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ABSTRACT Macrolide antibiotics are used as anti-inflammatory agents, e.g., for pre-
vention of exacerbations in chronic obstructive pulmonary disease and cystic fibro-
sis. Several studies have shown improved outcomes after the addition of macrolides
to �-lactam antibiotics for treatment of severe community-acquired pneumonia.
However, a beneficial effect of macrolides in treating Gram-negative bacterial airway
infections, e.g., those caused by Pseudomonas aeruginosa, remains to be shown.
Macrolide antibiotics have significant side effects, in particular, motility-stimulating activ-
ity in the gastrointestinal tract and promotion of bacterial resistance. In this study,
EM703, a modified macrolide lacking antibiotic and motility-stimulating activities but
with retained anti-inflammatory properties, was used as an adjunct treatment for ex-
perimental P. aeruginosa lung infection, in combination with a conventional antibi-
otic. Airway infections in BALB/cJRj mice were induced by nasal instillation of P.
aeruginosa; this was followed by treatment with the quinolone levofloxacin in the
absence or presence of EM703. Survival, inflammatory responses, and cellular influx
to the airways were monitored. Both pretreatment and simultaneous administration
of EM703 dramatically improved survival in levofloxacin-treated mice with P. aerugi-
nosa airway infections. In addition, EM703 reduced the levels of proinflammatory cy-
tokines, increased the numbers of leukocytes in bronchoalveolar lavage fluid, and re-
duced the numbers of neutrophils present in lung tissue. In summary, the findings
of this study show that the immunomodulatory properties of the modified macro-
lide EM703 can be important when treating Gram-negative pneumonia, as exempli-
fied by P. aeruginosa infection in this study.

KEYWORDS macrolide, EM703, host defense, anti-inflammatory, Pseudomonas
aeruginosa

Macrolide antibiotics (for example, erythromycin, azithromycin, and clarithromycin)
have caught interest for use in the treatment of chronic airway inflammation (1).

Reduction of pulmonary exacerbations has been demonstrated in cystic fibrosis (CF)
and chronic obstructive pulmonary disease (COPD) (2, 3). Macrolides display broad
biological responses, including bacteriostatic activity, stimulation of gastrointestinal
motility, and anti-inflammatory properties (4–6). Each of these effects could be advan-
tageous, depending on the clinical context; however, promotion of drug-resistant
bacteria and diarrhea limit the clinical use of macrolides as anti-inflammatory agents.

In severe community-acquired pneumonia, which is often caused by the Gram-
positive coccus Streptococcus pneumoniae, meta-analyses have shown that the addition
of a macrolide antibiotic to a �-lactam has beneficial effects, reducing mortality rates
(7–9). Pneumonia caused by Gram-negative bacteria, in particular, Pseudomonas aerugi-
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nosa, shows increased incidence in immunocompromised individuals (10–13). Recently,
a retrospective study failed to show that macrolide treatment of P. aeruginosa airway
infections during the first 48 h reduced mortality rates (14). In support of the idea that
macrolides may have beneficial (possibly nonantibiotic) effects, a retrospective cohort
study showed that macrolide use was associated with reduced mortality rates in
patients with severe sepsis due to pneumonia and macrolide-resistant pathogens (15).
Thus, it has not been clearly demonstrated that macrolides may have a role in
improving the outcomes of P. aeruginosa airway infections.

Several explanations for the anti-inflammatory effect of macrolides have been
proposed, including inhibition of proinflammatory cytokine production, reduced ex-
pression of adhesion molecules on neutrophils, and decreased production of mucus in
the airways (16–18). In recent years, modified derivatives of erythromycin have been
developed to circumvent unwanted side effects. The antimicrobial activity of erythro-
mycin is highly dependent on the configuration of its lactone ring, and cleavage of the
ring by an esterase attenuates the antibacterial activity (19). EM703 is a contracted
12-membered derivative of erythromycin with neither antibacterial nor motility-
stimulating activity but with strong anti-inflammatory properties (6); this may also
reduce the risk of promoting bacterial resistance. Previous studies have demonstrated
potent anti-inflammatory effects of EM703 in a model of bleomycin-induced pulmonary
fibrosis and oxidative stress in bronchial epithelial cells, caused by diesel exhaust
particles (20, 21). This study set out to investigate the effect of EM703 as an adjunct
anti-inflammatory treatment for experimental P. aeruginosa airway infections, in com-
bination with a conventional antibiotic (i.e., levofloxacin).

