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INTRODUCTION

Cystic fibrosis (CF) is the most common lethal autosomal recessive disease in the Caucasian
population. It affects one in about 2500 live births. It occurs due to recessive mutations of a
gene that encodes for a transmembrane chloride channel (Cystic Fibrosis Transmembrane
conductance Regulator, CFTR) expressed in the epithelium of multiple organs.

Impairment of the pulmonary defence system, the major cause of morbidity and mortality in
CF disease, is characterized by chronic infection, particularly with Pseudomonas aeruginosa,
and neutrophil-dominated inflammation that lead to airway obstruction and lung destruction.
However CF is a complex disease that affects several organs. Indeed other manifestations are
exocrine pancreatic insufficiency (characterized by maldigestion, fat and fat-soluble vitamins
malabsorption, and finally by pancreatitis and diabetes mellitus), meconium ileus, distal
intestinal obstruction syndrome, male infertility, focal biliary cirrhosis, excessive salt loss

from the sweat glands and osteoporosis [1].

CFTR gene

The CFTR gene contains 27 exons and its locus encompasses about 250 kb of DNA on
chromosome 7. Its mature message RNA of 6.5 kb encodes a 1480 amino acids long protein

with a molecular mass of 168 kDa [2].

CFTR protein

CFTR belongs to the ABC (ATP-binding cassette) transporters superfamily. All ABC
proteins contain two nucleotide-binding domains (NBDs), which share high sequence
similarity among different members, and two membrane-spanning domain (MSDs). The
NBDs bind and hydrolyze ATP. The energy produced in this reaction allows active
transmembrane transport and conformational changes in the MSDs. Most MSDs are
composed of six transmembrane domains and all of them confer specific transport function
to the channel.

The regulatory (R) domain contains several phosphorylation sites for PKA, PKC ¢ cGMP-
kinase and many charged amino acids [3].

CFTR is a chloride channel. However, it has been demonstrated that CFTR can transport
other substrates as water, urea and glutathione [4]. It is still debated if it could be also

permeable to ATP or it regulates an ATP channel.
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Intracellular ATP is required for gating of phosphorylated CFTR CI" channels. Although
ATP interacts with both NBDs are not functionally equivalent but they cooperate [5]. ATP
binding at NBD1 is a prerequisite for channel opening, while ATP hydrolysis at NBD2 is
essential for channel closure.

Regulation of channel activity is precisely controlled by the balance of kinase and
phosphatase activity within cells. The most important kinase responsible for CFTR CI'
channel activity regulation is the cAMP-dependent protein kinase (PKA), even if several
isoforms of protein kinase C (PKC), type 11 cGMP-dependent protein kinase (cGKII) and the

tyrosine kinase p60°™"

can phosphorylate and activate CFTR CI" channels. The removal or
inactivation of a kinase causes the decrease of channel activity by dephosphorylation. On the
other hand, protein phosphatases 1, 2A and 2C (PP1, PP2A, PP2C) play an important role in

dephosphorylating CFTR [1].



It is emerging that the R domain can have both inhibitory and stimulatory effects on CFTR
channel according to serines and threonines phosphorylation or dephosphorylation
respectively which facilitate interaction of ATP with the NBDs or prevent it by steric
inhibition.

Finally, in addition to the main function of CI" channel, CFTR can regulate the function of
several other membrane proteins as the Outwardly-Rectifying ClI" Channel (ORCC), the
Epithelial Na" Channel (ENaC), the ATP-sensitive K™ channel and the CI/HCO; Exchanger

[1].

Molecular mechanisms of CFTR dysfunction.

Mutations in the gene encoding CFTR lead to 5 mechanisms of CFTR dysfunction.

Class I mutations: absent protein production. Splicing abnormalities, frame-shifts due to
insertions or deletions, and nonsense mutations belong to this class of severe mutations.
They can generate an unstable mRNA and no detectable protein. In other cases, a truncated
or aberrant protein may be produced. Such proteins are often unstable and are degraded
rapidly, as for mutations G542X and R553X.

Class II mutations: defective protein processing. Newly synthesized CFTR is initially
glycosylated in the endoplasmic reticulum (ER). From there it traffics to the Golgi complex,
where further glycosylation occurs, and then on to the apical surface of epithelial cells. The
class II mutations are all severe and cause protein misfolding during biosynthesis. The
consequence is that CFTR is ubiquinated and degraded by the proteasome, so it fails to
traffic to the cell membrane.

Several missense mutations as AF508 and N1303K belong to this class.

Class III mutations: defective regulation. These mutations are associated with several
rates of severity in CF disease. They affect the NBDs leading to alteration in the channel
function. On the contrary mutations in the R domain are rare. The missense mutation G551D
is an example.

Class IV mutations: defective conduction. These are mild missense mutations that alter
CFTR conductance. These mutations, as R117H, R334W and R347P, have been identified in
the MSDs. Even if the protein are correctly processed and delivered to the apical membrane,

they generate reduced CI” current.



Class V mutations: reduced protein production. They reduce, but not eliminate, the
amount of functional protein by causing abnormal or alternative splicing, as it happens for

the mutations 3849+10kb C>T and A455E.

Pathogenesis of CF disease in airway epithelia

Defective electrolyte and liquid transport

CF airway epithelia manifest defects in two membrane transport processes. First, the absence
of CFTR CI channels markedly reduces the apical membrane CI” permeability and abolishes
the response to cAMP agonists. Second, the activity of apical Na" channels is approximately
twice that in non-CF epithelia. Under basal conditions, the epithelium absorbs liquid due to
active Na' absorption through ENaC. CI” can follow Na' passively via a transcellular or a
paracellular route. It appears that a significant fraction of the CI that follows Na' passes
through the cells via CFTR CI” channels at the apical membrane.

Although many groups have tried to study transepithelial electrolyte transport by airway
epithelia, current knowledge of the composition of the airway surface liquid (ASL) is
inadequate.

It is known that defective ion transport gives rise to augmented liquid absorption and
subsequent CF mucus dehydration. Furthermore the high sulfation of glycoproteins in CF [6]
results in the increase of ASL viscosity. Because of the concentration and thickening of the
mucus, the effectiveness of ciliary beating is impaired leading to reduced mucociliary
clearance.

Airway infections.

Recurrent infections of both the upper and lower airways are proper to CF pulmonary
disease. Different hypotheses to explain the link between CFTR defect and the propensity to
infection have been proposed.

First of all, the submucosal glands and surface epithelium secrete in the ASL several
antimicrobial peptides and proteins as lysozyme, lactoferrin, human beta defensins 1 and 2
and NO [7,8]. Their activity is inhibited by the increased ASL NaCl concentration [7], thus
predisposing to repeated airway infections. As a result, macrophages and neutrophils may be
required to clear bacteria, thereby initiating or worsening the inflammatory cascade observed
in CF airways.

Secondly, CF airway epithelial cells bind more to P. aeruginosa than non-CF cells because

of the increased expression of the P. aeruginosa receptor asialoganglioside 1 (aGM1) on the



apical surface of CF cells [9]. In fact the loss of CFTR function leads to an abnormal pH in
vesicles targeted to the apical surface and consequent defective sialylation of apical
membrane glycoproteins and glycolipids. The result is that less fully sialylated cell surface
serves as a better receptor for P. aeruginosa.

Moreover it has been proposed that CFTR serves not only as a receptor for P. aeruginosa
binding but also for its subsequent phagocytosis. CFTR defect causes impairment in this
process [10].

Airway inflammatory response.

The inflammatory response in CF airways plays a central role in the disease progression and
eventual lung destruction. It is characterized not only by great amounts of neutrophils in the
airways, but also by high concentration of inflammatory mediators. Among these molecules,
over-expression of pro-inflammatory cytokines as tumor necrosis factor (TNF)-a [11-14],
interleukin (IL)-1B, IL-6, and chemokines as IL-8, leukotriene (LT) B4 and RANTES have
been reported in CF airways fluids [15-18].

It still remains controversial whether there is an intrinsic hyperinflammatory state arising
directly from a lack of functional CFTR [14,19,20] or if inflammation is only a consequence
of infection. The hypothesis of primary inflammation is based firstly on clinical observations
of inflammation preceding detectable infection in CF neonates and young children, but also
on experimental reports. Newborn infants and very young children with CF have elevated
numbers of neutrophils and strikingly increased concentrations of pro-inflammatory
cytokines in their bronchoalveolar lavage fluid (BALF), even when not facing pathogen
challenge [21-23]. Higher intraluminal concentrations of IL-8 and increased subepithelial
leukocytes have been observed in CF human fetal tracheal grafts compared to non-CF grafts
independently of any infection [24]. Mice overexpressing an epithelial Na™ channel, which
mimics the increased NaCl concentrations found in CF airway surface fluid [25,26], show an
inflammatory response characterized by neutrophilic infiltration and increased levels of
macrophage inflammatory protein 2 and a murine analogue of IL-8 even in the absence of
lung infection [27], supporting the hypothesis that dysregulated ion transport can provoke
inflammation in the airway epithelium before infection. In vitro findings show that bronchial
gland epithelial cells exposed to hypertonic NaCl solution release significantly higher IL-8
than healthy control cells in the same experimental conditions [25,26]. Furthermore, recent
evidence suggests that in CF airways inflammatory response to bacterial and other infectious

agents is exaggerated or prolonged [28]. CF patients had greater amounts of neutrophils and



IL-8 in BAL than patients without CF in response to similar levels of infection [29,30]. CF
mice had an excessive pulmonary inflammatory response and higher mortality compared
with normal animals after airway infection with comparable quantities of P. aeruginosa
[31]. Finally not only CF airway epithelial cell lines produced higher quantities of IL-8 in
comparison with stably cftr-corrected cells in response to IL-1f and tumor necrosis factor
(TNF)-a [13,32-34] and to bacterial stimulation [13,31,35,36], but they have been also
reported to produce large quantities of IL-8 and IL-6 after sustained and durable stimulation
well after non-CF cells have ceased or slowed down the production of those cytokines or

even after bacteria have been eradicated [37].
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Glutathione (GSH) deficiency.

GSH (y-glutamyl-cysteinyl-glycine) is the predominant low-molecular-weight thiol in animal
cells. Most of the cellular GSH (85-90%) is present in the cytosol, with the remainder in
many organelles (including the mitochondria, nuclear matrix, and peroxisomes). With the
exception of bile acid, extracellular concentrations of GSH are relatively low. Because of the
cysteine residue, GSH is readily oxidized non-enzymatically to glutathione disulfide (GSSG)
by electrophilic substances (e.g., free radicals and reactive oxygen/nitrogen species). The
GSSG efflux from cells contributes to a net loss of intracellular GSH. Cellular GSH
concentrations are reduced markedly in response to protein malnutrition, oxidative stress,
and many pathological conditions. The [GSH]:[GSSG] ratio, which is often used as an
indicator of the cellular redox state, is >10 under normal physiological conditions [38].
Glutathione participates in many cellular reactions. First of all, GSH effectively scavenges
free radicals and other reactive oxygen species (e.g., hydroxyl radical, lipid peroxyl radical,
peroxynitrite, and H,O,) directly, and indirectly through enzymatic reactions. Second, GSH
reacts with various electrophiles, physiological metabolites (e.g., prostaglandins and
leukotrienes), and xenobiotics (e.g., bromobenzene) to form mercapturates. These reactions
are initiated by glutathione-S-transferase (a family of Phase II detoxification enzymes).
Third, GSH conjugates with NO to form an S-nitroso-glutathione adduct, which is cleaved by
the thioredoxin system to release GSH and NO. Moreover, not only GSH is required for the
conversion of prostaglandin H; (a metabolite of arachidonic acid) into prostaglandins D, and
E; by endoperoxide isomerase but also for glutathionylation of proteins (e.g., thioredoxin,
ubiquitin-conjugating enzyme, and cytochrome c oxidase) [38].

