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BACKGROUND AND PURPOSE
Azithromycin is a macrolide antibiotic with anti-inflammatory and immunomodulating effects. Long-term azithromycin
therapy in patients with chronic lung diseases such as cystic fibrosis has been associated with increased antimicrobial
resistance, emergence of hypermutable strains, ototoxicity and cardiac toxicity. The aim of this study was to assess the
anti-inflammatory effects of the non-antibiotic azithromycin derivative CSY0073.

EXPERIMENTAL APPROACH
We compared the effects of CSY0073 with those of azithromycin in experiments on bacterial cultures, Pseudomonas
aeruginosa biofilm, lung cells and mice challenged intranasally with P. aeruginosa LPS.

KEY RESULTS
In contrast to azithromycin, CSY0073 did not inhibit the growth of P. aeruginosa, Staphylococcus aureus or Haemophilus
influenzae and had no effect on an established P. aeruginosa biofilm. Bronchoalveolar lavage (BAL) fluids and lung
homogenates collected after the LPS challenge in mice showed that CSY0073 and azithromycin (200 mg·kg−1, i.p.) decreased
neutrophil counts at 24 h and TNF-α, CXCL1 and CXCL2 levels in the BAL fluid after 3 h and IL-6, CXCL2 and IL-1β levels in
the lung after 3 h compared with the vehicle. However, only azithromycin reduced IL-1β levels in the lung 24 h post LPS
challenge. CSY0073 and azithromycin similarly diminished the production of pro-inflammatory cytokines by macrophages, but
not lung epithelial cells, exposed to P. aeruginosa LPS.

CONCLUSIONS AND IMPLICATIONS
Unlike azithromycin, CSY0073 had no antibacterial effects but it did have a similar anti-inflammatory profile to that of
azithromycin. Hence, CSY0073 may have potential as a long-term treatment for patients with chronic lung diseases.

Abbreviations
AZM, azithromycin; BAL, bronchoalveolar lavage; CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; LB,
Luria Bertoni broth
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Introduction
Azithromycin is a widely used antibiotic belonging to the
macrolide family characterized by a highly substituted
15-member macrocyclic lactone ring and it has a broad anti-
microbial spectrum. Several clinical studies have shown that
azithromycin has beneficial effects in cystic fibrosis (CF)
patients, most notably those colonized with Pseudomonas aer-
uginosa, and it is now used as part of a standard maintenance
therapy for CF (Shinkai and Rubin, 2005; Flume et al., 2007;
Cai et al., 2011). However, evidence has emerged of that
azithromycin also has beneficial effects in patients with
chronic airway diseases but no infection, suggesting it has
anti-inflammatory and immunomodulating properties
(Rubin and Henke, 2004). In a recent study of children and
adults with CF but no P. aeruginosa infection, azithromycin
for 24 weeks did not improve lung function, but it did
decrease the occurrence of pulmonary exacerbations (Saiman
et al., 2011). A recent Cochrane Database systematic review
indicated that azithromycin has beneficial effects for at least
6 months on lung function, reduces the occurrence of exac-
erbations, the need for other antibiotics, and weight gain in
patients with CF (Southern et al., 2012). In addition to CF, the
effects of azithromycin have also been evaluated in other
chronic airway diseases such as diffuse panbronchiolitis,
chronic obstructive pulmonary disease (COPD), asthma,
non-CF bronchiectasis and bronchiolitis obliterans syndrome
(Spagnolo et al., 2012). It has also recently been found to be
effective in surfactant-associated disorders (Hayes et al., 2012;
Thouvenin et al., 2013).

The mechanisms by which azithromycin produces clini-
cal benefits is still unclear (Yousef and Jaffe, 2010). These
effects are likely to be independent of its antimicrobial activ-
ity and it has been hypothesized that they are the result of a
multifactorial effect on inflammation, immune responses and
bacterial virulence (Yousef and Jaffe, 2010). In fact, it has
been shown that azithromycin is not bactericidal against
P. aeruginosa, but decreases the virulence of this pathogen,
most notably by acting on its biofilm (Wagner et al., 2005).

However, the long-term use of azithromycin has raised a
number of concerns (Spagnolo et al., 2012). Chronic azithro-
mycin therapy has been associated with increased antimicro-
bial resistance and with the emergence of hypermutable
strains, particularly of Staphylococcus aureus and Haemophilus
species (Phaff et al., 2006). These resistant or hypermutable
pathogens might spread from patients undergoing chronic
azithromycin treatment to the general population, decreas-
ing the effectiveness of macrolide treatment. In addition,
chronic azithromycin use can result in ototoxicity (Wallace
et al., 1994; Albert et al., 2011) and an increased risk of
cardiac events (Ray et al., 2012).

