001 in CF mice.

DISCUSSION

Current antibiotic treatments of P. aeruginosa infections are often
ineffective, due to increasing rates of MDR strains, and the num-
ber of drug candidates in clinical development remains disap-
pointingly low. To address this unmet medical need, PEM tech-
nology was applied to identify a new class of macrocycle molecules
showing antibacterial activity with a novel mode of action.
POL7001 is a potent PEM antibiotic that is selective against a wide
range of P. aeruginosa isolates (5). In this work, we demonstrated
that POL7001 is active against a panel of P. aeruginosa strains
isolated from CF patients at different stages of chronic infection.
Many of the P. aeruginosa isolates tested in this study were resis-
tant to two or more antibiotics; however, they were sensitive to
POL7001. In particular, this collection included mucoid and hy-
permutable isolates which evolved during long-term chronic in-
fection and whose phenotype has been associated with antibiotic
resistance. In vitro serial passage and spontaneous mutation rate
data indicate that POL7001 has a low propensity to develop resis-
tance (data not shown). While mucoid strains produce large

FIG 5 Efficacy of POL7001 against P. aeruginosa RP73 in a CF murine model of chronic lung infection after aerosol administration. (A) C57BL/6
Cftrtm1UNCTgN(FABPCFTR)#Jaw mice and the corresponding congenic wt mice (11 to 18 weeks old) were challenged with 1 � 106 CFU of P. aeruginosa RP73
(embedded in agar beads) after i.t. inoculation. Aerosol treatment was performed by the use of a MicroSprayer Aerosolizer (Penn-Century) at 15 min postin-
fection and then every 2 days with either saline solution or POL7001 (2 mg/kg) for a total of four administrations. Before each administration, mice were weighed.
Changes from initial body weight were calculated for each group of mice. Data represent mean values � standard errors of the means (SEM). (B) At day 7, mice
were sacrificed and lungs were excised, homogenized, and plated on TSA plates to determine bacterial load. The data are pooled from two independent
experiments. Dots represent measurements from individual CF mice (red) (saline solution, n � 5; POL7001, n � 4) or congenic wt mice (blue) (saline solution,
n � 7; POL7001, n � 8), and horizontal lines represent the median values. Statistical significance determined by two-way ANOVA with the Bonferroni posttest
is indicated in the body weight curves. Results of Mann-Whitney U test analysis are indicated in the CFU/lung data. *, P 
 0.05; **, P 
 0.01.

TABLE 4 Efficacy of antibiotic treatment in a CF mouse model of chronic P. aeruginosa respiratory infection

MDR-RP73 chronic
infection—aerosol treatment
conditions

Dose
(mg/kg)

Time of
analysis
(no. of
days)

No. of
mice

CFU/lung
(log10)

P valuea

Saline solution
CF vs non-CF

POL7001 CF
vs non-CF

Non-CF
POL7001 vs
saline solution

CF POL7001 vs
saline solution

Saline solution (non-CF mice) 7 7 5.846 ns
Saline solution (CF mice) 7 5 6.263 ns
POL7001 (non-CF mice) 2 7 8 4.234 ns 
0.01
POL7001 (CF mice) 2 7 4 4.378 ns 
0.05
a ns, not significant.
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amounts of alginate which protect the cells from antibiotic pene-
tration, the capacity of the hypermutable population to generate
adaptive mutations enables bacteria to rapidly and efficiently de-
velop antibiotic resistance (25). The presence of mucoid strains
has been associated with poor prognosis for CF patients (26), and
recent clinical studies suggest that the presence of hypermutable
strains is linked to the poorer respiratory function of CF patients
compared to patients colonized by nonhypermutable isolates
(27). Our results confirm potent in vitro activity of POL7001
against clinically relevant P. aeruginosa phenotypes.

In order to investigate the potential application of POL7001 to
treat clinical conditions such as VAP or CF, previously described
animal models of acute and chronic P. aeruginosa respiratory in-
fection were used (13, 28). Based on the human clinical response
to infection, microbiology and inflammation were chosen as clin-
ically relevant endpoints (29).

In the present study, we investigated the efficacy of POL7001 in
a model of acute pneumonia induced by the P. aeruginosa MDR-
RP73 clinical isolate. The administration of POL7001 by pulmo-
nary delivery showed significant, although not complete, bacterial
load reduction, indicating the difficulty of achieving the complete
eradication of P. aeruginosa pathoadaptive strains even with po-
tent drugs. POL7001 and ciprofloxacin were also tested in an acute
infection model induced by the reference non-MDR P. aeruginosa
PAO1 strain (30). In the PAO1 lung acute infection model, a re-
duction of at least 4 log10, compared to the levels seen with the
vehicle-treated group, was obtained for both POL7001 and CIP
(with both tested at 2 mg/ml to keep the same dose/MIC ratio),
with the CFU level in the lung tissue of most of the animals
treated with POL7001 and CIP below the lowest limit of quantifi-
cation of 20 CFU/lung. In the P. aeruginosa MDR-RP73 model,
treatment with POL7001 was as efficacious as treatment with CIP,
indicating the great potential of this new drug candidate. The in-
flammatory profile in the airways, in particular, the neutrophil
burden and the concentrations of chemokines and cytokines such
as CXCL1/KC, CXCL2/MIP-2 and CCL2/JE, was reduced in mice
treated with POL7001, suggesting a positive impact of this treat-
ment on the pulmonary physiology. The administration of anti-
biotics by the inhaled route is widely adopted in patients with CF
and bronchiectasis (31) and has recently been tested for the treat-
ment of pneumonia, including VAP (32). Advantages of inhaled
administration include higher efficacy due to high local concen-

