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Azithromycin (AZM) ameliorates lung function in cystic fibrosis (CF) patients. This macrolide has been sug-
gested to have anti-inflammatory properties as well as other effects potentially relevant for therapy of CF. In this
study, we utilized three CF (IB3-1, 16HBE140- AS3, and 2CFSMEo-) and two isogenic non-CF (C38 and 16HBE14o0-
S1) airway epithelial cell lines to investigate whether AZM could reduce tumor necrosis factor alpha (TNF-a)
mRNA and protein levels by real-time quantitative PCR analysis and an enzyme-linked immunosorbent assay
(ELISA), respectively. We studied the effects on the DNA binding of NF-kB and specificity protein 1 (Spl) by an
ELISA. Non-CF cells express significantly lower TNF-ao mRNA and protein levels than an isogenic CF cell line. In
CF cells, AZM treatment causes a 30% reduction of TNF-o mRNA levels (P < 0.05) and a 45% decrease in TNF-«
secretion (P < 0.05), reaching approximately the levels of the untreated isogenic non-CF cells. In CF cells, NF-«xB
and Sp1 DNA binding activities were also significantly decreased (about 45 and 60%, respectively; P < 0.05) after
AZM treatment. Josamycin, a macrolide lacking clinically described anti-inflammatory effects, was ineffective.
Finally, AZM did not alter the mRNA expression levels of interleukin-6, a proinflammatory molecule not differ-
entially expressed in CF and isogenic non-CF cells. The results of our study support the anti-inflammatory activities
of this macrolide, since we show that AZM reduced the levels of TNF-a and propose inhibitions of NF-«B and Sp1

DNA binding as possible mechanisms of this effect.

Cystic fibrosis (CF) is caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene
encoding a transmembrane chloride channel.

Neutrophil-dominated inflammation is a hallmark of the
airway disease in CF. Uncontrolled release of neutrophilic
cytotoxic contents leads to mucus hypersecretion and progres-
sive lung damage, ultimately contributing to morbidity and
mortality in CF patients.

It remains controversial as to whether there is an intrinsic
hyperinflammatory state arising directly from a lack of a func-
tional CFTR (10, 24). The hypothesis of primary inflammation
preceding detectable infection is based first on clinical observa-
tions of inflammation in CF neonates and young children (25, 34)
but also on experimental reports (12, 40). Other evidences suggest
that CF airway inflammatory response to infectious agents is
exaggerated and/or prolonged (33). CF patients have been shown
to exhibit larger amounts of neutrophils and interleukin-8 (IL-8)
in bronchoalveolar lavage fluid than non-CF subjects in response
to similar levels of infection (28). Furthermore, CF airway epi-
thelial cell lines produced larger quantities of IL-8 than CFTR-
corrected cells in response to IL-1B and tumor necrosis factor
alpha (TNF-a) (1, 43) and to bacterial stimulation (16, 43).

Clinical studies have shown that macrolides have beneficial
effects on lung function in CF patients (18, 36). CF patients
treated with azithromycin (AZM) experienced improvement
in the viscoelasticity of the sputum (4), decreased content of
mucoid Pseudomonas aeruginosa in sputum samples (19), a
decline in the number of pulmonary exacerbations (30, 35),
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and significant increases in respiratory function parameters
such as FEV1 (forced expiratory volume in 1 second) and FVC
(forced vital capacity) (19, 30, 35).

High concentrations of TNF-a (8, 43), a proinflammatory
cytokine able to induce the production of secondary mediators
by epithelial cells, including cytokines (e.g., IL-8), have been
observed in CF airway fluids.

The aim of this work was to evaluate whether AZM could
reduce TNF-a levels in CF cells and whether CF cells express
larger amounts of this cytokine than non-CF cells. Finally, we
investigated the molecular mechanisms of AZM effects on
these cells by studying the transcriptional activities of NF-«B
and specificity protein 1 (Sp1l) transcription factors before and
after incubation with AZM, as both of these proteins are in-
volved in the regulation of TNF-a gene expression.