RESULTS
EM703 improved survival rates in a model of levofloxacin-treated P. aerugi-

nosa airway infection. To investigate the possible beneficial anti-inflammatory effects
of EM703 in combination with conventional quinolone treatment for P. aeruginosa
airway infections, an animal model was developed. Mice were inoculated intranasally
with P. aeruginosa (2 � 109 CFU/animal), followed by treatment with levofloxacin (100
mg/kg, subcutaneously) 1, 2, or 4 h after infection (three mice in each group, repeated
in three separate experiments) (Fig. 1A). Based on the literature, a levofloxacin dose of
100 mg/kg was chosen to rapidly achieve complete bacterial killing and resulting high
levels of release of bacterial components (22–25). The MIC of levofloxacin against P.
aeruginosa (strain PAO1) is 0.25 �g/ml. Levofloxacin treatment 1 h postinfection
completely cleared the bacterial load and rescued the mice, whereas treatment after 2
h resulted in a mortality rate of 30%. Mice that received treatment 4 h postinfection all
died within 72 h (Fig. 1A). To confirm the eradication of bacteria, viable counts were
performed with lung homogenates from mice treated with levofloxacin 4 h postinfec-
tion. The animals were sacrificed 48 h after the initiation of infection. No bacteria were
detected, i.e., the number of CFU was below the limit of detection (�10 CFU/ml for
samples diluted 1:10) (data not shown). This demonstrated that the time elapsed
between the start of infection and treatment was important. In addition, the outcome
was not related to bacterial eradication itself, suggesting involvement of a dysregulated
host response.

In an effort to improve the survival of levofloxacin-treated mice, the nonantibiotic
(i.e., lacking antibacterial activity) and anti-inflammatory macrolide EM703 was admin-
istered orally (25 mg/kg). The dose of EM703 was chosen based on previous reports
using this compound and related macrolides to achieve anti-inflammatory activity (20,
26, 27). To determine whether there was a time-dependent effect of EM703 treatment
in relation to the initiation of infection, two different time points were chosen. Thus,
mice were treated with EM703 either 24 h before infection (�24 h) or simultaneously
with infection (0 h) and the drug was then administered once at 24 h (Fig. 1B, upper).
Levofloxacin treatment was given 4 h after the instillation of bacteria. The addition of
EM703, preceding or simultaneously with infection, in combination with levofloxacin
improved the survival rate significantly (seven mice in each group, in two separate

Kasetty et al. Antimicrobial Agents and Chemotherapy

September 2017 Volume 61 Issue 9 e02761-16 aac.asm.org 2

http://aac.asm.org


experiments; P � 0.009 at both �24 and 0 h with EM703) (Fig. 1B, lower). However,
mice treated with levofloxacin alone or EM703 alone survived for less than 60 h and
24 h, respectively. The latter result was similar to findings observed for untreated
mice (Fig. 1A).

Treatment with EM703 increased the numbers of immune cells in bronchoal-
veolar lavage fluid. We next assessed whether the level of cellular immunity was
affected by the addition of EM703. Following treatment of P. aeruginosa-infected mice
with levofloxacin alone (at 4 h postinfection) in combination with EM703 (at �24 or 0
h) or vehicle, the mice were euthanized and bronchoalveolar lavage (BAL) fluid was
collected (10 mice in each group, in two separate experiments). EM703 treatment
combined with levofloxacin treatment caused a significant increase in the total number
of cells (P � 0.0002 for EM703 added at �24 h and P � 0.0381 for EM703 added at 0
h), compared to treatment with levofloxacin alone (Table 1). Differential counts showed
that the numbers of both neutrophils and macrophages were significantly elevated
(P � 0.0002 and P � 0.0001, respectively) in mice pretreated with EM703 at 24 h before
infection, with administration of levofloxacin 4 h later (Table 1).