One option available to improve the risk/benefit ratio of
macrolide therapy in patients with chronic airway diseases, is
to produce derivatives of azithromycin that have the anti-
inflammatory and immunomodulating effects of macrolides
without the antibiotic effects. Recently, a non-antibiotic
derivative of azithromycin, CSY0073, was shown to correct
the inflammation-driven immune dysfunction seen in animal
models of inflammatory bowel disease and arthritis
(Mencarelli et al., 2011). Hence, in the present study our
objective was to characterize the effects of CSY0073 in a mouse

model of acute lung inflammation. To achieve this, we com-
pared the effects of CSY0073 with those of azithromycin in
experiments on bacterial cultures, P. aeruginosa biofilm, lung
cells and mice challenged intranasally with P. aeruginosa LPS.

Methods

Reagents
LPS (P. aeruginosa 10) and DMSO were from Sigma-Aldrich
(Saint-Quentin Fallavier, France) and TNF-α and IL-1β were
from Immunotools (Friesoythe, Germany). Azithromycin
and CSY0073 (11-(4-dimethylamino-3-hydroxy-6-methyl-
tetrahydro-pyran-2-yloxy)-2-ethyl-3,4,10-trihydroxy-3,5,6,8,
10,12,14-heptamethyl-1-oxa-6-azacyclopentadecane-13,15
dione) were synthesized as described previously (Mencarelli
et al., 2011) and provided by Synovo (Tübingen, Germany).

In vitro effect of CSY0073 and azithromycin
on bacterial growth and P. aeruginosa
biofilm viability
Effect of CSY0073 on bacterial growth. The antibacterial activi-
ties of CSY0073 and azithromycin were evaluated in liquid
cultures of P. aeruginosa (PAK strain), S. aureus (Newman
strain) and Haemophilus influenza (NTHI 86-028NP strain) as
published elsewhere, with a few modifications (Mencarelli
et al., 2011). Bacteria were grown overnight in adapted
medium [Luria Bertoni (LB) broth for P. aeruginosa and
S. aureus and brain heart infusion broth for H. influenzae],
then transferred to fresh medium and grown for 4–5 h to
midlog phase. Cultures were centrifuged at 3000× g for
15 min and pellets were washed four times with cold PBS.
Bacterial pellets were diluted in PBS and the OD600nm was
adjusted to 108 CFU·mL−1 in appropriate medium broth. Bac-
teria were then added to 96-well plates containing vehicle
(citric acid; maximal final concentration was 0.01% and did
not influence cell viability), CSY0073 or azithromycin.
Briefly, drugs were diluted from a 20 mM stock solution in 2%
citric acid to obtain concentrations similar to the azithromy-
cin concentrations measured in sputum from patients with
CF (Baumann et al., 2004; Wilms et al., 2006). OD600 was
recorded at baseline then after 6 h, using an Asys multiplate
reader (Biochrom, Cambridge, UK). During incubation, the
plates under agitation were maintained at 37°C and 100%
relative humidity. Recorded ODs were normalized to the base-
line value (no drug) and expressed as percentages [mean OD
(drug)/mean OD (baseline) ].

To determine whether the bacteria carrying the most
common form of macrolide resistance (erm) exhibit differen-
tial sensitivity to CSY0073 and azithromycin, we cultured
Bacillus subtilis WT168 carrying the erm-containing plasmid
pAM77, as mentioned earlier, and compared growth by moni-
toring OD600 with and without the plasmid at concentra-
tions of substance up to 10 mM. Data were normalized as
mentioned earlier.