MATERIALS AND METHODS

Cell cultures. IB3-1 and isogenic C38 cells, with CF and non-CF phenotypes,
respectively, obtained from P. Zeitlin (Johns Hopkins University, MD) (46),
were grown in LHC-8 medium (Biosource, Rockville, MD) supplemented with
5% fetal bovine serum (FBS) (Cambrex Bio Science, Verviers, Belgium). IB3-1
cells were derived from the bronchial epithelium of a CF patient, and the
isogenic rescued C38 cell lines express a plasmid-encoded functional CFTR (46).

16HBE140- AS3 and the isogenic 16HBE140- S1 cell lines, with CF and
non-CF phenotypes, respectively (32), obtained from P. Davis (Case Western
Reserve University, OH), were grown in Eagle’s minimal essential medium
(Cambrex Bio Science) supplemented with 10% FBS, 1% L-glutamine (Cambrex
Bio Science), and 0.4% G418 sulfate (Calbiochem, CN Biosciences, La Jolla,
CA). 16HBE140- AS3 cells lack CFTR expression following transfection with an
antisense CFTR sequence, while isogenic 16HBE140- S1 cells transfected with a
sense CFTR sequence express wild-type CFTR (32).

The CF cell line 2CFSMEo-, a kind gift of D. Gruenert (University of Cali-
fornia) (13), was derived from submucosal tracheobronchial glands of a CF
patient and grown in Eagle’s minimal essential medium supplemented with 10%
FBS and 1% L-glutamine.

Epithelial respiratory cell lines were cultured at 37°C in a humidified atmo-
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TABLE 1. Primer sequences utilized in the quantitative PCR analysis

Gene Primer® Sequence (5'—3") Accession no. cofg;m(iliv[)
TNF-a gene Fw GGACCTCTCTCTAATCAGCCCTC NM_000594 25
RV TCGAGAAGATGATCTGACTGCC 25
IL-6 gene Fw CGGTACATCCTCGACGGC NM_000600 25
RV CTTGTTACATGTCTCCTTTCTCAGG 450
GAPDH gene Fw GTGGAGTCCACTGGCGTCTT J04038 25
RV GCAAATGAGCCCAGCCTTC 150

¢ FW, forward; RW, reverse.

sphere with 5% CO,. Cells were seeded in a concentration of 1.5 X 10° cells/cm?,
and after 24 h, they were exposed to up to 8 pg/ml AZM (Pfizer, Italy) and/or
josamycin (JM; Yamanouchi Pharmaceutical, Japan) for 24 h. These concentra-
tions, which are in the sub-MIC range for P. aeruginosa, are consistent with those
observed in lungs of patients treated with AZM (17, 23).

In the presence of 8 wg/ml AZM for 24 h, cell viability was >95%, as deter-
mined by a trypan blue exclusion test, while at higher concentrations starting
from 16 pg/ml, viability was <95%.

"
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Serial dilutions (0, 0.125, 0.5, 2, and 8 pg/ml) of the macrolides were utilized
in dose-response experiments. We observed no statistically significant effects on
TNF-a expression after treatment with AZM concentrations lower than 8 pg/ml
(data not shown).

RNA isolation, quantification, and reverse transcription. Cells were lysed. Total
RNA was extracted with a total RNA isolation kit (Roche, Germany) and converted
to cDNA using a high-capacity cDNA archive kit (Applied Biosystems). The reac-
tion mixture was then incubated at 25°C for 10 min and at 37°C for 2 h.
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FIG. 1. TNF-a mRNA expression. Expression of TNF-a mRNA in (A) non-CF C38 cells and an isogenic CF IB3-1 cell line, (B) non-CF
16HBE140- S1 cells and an isogenic CF 16HBE140- AS3 cell line, and (C) 2CFSMEo- cells at a constitutive level and after treatment with AZM.
Total RNA was extracted and retrotranscribed. The values of TNF-a mRNA are based on real-time PCR analysis. The values represent the
expression levels relative to those of untreated (A) IB3-1, (B) 16HBE140- AS3, and (C) 2CFSMEo- cells (means * SD). The experiment was