Reduced lung damage and tissue infiltration of neutrophils were noted after
the addition of EM703. Lung morphology was investigated, comparing mice treated
with vehicle alone, infected mice treated with levofloxacin alone, and mice treated with
a combination of EM703 (24 h prior to or simultaneously with infection) and levofloxa-

FIG 1 Survival times for P. aeruginosa airway infections with combined treatment with levofloxacin and
EM703. (A) Survival graph. The survival of levofloxacin-treated mice infected with P. aeruginosa (2 � 109

bacterial CFU) was monitored for 7 days (only the course during the first 120 h is shown). Levofloxacin
(100 mg/kg) was administered subcutaneously 1, 2, or 4 h after infection. The graph shows one
representative experiment of three, with three mice in each group. (B) Schematic overview of the
experimental design and time points (upper), using levofloxacin to treat P. aeruginosa-infected mice in
the absence or presence of EM703, and survival graph (lower) showing the effect of EM703 treatment on
the survival of infected mice treated with levofloxacin (seven mice in each group, in two separate
experiments). Treatment with EM703 (either 24 h prior to or simultaneously with infection) in combi-
nation with levofloxacin (initiated 4 h after infection) improved survival. EM703 alone did not affect the
survival of infected mice that did not receive levofloxacin. Statistical comparisons of survival curves were
performed using the Mantel-Cox test, comparing the group treated with levofloxacin alone and the
groups treated with a combination of levofloxacin and EM703. ***, P � 0.001.
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cin (eight mice in each group, in two separate experiments) (Fig. 2A). The addition of
EM703 resulted in less dense cellularity in alveoli and in interstitial spaces and less
alveolar septal thickening, as determined from hematoxylin and eosin (H&E) staining.
Immunohistochemistry for detection of the specific granule protein myeloperoxidase
(MPO) in neutrophils revealed an abundance of these cells in mice that were infected
with P. aeruginosa and treated with levofloxacin alone (Fig. 2A). Mice pretreated with
EM703 (�24 h) and mice treated simultaneously with EM703 (0 h) showed significantly
smaller numbers of neutrophils, as detected by morphometric analysis (P � 0.0473)
(Fig. 2A and C). An overall estimation of lung tissue damage was performed using a
blinded lung injury scoring system in which neutrophils in the alveolar and interstitial
spaces, the presence of hyaline membranes, proteinaceous debris filling the air-

FIG 2 Lung injury and numbers of neutrophils in lung tissue after EM703 pretreatment. (A) To investigate
tissue damage and neutrophil infiltration, lung tissues were stained with H&E or processed for immu-
nohistochemistry and stained to detect MPO. Dense infiltration of immune cells, alveolar thickening, and
edema were seen in mice treated with levofloxacin alone, while the addition of EM703 (either 24 h before
or at the time of infection) resulted in less pronounced changes. A high degree of neutrophil infiltration
in mice treated with levofloxacin alone and less infiltration after the addition of EM703 were confirmed
by immunohistological detection of MPO. (B) Blinded evaluation of tissue injury was performed using a
lung injury scoring system and showed a significant reduction of lung injury after the addition of EM703
to levofloxacin treatment. (C) Quantification of MPO staining was performed with sections of lung tissue
from 10 animals in each group. The results are expressed as the mean � SEM (eight mice in each group).
The Kruskal-Wallis nonparametric test, with Dunn’s post hoc test for multiple comparisons, was used. *,
P � 0.05; ***, P � 0.001.
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spaces, and alveolar septal thickening were considered at higher magnification,
confirming less damage after the addition of EM703 at �24 h (P � 0.0005) and 0 h
(P � 0.0499) (Fig. 2B).

Aspartate aminotransferase (AST), reflecting possible organ damage (e.g., liver,
heart, and skeletal muscle), was measured in plasma (four mice in each group, in one
experiment). Interestingly, the addition of EM703 reduced the increased AST levels seen
with levofloxacin treatment alone, indicating a protective effect (P � 0.0121 for EM703
added at �24 h and P � 0.0997 for EM703 added at 0 h) (Fig. 3).