CFTR maintains a cellular homeostatic balance of ions, including sodium, chloride and
GSH. Normal levels of GSH in the epithelial lining fluid (ELF) of the lung are 150 times
higher than other tissues [39] where it serves as an essential antioxidant that protects the
tissue from inhaled toxins.

CF is characterized by systemic GSH deficiency that progresses over time. This may result
from both the high oxidative burden in CF [40] and the deficiency in CFTR-dependent GSH
transport into the alveolar lumen. Low levels of GSH lead to inflammation, a hallmark of
CF, and oxidative stress that can lead to damage to cell membranes, cellular proteins and
DNA. In support of the causative influence of ROS in CF, the patients frequently have
higher levels of lipid peroxidation byproducts [41].



Cellular GSH deficiency has been associated with an increase in transcription of NF-kB,
which participates in the regulation of the inflammatory cytokines [39]. In type II alveolar
epithelial cells, GSH-enhancing agents downregulated the proinflammatory cytokines IL-1J3,
IL-6, and TNF-a [42].

Nuclear factor kB (NF-kB)

The transcription factor NF-kB belongs to a family of proteins that have a key role in the
regulation of expression of genes involved in immunity, cell proliferation and apoptosis. The
mammalian Rel/NF-kB family is comprised of five structurally related and evolutionarily
conserved polypeptides, Rel (c-Rel), RelA (p65), RelB, NF-kB1 (p50 and its precursor
pl105), and NF-kB2 (p52 and its precursor p100), which associate to form transcriptionally
competent homo- or heterodimers. Of these dimers, the p50/p65 heterodimer is the most
abundant and biologically active. All these proteins share a highly conserved 300 amino acid
long N-terminal Rel homology domain (RHD) responsible for DNA binding, dimerization,
and association with the IkB inhibitory proteins. In resting cells, most NF-kB/Rel dimers are
bound to IkBs and retained in the cytoplasm. All members of the IkB family contain an
ankyrin repeat domain required for both association with NF-kB and inhibitory activity. In
the N-terminus region of IkB-o, IkB-f and IkB-¢ there are two serines whose
phosphorylation leads to proteosomic degradation. In the N-terminus there is also a
polyubiquitination site characterized by a lysine. Interaction of IkB-a with an NF-kB dimer
prevents the nuclear uptake of the DNA-binding subunits through the masking of nuclear
localization signals (NLS) [43-44].

The IKK (IkB kinase) complex enables the activation of NF-kB. It is composed of the two
catalitic subunits IKKo and IKKf, and the regulatory subunit IKKy. As a consequence of
several stimuli as TNF-a, IL-1 or lipopolysaccharide (LPS), the subunit IKK is activated
and phosphorylates the two serines in the N-terminus of IkB. This event triggers its
ubiquitination process that leads to its degradation by the proteasome 26S and consequently
the NF-kB is free to enter the nucleus [43-44].

NF-kB regulates the transcription of most pro-inflammatory molecules among which
adhesion molecules as Intercellular Adhesion Molecule 1 (ICAM-1), enzymes as
cyclooxygenase-2 (COX-2) or inducible NO synthetase, several cytokines as IL-1p, TNF-a
or IL-6, and chemokines as IL-8 [45]. NF-kB can be induced by microorganisms as P.
aeruginosa or their products as LPS, and by cytokines as TNF- a and IL-1p [45-47]. The
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phosphorylation of the inhibitory subunits IkBs leads to the release of NF-kB that localizes
in the nucleus. There it binds the consensus sequence of the genes encoding for the pro-

inflammatory molecules already mentioned to initiate the transcription process.
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Specificity protein 1 (Sp1)

With the recent advances of the human genome sequencing projects, eight Sp factors have
been found. The assignment of factors to the Sp subfamily is based on homology and
chromosomal localization [48]. Within the Sp factors, Spl, Sp2, Sp3, and Sp4 form a
subgroup based on their similar modular structure. They contain three zinc fingers close to
the C-terminus and glutamine-rich domains adjacent to serine/threonine stretches in their N-
terminal region. The 81 amino acids C2H2-type zinc finger region that represents the DNA-
binding domain is the most highly conserved part of the proteins.

Sp1 was the first transcription factor identified and cloned. It is ubiquitously expressed and it
is shown to be a sequence-specific DNA-binding protein that activated a broad and diverse
spectrum of mammalian and viral genes. It mediates the expression of many housekeeping
genes, tissue-specific genes, and genes involved in the regulation of physiological function
and in the maintenance of homeostasis. However, the involvement of Sp1 in virus-mediated
induction of TNF-a gene expression has been observed [49] demonstrating that a protein
associated with the regulation of constitutively expressed house-keeping genes is recruited in
an inducible fashion to the promoter of an immediate early-response cytokine gene.

Sp1 protein recognises GC/GT boxes and interacts with DNA through three C,H»-type zinc
fingers located at the C-terminal domain. Based on results of crystal structure and NMR
studies, each of the three zinc fingers in Spl recognises three bases in one strand, and a
single base in the complementary strand of the GC-rich elements where the consensus Spl
binding site is 5'-(G/T)GGGCGG(G/A)(G/A)(C/T)-3" [50].

Like many other transcription factors, regulation of Spl-dependent transcription may be
conveyed by changes in DNA binding activity, by association with other transcription
factors, by changes in Spl abundance or in transactivation activity owing to biochemical
modification. Although the available amount of Spl protein is regulated to a large extent at
the mRNA level, there are also other control mechanisms. Spl undergoes proteasome-
dependent degradation under conditions of nutrient starvation and adenylate cyclase
stimulation. Initiation of this process is thought to be determined by a low glycosylation state
of Sp1 and consists of an endoproteolytic cleavage triggered by an N-terminal region of Spl
[48]. The two major types of post-translational modifications that are thought to be involved
in transcription regulation by Spl are glycosylation and phosphorylation. The glycosylation
has been related to the nuclear localization, the stability and/or the transactivation potential

of Spl. Glucose deprivation in combination with adenylate cyclase stimulation results in
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reduced glycosylation of Spl, associated with an increased susceptibility to proteasome-
dependent degradation. Glycosylated proteins are also phosphoproteins, and there is some
evidence indicating that both types of modification may be reciprocally regulated in Spl.
Spl becomes phosphorylated at its N-terminus by DNA-dependent protein kinase upon
binding to DNA. The C-terminus of Sp1 can also be phosphorylated; this has been linked to
cell cycle progression from Gy to G; [48]. Sufficient evidence suggests that Spl
phosphorylation may represent a means for regulating transcriptional initiation [51].
Furthermore it is known that its association with NF-kB is important in the regulation of

cytokine expression [52].

ABC proteins and CF.

Multidrug Resistance-associated Protein 1 (MRP1) is a member of the ABC transporter
superfamily sharing a close structural homology with CFTR [53]. It has been considered as a
potential modifier gene in CF since a more severe phenotype seems to be associated to low
levels of MRP1 mRNA expression [54]. MRPI is involved in the regulation of chloride
transport [55,56] and it can also mediate the extrusion of glutathione-S conjugates (GSH).
GSH amount is decreased in the plasma and bronchoalveolar lavage fluid from CF patients
and in the apical fluid from CF airway epithelial cells [40,57]. Low levels of GSH may play
a critical role in the pathogenesis of CF by increasing the susceptibility of the airway to
oxidative damage during chronic inflammation. Furthermore cellular GSH deficiency is
related directly to activation of Nuclear Factor kB (NF-kB) pathway [58,59], which has been
already reported to be altered in CF [13]. MRP1 could complement CFTR functions also
because it has a great affinity for leukotriene C4 [60], a potent mediator of the inflammatory
response.

MDRI1 is the first human ABC transporter cloned and characterized through its ability to
confer a multidrug resistance phenotype to cancer cells. It has been demonstrated to be a
promiscuous transporter of hydrophobic substrates and drugs as well as lipids, steroids,
xenobiotics and peptides. In addition, MDR1 has been reported to play a role in the
regulation of cell volume activated chloride channels and to have chloride channel activity
itself [61,62]. MDRI1 is also suggested to be involved in ATP-dependent pathways [63,64].
Even if it was initially thought to transport ATP by itself, it is clear now that MDR1
regulates another ATP channel [65], as it has been described for CFTR [66].
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Furthermore several authors have demonstrated a complementary pattern of CFTR and the
Multidrug Resistance Protein 1 (MDR1) expression, suggesting a co-ordinated regulation of

these genes [67-69].

Azithromycin (AZM) and CF

Clinical reports demonstrated that the macrolides antibiotics improve pulmonary function,
and decrease morbidity and mortality in patients with diffuse panbronchiolitis (DPB)
[70,71], a disease with many similarities to CF. Macrolides decrease not only mucus
hypersecretion but also the amounts of proinflammatory cytokines and neutrophils in the
BALF of DPB patients, therefore protecting the airway epithelium from damage [72].
Following this success in DPB, these antibiotics have received increasing attention for their
possible therapeutic benefits in the treatment of CF. Recently, several multicenter reports
have supported the possibility that macrolides lead to clinical beneficial effects in CF by
improving lung function [73-78]. CF patients treated with AZM experienced improvement in
the viscoelasticity of the sputum [79], decreased content of mucoid P. aeruginosa in sputum
samples [77], decline in the number of pulmonary exacerbations [76,80] and significant
increases in respiratory function parameters such as FEV1 (forced expiratory volume in 1
second) and FVC (forced vital capacity) [75-77,80,81]. AZM was chosen over other
macrolides because of ease of administration and its accumulation in sputum and tissues. Its
plasma half-life is considerably longer than that of other macrolides. It also accumulates in
alveolar macrophages, which could represent a delivery vehicle to transport it to affected
sites.

Despite a wide clinical use, the mechanisms of the efficacy of macrolides are still unclear,
even if several possible explanations have been proposed among which the possibility to
alter airway epithelial chloride transport, to decrease the production of virulence factors by
P. aeruginosa, the most common microorganism causing chronic endobronchial infection in

CF, and to have anti-inflammatory properties [82-84].
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AIMS

In this study we aimed to evaluate the non-bactericidal effects of AZM potentially relevant
for therapy of CF.

AZM has beneficial clinical effects in CF treatment. Even if its mechanisms of action are
still debated, several hypotheses arise including other than antibacterial effects as anti-
inflammatory properties and complementation of CFTR defect by ABC proteins [7-
10,32,36].

First we aimed to investigate the expression of ABC members in CF cell lines and their
regulation by AZM as a possible mechanism of complementation of the CFTR defect in CF.
In particular we studied the constitutive expression of MRP1 and MDRI1 in CF cells in
comparison to non-CF cells and the effects of AZM on this expression.

CF airway inflammation occurs very early in CF patients [21,22,24]. Furthermore, some
reports pointed out that it is exaggerated both in the absence and in the presence of stimuli
[13,30,33,36], even if this statement is still controversial [23,50].

We aimed to evaluate not only whether a differential TNF-a expression could be detected
between CF and non-CF cells, but also whether AZM could reduce these levels in CF cells.
We investigated also the molecular mechanisms of AZM effect on these cells studying the
DNA-binding activity of Nuclear Factor-kB (NF-kB) and Specificity protein 1 (Spl)
transcription factors before and after incubation with AZM, as both these proteins are
involved in the regulation of TNF-a gene expression.

To evaluate the hypothesis of exaggerated inflammatory response to stimuli, we studied
whether LPS derived by P. aeruginosa could induce excessive inflammation in CF cells in
comparison to non-CF cells and the effects of AZM on this response by evaluating the
mRNA expression of IL-8, IL-6, TNF-a and ICAMI.