repeated five times. *, P < 0.05; *%, P < 0.01; %%, P < 0.001.
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FIG. 2. IL-6 mRNA expression. Expression of IL-6 mRNA in (A) non-CF C38 cells and an isogenic CF IB3-1 cell line, (B) non-CF 16HBE14o0-
S1 cells and an isogenic CF 16HBE140- AS3 cell line, and (C) 2CFSMEo- cells at a constitutive level and after treatment with AZM. Total RNA
was extracted and retrotranscribed. The values of IL-6 mRNA are based on real-time PCR analysis. The values represent the expression levels
relative to those of untreated (A) IB3-1, (B) 16HBE140- AS3, and (C) 2CFSMEo- cells (means = SD). The experiment was repeated five times.

RNA quantification. Relative quantification of gene expression was performed
by real-time quantitative PCR analysis as described by the manufacturer (Ap-
plied Biosystems User Bulletin 2). The cDNA (2 pl) was amplified using Plati-
num SYBR green quantitative PCR supermix-UDG (Invitrogen, Grand Island,
NY) in the ABI Prism 5700 sequence detection system. Primer Express Software
(Applied Biosystems) was used to select the specific primers. The primer sets
(Sigma-Genosys, St. Louis, MO) are shown in Table 1. The PCR thermal pro-
tocol consisted of 2 min at 50°C, a denaturation step at 95°C for 2 min, followed
by 50 cycles of a 15-s 95°C denaturation step, and a 30-s annealing/extension step
at 60°C. The real-time PCRs were performed in duplicate for both target and
normalizer genes. Changes in mRNA expression level were calculated following
normalization to GAPDH (glyceraldehyde-3-phosphate). The degree of variation of
the target gene/normalizer gene ratios in the experiments was less than 8% in each
cell line. Results were expressed as means =+ standard deviations (SD).

Protein quantification. TNF-«a secretion in supernatants from the cell cultures
described above was determined by an enzyme-amplified sensitivity immunoas-
say using a TNF-a EASIA kit (Bender MedSystems, Austria) according to the
manufacturer’s instructions. The limit of detection was 3.83 pg/ml. Measure-
ments were performed at least in duplicate. Values were normalized to 10° cells;
results were expressed as means = SD.

DNA binding activity studies. DNA binding activities of NF-kB and Spl in
nuclear extracts were measured using TransAM Kits (Active Motif, Belgium) and
a Mercury TransFactor profiling kit (Clontech), respectively, according to the
manufacturers’ instructions. Measurements were performed at least in duplicate;
results were expressed as means * SD.

Statistical analysis. Statistical calculations and tests were performed using the
Friedman test for comparison between non-CF and CF cells and the Mann-

Whitney U test for the evaluation of treatments with macrolides of the CF cell
line.

The limit of statistical significance was defined as a P value of =0.05. All data
were expressed as means * SD.