EM703 reduced the levels of proinflammatory cytokines and chemokines dur-
ing levofloxacin-treated P. aeruginosa airway infection. Mice were sacrificed 48 h
after bacterial infection (10 mice in each group, in two separate experiments). The levels
of key cytokines and chemokines involved in the regulation of inflammation were
determined in BAL fluid, lung tissue homogenates, and plasma by using a colorimetric
bead assay and an enzyme-linked immunosorbent assay (ELISA) (Fig. 4). Combining
EM703 treatment with levofloxacin significantly reduced the levels of the proinflam-
matory cytokines interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-�) in BAL
fluid and lung homogenates (treated either 24 h before or simultaneously with infec-
tion) (Fig. 4). Significant decreases were also observed in plasma but not in the case of
TNF-�, IL-10, gamma interferon (IFN-�), and IL-12-p70 (see Table S1 in the supplemental
material). Generally, the effects of EM703 were seen in all compartments investigated,
suggesting both systemic effects and effects within the lung.

EM703 has been reported to reduce chemokine production through inhibition of
the transcription factor NF-�B. The levels of monocyte chemoattractant protein 1
(MCP-1) and the neutrophil-recruiting chemokine keratinocyte chemoattractant (KC)
were significantly reduced when levofloxacin treatment was combined with EM703
(Fig. 4).

DISCUSSION

This study suggests that combining quinolone treatment with a nonantibiotic
macrolide, as exemplified by EM703, may improve the outcomes in severe P. aeruginosa
airway infections. The anti-inflammatory properties of EM703 are likely to be of major
importance, as reflected by decreased levels of proinflammatory cytokines and reduced
influx of neutrophils to the airways.

The exaggerated and dysregulated host responses to bacterial toxins are of critical
importance during severe infections, and novel interventional strategies are a major
focus of interest to improve prognoses (28). The importance of early antibiotic treat-
ment during the course of infection and modulation of the inflammatory response are
also illustrated in the model used in this study. In recent years, macrolides have caught
increasing attention as anti-inflammatory agents, and several modes of action have
been reported to explain these properties, including reduced production of proinflam-
matory cytokines, inhibited generation of reactive oxygen species (ROS), and increased

FIG 3 AST levels in plasma during treatment. The effects of different treatments on organ damage were
estimated by measuring AST levels in plasma 48 h after bacterial inoculation in mice treated with
levofloxacin alone or in combination with EM703. The results are expressed as the mean � SEM (four
mice in each group). The Kruskal-Wallis nonparametric test, with Dunn’s post hoc test for multiple
comparisons, was used. *, P � 0.05.
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neutrophil apoptosis (29–35). The development of novel erythromycin-derived macro-
lides such as EM703, targeting only inflammation and lacking unwanted side effects
such as antibacterial activity and gastrointestinal motility-stimulating activity, make this
therapeutic strategy more attractive. It was recently shown that EM703 reduces neu-
trophil generation of ROS, an effect mediated though inhibition of the NF-�B signaling
pathway (6). In the present study, several proinflammatory cytokines were detected at
reduced levels when levofloxacin treatment was combined with EM703. Adding EM703,
either 24 h prior or simultaneously with levofloxacin treatment, resulted in reduced
mortality rates and strong anti-inflammatory effects in both cases, indicating a rapid
onset of the effects. The reduced levels of IL-6, a key regulator of acute-phase responses,
reflected this. In a previous study investigating antibiotic treatment of P. aeruginosa
airway infections in mice, high levels of IL-6 were associated with high mortality rates
(36). Another significant effect of EM703 was reduction of levels of the proinflammatory
chemokine MCP-1, which recruits immune cells and also causes weakness of the
diaphragm in P. aeruginosa airway infections (37, 38).