The beneficial effects of AZM were characterized by high variability among CF patients.
We have been considering genetic factors as possible mechanisms (85).

Furthermore we aimed to investigate the effects of this macrolide on the inflammatory
response to specific stimuli. To this aim we studied the AZM effects on TNF-ao mRNA
expression induced in CF cells by supernatants collected by different P. aeruginosa clinical

strains cultures.
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MATERIALS AND METHODS

Cell cultures.

IB3-1 cells, an adeno-associated virus-transformed human bronchial epithelial cell line
derived from a CF patient (AF508/W1282X), and C-38 cells, the rescued cell line which
expresses a plasmid encoding a copy of functional CFTR, were a kind gift from Pamela
Zeitlin (Johns Hopkins University, Baltimore, MD, USA); the non-CF isogenic cell line S9,
corrected by transfection with wild-type adeno-associated viral CFTR, was purchased from
LGC Promochem (Teddington, UK) [86,87]. Cells were grown in LHC-8 media (Biosource,
Camarillo, CA, USA) supplemented with 5% foetal bovine serum (FBS) (Cambrex Bio
Science, Verviers, Belgium).

2CFSMEo- cells, a SV40-transformed tracheobronchial submucosal gland epithelial cell line
derived from a CF patient (AF508/unknown), obtained from D. Gruenert (University of
California, San Francisco, CA, USA) [88], were grown in Eagle's MEM (Cambrex Bio
Science, Verviers, Belgium) supplemented with 10% FBS and 1% L-glutammine (Cambrex
Bio Science).

All culture flasks and plates are coated with a solution of LHC-basal medium (Biosource)
containing 35 pg/ml bovine collagen (BD Biosciences, Bedford, MA, USA), 1 pg/ml bovine
serum albumin (BSA, Sigma, St. Louis, MO, USA) and 10 pug/ml human fibronectin (BD
Bio Science) as described [87].

Collection of bacterial supernatants.

PAOL, a prototypic laboratory strain, the isogenic mucoid PDO 300, and clinical isolates of
P. aeruginosa, kindly provided A. Bragonzi (San Raffaele, Milan, Italy), were inoculated
onto trypticase soy agar (Difco, BD Biosciences) plates and allowed to grow at 37°C
overnight. They were then inoculated into modified Vogel-Bonner medium (MVBM) and
incubated overnight with continuous agitation. To prepare MVBM [89], MgSO4 3.3 mM
(Sigma), citric acid 10 mM, NaNH4HPO, 28 mM (Sigma), K,;HPO4 37 mM (Sigma) were
dissolved in apirogen water. After autoclaving, filter sterilized potassium D-gluconate 214
mM (Sigma) was added. The final pH was 7.2.

The day after, P. aeruginosa cells were diluted in MVBM at a concentration of 1 x 10°
cfu/mL (OD of 0.1 at 600 nm) with or without 8 ug/ml AZM (Pfizer, Roma, Italy). These

concentrations, which are in the sub-MIC range for P. aeruginosa, are consistent with those
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described in lungs of patients treated with AZM [90]. In the presence of AZM for 24 hrs at 8
pg/ml the cell viability was >95% as determined by Tripan Blue exclusion test while at
higher concentrations starting from 16 pg/ml the viability was <95%. The cultures were
incubated at 37°C for 16 hours with continuous agitation in aerobiosis or in an anaerobic jar
in microaerophilic conditions by adding a sachet containing ascorbic acid as active
component (Oxoid, Basingstoke, UK).

The cultures were then normalized to an optical density of 0.2 OD at 600 nm by adding
MVBM. Supernatants from normalized bacterial cultures were collected by centrifugation
(4000g, 20 min, 4°C) and filtered through a 0.22-um filter to remove any remaining bacteria
and stored at -80°C.

Cells treatments.

Cells were seeded in a concentration of 4.5 x 10° cells/cm” for 4 hours experiments, 2.5 x 10°
cells/cm” for 24 hours experiments and 1 x 10° cells/cm® for 72 hours experiments. After 24
hours, cells were exposed to 8 pg/ml AZM and/or JM (Yamanouchi Pharmaceutical, Japan)
to study constitutive gene expression. For long-lasting experiments cells were split whenever
they were confluent and every time AZM was added to the culture medium. For studies
concerning stimulated gene expression, 24 hours after the sedimentation cells were pre-
incubated with AZM 8 pg/ml for 2 hours; after that LPS derived by P. aeruginosa 10 pg/ml
(Sigma) or 10 % of P. aeruginosa strains’ supernatants were added to the cell cultures. AZM
has been utilized also at lower concentrations up to 0.25 pg/ml and for 6 or 72 hrs obtaining

no statistically significant effects.

RNA isolation, reverse transcription and quantification.

Cells, treated as described above, were washed with PBS and lysed.

Total RNA was extracted using High Pure RNA Isolation Kit (Roche, Mannheim, Germany),
following the Supplier’s instructions. In particular, cells are resuspended in a lysis buffer
containing guanidine-HCl and Triton X-100 in a filter, and then centrifuged and the
flowthrough liquid discarded. After incubation with a DNase solution for 20 min, the filter
was washed firstly with a wash buffer containing guanidine-HCI and then with a wash buffer
containing NaCl. Finally, after discarding the flowthrough liquid, the RNA was eluted with

nuclease-free double-distilled water.
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Reverse transcription (RT) was performed using the High Capacity cDNA Archive kit
(Applied Biosystems, Foster City, CA, USA): 1 ug of total RNA was reverse transcribed in
the presence of random hexamers 1X, dNTPs 2.5X, RNAse Inhibitor 100 U, Multiscribe
Reverse Transcriptase 250 U and Reverse Transcriptase Buffer 1X in a total volume of 100
pl, for 10 min at 25°C and 2 hours at 37°C. As negative control, the reaction was also
performed in the absence of RNA.

Relative quantification of gene expression was performed by real time quantitative PCR

analysis as described by the manufacturer (Applied Biosystems User Bulletin 2). The cDNA

(5 pl) was amplified using the Platinum® SYBR® Green gPCR SuperMix-UDG (Invitrogen,
Grand Island, NY, USA) in the ABI Prism 5700 sequence detection system. Human MRP1,
MDRI1, TNF-a, IL-6, IL-8, ICAM1, GAPDH and CK-15 sequences were amplified in
separate tubes. The primers (Sigma-Genosys, St. Louis, MO, USA), selected by Primer
Express Software (Applied Biosystems), are indicated in table 1. The PCR thermal protocol
consisted of 2 min at 50°C, a denaturation step at 95°C for 2 min followed by 50 cycles of a
15 sec 95°C denaturation step and a 30 sec annealing/extension step at 60°C. The real-time
PCR reactions were performed in duplicates for both target and normalizer genes. Relative
quantification of gene expression was performed using the comparative threshold (Cr)
method as described by the manufacturer (Applied Biosystems User Bulletin 2). Changes in
mRNA expression level were calculated following normalization to GAPDH or CK-15.

Results were expressed as mean + standard deviation (SD).
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Table 1. Primer sequences utilized in the quantitative PCR analysis

gene sequence (5°>3) accession primer
number concentration™
MRP1 |FW |GGGCCTCTCAGTGTCTTACTCATT NM_ 004996 25
RV |ACATCCGAACCAGCCAGTT 25
MDR1 |FW |AGCTTAGTACCAAAGAGGCTCTGGA NM 000927 450
RV |TCCAAAAGGAAACTGGAGGTATACTT 450
TNF-a |[FW |GGACCTCTCTCTAATCAGCCCTC NM_ 000594 25
RV |TCGAGAAGATGATCTGACTGCC 25
IL-6 FW |CGGTACATCCTCGACGGC NM_000600 25
RV |CTTGTTACATGTCTCCTTTCTCAGG 450
IL-8 FW | GACCACACTGCGCCAACA AF385628.2 150
RV | GCTCTCTTCCATCAGAAAGTTACATAATTT 150
ICAM1 [FW |TATGGCAACGACTCCTTCTCG NM 000201 150
RV |CTCTGCGGTCACACTGACTGA 150
GAPDH |FW |GTGGAGTCCACTGGCGTCTT J04038 25
RV |GCAAATGAGCCCAGCCTTC 150
CK-15 |FW |GGCTGGCTGCGGACG AF202320 150
RV |GCAGGGCCAGCTCATTCTC 150

*concentration used for FW/RV primers (nM)
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Flow cytometry.

To fix and permeabilize cells, we used the Cytofix/Cytoperm kit (BD Biosciences
Pharmingen, Palo Alto, CA, USA) according to the manufacturer’s instructions. Cells were
detached in the presence of EGTA, then washed and resuspended. Cytofix/Cytoperm
solution was added for 20 min at 4°C. After two washings with a buffer containing saponin
as permeabilizing agent, cells were stained with the phycoerythrin conjugated mouse
monoclonal antibody anti-MRP1 QCRL-1 (Santa Cruz Biotechnology, CA, USA);
permeabilization was assessed by staining of B—actin as cytoplasmic positive control.
Previously the primary mouse anti-MRP1 MRPm6 monoclonal antibody (MP Biomedicals,
Irvine, CA, USA) and a secondary phycoerythrin conjugated antibody were utilized with
similar results. The phycoerythrin conjugated mouse monoclonal antibody anti-MDR1 from
clone 17F9 (Santa Cruz Biotechnology) was utilized for MDR1 staining. Irrelevant isotypic
phycoerythrin conjugated antibodies were utilized as negative controls. Cytofluorimetric

analysis was performed using FACScan (BD).

Gene reporter studies.

Cells were transiently cotransfected using FUGENE 6 (Roche) according to the
manufacturer’s instructions with the reporter vector including the 5° flanking region of
MRP1 driving the expression of luciferase as reporter gene (kindly provided by Dr. Deeley,
Queen's University, Ontario, Canada) and a beta-galactosidase expressing vector utilised for
normalisation. In particular 3 pl of Fugene and 2 pg of the combination of vectors were
added to the serum-free culture medium and mixed. After at least 15 min the solution was
added to the cells.

The day after the transfection cells were incubated for 24 h with or without AZM 8 ug/ml.
Luciferase activity was determined using the Luciferase Assay System (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. After the wash with PBS and the
addition of lysis buffer, cells were scraped, collected in a tube and put at —80° for 15 min to
increase the signal. After that, the lysate was vortexed and centrifuged (max speed for 15
sec). The supernatant was collected and stored at —80°C. To analyse Bgal activity, the cell
lysate was incubated in a solution containing Mg?", ONPG (o-nitrophenyl-beta-d-
galactopyranoside) and Na+ phosphate. Within 30 min, in the presence of the yellow colour,
the reaction was stopped by adding Na,COs. After that, the solution was read at 420 nm. To

evaluate luciferase activity, the luciferase assay solution was added to the cell lysate and the

20



mix was read at the luminometer. Luciferase activity in cells transfected with the insert-less
reporter vector was almost undetectable. We assessed that our method is able to detect
variations, as described [91], since we measured significantly different levels of luciferase

activity using a reporter vector including a region of the IL-8 promoter inducible by TNF-a.

TNF-q, secretion.

Growth media were collected at the end of the experiments above described, centrifuged and
the supernatants were stored at —80°C. Released TNF-a was determined using an ELISA kit,
the TNF-o EASIA kit (Bender MedSystems, Wien, Austria), according to the
manufacturer’s instructions. Briefly, samples, standards and blanks were inoculated in
microwells coated with polyclonal antibody (rabbit) to human TNF-a, then biotin-conjugate
was added. After 2 hours with shaking, wells were washed four times and streptavidin-HRP
was added to all wells. After 1 hour with shaking, all wells were washed 4 times and then
incubated with TMB substrate solution (tetramethylbenzidine and H,O,) for about 10
minutes. The reaction was stopped by adding the stop solution containing phosphoric acid
when the highest standard developed a dark blue colour. After that, the absorbance at 450 nm
was read on a spectro-photometer. The limit of detection was 3.83 pg/ml.