Effect of CSY0073 on P. aeruginosa established biofilm. AZM
has been reported to inhibit P. aeruginosa biofilm production
(Mulet et al., 2009; Fernandez-Olmos et al., 2012), and we
investigated this effect with both azithromycin and CSY0073.
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We used three P. aeruginosa strains, PAO1, PAK and PA14. In
vitro biofilms were grown for 24 h on UV-sterilized PVC
96-well plates (Thermo Scientific, Rochester, NY, USA) as pre-
viously described (Bernier et al., 2013). Overnight cultures
were diluted in LB to an OD of 0.05 at 595 nm, and 100 μL of
this dilution was placed in each well, in triplicate. After 24 h,
each well was washed with PBS to remove planktonic bacteria
then treated for 24 h with CSY0073 or azithromycin at con-
centrations of 0.5, 5, and 50 μM in LB [concentrations chosen
in keeping with earlier studies (Mulet et al., 2009) ]. Citric
acid 0.005% in LB served as the control. Then, each well was
washed twice with PBS to remove planktonic bacteria. After
vigorous manual resuspension, excess compounds and sur-
viving bacteria (colony-forming units, CFU) were quantified
in each well by serial dilution and plating. Data are expressed
as % survival representing viable cells after 24 h of treatment
compared with untreated biofilm. Untreated controls (base-
line) represent 48 h biofilms in which fresh medium was
added after 24 h, so the % of surviving CFU can be different
from 100% (Bernier et al., 2013).

In vivo study in LPS-challenged mice
C57BL/6 mice were supplied by the Centre d’Elevage R.
Janvier, Le Genest Saint-Isle, France and used at 8 weeks of age.
Mice were fed normal mouse chow and water ad libitum and
were reared and housed under standard conditions with air
filtration. Mice were cared for in accordance with Pasteur
Institute guidelines in compliance with the European Animal
Welfare regulations. All studies involving animals are reported
in accordance with the ARRIVE guidelines for reporting experi-
ments involving animals (Kilkenny et al., 2010; McGrath
et al., 2010). Seven/eight mice were used per group. Vehicle (V:
DMSO, final concentration was 5% v v−1), azithromycin or
CSY0073 (200 mg·kg−1) was injected i.p. (500 μL) as described
previously (Bosnar et al., 2012). Azithromycin and CSY0073
were first dissolved in vehicle and diluted in 0.5% (w v−1)
methylcellulose (Sigma-Aldrich) (Mencarelli et al., 2011). Two
hours later, animals were treated intranasally under general
anaesthesia, induced by the administration of a mixture of
ketamine (40 mg·kg−1) and xylazine (8 mg·kg−1) i.m. Param-
eters used to monitor anaesthetic depth were reflexes, chest
wall movements and mucous membrane colour. Each animal
received an intranasal instillation (25 μL in each nostril) of LPS
solution (100 μg·kg−1 equivalent) in 50 μL of PBS.

The inflammatory lung response was assessed by evaluat-
ing bronchoalveolar lavage (BAL) fluid and lung homogen-
ates at 3 and 24 h. BAL was obtained as described previously
(Guillot et al., 2008), using 2 mL of PBS (four 0.5-mL ali-
quots). Total cell counts in BAL fluids were determined using
a Coulter counter (Beckman, Roissy, France), and differential
cell counts were determined with 200 cells after cells had
been subjected to cytospin centrifugation and stained with
Diff-Quick (Thermo Fisher Scientific, Pittsburgh, PA, USA).
Lungs collected at 3 and 24 h were homogenized in 1 mL PBS.
Supernatants of BAL fluid and lung homogenates were stored
at −80°C for cytokine ELISAs, performed as described below.

Studies of cells exposed to LPS
In a previous study done in a mouse model, azithromycin
inhibited the inflammatory response of alveolar macrophages
to intranasal LPS but did not have a similar effect on respira-

tory epithelial cells (Bosnar et al., 2009). We therefore com-
pared the effects of azithromycin and CSY0073 on these two
cell types.

Alveolar macrophages from C57BL/6J mice were isolated
by BAL as described previously (Guillot et al., 2008). The cells
were pretreated (as indicated in the figure legends) with
vehicle (citric acid, maximal concentration 0.005%) or
increasing doses of azithromycin or CSY0073, before LPS
(1 μg·mL−1).

We used three types of respiratory epithelial cells: A549
adenocarcinoma human alveolar basal epithelial cells stably
transfected with NFκB-luciferase (A549/NFκB-luc, Panomics,
Fremont, CA, USA), BEAS-2B normal human bronchial-
epithelium cells, and human primary differentiated bronchial
cells (MucilAir™, Epithelix, Geneva, Switzerland). A549/
NFκB-luc and BEAS-2B cells were cultured as previously
described (Guillot et al., 2004) then seeded at 1 × 105 cells per
well on 96-well plates (TPP, Techno Plastic Products, Trasa-
dingen, Switzerland). BEAS-2B cells were pretreated with AZM
or CSY0073 (10 and 20 μM), before or concomitantly with
LPS (1 μg mL−1). The A549/NFκB-luc cells were stimulated for
6 h with LPS, TNF-α 20 ng mL−1, or IL-1β 0.1 ng mL−1 to allow
an assessment of CSY0073 effects on IL-8 release and NF-κB
activation. The MucilAir™ cells were isolated from the
bronchi of healthy individuals and cultured at an air-liquid
interface for 3 weeks until differentiation. The cells were then
cultured in MucilAir™ culture medium as recommended by
the manufacturer and pretreated at the basal side 24 h with
AZM or CSY0073 (20 μM, 700 μL), before apical LPS exposure
(10 μg mL−1, 50 μL). Citric acid (maximal concentration
0.002%) was used as the vehicle.