RESULTS

Regulation of TNF-a mRNA expression by AZM treatment.
In this study, first of all, we measured the expression levels of
the TNF-a gene. All cell lines constitutively expressed TNF-a
mRNA; however, the level of basal expression in CF cells was
significantly higher than in isogenic non-CF cells (Fig. 1). We
confirmed this differential TNF-a expression by using cells at
different passages as well as after 96 h from sedimentation
(data not shown). Following exposure of CF cell lines to 8 pg
of AZM for 24 h, we found that this macrolide reduced TNF-a
mRNA levels of about 35% and 25% in IB3-1 and 16HBE14o0-
AS3 cells, respectively (n = 5; P < 0.01) (Fig. 1A and B),
approximately to the levels of untreated isogenic non-CF cells
C38 and 16HBE140- S1, respectively. A 30% reduction of
TNF-a mRNA levels was detected in 2CFSMEo- cells after
AZM treatment (n = 5; P < 0.05) (Fig. 1C). The macrolide
JM, known to lack clinical anti-inflammatory properties, had
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FIG. 3. TNF-a protein release. Secretion of TNF-a in (A) non-CF C38 cells and an isogenic CF IB3-1 cell line, (B) non-CF 16HBE140- S1
cells and an isogenic CF 16HBE140- AS3 cell line, and (C) 2CFSMEo- cells at a constitutive level and after treatment with AZM and JM. TNF-a
protein levels were measured by a commercial enzyme-linked immunosorbent assay kit. The values represent the secretion levels relative to those
of untreated (A) IB3-1, (B) 16HBE140- AS3, and (C) 2CFSMEo- cells (means * SD). The experiment was repeated three times. *, P < 0.05; #x*,

P < 0.01.

no significant effects on TNF-a mRNA expression in all cell
lines (data not shown).

Effects of AZM treatment on IL-6 mRNA expression. In
terms of IL-6 mRNA expression, we found no statistically
significant differences between CF cell lines and isogenic
non-CF cells (Fig. 2). We then exposed CF cell lines to 8 pg of
AZM for 24 h. AZM had no statistically significant effects on IL-6
mRNA expression in IB3-1, 16HBE140- AS3, and 2CFSMEo-
cells (Fig. 2A, B, and C, respectively).

Regulation of TNF-« protein levels by AZM treatment. We
confirmed the higher TNF-a expression in CF cells than in
isogenic non-CF cells at the protein level (Fig. 3). Treatment
with 8 pg of AZM was effective in reducing TNF-a protein
levels of 45% and 50% in IB3-1 and 16HBE140- AS3 cells
treated for 24 h, respectively (n = 3; P < 0.05) (Fig. 3A and B),
to the levels of untreated isogenic non-CF cells. Furthermore
AZM reduced TNF-a protein expression of 40% in 2CFSMEo-
cells (n = 3; P < 0.05) (Fig. 3C).

Effects of AZM on NF-kB DNA binding activity. We found
that IB3-1 and 16HBE140- AS3 cells showed twofold-higher
constitutive NF-kB DNA binding levels than isogenic non-CF

cell lines C38 and 16HBE140- S1 (n = 3; P < 0.01 and P <
0.05, respectively) (Fig. 4A). Following exposure of CF cell
lines to 8 pg/ml AZM for 24 h, NF-kB DNA binding activity in
IB3-1 and 16HBE140- AS3 cells was reduced from 40% and
45%, respectively, nearly to the levels of untreated C38 and
16HBE14o0- S1 cells. A 45% reduction of NF-kB DNA binding
activity was detected in 2CFSMEo- cells after AZM treatment
(n = 3; P <0.05) (Fig. 4B). Furthermore, JM had no effects on
NF-«kB DNA binding activity (data not shown).

Effects of AZM on Sp1 DNA binding activity. We decided to
evaluate whether AZM could affect the levels of Spl DNA
binding. We did not detect statistically significant differences
in the constitutive Spl DNA binding levels in IB3-1 and
16HBE140- AS3 cells versus those of isogenic non-CF cell
lines C38 and 16HBE140- S1, respectively, as shown in Fig. SA.
After 24 h of treatment with 8 pg of AZM, 60%, 64%, and
65% Spl DNA binding activity reductions were detected in
IB3-1, 16HBE140- AS3, and 2CFSMEo- cells, respectively (n =
3; P <0.01, P <0.01, and P < 0.05, respectively) (Fig. 5B). IM
was also not effective on Spl DNA binding activity (data not
shown).
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FIG. 4. DNA binding of NF-«kB. (A) Constitutive binding to the DNA of NF-«kB in non-CF C38 cells and an isogenic CF IB3-1 cell line and
in non-CF 16HBE140- S1 cells and an isogenic CF 16HBE140- AS3 cell line. (B) Effect of the treatment with AZM on the DNA binding of NF-«kB
in CF cells (IB3-1, 16HBE140- AS3, and 2CFSMEo-). NF-kB DNA binding activity was analyzed using a commercial kit following the
manufacturer’s instructions. The experiment was repeated three times (means = SD). %, P < 0.05; **, P < 0.01. OD, optical density.