Measurements were performed at least in duplicate. Values were normalized to 10° cells;

results were expressed as mean + SD.

DNA binding activity studies.

DNA binding activity of NF-kB and Spl was measured in nuclear extracts using TransAM
kit (Active Motif, Belgium) and Mercury Transfactor Profile kit (Clontech, USA),
respectively, according to the manufacturer’s instructions.

To evaluate NF-kB DNA binding, binding buffer was added to the wells coated with an
oligonucleotide containing the NF-kB consensus site 5’-GGGACTTTCC-3’. Then 5 pg of
nuclear extracts diluted in lysis buffer were added to the sample wells. Blank wells were
inoculated with lysis buffer and positive control wells with Jurkat nuclear extracts. After 1
hour with mild agitation, wells were washed and anti-NF-kB p65 antibody was added for 1
hour. After washing anti-IgG HRP-conjugated antibody was added. After 1-hour incubation
and washing, developing solution was added for 2-10 min till medium to dark blue colour

was developed. Then stop solution was added and the plate was read at 450 nm.
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A 96-well plate coated with an oligonucleotide containing the Spl consensus binding site 5°-
GGGGCGGGG-3’was utilized to evaluate Spl DNA binding. TransFactor blocking buffer
was added to all wells for 15 min. After removing it, 5 pg of nuclear extracts diluted in
TransFactor blocking buffer were added. Nuclear extracts obtained from MCF-7 cells were
utilized as positive control. After 1 hour, wells were washed and incubated with the primary
anti-Sp1 antibody for 1 hour. After washing three times, the secondary anti-mouse IgG-HRP
antibody was added for 30 min. After 4 washing four times, wells were incubated with TMB
solution for 10 min. When blue colour developed in the positive control wells, reaction was
stopped by adding H,SO4 and absorbance was read at 450 nm.

Measurements were performed at least in duplicate; results were expressed as mean + SD.
Experiments were performed following incubation of cells with AZM 8 pg/ml for 4 or 24 hrs

obtaining very similar results.

Statistical analysis.

Statistical calculations and tests were performed using Student’s t test considering p<0.05 as

limit of statistical significance. All data were expressed as mean + standard deviation (SD).
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RESULTS

Possible induction of complementation by ATP binding cassette

superfamily proteins by AZM treatment.

Constitutive MRP1 and MDRI1 transcript levels in CF versus non-CF cells.

Real-time qPCR was utilised to evaluate the expression of MRP1 and MDR1 mRNAs. A 2.5
and 3.2 folds higher levels of MRP1 mRNA were detected in CF cells IB3-1 versus non-CF
cells C38 and S9 (p<0.01 and p<0.001 respectively, n=4, Fig 1A). IB3-1 cells expressed
66% MDR1 mRNA respect to C38 (n=4, not significant) and 13% compared with S9 cells
(p<0.01, n=4) (Fig 1B).

Constitutive MRP1 and MDR1 protein levels in CFE versus non-CF cells.

MRP1 and MDRI1 protein expression was evaluated by flow cytometry in order to establish
if the mRNA regulation could have a functional relevance. The results of the MRP1 and
MDRI1 analysis are shown in Fig. 2A and 2B, respectively. The analysis revealed no
differences of MRP1 and MDRI1 protein expression levels among all CF and non-CF
isogenic cell lines.

Effects of AZM on MRP1 and MDRI1 transcript expression.

To address the question whether AZM could modulate MRP1 and MDR1 expression, we

performed a time course experiment in which IB3-1 cell line had been exposed to 8 ug of
AZM for 1, 3, 7 and 14 days. Figure 3 shows the results obtained from MRP1 and MDR1
quantification in IB3-1 cells by real-time qPCR. We observed a less than 30% increase in
transcript level of MRP1 after 1 and 3 days of treatment (p<0.01 and p<0.01 respectively,
n=4), which was not maintained after 7 and 14 days (Fig 3A). AZM decreased MDRI1
expression of less than 30% after 14 days of incubation (p<0.01, n=4) (Fig 3B). A different
CF cell line as 2CFSMEo- was then tested in the same conditions, in order to establish
whether the changes in MRP1 and MDRI1 transcript expression detected with IB3-1 could be
reproduced. In 2CFSMEo- cells we found no regulation in MRP1 (Fig 4A) and MDR1 (Fig
4B) expression by AZM treatment at all times tested.

Effects of AZM on MRP1 and MDR1 protein expression.

Even if AZM does not appear to consistently modulate MRP1 and MDRI1 transcript levels,
we investigated whether protein expression might be modulated at post-transcriptional level.
We performed time course experiments using IB3-1 and 2CFSMEo- cell lines exposed to 8
pg of AZM for a minimum of 24 h to a maximum of 4 weeks. MRP1 and MDRI1 protein

expression was evaluated by flow cytometry. No differences between treated and untreated
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cells after 24 h, 72h, 1 week, 2 weeks and 4 weeks of treatment were detected.
Representative results of MRP1 and MDRI1 protein analysis after 24 h and 4 weeks of
treatment of IB3-1 and 2CFSMEo- cells are shown in Fig. 5A and 5B, respectively.

Effects of AZM on MRP1 promoter activity.

We proceeded to assess whether AZM may affect at least transcription of MRP1 in our
models. We then analysed by gene reporter studies the effects of AZM (8 pg/ml for 24 h) on
the MRP1 promoter activity in IB3-1 and 2CFSMEo- cell lines. We did not detect
statistically significant differences in the reporter activity in treated versus untreated 1B3-1
and 2CFSMEo- cells as shown in Fig. 6 consistently with our findings previously reported in

another CF airway epithelial cell line [85].

Possible anti-inflammatory properties of AZM.

Effects of AZM on constitutive TNF-oo. mRNA expression.

We measured the expression levels of 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 (see Fig 7). We confirmed this differential TNF-o expression
using cells at different passages as well as after 96 hours from sedimentation (data not
shown). Following exposure of CF cell lines to 8 pg of AZM for 24 hours we found that this
macrolide reduced TNF-oo mRNA of about 35% in IB3-1 (n=5, p<0.001, Fig 7A),
approximately to the levels of untreated isogenic non-CF cells C38. A 30% reduction of
TNF-a mRNA was detected in 2CFSMEo- cells after AZM treatment (n=5, p<0.01, Fig 7B).
The macrolide JM, known to lack clinical anti-inflammatory properties, had no significant
effects on TNF-a mRNA expression in all cell lines (data not shown).

Effects of AZM treatment on constitutive 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 (see Fig 8). We then exposed CF cell lines to 8 pg of
AZM for 24 hours. AZM had no statistically significant effects on IL-6 mRNA expression in
IB3-1 and 2CFSMEo- cells (Fig 8A and 8B respectively).

Effects of AZM on constitutive TNF-o. protein levels.

We confirmed the higher TNF-a expression in CF cells in comparison to isogenic non-CF
cells also at protein level (see Fig 9). Treatment with 8 pg of AZM was effective in reducing

TNF-a protein levels of 45% in IB3-1 treated for 24 hours (n=3, p<0.05, Fig 9A), to the
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levels observed in untreated isogenic non-CF cells C38. Furthermore AZM reduced TNF-a
protein expression of 40% in 2CFSMEo- (n=3, p<0.01, Fig 9B).

Effects of AZM on constitutive NF-kB DNA binding activity.

We found that IB3-1 cells showed twofold-higher constitutive NF-kB DNA binding levels

than isogenic non-CF cells C38 (n=3, p<0.01, Fig 10A). Following exposure of CF cell lines
to 8 ug/ml AZM for 24 hours the NF-kB DNA binding activity in IB3-1 cell line was
reduced of 40%, nearly to the levels of untreated C38 cells. A 45% reduction of NF-kB DNA
binding activity was detected in 2CFSMEo- cells after AZM treatment (n=3, p<0.05, Fig
10B). Furthermore, JM had no effects on NF-kB DNA binding activity (data not shown).
Effects of AZM on constitutive Spl 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 cells versus isogenic non-CF C38 cells, as shown in Fig. 11A. After 24 hours of
treatment with 8 pug of AZM, 60% and 65% Spl DNA binding activity reductions were
detected in IB3-1 and 2CFSMEo- cells respectively (n=3, p<0.01 and p<0.05 respectively,
Fig 11B). JM was not effective also on Spl DNA binding activity (data not shown).

Effects of AZM on IL-8, TNF-a and IL-6 mRNA induction by LPS stimulation.

We measured the mRNA levels of IL-8, TNF-a and IL-6 genes. Treatment with 10 pg/ml of
LPS derived by P. aeruginosa for 4 hours or the use of lower concentrations had no effect on
the abovementioned genes expression (data not shown). On the contrary, the induction of
expression of IL-8, TNF-a and IL-6 genes in CF cells IB3-1 treated with 10 pg/ml of LPS
for 24 hours was significantly higher than in isogenic non-CF cells C38 (see Fig 12A). The
incubation of CF cells with 8 pg of AZM from 2 hours before the addition of LPS and for all
the treatment reduced IL-8 and IL-6 mRNA of about 30% and TNF-oo mRNA of about 40%
in IB3-1 cells (p<0.01, Fig 12A). A 55% reduction of IL-8 and IL-6 mRNA and a 35%
reduction of TNF-oo mRNA induced by LPS were detected in 2CFSMEo- cells after AZM
treatment (n=5, p<0.001, p<0.001 and p<0.05 respectively, Fig 12B). JM had no significant
effects on IL-8, TNF-o and IL-6 mRNA induction after LPS treatment in both cell lines
(data not shown).

Effects of AZM on ICAM1 mRNA induction by LPS stimulation.

We then measured the mRNA levels of ICAM1 after treatment with LPS derived by P.

aeruginosa for 24 hours. The induction of expression of ICAM1 gene in CF cells IB3-1

treated with 10 pg/ml of LPS for 24 hours was significantly higher than in isogenic non-CF
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cells C38 (see Fig 13A). The incubation of CF cells with 8 pg of AZM from 2 hours before
the addition of LPS and for all the treatment had no inhibitory effects on ICAM1 mRNA
induced by LPS nor in IB3-1 cells (Fig 13A) neither in 2CFSMEo- cells (Fig 13B). JM was
not effective on ICAM1 mRNA induction after LPS treatment in both cell lines (data not
shown).

Effects of AZM on TNF-oo. mRNA induction by stimulation with P. aeruginosa strains’

supernatants.
We measured the levels of TNF-oo mRNA after we treated cell lines with 10% of

supernatants derived by P. aeruginosa strains for 4 hours. The supernatants derived from
different strains (indicated below the graph) lead to differential amounts of induction of
TNF-oo mRNA both in IB3-1 (Fig 14A) and in 2CFSMEo- cells (Fig 14B). The results
ranged from absence of induction for both cell lines to about two times of TNF-a mRNA
induction in IB3-1 (Fig 14A) and about 3.5 times of induction in 2CFSMEo- cells (Fig 14B).
Similar results were obtained for IL-8, ICAMI1 and IL-6 mRNA (data not shown). The
incubation of CF cells with 8 pg of AZM from 2 hours before the addition of the
supernatants and for all the treatment had inhibitory effects on TNF-oo mRNA induced by the
supernatants of only some strains in both cell lines (Fig 14) with an inhibition range from
25% to 35%. Similar results were obtained also for IL-8 and IL-6 mRNA mRNA (data not
shown). On the contrary, ICAM1 mRNA induction by supernatants was not reduced by

AZM treatment in any case (data not shown).
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FIGURE 1. Constitutive expression of MRP1 and MDR1 mRNA in CF cells IB3-1 and

1sogenic non-CF C38 and S9 cell lines. Total RNA was extracted and retrotranscribed. The

results of MRP1 (A) and MDRI1 (B) mRNA quantification are based on real-time q-PCR

analysis as described in materials and methods. The values represent the expression levels

relative to IB3-1 (means + SD). The experiment was repeated four times. **p<0.01,

*x%p<0.001.