ELISA

Concentrations of human IL-8 and murine TNF-α, CXCL1
(KC), CXCL2 (macrophage inflammatory protein-2), IL-1β,
IL-12p40 and IL-6 were measured in cell culture supernatants,
BAL fluids and lung homogenates supernatants according to
the manufacturer’s instructions (Duoset, R&D Systems,
Minneapolis, MN, USA). The 3,3′,5,5′-tetramethylbenzidine
(TMB) substrate was from Cell Signaling Technology
(Danvers, MA, USA).

Statistical analysis
Differences among groups were assessed for statistical signifi-
cance using Prism 6.00 software (GraphPad Software, La Jolla,
CA, USA) as noted in the figure legends. A P value < 0.05 was
taken to indicate statistical significance. ANOVA was used to
compare quantitative variables between several groups. Cor-
rection for multiple testing was either done by the Bonferroni
(all groups compared) or Dunnett’s method (groups com-
pared vs. a control condition).

Results

CSY0073 had no in vitro bacteriostatic
activity or inhibitory effect on the biofilm
P. aeruginosa
CSY0073 did not inhibit the growth of P. aeruginosa
(Figure 1A), S. aureus (Figure 1B), or H. influenzae (Figure 1C).

BJPCSY0073 inhibits lung inflammation
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As expected, AZM inhibited the growth of all three patho-
gens, H. influenzae being the most susceptible.

We assessed the activity of CSY against 24 h biofilms by
quantification of the surviving CFU after a 24 h treatment, as
stated in the methods section. CSY0073 had no significant
effect on established biofilms produced by any of the three
P. aeruginosa strains tested, whereas AZM exhibited a dose-
dependent effect with all three strains (Figure 2).

To determine whether organisms carrying a resistance to
macrolides have any advantage in the presence of the
agents, we examined the response of B. subtilis carrying an
erm mutation (WT168 pAM77) to both CSY0073 and AZM
(Figure 3A). Because of the extent of resistance, concentra-
tions of azithromycin in the mM range were needed to
observe any effects, whereas the wild-type (WT168) strain
responds to azithromycin in the 1–10 μM range (not
illustrated). Complete inhibition of B. subtilis growth was
reached with approximately 0.4 mM azithromycin, whereas
CSY0073, in the range of 1 to 3 mM, reduced growth by less
than 50% (Figure 3A). When concentrations up to 10 mM
were tested, WT168 B. subtilis tolerated CSY0073 to a slightly
greater extent than the strain carrying the erm gene on
pAM77 (Figure 3B). These data suggest that CSY0073 provides
no selective advantage for treating erm-carrying strains of
bacteria.

CSY0073 attenuated acute lung
inflammation in mice challenged with
P. aeruginosa LPS
Total and differential cell counts and pro-inflammatory
cytokine levels in BAL fluids collected from C57BL/6J mice 3
and 24 h after intranasal instillation of P. aeruginosa LPS or
PBS were compared in the groups given CSY0073, azithromy-
cin or vehicle (V: DMSO). As expected, after PBS instillation,
the vast majority of cells in the BAL fluid were macrophages
(Figure 4A). In BAL fluids obtained 3 h after the LPS chal-
lenge, the macrophage and neutrophil counts were similar in
the CSY0073, azithromycin and vehicle groups, and were not
significantly different from those obtained after PBS instilla-
tion. The BAL fluids obtained after 24 h showed an increase
in neutrophil counts (Figure 4B) and a decrease in mac-
rophages numbers. Compared with vehicle, CSY0073 signifi-
cantly diminished the 24-hour neutrophil count, by about
23% and azithromycin reduced it by about 63%, which was
significantly different from the CSY0073 group (Figure 4B).
None of the drugs had any effect on the macrophages counts
at 3 h and 24 h.