TNF-� mediates many pathophysiological events during sepsis but also is a critical
regulator of the innate immune response within the lung (28, 39, 40). Thus, an overwhelm-
ing initial TNF-� response may be deleterious, while a reduced later response can cause

FIG 4 Cytokine and chemokine levels in BAL fluid, lung tissue, and plasma during infection. Cytokines and
chemokines were measured in BAL fluid (BALF), lung tissue homogenate, and plasma 48 h after bacterial
inoculation in mice treated with levofloxacin alone or in combination with EM703. To determine the levels of IL-6,
MCP-1, and TNF-�, samples were obtained from 10 animals in each group, in two separate experiments (n � 4 and
n � 6). In the case of KC, a separate ELISA was used to investigate samples from four mice in each group, in one
experiment. The results are expressed as mean � SEM. The Kruskal-Wallis nonparametric test, with Dunn’s post hoc
test for multiple comparisons, was used. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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problems in clearing P. aeruginosa airway infections (41). Therefore, a balanced inflam-
matory response is of critical importance. The model used in this study reflects the
initial phase and the bacteria are eradicated by the levofloxacin treatment, most likely
causing extensive release of bacterial toxins. Therefore, reduced levels of TNF-� with
the addition of EM703 are likely to be beneficial. The addition of EM703 to levofloxacin
treatment also caused a nonsignificant increase of IL-10 levels in lung tissue. This is
interesting, since this cytokine has been shown to improve survival and to reduce tissue
injury during P. aeruginosa airway infections (42).

As mentioned, EM703 inhibits the activation of NF-�B, a key transcription factor in
proinflammatory responses, including the promotion of increased CXC chemokine
production, which is important for immune cell recruitment to sites of inflammation
(21, 43). Reduced levels of the neutrophil-recruiting chemokine KC after the addition of
EM703 were also reflected by lower levels of neutrophils in the lung tissue. However,
the parallel increases of both neutrophil and macrophage numbers in BAL fluid when
EM703 was added 24 h before levofloxacin treatment may seem paradoxical; this can
be explained by the dynamic situation with regard to compartmentalization of neu-
trophils and macrophages at different stages of inflammation. During the resolution of
inflammation, these cells may emigrate to the bronchial lumen as a mechanism of
clearance, as described previously (44).

In clinical settings, the coverage of undetected atypical bacteria by macrolides,
antibiotic synergy, and the immunomodulatory effects of macrolides have been sug-
gested as explanations for their beneficial effects (17). However, the mouse model used
in this study highlights the importance of immunomodulation, since there is no
coinfection present, EM703 lacks antibacterial activity, and levofloxacin alone resulted
in bacterial eradication.

Mice treated with EM703 at 24 h prior to infection had improved outcomes. This
could translate to clinical settings, since many patients suffering from chronic airway
inflammation (e.g., CF or COPD) are subject to long-term treatment with macrolides to
prevent exacerbations. These patients are also at greater risk of acquiring infections
with P. aeruginosa.

In contrast to a clinical setting, there was no chronic airway inflammation (e.g., CF
or COPD) or other significant comorbidity (e.g., malignancy or immunosuppression)
present in the animals in this study. This is a limitation that warrants further studies. In
addition, clinical studies using nonantibiotic macrolides will be necessary to evaluate
possible benefits in humans, whose immune responses may be affected differently.

EM703 has not yet been used clinically, and data from studies using classic macro-
lides in P. aeruginosa infections are limited. In one clinical study, macrolide therapy in
the first 48 h after admission was not associated with decreased 30-day mortality rates,
intensive care unit (ICU) admissions, need for mechanical ventilation, or lengths of
hospital stays for patients with community-acquired P. aeruginosa pneumonia (14). The
study was retrospective, and there was much heterogeneity regarding the antibiotics
used against P. aeruginosa. In support of using macrolides when treating severe
Gram-negative infections, a rabbit model of pyelonephritis caused by multidrug-
resistant P. aeruginosa showed increased survival after coadministration of the macro-
lide clarithromycin and the aminoglycoside amikacin, which was probably attributable
to the immunomodulatory properties of clarithromycin, as reflected by decreased levels
of TNF-� (45).

Taken together, the results of this study show a possible beneficial role for novel
nonantibiotic macrolides as an adjuvant treatment in severe P. aeruginosa airway
infections. This strategy may result in improved outcomes, as reflected by reduced
mortality rates.