27



Fig. 2 A g-

: anti-MRP1 =~ o

S9

Counts

&

FIGURE 2. Constitutive expression of MRP1 and MDRI1 proteins in CF cells IB3-1 and

isogenic non-CF C38 and S9 cell lines. Expression of MRP1 and MDRI1 proteins analyzed

by flow cytometry in IB3-1 (CF), C38 and S9 (both non-CF) cell lines stained with the
specific antibody anti-MRP1 (A) and anti-MDR1 (B). The black histogram is the negative
isotypic control and is representative for all cell lines. In the presence of the specific
antibodies, histograms for each cell line are shown in different colours according to the

legend. Experiments are representative of at least three performed with very similar results.
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Fig. 3
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FIGURE 3. Time course analysis of MRP1 (A) and MDR1 (B) mRNA expression in IB3-1

cells. Total RNA was extracted and retrotranscribed. Real-time q-PCR was performed as
described in materials and methods. The values represent the expression levels relative to

untreated cells (means £ SD). The experiment was repeated four times. **p<0.01.
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Fig. 4
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FIGURE 4. Time course analysis of MRP1 (A) and MDR1 (B) mRNA expression in
2CFSMEo- cells. Total RNA was extracted and retrotranscribed. Real-time q-PCR was

performed as described in materials and methods. The values represent the expression levels

relative to untreated cells (means = SD). The experiment was repeated four times.

30



Fio S

= —
=] =
~ . il ;
A = anti-MRP1 S 3 anti-MRP1
o & 0 8
£ £ 3
38 s
e @
o =1
10° 10! 102 10° 109 109 10! 102 10° 104
FL2-H FL2H
=
81 8
= 3 anti-MDR1 2 anti-MDR1
.”"..g' &
= e
38 3
=E =
<9 1 2 3 4 =
10 10 10 10 10 0 1 2 3 4
[ 10 10 i 10 10
8- g
B 3 3 anti-MRP1 3 anti-MRP1
283 Y=
S 3 =
S8 S
=E =
= - =
10 10! 102 102 109 102 10! 102 10° 109
FL2H FL2H
S g
2 3 anti-MDR1 = anti-MDR1
gg- g@
324 3
E S
=3 o
109 10! 102 102 104 10° 101 10?2 103 104
FLZ2-H FL2H

Log Fluorescence Intensity

24 h 4 weeks

FIGURE 5. Evaluation of AZM effects on expression of MRP1 and MDRI1 proteins.

Following treatment with AZM for 24 h or 4 weeks, flow cytometry was performed in IB3-1
(A) and 2CFSMEo- cells (B) stained with the PE-conjugated specific antibody anti-MRP1 or
anti-MDR1. Black histograms represent the negative isotypic control superimposable in all
conditions while red and blue histograms correspond to treated and untreated cells,
respectively, stained with the specific antibody indicated in each panel. Logarithmic
fluorescence intensity is indicated on the y-axes. Experiments are representative of at least

three, performed with very similar results.
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Fig. 6
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FIGURE 6. MRP1 promoter activity. MRP1 promoter activity was analysed by gene

reporter assay following AZM treatment. Luciferase activity was normalised to beta-
galactosidase activity in 2CFSMEo- and IB3-1 cells treated for 24 h with AZM and indicated
on y axis relative to untreated cells as described in materials and methods (means = SD).

Both cell lines were assayed three times.
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Fig. 7
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FIGURE 7. TNF-o mRNA expression. Expression of TNF-oo mRNA in (A) non-CF C38
cells and isogenic CF IB3-1 cell line and (B) 2CFSMEo- cells at 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 untreated (A) IB3-1, and (B) 2CFSMEo- cells (means + SD). The experiment was
repeated five times. **p<0.01, ***p<0.001.
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FIGURE 8. IL-6 mRNA expression. Expression of IL-6 mRNA in (A) non-CF C38 cells
and isogenic CF IB3-1 cell line, and (B) 2CFSMEo- cells at 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 untreated (A) IB3-1 and (B) 2CFSMEo- cells (means + SD). The experiment was

repeated five times.
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Fig. 9
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FIGURE 9. TNF-a protein release. Secretion of TNF-a in (A) non-CF C38 cells and

isogenic CF IB3-1 cell line, and (B) 2CFSMEo- cells at constitutive level and after treatment
with AZM and JM. TNF-a protein levels were measured by commercial ELISA kit. The
values represent the secretion levels relative to untreated (A) IB3-1 and (B) 2CFSMEo- cells

(means £ SD). The experiment was repeated three times. *p<0.05, **p<0.01.
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Fig. 10
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FIGURE 10. DNA binding of NF-kB. (A) Constitutive binding to the DNA of NF-kB in
non-CF C38 cells and isogenic CF IB3-1 cell line. (B) Effect of the treatment with AZM on
the DNA binding of NF-kB in CF cells (IB3-1 and 2CFSMEo-). NF-kB DNA binding

activity was analysed using a commercial kit following the manufacturer’s instructions. The

experiment was repeated three times (means + SD). *p<0.05, **p<0.01.
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Fig. 11
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FIGURE 11. DNA binding of Spl. (A) Constitutive binding to the DNA of Spl in non-CF
C38 cells and isogenic CF IB3-1 cell line. (B) Effect of the treatment with AZM on the DNA
binding of Sp1 in CF cells (IB3-1 and 2CFSMEo-). Spl DNA binding activity was analysed

using a commercial kit following the manufacturer’s instructions. The experiment was

repeated three times (means = SD). *p<0.05, **p<0.01.
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Fig. 12
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FIGURE 12. [L-8, TNF-a and IL-6 mRNA expression. Expression of IL-8, TNF-a and IL-6
mRNA in (A) non-CF C38 cells and isogenic CF IB3-1 cell line and (B) 2CFSMEo- cells

after treatment with 10 pg/ml of LPS for 24 hours and with or without treatment with AZM
8 nug/ml. Total RNA was extracted and retrotranscribed. The values of IL-8, TNF-o and IL-6
mRNA are based on real-time PCR analysis. The values represent the expression levels
relative to untreated (A) both C38 and IB3-1, and (B) 2CFSMEo- cells (means + SD). The
experiment was repeated five times. The significance inside the columns considering AZM
treatment is referred to the column preceding without AZM treatment. The significance

above the columns is referred to the untreated cells. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 13
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FIGURE 13. ICAM1 mRNA expression. Expression of [CAM1 mRNA in (A) non-CF C38

cells and isogenic CF IB3-1 cell line and (B) 2CFSMEo- cells after treatment with 10 pg/ml
of LPS for 24 hours and with or without treatment with AZM 8 pg/ml. Total RNA was
extracted and retrotranscribed. The values of ICAM1 mRNA are based on real-time PCR
analysis. The values represent the expression levels relative to untreated (A) both C38 and
IB3-1, and (B) 2CFSMEo- cells (means £ SD). The experiment was repeated five times. The
significance inside the columns considering AZM treatment is referred to the column

preceding without AZM treatment. The significance above the columns is referred to the

untreated cells. **p<0.01, ***p<0.001.
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FIGURE 14. TNF-o mRNA expression. Expression of TNF-oo mRNA in (A) IB3-1 cell line

and (B) 2CFSMEo- cells after treatment with 10% of supernatants derived by P. aeruginosa
strains for 4 hours and with or without treatment with AZM 8 pg/ml. Total RNA was
extracted and retrotranscribed. The values of TNF-oo mRNA are based on real-time PCR
analysis. The values represent the expression levels relative to untreated (A) IB3-1, and (B)
2CFSMEo- cells (means + SD). The experiment was repeated five times. The significance
inside the columns considering AZM treatment is referred to the column preceding. The

significance above the columns is referred to the untreated cells. **p<0.01, ***p<0.001.
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DISCUSSION

Long-term treatment with the macrolide antibiotic azithromycin (AZM) has been reported to
determine improvement of lung disease in CF patients [73-75,77,80,81]. This macrolide may
exhibit different effects on epithelial cells and on P. aeruginosa, which is a predominant
cause of decreasing pulmonary function in CF patients [92]. However, the role of AZM has
not been fully understood. Among various possible mechanisms as effects on tight junctions,
bacterial growth and virulence factors [92-95], AZM has been suggested to modulate the
expression of ABC transporters in the airways, thus complementing the CFTR defect, and/or
to have anti-inflammatory properties.

The first premise of our work was related to the possibility that the Multidrug Resistance-
associated Protein 1 (MRP1) and the Multidrug Resistance Protein 1 (MDR1), two ABC
proteins, could have a role in AZM beneficial effects in CF patients.

The Multidrug Resistance-associated Protein 1 (MRP1) and the Multidrug Resistance
Protein 1 (MDRI1), as well as Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR), the channel defective in CF, are members of the ATP Binding Cassette superfamily.
These proteins share related functions supporting complementation among them.

Lallemand et al [96] reported improvement in lung function and clearance of P.aeruginosa
infection in a CF patient following chemotherapy for a fibrosarcoma. Because cancer
chemotherapy can induce overexpression of MRP and MDR, they hypothesized that CFTR
could be complemented by these close ABC proteins. MDR and MRP mRNAs were detected
in nasal epithelial cells of this patient but were absent in a CF patient never exposed to
chemotherapics. Therefore a functional complementation by these ABC transporters could
explain improvement in lung function in the reported case. Altschuler raised the hypothesis
that AZM could improve lung function in colonised P. aeruginosa CF patients by inducing
the expression of ABC transporters [97]. This possibility was corroborated by Pradal et al
who studied the effects of 4 weeks of treatment with AZM in CF patients showing an
improvement of chloride transport associated to increased MRP1 mRNA expression [98].
We aimed to evaluate whether AZM may affect the expression of ATP Binding Cassette
superfamily members in vitro.

At first we investigated the constitutive expression of MRP1 and MDRI in respiratory
epithelial cell lines. A co-ordinated mRNA expression among homologous genes in our
cellular models would be consistent with similar findings relative to CFTR and MDRI1 in

other cell types [67-69]. We found that, although CF cells expressed more MRP1 mRNA and
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less MDR1 mRNA versus non-CF isogenic cell lines, there were no differences at protein
level.

Furthermore, our results indicate minimal sporadic variations in both MRP1 and MDR1 gene
transcription under AZM treatment but, again, protein levels were unaffected. To rule out the
possibility that the effect could still occur at the transcription level but that RNA could be
rendered more unstable by the treatment in our model, we studied the effects of AZM on the
MRPI promoter activity by gene reporter assays. AZM did not affect the reporter activity in
treated CF cells.