LPS challenge (V/LPS: positive control) induced a tran-
sient but marked inflammatory response as shown by the
increases in 3 h BAL fluid levels of IL-6 (Figure 5A), TNF-α
(Figure 5B), CXCL1 (Figure 5C) and CXCL2 (Figure 5D), com-
pared with V/PBS (negative control). Both azithromycin and
CSY0073 decreased the levels of TNF-α (Figure 5B), CXCL1
(Figure 5C) and CXCL2 (Figure 5D) compared with vehicle.
LPS did not increase the release of IL-1β (Figure 5E) or
IL-12p40 (Figure 5F) compared with PBS at 3 h, whereas BAL
fluids from 24 h LPS-challenged mice (Figure 5) contained
higher levels of IL-6 (Figure 5A), IL-1β (Figure 5E) and
IL-12p40 (Figure 5F) compared with PBS. Only azithromycin
reduced the BAL IL-1β levels from 24 h LPS-challenged mice.

Figure 1
CSY0073 does not inhibit the growth of Pseudomonas aeruginosa,
Staphylococcus aureus or Haemophilus influenzae. The antibacterial
activities of increasing concentrations (0.1–100 μM) of CSY0073
(CSY) and AZM were determined in liquid cultures of P. aeruginosa
(PAK) (A), S. aureus (Newman) (B), and H. influenza (NTHI) (C)
strains. The drugs and pathogens were incubated for 6 h and the OD
was then measured. Data are mean ± SEM values (% of the baseline)
of four independent experiments. Statistical analysis was done by use
of ANOVA followed by Dunnett’s multiple comparison test. **P < 0.01,
***P < 0.001 and ****P < 0.0001. Each value was compared with the
control (V: citric acid).
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Supernatants of lung homogenates from 3 h LPS-
challenged mice (Figure 6) contained higher levels of IL-6
(Figure 6A), TNF-α (Figure 6B), CXCL1 (Figure 6C), CXCL2
(Figure 6D), IL-1β (Figure 6E) and IL-12p40 (Figure 6F) com-
pared with PBS. Among these cytokines, only IL-6, CXCL2
and IL-1β were decreased by azithromycin and CSY0073
compared with vehicle. Supernatants of lung homogenates
from 24 h LPS-challenged mice (Figure 6) contained higher
levels of IL-1β (Figure 6E) and IL-12p40 (Figure 6F) compared
with PBS, but only azithromycin reduced this increased IL-1β
level.

Figure 2
CSY0073 has no effect on an established Pseudomonas aeruginosa
biofilm. P. aeruginosa PAK (A), PAO1 (B), and PA14 (panel C) in vitro
biofilms were exposed for 24 h to increasing concentrations (0.5–
50.0 μM) of CSY0073 (CSY) or AZM. Data are mean ± SEM values
(%) of at least three independent experiments performed in tripli-
cate. Statistical analysis was done by use of ANOVA followed by
Dunnett’s multiple comparison test. *P < 0.05, **P < 0.01 and
****P < 0.0001. Each value was compared with the control (V: citric
acid).

Figure 3
CSY0073 does not inhibit the growth of Bacillus subtilis WT168 or the
corresponding strain carrying the erm resistance gene. The antibac-
terial activity of increasing concentrations (0–3 mM) of CSY0073
(CSY) or AZM was determined in liquid cultures using B. subtilis
(WT168 pAM77) (A). The anti-bacterial activity of increasing concen-
trations (0–10 mM) of CSY0073 on B. subtilis (WT168) or B. subtilis
(WT168 pAM77) was determined in liquid cultures (B). Data are
mean values for two independent experiments with three replicates
in each.

BJPCSY0073 inhibits lung inflammation
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CSY0073 inhibited alveolar macrophage, but
not lung epithelial cell, inflammation induced
by P. aeruginosa LPS
Stimulation of primary alveolar macrophages with P. aerugi-
nosa LPS resulted in increased IL-1β (Figure 7A), IL-12p40
(Figure 7B), CXCL1 (Figure 7C), IL-6 (Figure 7D) and TNF-α
production (Figure 7E). Both azithromycin and CSY0073
dose-dependently decreased the production of IL-1β and IL-6
by primary murine alveolar macrophages (Figure 7A) com-
pared with vehicle. Both drugs also decreased CXCL1, but
this effect was not dose-dependent (Figure 7C, D). Neither
drug affected the production of TNF-. We observed that low
concentrations of CSY0073 (10 and 20 μM) moderately
increased IL-12p40 production by the macrophages.