MATERIALS AND METHODS
Animals. Female BALB/cJRj mice (9 to 10 weeks of age, weighing 18 to 22 g; Janvier Labs, Le

Genest-Saint-Isle, France) were maintained under specific-pathogen-free conditions and had free access
to commercial chow and water. All mouse experiments were conducted according to institutional
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guidelines and were approved by the Malmö-Lund Animal Care Ethics Committee, Sweden (entry no.
M187-15).

P. aeruginosa inoculation. P. aeruginosa (strain Xen 41, derived from the parental pleural isolate P.
aeruginosa PAO1; PerkinElmer, Waltham, MA) was grown aerobically in Todd-Hewitt (TH) broth at 37°C
to the logarithmic growth phase (optical density at 620 nm [OD620] of �0.5), harvested, washed in
phosphate-buffered saline (PBS), and diluted to 2 � 109 CFU/ml in the same buffer. Each animal was
infected with 50 �l of the bacterial solution by intranasal instillation, whereas uninfected control animals
received PBS alone. In order to maintain a consistent inoculum throughout the experiments, bacteria at
a fixed OD620 value were used to infect the animals, and the CFU were confirmed by plating in every
experiment.

Survival studies of levofloxacin-treated P. aeruginosa-infected mice. The P. aeruginosa-infected
animals were treated with levofloxacin (100 mg/kg; Sanofi-Aventis, Bromma, Sweden) by subcutaneous
administration at different time points (1, 2, and 4 h) after the intranasal instillation of bacteria. Untreated
animals were used as a control group. To standardize the timing of levofloxacin treatment, three separate
experiments, with three or four animals in each group, were performed. For evaluation of animal survival,
mice showing the defined and approved humane endpoint criteria (immobilization and shaking) were
killed by an overdose of isoflurane (Abbott Laboratories, North Chicago, IL) and counted as nonsurvivors.

Macrolide treatment. EM703 was a gift from Satoshi Omura (Kitasato Institute for Life Sciences and
Graduate School of Infection Control Sciences, Kitasato University, Tokyo, Japan). EM703 has low aqueous
solubility and therefore was formulated using nontoxic methylcellulose (0.5%) and polyethylene glycol
(2.5%) (46–48). To ensure suspension homogeneity, the mixture was sonicated and orally administered
to the mice (0.2 ml).

The animals treated with levofloxacin alone (4 h after infection) and control animals received oral
administration of vehicle only (polyethylene glycol-methylcellulose; 0.2 ml) 24 h prior to infection or
simultaneously with infection and also 24 h after the inoculation of bacteria. The groups treated with
EM703 (25 mg/kg) received oral administration of the drug on a daily basis from 24 h prior to or the time
of (0 h) inoculation of bacteria until 24 h postinfection (Fig. 1B, upper). The effect of combination
treatment using levofloxacin and EM703 on the survival of mice was investigated using seven animals in
each group (two experiments, n � 3 and n � 4). In subsequent experiments, to measure cell counts and
inflammatory indices, 10 animals were used in each group (two separate experiments, n � 4 and n � 6).

Bronchoalveolar lavage and cell counts. The mice were euthanized approximately 48 h after
infection. BAL was performed with a total volume of 1 ml PBS containing 0.1 mM EDTA. When required,
red blood cells were removed by resuspending the BAL fluid cells in 100 �l of lysis buffer (150 mM NH4Cl,
10 mM KHCO3, 0.1 mM EDTA [pH 7.2]) for 2 min at room temperature, followed by washing in 1 ml PBS.
The total number of cells was then counted and adjusted to cells per milliliter of BAL fluid. For differential
counts, cytospin preparations of cells were stained with modified Wright-Giemsa stain (Sigma-Aldrich, St.
Louis, MO), and at least 300 cells were counted in each BAL fluid sample.