trations and fewer side effects due to low systemic exposure of the
drug. The favorable tissue distribution with low systemic exposure
of POL7001 found in pharmacokinetic studies combined with
preliminary evidence of significant efficacy following endotra-
cheal delivery supports the pulmonary administration.

The preclinical testing of POL7001 was extended to more-
complex models of chronic infection, including CF mice. An in
vivo model for long-term severe P. aeruginosa airway infection can
be achieved by challenging mice with the MDR-RP73 P. aerugi-
nosa clinical strain embedded in agar beads. We have previously
shown that agar beads provide microanaerobic conditions for
bacterial growth and biofilm formation comparable to those pres-
ent in the mucus of CF patients (24, 33, 34). In addition, this
model develops lesions similar to the ones found in CF patients
and displays certain phenotypes of human CF lung disease (34),
providing a valuable tool for the preclinical testing of antibacterial
and anti-inflammatory molecules (29, 35). It has been reported
that the use of a conventional human-adapted nebulizer resulted
in low deposition efficiency of drugs in rodents (36). For this
reason, we used a MicroSprayer Aerosolizer (from Penn-Century)
for pulmonary administration of POL7001. This is a relatively
noninvasive pulmonary aerosol delivery system that ensures a
good spread of molecules into the lower airways (37). This tech-
nique has been previously used in a preclinical study of the new
levofloxacin formulation MP-376 (38).

Treatment of mice with POL7001 administered repeatedly by a
MicroSprayer Aerosolizer significantly decreased the P. aerugi-
nosa load compared to treatment with vehicle, indicating clear
antibacterial efficacy. In this context, preliminary data suggest that
POL7001 is effective in both prevention of biofilm formation and
reduction of viable cell numbers within well-established biofilms
(data not shown). In addition, POL7001 attenuated the inflam-
matory response to chronic endobronchial infection by signifi-
cantly decreasing the concentrations of inflammatory mediators
such as IL-1�, CXCL1/KC, CXCL2/MIP-2, and CCL2/JE com-
pared to the results seen with vehicle. The efficacy of POL7001 was
also observed in CF mice. CF mice treated with POL7001 showed
significantly improved weight gain and reduced bacterial load in
the lung compared to animals treated with the vehicle. It has been
reported that CF is a difficult environment which may reduce the
efficacy of treatments (39). Repeated treatment with POL7001
showed similar beneficial effects in mice with different genetic

TABLE 5 Cytokines and chemokines after P. aeruginosa RP73 chronic airway infection in CF and non-CF mice treated with POL7001 by pulmonary
administrationa

Cytokine or chemokine

Level (under conditions of MDR-RP73 chronic
infection—aerosol treatment) (pg/ml [mean � SEM]) P value

Non-CF—
saline solution

CF—saline
solution

Non-CF—
POL7001
(2 mg/kg)

CF—POL7001
(2 mg/kg)

Non-CF saline
solution vs CF
saline solution

Non-CF POL vs
CF POL

Non-CF saline
solution vs
non-CF POL

CF saline
solution vs CF
POL

IL-1� 1,684 � 262.5 1,691 � 305.3 1,280 � 231.5 598.5 � 257.3 ns ns ns 
0.05
CXCL1/KC 19,776 � 2,460 13,210 � 2,284 14,167 � 1,833 11,989 � 1,442 ns ns ns ns
CXCL2/MIP-2 9,577 � 2,604 8,419 � 2,625 1,087 � 165.4 1,282 � 286.8 ns ns 
0.01 
0.05
CCL2/JE 2,352 � 467 2,574 � 795.1 1,718 � 394 1,232 � 252.6 ns ns ns ns
a C57BL/6 Cftrtm1UNCTgN(FABPCFTR)#Jaw (CF) mice and the corresponding wt congenic mice (non-CF) (11 to 18 weeks of age) were infected with MDR-RP73 embedded in
agar beads and treated with saline solution or POL7001 (2 mg/kg) by the use of a Penn-Century device according to the schedule shown in Fig. 1B. Lungs were collected after 7 days
of infection, and IL-1�, CXCL1/KC, CXCL2/MIP-2, and CCL2/JE levels were measured by ELISA using supernatants of lung homogenates. Data represent mean values � SEM.
The data are pooled from the results determined for mice from two independent experiments (n � 4 to 8). Statistical significance determined by Mann-Whitney U test analysis is
indicated. ns, not significant.
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backgrounds, suggesting that the CF environment does not rep-
resent an obstacle for this antibiotic treatment.

Overall, these data support the further evaluation of POL7001
for the treatment of P. aeruginosa infections.
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