Stimulation of bronchial epithelial cells, both primary
(Figure 8A) and BEAS-2B cell line (Figure 8B) with P. aerugi-

nosa LPS resulted in increased IL-8 production. Neither
CSY0073 nor azithromycin decreased IL-8 levels of primary
cells compared with vehicle (Figure 8A). Similarly, with
BEAS2-B cells, IL-8 levels were unaffected by azithromycin or
CSY0073 given before or concomitantly with LPS (Figure 8B).

We then used A549/NFκB-luc cells to evaluate effects on
IL-8 release and NFκB-activation. Stimulation of A549/NFκB-
luc cells by LPS, TNF-α and IL-1β resulted in an increased IL-8
production (Figure 8C) associated with NF-κB activation
(Figure 8D), compared with untreated cells. We observed
that, neither azithromycin nor CSY0073 decreased IL-8 pro-
duction or NFκB activation for any of the inflammatory
agents tested.

Discussion and conclusions

Our results show that CSY0073, in contrast to azithromycin,
has no bacteriostatic activity against P. aeruginosa, S. aureus or
H. influenza, three pathogens that often colonize the airways
of patients with CF or other chronic respiratory tract diseases.
In clinical practice, the main issue is whether a therapy will
positively select for organisms that are specifically or multi-
resistant to antibacterial agents. Given that there was no
obvious effect of CSY0073 on various growth forms of P. aer-
uginosa, this requirement appears to be met. Moreover, the
observation that B. subtilis tolerated CSY0073 to a slightly
greater extent than the strain carrying the erm gene on
pAM77 suggest that CSY0073 provides no selective advantage
for erm carrying strains. Consequently, the increase in anti-
microbial resistance reported with long-term azithromycin
use would be unlikely to occur with CSY0073 (Spagnolo et al.,
2012). The established biofilm produced by three P. aerugi-
nosa strains (PAO1, PAK and PA14) was partly destroyed by
azithromycin but was unaffected by CSY0073. It is hard to
speculate whether this loss of anti-biofilm activity would be
detrimental for patients. Indeed, a decrease in mucoid P. aer-
uginosa from sputum samples from CF patients has been
observed and may be attributable to the anti-biofilm activity
of AZM (Hansen et al., 2005). However, metanalyses of clini-
cal studies with subgroup analysis, with or without chronic
P. aeruginosa has not provided sufficient evidence to promote
azithromycin therapy for a particular group of patients
(Southern et al., 2012).

Similar to azithromycin, CSY0073 was able to attenuate
the in vivo inflammatory lung response to LPS, as shown by
the nearly 25% decrease in neutrophil numbers recruited in
BAL fluid and decreases in pro-inflammatory cytokine levels
in BAL fluid (IL-6, TNF-α, CXCL1 and CXCL2) and lung
homogenates (IL-6, IL-1β and CXCL-1) from LPS-challenged
mice. IL-12-p40 levels were not affected suggesting that only
specific intracellular signalling pathways are affected by these
drugs. However, azithromycin was more effective than
CSY0073 at reducing neutrophil recruitment, decreasing it by
nearly 63%. The effects of azithromycin observed in the
present study are consistent with those obtained previously
in a similar acute LPS challenge model (Bosnar et al., 2009):
they observed decreased BAL fluid neutrophil counts
and levels of pro-inflammatory mediators, including IL-1β,
CXCL-2, TNF-α and IL-6, in lung homogenate in the presence
of azithromycin. In the present study, the difference in the

Figure 4
CSY0073 inhibits airway neutrophil recruitment induced by Pseu-
domonas aeruginosa LPS. Counts of (A) macrophages and (B) neu-
trophils 3 and 24 h after challenge with 100 μg·kg−1 LPS or PBS. Mice
were pretreated 2 h before the challenge with vehicle (V: DMSO),
CSY0073 (CSY) or AZM. Data are mean ± SEM of 7–8 mice per
group. Statistical analysis was done for each time point, 3 h (*) or
24 h (#), by use of ANOVA followed by Bonferroni’s multiple compari-
son test. ***P < 0.001 and ****P < 0.0001.
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effects of the two drugs at reducing neutrophil influx in the
airways may be explained by the inability of CSY0073 to
strongly reduce IL-1β, as observed in the lung tissue. Indeed,
it was recently suggested that the azithromycin-induced
reduction in neutrophil recruitment induced by LPS is
strongly dependent on IL-1-β levels (Bosnar et al., 2010). This
difference in efficacy may also be attributable to the admin-
istration route, treatment time and/or the dose chosen. In our
in vivo mouse experiments, we used a 2 h azithromycin pre-
treatment at a dose of 200 mg·kg−1i.p., as in an earlier study
(Bosnar et al., 2012). In this earlier study, based on an oral
bioavailability of 35–55%, it was estimated that the effective
dose of azithromycin after i.p. administration is 200–