DISCUSSION

Defective expression or function of the CFTR channel in
airway epithelial cells leads to persistent and overwhelming
infection and inflammation. Several studies indicate that in-
flammation occurs very early in the lungs of CF patients and
often seems to precede clear signs of infection (25, 34, 40).
Moreover, CF airway inflammation may manifest as dispro-
portionately increased or prolonged in relation to the level of
stimuli (1, 16, 28, 43). However, whether a dysregulation of
inflammation exists in CF patients is debated (2, 15).

Data from literature regarding AZM effects on TNF-a ex-
pression are scarce and contradictory. Although AZM has
been reported to inhibit TNF-a expression both in vivo in
animal models and in vitro (20, 21), in healthy human subjects
serum TNF-a protein concentration was unaffected by a 24-h-
long treatment with AZM (14). In this regard, the experimen-
tal model seems to be critical and, in particular, differences
between CF and non-CF models are relevant.
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In this work, we first aimed to establish whether differential
expression of a relevant inflammatory marker such as TNF-a
could be detected in our CF cell models since it plays a relevant
role in the pathogenesis of CF. We showed not only that its
constitutive expression was significantly higher in CF cells than
in isogenic non-CF cells at both mRNA and protein levels but
also that this finding was not dependent on cells’ passage or
period from sedimentation. Moreover, we found no differential
IL-6 mRNA expression between CF and non-CF cell lines. We
determined that exposition to lipopolysaccharide derived from
P. aeruginosa for 24 h induced higher expression of TNF-a
mRNA in CF cells than in non-CF cells in our models (data
not shown), confirming an exaggerated inflammatory response
in CF cells in the presence as well in the absence of stimuli.

The association between increased inflammatory markers
and CFTR mutations is, however, controversial. Aldallal et al.
(1) found higher IL-8 expression in CF cells than in non-CF
cells in cell line models but not in primary cultures, revealing a
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FIG. 5. DNA binding of Sp1. (A) Constitutive binding to the DNA of Sp1 in non-CF C38 cells and an isogenic CF IB3-1 cell line and in non-CF
16HBE14o0- S1 cells and an isogenic CF 16HBE140- AS3 cell line. (B) Effect of the treatment with AZM on the DNA binding of Sp1 in CF cells
(IB3-1, 16HBE140- AS3, and 2CFSMEo-). Spl DNA binding activity was analyzed using a commercial kit following the manufacturer’s
instructions. The experiment was repeated three times (means * SD). %, P < 0.05; %, P < 0.01. OD, optical density.



980 CIGANA ET AL.

considerable variability in airway epithelial cell inflammation
among different individuals and cell models. Becker et al. (5)
found no differential IL-8 and IL-6 expression between CF and
non-CF cell lines and primary cultures, respectively. These
contradictory results could be due not only to the choice of the
cell model and its origin but also to different culture condi-
tions. Our experimental model consists of several human CF
cell lines derived from different airway cell types, and two of
them have been compared to their isogenic non-CF cell lines.
This experimental model was appropriate for reproducing the
anti-inflammatory effects of AZM described in vivo (41, 45).