Considering the possibility of regulation of a different pattern of ABC family members in
vitro we have been focusing on possible targets of AZM other than MRP1 and MDR1. We
found that AZM was not effective in regulating mRNA expression of other ABC proteins as
ABCA1, ABCA13, MRP3, MRP5, CFTR, MDR7 and MDR10 (data not shown). The lack of
effects in our models in vitro might be due to still unknown mechanism(s) causing also the
high variability of beneficial effects among patients described by many authors. We have
investigated the possible relevance of a MRP1 polymorphic site in the response to AZM
[85]. Work is still in progress in order to identify an eventual MRP1 allele associated to the
response to AZM and/or to the severity of disease. No statistically significant effects have
been detected also when we have been trying to overcome the possible variability among
models by using a nasal CF respiratory epithelial cell line (data not shown). Analysis of gene
regulation by macrolides have also been performed using microarrays including DNA
sequences of tens of thousands genes in airway epithelial cells [99], but to our knowledge
there are no evidences of the regulation of ABC members by AZM to date. However
variability among experimental models are arising also when other effects of AZM are being
studied. Experimental models based on primary cell cultures revealed pro-inflammatory
effects of AZM [100] while anti-inflammatory effects have been described in vivo in animal
models [101] as well as in patients [74].

Nevertheless the data supporting the hypothesis of complementation of CFTR by MRP1 and
MDRI1 following AZM treatment [96-98,102], macrolides effects on ion transport are still
unclear. Chloride transport through the apical membrane of airway epithelial cells measured
as nasal potential differences (NPDs) was unchanged in CF mice following treatment with
clarithromycin or AZM as well as in CF patients treated with clarithromycin [103]. Equi et al
[78] reported essentially unchanged NPDs as well as CFTR and MDR mRNA levels in nasal
epithelial cells in CF patients treated with AZM. Even if erythromycin induced the up-
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regulation of the MDR1 expression in the liver of rthesus monkeys [104], this macrolide has
been reported to inhibit the interferon-gamma induced activity of an outwardly rectifying
chloride channel in a human bronchial epithelial cell line [105]. Moreover Tagaya et al [106]
showed that erythromycin decreased the chloride diffusion potential difference across rabbit
tracheal mucosa and that clarithromycin treatment decreased sputum production in patients
affected by chronic bronchitis or bronchiectasis. They suggested that 14-membered
macrolides could reduce chronic airway hypersecretion probably by inhibiting chloride
secretion and the resultant water secretion. Furthermore mucus secretion volume was
decreased in rhinitis patients after treatment with clarithromycin [107].

Our data do not support the hypothesis of induction of ABC transporters by AZM. Perhaps
additional conditions in vivo or specific genetic background(s) might allow for
complementary expression at protein levels, as suggested [97].

We then focused our attention on the hypothesis that AZM could have anti-inflammatory
properties.

Several studies indicate that inflammation occurs very early in the lungs of CF patients and
often seems to precede clear signs of infection [21,22,24]. Moreover, CF airway
inflammation may manifest as disproportionately increased or prolonged in relation to the
level of stimuli [13,30,33,36]. However whether a dysregulation of inflammation exists in
CF patients is debated [23,108].

We aimed to establish whether differential expression of a relevant inflammatory marker as
TNF-a could be detected in our CF cell models since it plays a relevant role in the
pathogenesis of CF. We also wanted to establish whether AZM could reduce this excessive
inflammation.

Data from literature regarding of AZM effects on TNF-a expression are scarce and
contradictory. Although AZM has been reported to inhibit TNF-a expression in both in vivo
in animal models and in vitro [109,110], in healthy human subjects sera TNF-o protein
concentration was unaffected by a 24 hours-long treatment with AZM [83]. In this regard the
experimental model seems to be critical and in particular differences between CF and non-
CF models are relevant.

We saw not only that TNF-oa constitutive expression was significantly higher in CF versus
isogenic non-CF cells both at mRNA and protein level, 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.
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The association between increased inflammatory markers and CFTR mutations is however
controversial. Aldallal et al [33] found higher IL-8 expression in CF versus non-CF cells in
cell line models but not in primary cultures, revealing a considerable variability in airway
epithelial cell inflammation among different individuals and cell models. Becker MN et al
[111] 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 conditions. Our experimental
model consists of two human CF cell lines derived from different airway cell types and one
of them has been compared to its isogenic non-CF cell line. This experimental model was
appropriate for reproducing anti-inflammatory effects of AZM described in vivo [74,101].

As we already pointed out, AZM is receiving increasing attention for its clinical beneficial
effects in the treatment of CF that might derive from the synergism of different effects,
including inhibition of P. aeruginosa bacterial growth [92,94], decreased expression of
bacterial virulence factors [92,93] modulation of inflammatory response [101], ion transport
[98] and tight junctions [95].

We found that AZM reduced TNF-a expression at both transcript and protein levels in both
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 versus non-CF cells, we can speculate that AZM
may be effective towards those proinflammatory molecules induced in the constitutive
inflammation. The specificity of the results is warranted by the observation that JM, a
macrolide known to lack clinical anti-inflammatory properties [112], was ineffective.

The possibility that AZM may act at the transcriptional level was tested by measuring the
DNA binding activity of two transcription factors relevant in the regulation of TNF-a gene,
NF-kB [113] and Sp1 [114].

We found that in the presence of AZM NF-kB DNA binding 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 activity of this transcription factor was 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 Spl DNA binding activity. 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 Sp1 could be considered
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as targets of AZM potentially involved in the regulation of TNF-a transcription by this
macrolide.

Increased NF-kB activation in CF versus isogenic non-CF specimens was observed in
several studies, both in absence and in presence of stimulation [13,36,46,115] in different
experimental models. Furthermore, our results are consistent with previous studies
describing higher NF-kB activation in CF versus non-CF cells in a cellular model utilized in
this study [13,36].

Furthermore, it is of note that therapeutic inhibition of NF-kB has been proposed for
treatment of inflammatory and immune diseases [116,117]. Decreased levels of TNF-a and
IL-8, two NF-kB-regulated genes, could reduce the recruitment of neutrophils, which are
considered responsible for epithelial damage in CF airways [101].

Spl can functionally cooperate with NF-kB to elicit maximal promoter activation of
inflammatory genes [118]. Investigating the effects of AZM on Spl was considered relevant
as this transcription factor has been described to regulate several inflammatory genes
including the chemokine Macrophage Inflammatory Protein-2, heparanase and TNF-o [114]
and therefore its inhibition could influence inflammatory responses. This approach was
considered appropriate for investigating a possible mechanism of regulation of TNF-a by
AZM. Inhibition of Spl activity by AZM seems to be a novel effect of this macrolide.

We obtained very similar results to those described for regulation of TNF-o when we
analyzed the effects of AZM on IL-8 expression in CF airways epithelial cells [119]. In that
model transcription factors as NF-kB and AP1 were affected by AZM suggesting possible
mechanisms of regulation of IL-8 expression. These data are consisting in supporting anti-
inflammatory effects of AZM.

Several reports suggest that CF airways are characterized by exaggerated or prolonged
inflammation even in response to infectious agents [13,28-37].

We then decided to determine whether LPS derived by P. aeruginosa, a well-known cause of
chronic infection in CF patients, could induce exaggerated inflammatory response in CF
cells.

We saw that CF cells showed higher expression not only of TNF-a but also of IL-8, IL-6 and
ICAM1 mRNA in comparison to isogenic non-CF cells, after exposition to LPS for 24 hours.
It is still debated whether CF cells show an exaggerated inflammatory response following

treatment with different stimuli. Some reports demonstrate similar inflammatory parameters
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between CF and non-CF cells after stimulation [33,63,111]. The choice of the cell model, its
origin and the culture conditions could be the cause of contradictory results also in this case.
Then we found that AZM reduced LPS-induced expression of TNF-a, IL-8 and IL-6 mRNA
in both our CF cell lines, while it was ineffective in [CAMI1 transcript levels. The awareness
that these effects are peculiar to AZM is warranted again by the observation that JM was
ineffective. We found scarce data from literature regarding of AZM inhibition of induced
inflammation in vitro [109,120]. More evidences can be found on AZM inhibition of
inflammatory markers, as neutrophils and macrophages influx or cytokines and chemokines
concentration, both in patients and in animal models in vivo [74,83,101,110,121,122].
Finally, we wanted to evaluate AZM effect on inflammatory markers induced by P.
aeruginosa. As AZM is an antibiotic, to avoid its parallel antibacterial effect on P.
aeruginosa, we used the supernatants collected by different P. aeruginosa strains cultures to
stimulate our CF cell lines. These supernatants contain various virulence factors and other
bacterial proteins that might induce inflammation as confirmed by proteomic analysis in
progress in collaboration with the group of dr. Pierluigi Mauri at the Institute for Biomedical
Technologies (ITB-CNR), Milan. This analysis might allow us to propose specific bacterial
factors as pro-inflammatory stimuli as well as targets of AZM.

We found that not only supernatants collected from different P. aeruginosa strains cultures
stimulated at different degrees the expression of TNF-oo mRNA, but also that AZM could
reduce these expressions only for some strains in both CF cell lines. Similar results were
obtained in regards of other cytokines as IL-6 and IL-8, while once again there was no
reduction in ICAM1 mRNA expression (data not shown).

The identification of bacterial strains able to induce a pro-inflammatory response sensitive to
AZM is helping us to establish a murine model of infection appropriate for assessing the
effects of AZM in vivo, in collaboration with dr. Alessandra Bragonzi at the Institute for

Experimental Treatment of Cystic Fibrosis, Scientific Institute H.S. Raffaele, Milan.
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CONCLUSIONS AND PERSPECTIVES

Several hypotheses on the mechanisms of action of AZM have been suggested [92-95]. Our
data do not support the hypothesis of induction of ABC transporters by AZM. In fact we
show that AZM had no effects on MRP1 and MDR1 expression.

Whether inflammation in CF is exaggerated is still controversial [13,23,30,33,36,108]. We
indicated that CF cells show higher expression of the cytokine TNF-a in comparison to non-
CF cells both in the absence and in the presence of stimuli.

Our results show that the antibiotic AZM has the features of an anti-inflammatory drug as it
reduces the constitutive expression of TNF-a in our CF cell lines. We suggested also that
NF-kB and Spl transcription factors, responsible for TNF-a transcriptional regulation, are
relevant targets whose inhibition might contribute to ameliorate the excessive inflammatory
response in CF.

Finally we found that AZM can reduce the expression of TNF-a, IL-8 and IL-6 mRNAs
after stimulation not only with LPS derived by P. aeruginosa, but also with some
supernatants collected from different P. aeruginosa clinical strains cultures.

We grew P. aeruginosa strains in the presence and absence of AZM to evaluate its effect on
the production of bacterial proteins, but also both in aerobiosis and in microaerophilic
conditions to point out the relevance of oxygen on the bacterial growth and proteic
production as CF airways are known to have low oxygen concentration. The proteomic
studies in collaboration with the group of dr. Mauri indicate bacterial proteins, regulated in
these different conditions, that could be relevant in CF airways inflammation not only as
stimuli but also as targets of AZM. Moreover the differential sensitivity of these strains to
AZM could partially explain the high variability in clinical outcomes among patients treated
with AZM. Therefore it might suggest an approach for selecting patients to be treated with
this macrolide.

In collaboration with dr. Alessandra Bragonzi a mouse model for endobronchial infection
has been established using a non-mucoid strain of P. aeruginosa, PAO1 [123] (Fig 15). The
strain was embedded in agar beads and used to infect C57Bl/6 mice by intratracheal
injection. One or two days following intratracheal bacterial challenge (top and bottom,
respectively) mice were euthanized and lungs removed. Lung histology of infected mice

showed that the agar beads, deposited in the bronchial lumen, contained bacterial cells
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macrocolonies surrounded by polymorphonuclear cells. The infected mice developed

persistent and stable P. aeruginosa colonization over 1 month resembling that of CF patients.

Figure 15. Ematoxylin/eosin staining of formalin embedded murine lungs. Agar beads
containing P. aeruginosa (arrows) were deposited in the bronchial lumen and resulted in

neutrophil influx 1 (upper) or 2 days (bottom) after intratracheal administration.