300 mg·kg−1. This dose is lower than that used in a previous
similar acute LPS model where azithromycin 600 mg·kg−1

administered p.o. was the effective dose (Bosnar et al., 2009);
this is substantially higher than the azithromycin dose rec-
ommended for the treatment of chronic lung diseases such as
CF (500 mg day-1) (Flume et al., 2007). In this context,
chronic azithromycin therapy at a much lower dose,
10 mg·kg−1 day−1, in Cftr mice (F508del homozygous) chal-
lenged with LPS was successful in attenuating neutrophil
recruitment and cytokine (CXCL2 and TNF-α) production in
the airways (Legssyer et al., 2006). Therefore, more studies
need to be performed to determine the effects of chronic
treatment with CSY0073 at lower oral doses.

Figure 5
CSY0073 inhibits the production of TNF-α, CXCL1 and CXCL2 in airways induced by Pseudomonas aeruginosa LPS. (A) IL-6 (B) TNF-α, (C) CXCL1,
(D) CXCL2, (E) IL-1β and (F) IL-12p40 in bronchoalveolar lavage fluid (BALF) 3 and 24 h after challenge with 100 μg·kg−1 LPS or PBS. Mice were
pretreated for 2 h with vehicle (V: DMSO), CSY0073 (CSY) or AZM. Data are mean ± SEM for 7–8 mice per group. Statistical analysis was done
for each time point, 3 h (*) or 24 h (#) with ANOVA followed by Bonferroni’s multiple comparison test. **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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In alveolar macrophages, CSY0073 had a similar anti-
inflammatory profile to that of azithromycin in our study.
With primary alveolar macrophages exposed to P. aeruginosa
LPS, IL-1β, IL-6 and CXCL1 were decreased similarly with
CSY0073 and azithromycin, whereas neither drug dimin-
ished the levels of TNF-α or IL-12p40. IL12p40 was slightly
increased by CSY0073; however, this is unlikely to have any
effect in vivo because IL12p40 levels in BAL fluids and super-
natants of whole lung were not affected. Interestingly,
primary CF alveolar macrophages from mice have an exag-
gerated cytokine production, which is reduced by azithromy-
cin (Meyer et al., 2009). Also, recently, using a conditional
inactivation of Cftr in myeloid-derived cells, it has been dem-
onstrated that myeloid cells, like alveolar macrophages, con-

tribute to the pathophysiological phenotype of the CF lung
(Bonfield et al., 2012). Thus, according to these studies and
our in vitro data with CSY0073, future investigations using CF
myeloid cells from mice should be done in order to better
reflect any benefits this drug may have on the physiopathol-
ogy of CF.

In contrast to their other anti-inflammatory effects, in our
study neither CSY0073 nor azithromycin had an anti-
inflammatory action in lung epithelial cells or on IL-8 pro-
duction. IL-8 is one of the main cytokines produced by the
respiratory epithelium and is involved in neutrophil recruit-
ment in various chronic lung diseases. Azithromycin has
been shown to have variable effects on the inflammatory
response of respiratory epithelial cells (Shinkai et al., 2006;

Figure 6
CSY0073 inhibits the production of IL-6, TNF-α, CXCL1 and CXCL2 induced in lung tissue by Pseudomonas aeruginosa LPS. (A) IL-6 (B) TNF-α,
(C) CXCL1, (D) CXCL2, (E) IL-1β and (F) IL-12p40 in lung homogenate supernatants 3 and 24 h after challenge with 100 μg·kg−1 LPS or PBS. Mice
were pretreated for 2 h with vehicle (V: DMSO), CSY0073 (CSY) or AZM. Data are the mean ± SEM for 7–8 mice per group. Statistical analysis
was done for each time point, 3 h (*) or 24 h (#) with ANOVA followed by Bonferroni’s multiple comparison test. *P < 0.05, **P < 0.01, ***P <
0.001 and ****P < 0.001.
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Gavilanes et al., 2009; Saint-Criq et al., 2012). Neither
azithromycin nor CSY0073 affected IL-8 production by
primary differentiated air-liquid bronchial cells or lung epi-
thelial cell lines (BEAS-2B, A549/NF-κB-luc) in our study, in
keeping with earlier studies of epithelial cells from CF
patients (Gavilanes et al., 2009; Saint-Criq et al., 2012).
However, azithromycin has been reported to upregulate IL-8
expression by primary human bronchial cells (Shinkai et al.,
2006). In comparison to our results with primary air-liquid
differentiated cells, this discrepancy may be explained by the