Collection of lungs for immunohistochemistry and homogenization. After sacrifice, the left lung
lobes were perfused with Histofix (Histolab, Göteborg, Sweden) and submerged in buffered formalde-
hyde (4%). After dehydration and paraffin embedding, 3-�m sections were generated from the tissue
blocks. After rehydration and antigen retrieval, sections were incubated with goat antibodies to murine
MPO or preimmune goat IgG (R&D Systems, Abingdon, UK). Following rinsing, bound antibodies were
detected using horseradish peroxidase-conjugated secondary rabbit anti-goat IgG antibodies (diluted
1:1,250) and were visualized using 3,3-diaminobenzidine as a chromogen. Some sections were also used
for staining with H&E.

The right lung lobes were snap-frozen in liquid nitrogen and stored at �80°C until further analysis.
The snap-frozen lungs were thawed and homogenized in tissue protein extraction reagent (T-PER)
solution (Thermo Scientific, Göteborg, Sweden) containing protease inhibitor (Pefabloc SC; Sigma-
Aldrich) at a final concentration of 1 mM. Lung homogenates were centrifuged at 9,000 � g for 10 min
at 4°C, and the supernatants were collected.

Assessment of AST levels in plasma. Following bacterial infection and treatment with levofloxacin
in the absence or presence of EM703 at �24 and 0 h, animals were sacrificed 48 h postinfection and
blood was collected, in EDTA-containing tubes, from four mice in each group. Plasma was isolated by
centrifugation at 1,500 � g at 4°C for 10 min and was maintained at �80°C until it was used for further
analysis. The levels of AST in plasma were assessed using an AST assay kit (Sigma-Aldrich), according to
the manufacturer’s instructions, in order to reflect the effects on organ damage following treatment.

Cytokine assay and ELISA. Levels of the cytokines IL-6, IL-10, MCP-1, IFN-�, TNF-�, and IL-12-p70
were measured in plasma, BAL fluid, and lung tissue homogenates from 10 mice from two separate
experiments, 48 h after infection with P. aeruginosa. A cytometric bead assay (mouse inflammation kit;
Becton Dickinson, Franklin Lakes, NJ) was used to measure cytokine levels, according to the manufac-
turer’s instructions. KC levels in mice (four mice in each group, in one experiment) were determined using
an ELISA kit (R&D Systems). The influence of the lung homogenate matrix was investigated using
different spiked concentrations of the cytokines and chemokines. Similar recoveries were observed in
lung homogenates and plasma. The assays were performed with single samples. According to the
manufacturer, no cross-reactivity or background detection of proteins has been found using the
bead-based assay. The detection limits were as follows: IL-6, 5 pg/ml; IL-10, 17.5 pg/ml; MCP-1, 52.7
pg/ml; IFN-�, 2.5 pg/ml; TNF-�, 7.3 pg/ml; IL-12p70, 10.7 pg/ml. The intraassay coefficients of variability
(CVs) were as follows: IL-6, 5%; IL-10, 6%; MCP-1, 5%; IFN-�, 4%; TNF-�, 4%; IL-12p70, 8%; the interassay
CVs were as follows: IL-6, 10%; IL-10, 10%; MCP-1, 9%; IFN-�, 6%; TNF-�, 8%; IL-12p70, 6%. Concerning
the KC ELISA, no cross-reactivity or interference with available related molecules (at 50 ng/ml) was
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observed, according to the manufacturer. The intraassay precision was 5%, and the interassay precision
was 6%.

Statistical and sample size analyses. When analyzing cytokines and cell counts, initial experiments
were performed with four mice in each group, using IL-6 levels in BAL fluid as a measurement. The results
showed a significant difference (P � 0.05) between mice treated with levofloxacin alone and the
combination of levofloxacin and EM703. Therefore, it was decided to repeat the experiments with an
additional six mice in each group, to increase the overall significance of the data. In total, 10 mice per
group in two separate experiments were investigated for analyses of cytokines and cell counts.

Statistical comparisons of survival curves were performed using the Mantel-Cox test. Values for cell
counts, AST levels, and cytokine levels are presented as the mean � standard error of the mean (SEM).
For statistical evaluation of more than two experimental groups, the Kruskal-Wallis nonparametric test,
with Dunn’s post hoc test for multiple comparisons, was used. Data graphics and statistical analysis were
performed using GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA). P values of �0.05 were
considered significant.
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