Macrolide antibiotics are receiving increasing attention for
their possible therapeutic benefits in the treatment of CF.
AZM was chosen over other macrolides because of its ease of
administration and its accumulation in sputum and tissues. Its
plasma half-life is considerably longer than those of other
macrolides. It also accumulates in alveolar macrophages,
which could represent a delivery vehicle to transport it to
affected sites. Finally, the results of several clinical trials (19,
30, 35) encourage clinicians to subject CF patients to long-term
treatment with AZM, although certain heterogeneity in the
response has been reported. However, the mechanisms of its
efficacy are still unclear. Clinical beneficial effects of AZM
might derive from the synergism of different effects, including
inhibition of P. aeruginosa bacterial growth (29, 44), decreased
expression of bacterial virulence factors (39, 44), modulation
of the inflammatory response (41), ion transport (31), and tight
junctions (3).

We found that AZM reduced TNF-a expression at both
transcript and protein levels in all of our CF cell lines, bringing
it to the levels of untreated isogenic non-CF cells. Conversely,
IL-6 mRNA expression was not significantly affected by AZM
treatment. As we found higher expression of TNF-a, but not of
IL-6, in CF cells than in non-CF cells, we can speculate that
AZM may be effective towards those proinflammatory mole-
cules induced in the constitutive inflammation. The specificity
of the results is warranted by the observation that JM, a mac-
rolide known to lack clinical anti-inflammatory properties (38),
was ineffective.

The possibility that AZM may act at the transcriptional level
was tested by measuring the DNA binding activities of two
transcription factors relevant in the regulation of the TNF-a
gene, NF-kB (27) and Spl (42).

We found that in the presence of AZM, NF-kB DNA bind-
ing activity in CF cells was reduced approximately to the levels
detected in isogenic non-CF cells. Also, Spl DNA binding was
reduced following treatment with AZM, while the activities of
this transcription factor were not significantly different in CF
and non-CF cells. Once again, the inhibitory effect was peculiar
to AZM, as JM had no effect on NF-kB and Sp1 DNA binding
activities. Assays of transcription factors binding to DNA do
not rule out an effect on their activation. This approach has
been utilized in order to establish whether NF-kB and Spl
could be considered targets of AZM potentially involved in the
regulation of TNF-a transcription by this macrolide. We are
focusing on the ability of AZM to affect the activation of
NF-kB, Spl, and AP-1 at different levels (11, 12).

Increased NF-kB activation in CF versus isogenic non-CF
specimens was observed in several studies, both in the absence
and in the presence of stimulation (9, 16, 22, 43) in different
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experimental models. Furthermore, our results are consistent
with previous studies describing higher NF-kB activation in CF
cells than in non-CF cells in a cellular model utilized in this
study (16, 43).

Furthermore, it is of note that therapeutic inhibition of
NF-«B has been proposed for the treatment of inflammatory
and immune diseases (7, 37). Decreased levels of TNF-a and
IL-8, two NF-«kB-regulated genes, could reduce the recruit-
ment of neutrophils which are considered responsible for ep-
ithelial damage in CF airways (41).

Sp1 can functionally cooperate with NF-«B to elicit maximal
promoter activation of inflammatory genes (26). Investigating
the effects of AZM on Spl was considered relevant, as this
transcription factor has been described to regulate several in-
flammatory genes, including the chemokine macrophage in-
flammatory protein-2, heparanase, and TNF-a (42), and there-
fore, its inhibition could influence inflammatory responses.
This approach was considered appropriate for investigating a
possible mechanism of regulation of TNF-a by AZM. Inhibi-
tion of Spl activity by AZM seems to be a novel effect of this
macrolide.

At present, no satisfactory anti-inflammatory treatments are
available for clinical use in CF because of limited efficacy
and/or undesired effects (6, 24). Therefore, the identification
of novel therapeutic targets is required to develop novel strat-
egies for the treatment of lung inflammation in CF. Our results
indicate that the antibiotic AZM has the features of an anti-
inflammatory drug and that NF-xB and Sp1 transcription fac-
tors are relevant targets whose inhibition might contribute to
ameliorate the excessive inflammatory response in CF.
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