In future, we aim to use a clinical strain in this murine model. We would choose the strain in
accordance not only with the modulation of its proteic products by AZM but also with the
efficacy of this macrolide to inhibit the strain induced inflammation in CF cells.

In conclusion, we indicated differential transcription factors DNA-binding activity and
subsequent cytokines expression in CF versus non-CF cells in the absence and the presence
of stimulation as pathogenetic mechanisms relevant in CF. Furthermore we pointed out the
role of bacterial products in inducing inflammation in CF airways. Finally we established the
AZM inhibitory effects on constitutive as well as induced inflammation in CF cell lines.

Our results could help to optimize AZM use for CF therapy and to suggest molecular

outcomes.
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Abstract

Background: Among the members of the ATP binding cassette transpomer superfamily, MRPs
share the closest hormology wich the CFTR protein, which is defective in CF diseass, MAPI has bean
proposad as a potential modifier gene and’or as novel target for pharmacotherapy of CF to explain
the clinical benefits observed in some CF patients treated with the macrolide AZ M. The 5'UTR of
the #RPI gene contains a GCC tripket repeat thar could represent a potymorphic site and affect
the activity of the promoter.

Methods: The MRPI 5 flanking region was amplified by PCR from 36 CF patiens and | 03 non-CF
subjects and the number of GCC iriplets of each allele was determined by sequence and
alecrrophoretic analysis. We performed gene reporer studies in CF airway epichelial cells
|&HBE| 4-A53, in basal conditions ard in the presance of AZM.

Resules: We found thar the GCC repeat is polymarphic, anging from 7 o |4 triplets either in CF
or in non-CF subjgcts. Cur data are preliminary and have to be confirmed on a larger population
of CF subjects. The transcriptional activity of the proximal MAPI 5' regulatory region revealed no
statistically significant correltions berwean the number of repears and treatment with AZM.

Conclusion: ¥ve identified a novel polymorphism in the 5UTR of MRPI gene that provides
rnultiple alleles in a gene relevant for multidrug resistance as well as for CF, detarmining that this
region is transcriptiorally active and that this activiy does not appear to be influenced by AZM

Crearment

Background

CF is an autosomal recessive disease primarily manifested
in the lung, which leads to respiratory failure. CF is caused
by mutations of the CFTH gene whose product acts as a
cAMP-activated chlorde channel that is permeable to
organic anions, including G5H [1,2]. A wide range of dis-
ease severities has been described, even among CF

patients harbouring the same mutation. Therefore endog-
enous facors, that modulate or complement CFTR fune-
tion, must exist. Because of the structural homology
between CFTR and MEPL, a functional complementation
of CFIR defect by MRPL has been hypothesized [3].
Indudion of MRI'] expression has been suggested 1o be
responsible for improvement in lung function in a CF
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Tabla I: MRPI{GCC )N alleks frequancias in non-CF ard CF subjeces
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Humber of GCC criplets Alleles in non-CF subjects (%) Blleles in CF patients (%)
7 1n %
] 3 o
I 16 21
12 13 1%
13 k]l 1
14 5 1

patient following chemotherapy with cyclophosphamide
and epimbidn [4]. Low levels of 8RP] transcripts have
been assodated with more severe CF phenctype [5], while
increased expression of the MEPI gene has been associ-
ated with restored chloride conductance in a group of CF
patients following treatment with AZM, giving rise to din-
ical beneficial effects [6,7]. MEPI has been considered as
a potential modifier gene [5] and/or as a target for thempy
of CF in subjects responsive to AZM [8).

The MRP1 was originally cloned in a drug-seleced lung
cancer cell line [9]. MREPs are transmembrane proteins,
whose mRMAs are detectable in most human tissues | 10].
They share the closest homology with the CFTR protein,
which belongs to the same C subfamily of the ARC trans-
paorter superfamily [11]. MEPL confers msistance to chem-
otherapeutic drugs as well as to heavy metal ooyanions. [t
transports reduced glutathione conjugates, cysteinyl leu-
kotriene LTC,, steroid glucoronides and bile salt deriva-
tives in human cells, agents involved in the transcription
factor MEF-KB adivation pathway, which has been reported
to be altered in CF [12,13]. Therefore a functional link
exists between genes involved in GSH metabolism and
MR, MF-EB regulates expression of GSTPL and paoly-
morphisms of the anti-ceddizing enzymes GSTP1 and
GETMA are associated with severity of CF [14]. The
GETMI gene, encoding an enzyme that forms glutathione
adducts, is deleted in most severe CF patients [15]. CF
patients carmrying a wild type allele for both GSTA 1 and
GSTTI may be at reduced risk of severe lung disease. The
abnomal reduced glutathione transport caused by CFTR
mutation seems to play a qitical role in the pathogenesis
of CF and this parameter might also be complemented by
MRI'] in CF patients. MPI'] has been also involved in the
regulation of endogenous channels as chlorde channels
[16,17]. The physiclogical functions of MR are the sub-
ject of many cument investigations: the available evidence
indicates that it is involved in detooification, drg resist-
ance, oxidative stress and inflammation [1519]. An
impaired response to inflammatory stimuli has been
described in BMEPL{-/-] knodkout mice [ 20], even if MEPI
has not been demonstrated to be a disease-causing gene.

The sequence of the MEPT gene has been reported [9]. The
L' flanking mgion is GC rich {88%) while the 5'LITR con-
tains a GCC triplet repeat that has been hypothesized to
represent a palymorphic site [12]. The influence of the
number of triplets in the 5UTR on 84RF] mBEHA tran-
scription, stability and translational effidency has not
been detemrnined.

We searched a genetic marker for MEP! with potential
functional relevance aiming to establish: 1] whether the
GCCrepeat in the MEPT 5'UTR is polymorphic 2) if the
GCC triplets length could affect the adivity of the pro-
moter in CF airways epithelial cells either in basal condi-
tions or upon AZM treatment.

Methods

Patients and controls

Genomic DMA from 100 unrelated non-CF subjects and
35 CF patients was colleced. Mucleic add was extracted
from perpheral blood leukocytes using the salting out
method [21]. Diagnosis of CF was based on dinical, bio-
chemical and genetic data. The most common CF causing
mutation, deltaFs08, was detected in 24 patients, 7 of

which were homozygous. This study was approved by the
local institutional Ethic Committes.

Genotyping

Specific primers wer designed based on the nuclectide
sequence of the 5 regulatory region of MEPT gene [ Gen-
BankLI07050) (sequences are available upon request).
MCRs were performed in an Applied Biosysterns 9700
Thermal Cyder, using a final volume of 50 pl. Due to the
high GC levels of the PCR producis, 7-deaza-dGTT
(Roche) was utilized instead of dGTP in the dRTPs mix
PCR-1 started with 350 ng of genomic DRA 25 pl of
PCR-1 were subjeced to further amplification (PCR-2])
and a third round of amplification [PCR-3) was per-
formed with 2.5 ul of PCR-2. Amplifications were carfed
out starting with 10 min template denatration/AmpliTag
Gold [Applied Riceystems) activation step at 95°C, fiol-
lowed by 40 cycles (20 cycles for PCR-3) of denaturation
at 95" for 30 5, annealing at 58" C fior 30 5 and extension
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at 72" C fior 30 s, As a final product the fragment from -337
nt to -43 nt, starting from the translational starting site of
the MEPT 5" gene, was obtained.

PCR producs were purified with the MudeoSpin Extract
kit (Machery-Magel). Samples were then sequenced
using Thermo Sequenase I Dye Temminator Cycle
Sequencing Premix Kit {Amersham Biosdences) and the
automated 3734 DHNA Sequencer (Applied Biosystems).

MCR-3 was camied out in the presence of a primer conju-
gated to FAM dye (S-carbooryflunrescein (Applied Riosys-
temns] that generated labelled amplicons suitable for
electrophoresis and Genescan analysis.

Cenescan analysis Software [(Applied Biosysterns) was

used to determine the length of the PCR products. In
order to validate our method we utilized a vector includ-
ing the MRP? (GOC)T allele (kind gift from Roger Deeley,
Cueen's University, Kingston, Cntado, Canada) as con-
trol. A proof-reading enzyme was utilized and at least
duplicates of each sample and control vector were per-
formmed to exclude polymerase slippage.

{zene reporter sudies

TheMEP! 5 regulatory region containing 7 or 14 GCC tri-
plets, obtained as PCR-3 produd, was doned in the pGL3
vecor (Promega). The constructs were checked by restric-
tion, sequence and Genescan analysis and named
MEPLGCC) 7-loe or MRPL{GCC) 14-lue, according to the
number of triplets. The CF airway epithelial cell line
16HBEL4o-A53 (kind gift from Pamela Davis, Case West-
em Reserve University School of Medicine, Cleveland,
OH, USA) was transiently co-transfeded using FUGEME
(Roche) with the reporter vedor MREPLGCC)T-luc or

MRPHGCC) 14-luc and a beta-gactosidase expressing vec-
tor, utilized for nomalization. The day after the transfec-
tion, cells were incubated for 24 hrs with or without A2
& pe/ml (Phzer Italia). This concentration is consistent
with that achieved in the lung of CF patients treated with
AZM [22]. Luciferase adivity was determined using the
Luciferase Assay Systemn | Promega) according to the man-
ufaciurer's instmuctions. Luciferase adivity in insert-less
(pGL3) transfected cells was almost undetectable.

Resules

The MRPI 5 flanking region is polymonghic

The MEP! 5 flanking region was amplified by PCR from
36 CF patients and 100 non-CF subjects and the numbser
of triplets of each allele was determined by sequencing
and electrophoretic analysis.

In non-CF subjects the number of triplets ranged from 7
triplets to 14. Six distinct alleles consisting of 7, 10, 11, 12,
13 and 14 GCC triplets were found. The frequendes of
these MEPT{GCC)n alleles, where nindicates the number
of triplets, is shown in Table 1. The genotypes frequencies

of the GCC alleles are indicated in Table 2,

Aszeszment of transcriptiona octvity

In order to establish whether the length of the GCC repeat
can affect the transaiptional adivity we performed gene
reporter siadies in CF airway epithelial cells 16HBE14o-
AS3. This region has been previously demonstrated to be
transcriptionally active by gene reporter studies [ 9], Since
the clinical status as well as the response to AZM has been
associated to the levels of MRPY mBMA in CF patients, we
tested the transaiptional adivity of MEPT in our model
by gene reporier assays in the presence or absence of the
drug. The levels of luciferase activity measured in the con-
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Comparisen of the transcriptional accivity of MRP |
alleles eontaining T or |4 GCC triplets. | 6HBEI40-453
cells were transfected with reporter vectors including tha
MRFI BUTR regionwich 7 [MRP{GCC) -luc] or 14 triplets
[(ECC) 14-luc] drivirg the luciferase gene. | 6HBE| 40-A53
cells transfectad with MRP 1 {GCCHT-luc and not treated with
AZ M were considerad as calibrator. Percentages of luci-
ferase activity normalized with bem galactosidase are shown.
Specificiy of the signal was asssssed by determining the luci-
ferase activity in insert-less (pGLY) transfected cells, which
was almost undetectable, Expariments were parformed in
triplicate {n = 3, p » 005 for all conditions, paired T-Test:
SEMs are indicated by bars).

structs containing 7 or 14 GCC triplets of the MRPY 5 reg-
ulatory region were not significantly modified (p = 0.05)
either in basal conditions or in the presence of AZM (Fig-
ure 1.