differentiation state of the primary cells (not air-liquid differ-
entiated) as well as the LPS serotype and dose (E. coli 011:B4,
100 μg·mL−1) that were used. For example, azithromycin
failed to decrease the murine functional analogues of IL-8,
CXCL1 and CXCL2, produced by primary tracheal epithelial
cells from Cftr (F508del homozygous) mice in response to LPS
(Gavilanes et al., 2009).

Several new macrolides are under development as poten-
tial treatments for patients with chronic lung diseases and
limited treatment options, such as CF and COPD (Bosnar

Figure 7
CSY0073 inhibits the production of IL-1β, CXCL1 and IL6 by primary alveolar macrophages stimulated with Pseudomonas aeruginosa LPS. Alveolar
macrophages from bronchoalveolar lavage fluid (BALF) from C57BL/6 mice were pretreated for 24 h with vehicle (V: citric acid), CSY0073 (CSY)
or AZM (10–50 μM) then stimulated with 1 μg·mL−1 LPS for 24 h. IL-1β (A), IL12-p40 (B), CXCL1 (C), IL-6 (D), and TNF-α (E) were measured in
the supernatants. Data are mean ± SEM of three independent experiments performed in triplicate. Statistical analysis was done with ANOVA followed
by Dunnett’s multiple comparison test. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.001.
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et al., 2012; Kobayashi et al., 2013; Tarran et al., 2013). In
clinical studies of patients with CF and COPD, the mecha-
nisms associated with the beneficial action of azithromycin
(increased weight, reduction of exacerbations) are thought to
be due to an anti-inflammatory action, but this has not been
conclusively demonstrated (Albert et al., 2011; Southern
et al., 2012). CSY0073 may help to elucidate the mechanisms
by which azithromycin produces these clinical benefits in
that it will not modulate bacterial growth. The emergence of
resistance to azithromycin is an undesirable outcome of its
broader use and, according to various authorities, should be
prevented by not using it as a general anti-inflammatory drug
(Albert et al., 2012).

Our data suggest that the azithromycin analogue
CSY0073, despite having no effect on bacteria, has potential
as a therapeutic for attenuating lung inflammation. Moreo-
ver, CSY0073 is unlikely to contribute to the emergence of
bacterial-resistant strains. CSY0073 is in development for
both CF and COPD with the objective of determining
whether its anti-inflammatory effects alone are sufficient to
reproduce the clinical benefits associated with azithromycin.
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Figure 8
CSY0073 fails to decrease IL-8 production or NF-κB activation in lung respiratory epithelial cells. (A) MucilAir™ primary air-liquid lung epithelial
cells were pretreated for 24 h at the basal side with vehicle (V: citric acid) 20 μM of CSY0073 (CSY) or AZM then stimulated at the apical side with
50 μL of Pseudomonas aeruginosa LPS 10 μg·mL−1 for 24 h. Data are the mean ± SEM of one experiment performed in quadriplicate (four different
patients). Statistical analysis was with Student’s t-test. (B) BEAS-2B cells were treated for 24 h with V, CSY0073 (CSY) or AZM. Treatment with these
drugs was started 24 h before or concomitantly with the 24 h P. aeruginosa LPS 1 μg·mL−1 treatment. Data are the mean ± SEM of three
experiments performed in triplicate. (C) and (D). (C) A549/NF-κB-luc cells were pretreated for 24 h with V, 20 μM of CSY0073 (CSY) or AZM then
exposed for 6 h to 1 μg·mL−1 P. aeruginosa LPS, 10 nM TNF-α, or 0.1 nM IL-1β. IL-8 was measured in the supernatants and (D) NF-κB luciferase
activity in the cell lysates. Data are the mean ± SEM of five experiments performed in triplicate. Statistical analysis was done with ANOVA followed
by Bonferroni’s multiple comparisons test (B, C, and D). Each value was compared with the positive control condition (V for all three stimuli).
*P < 0.05 and ****P < 0.0001.
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