Discussion

This study demonstrates that the genomic region from -
337 nt to -43 ntof the MEP! 5' regulatory region includes
a polymaorphic site and possesses transcriptional activity.
We also demonstrate that the MREPHGCC)T and
MRPHGCC)14 alleles (chosen as representative of the
shortest and longest triplet length we identified) do not
show any statistically significant differences in transcrp-
tional adivity when tested in CF airway epithelial cells in
iitm. We chose these two alleles since we hypothesized
that the length of the GCC repeat could influence MEPT
transcriptional activity as suggested by other authors [9).
Since we have been foousing to a partial region of the
S5'UTE of the AMRPI gene, our approach was not aimed to
test the influence of upstream regulatory sites eventually
associated with specific GCCin) alleles, as a recently
described G/C single nud ectide polymorphism [23].

hittp:{'wwnarbiomedeentral.com/ 147 1-Z350077

The number of alleles described in our limited group of
CF subjects does not allow for searching genotype-phena-
type correlation. Efforts are in progress in order to perform
this analysis. Ourdata are preliminary and have to be con-
firmed on a larger population of CF subjects.

We show that AZM treatment does not affect reporter gene
activity in either of the tested alleles. Therefore, at least
under the expermental conditions we wutilized in our
assays, the sequence responsible for varable levels of
MRP] detected in other studies [5,8] does not appear to
be included in the DMA sequence we analyzed. Previous
studies reparted that multiple Sp-1 binding domains are
located close to MEPT transaiptional star sites near the
CCC repeat and might partidpate in the modulation of
transcriptional acivity. Zhu and Center 9] suggested a
variable length of the GCC repeat in the MRP! 5 regula-
tory region and proposed the influence of this sequence
on the MEPI mBMA transaiption. In support of this
hypothesis, it has been reported that a triple GOC repeat
within the 5' flanking region contributes to the regulation
of interlenkin 1 alpha expression [24)]. As Slapak and col-
leagues demonstrated that MRPI gene amplification is
not sufficient for explaining drug resistance [25), the pol-
vmorphism we identified might be utilized for investigat-
ing whether the number of GCC iriplets could be
associated with this feature. However, we still cannot
exclude a functional relevance of this polymorphism on
MRPT mBMA transcription, stability and/or translational
efficiency in its native contex.

Conclusion

In summary we established that: 1) the GCC repeat in the
MRPT B'UTR is polymorphic, 2) the GCC triplets length
do not affect in wire the activity of the promoter in CF air-
ways epithelial cells either in basal conditions or upon

AN treatment.

We propose our experimental for testing whether other
moleales potentially relevant for therapy of CF have the
capability o influence MRPY gene expression acing on
this promoter region.

Finally, the palymorphic length of the GCC repeat we
described can be exploited as a genetic marker, possibly
linked to additional sequences involved in regulation of
constitutive or induced MEPL expression.

List of abbreviations
AZM azithromydn

CF cystic fibrosis
CFTR cystic fibrosis transmembrane conductance regula-

tor
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GST glutathione 5 transferase
MREP multidrug resistance-assodated protein
LITR untmanslated region
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airway epithelial cells
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Almiract

We anned sl kleniilyme mokcular mechaniams for ai-inibonmsiory elfects of anithomycem (AZM) sugpeied by clmical evidences
IL-% expression and DM A banding sctivity of tes key pro-milansnatony randon plion Tactems (T, NE-xB ad AP-1, wene mve ligated
ineystic fibroas (CF) and mopenic non-CF arway epdihelia] cell Hnes. AZM nedweed aboul 408 of [L-8 mBENA and proledn ex pression
{n="9p=002, and n =4 p= 000011} mn CF cells resching the level of non CF cella. In the pretence of AZM we fownd showt 5086 and
Tl reduction of WE-xB and A1 DDMA bnding, respectively (n =3, p =00, and o = 3, p = 00017}, lesling 1o kvek ol non-CF cdk
The relevanc of NF-xH and AP-1 in negulating [L-8 promoler ransen plons activily was demonsiraled by gene peporler asays(n =4,
p=R5x1077, mdn =4, p=645x 107%. Ourdats support the anti-mflanmstory effects of AZM i CF celk, indicating inhibdton of
iramseriplion of pro-milammatory penes 2 posdble mechamian, thus providme & rationale for the postible use of spedfic TF inhibitors

Tort Uty
@ 2006 Elasaer Ine. All mghis reservid.

Kepworde Cystic fivroms; Azsthrammyvei; [L-5; NP« B; AP0

Them are increasing evidences from clinical triak about
heneficial effacts of the macralide azithromycin { AZM] in
cyatic fibross {CF) patientz [ 1] Properties relevant for ther-
apy of CF other than bactericidal activity have heen pro-
posed  for s macmlide, inchiding efects on ion
tramsport, tight junctions, hacterial growth, vindence fac-
tors, and inflammation [2-6],

Progresive lung damage in CF is a consequence of exag-
gerated and clronic pro-inflammatory processes which are
comsiderad intrinsic in this dizorder [T-9]. The hasal inflam-
matory imbalanee comtributes to develop severs mucosal
damage, paving the way for hacterial colonization [ 18]

AZM has been reported to ameliorate airway infamma-
tion in CF patients [11].

Ani-inflammatory activity as well as modulation of
Poewdomonas  aerupimoga  (Pa) vimlence factors were
suggestad as mechanisms for the beneficial efects since

* Corresponding mihor. Fax: +19 (48 207N
Email addrer s paa hme kot iiiiEhern 1 (P Melatti).

G- 290N - s fromd matier © 2006 Elsmvier Tmc. Al nights reserved
0. 100 &4 it 006 09112

macrolides were helow the minimum inhibitary concenira-
tion raguired for anti-hacterial activity versus Pa and inde-
pendent of Pa infaction [12],

It has bezn reported that AZM i capable of reducing
IL-# serum kevels in healthy human subjects [13] and TL-8
in masal polyps [14].

It iz comtroversial whether inflammation is constitutive
or is 3 response o infection in CF. There am evidences
about exaggerated constitutive activation of the transcrip-
tion factor { TE) nuclear factor kB (MF-kB) in CF [15,16]
Activating Protein 1 {AP-1) and NF-xB are known 1o be
imvalved in activating the tramscription of many pro-
inflammateory molscules [17] including T0-2, the major
palymomphomclear chemokine in the hng. AZM down-
regulates activation of both these factors im human
vascular smooih muscle cells [18]

In this study we have investigated the ability of AZM 1o
regulate the constitutive TL-# expression in CF bronchial
epithelial cells as well as the activation of TF relevant
for its transcription such as NF-kB and AP-1.
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Mlaterials and methods

Cell cofrpres, 1GHBEI40-A5Y and [6HBEI40-51 cells (omd gift of P
Davis, Case Western Reserve Uinversity School of Medicne, {leveland,
OH), with CF and non-{F phenotypes 19, were coltored m E-MEM
supplemenied with 100G fetal hovine serom mthe preence of the selective
agent GdlE 300 yaiml BSigma, 5t Loms, MO| on coated sorfices as
previomsly descrined [19]. The passage numbers of cells ranged from 15 to
37 for WGHBE4o-ASY and from 27 to 44 for IEHBEId0S1. The remuls
werne confirmed ot different cell passages.

Drep peamamr. In dhe presence of AZM (Plizer, Roma, Ttaly) or
josammycmn § J ) { Yamanouch, Tokyo, Japan| for 3 b at £ pug'ml the cell
vahility was »2%4% as determomed by Trypan e excloson st while ai
higher comoemtratons starting from 16 pgiml the viatality was <936

Herial dibmtions (0, 0L12E, 0.5, 2 and & pgiml) of the macralides were
utlzed m dose respornme apermmen s These concen trations ane corsstent
with those descrihed m longs of patents dreated with AZM [20]

T and ICA M mB8NA guamifisarion. The real-tme quaninatve FOR
(qPCR) was performed to guantify [L-8 and [CAM-l tanscnps. Total
RMA was isalated nsmg High Pare RMNA Isolation K ( Roche, Mannhemn,
Germarny). Reverss {rarecription was performed wath High Capactty cOMA
Archive Kot (Apphed Bosysiems, Foster City, CA) and randam primers, m
a fotal valime of 1060 ul, falkwing the manmmfciarer’s msrootions.

The cOMA (2 ul) was ampkfied usng Ge Platnom™ SYER™ Gree
gPR Superhix-U0G (Inirogen, Grand Island, NY) @ the ABL Prsm
ET00 sequence detection system. The Promer Express 5o ftware (Appliad
Biceystems, Foster City, ©A) was med to select the specfic primers.
Prioner sets (Sigme-Genosys, 31 Lows, MO, TSA] are shownin Tahle 1
The FCR thermal protocal corssted of 2mm ot 5050, & denaturation
stepat 25 0 for 2 min folboead by S0 cyvces of & 15 5 95 0 denatoration
step and a W5 anmeaingfeiensmon step ot &0 %0 The realdime gPCRs
werne perfarmed m dupbcate for haoth farget and normalzer gene.

Relative quanificaton of gene expresmon was performed nsmg the
comparative fireshold (Cyf method as decnbed by the manmfac torers
User Balletin 2 (A pplied Bisystems, Poster City, DA ) Changes m mBEMA
expresaon bevel were caloulated fallowing normal zation 1o GAFDH. The
raiios oviamed fallowm g normalzation were mpresed as folds of change
aver mnireated samples.

TLA pecrerion amalysy, [L-8 secretion was defermined i supernatents
callacted fram the cell coltures ahove descrifed by Encyme Amplfied
Senmtvity [mmnmmoassay nang te [LE EASIA Bt Bosoone Camarnila,
CA) accordimg o the mamfactorers instrctons. Measoremends wene
perfarmed 2t least in doplcate. Valos were normalzed to 00F cells.

treme reporter studies, We miilzed reporier vectors in which fhe prox-
mal regeem of [L-8 promater mchiding wild fvpe or omtated MFxB ar
AP hinding stes & driving e flociferase gene (ond gifts of Dr. AR
Brasier, University of Texas Medcal Branch, Galveston, TX) [21]

IEHBE4a-A8Y cells were tranmenily co-transfected waing FUSGE ME
{Roche, Mannhem, Germany) with 2 reporier and 2 f-galactomdase
expresang vectar, niillized for normalzation of transecion dficiency. The
day after the {rarsfecton, the medmm was replaced and 24 b later the cells
werne harvested. Lucferase acinily was defermined nsmg the Lucieras:
Assay Svstem (Promege, Madmon, W) accordmg to the manofactoner’s
mFlrocbars.

Experiments were performed m inphoate. Lucderase actvity m
mger fless wotor transfected cells was almost mdetectahle.

Transeriprion facrors ganpry assgps. DA mding activity of MFP-xB
and APl was measored by mult-well colarmetnc ssays (2] in noclar
extracts namg TrarsA M kts (Actne Motd, Rmersart, Belgiom) and
Mencory Transfactor Profile kot (Clontech, Mommtam View, Caldomia),
respectvely, according to ihe mamfctner's mstroctions.

Srapsneal gealysr, Statstical calmlations and fests were performed
usng Stodent’s 1 test. The Emi of statstical sgnificance was defimed as
oo 008 Data were expressed as means and standard deviatiom (310

Resulis
Regulaion of TL-8 mRNA

We analyzed the basal kevels of IL-f mBNA in the
IEHBE140- A5 3 cell ling with CF phenotype and in the izo-
genic 16HEE 140-5]1 non-CF cells in arder to assess the spe-
cific constitutive pro-inflammatory state of CF airway
epithelial cells.

CF oells express higher level of TL-8 mBMN A than iso-
genic non-CF celk (k="7, p =0024) (Fig. lA). We then
investigated whether ALM was able to reduce this differen-
tial expression. In order to  address this guestion
IGHBE140-AS3 were incubated in the presence of AZM
far 24 h at sub-inhibitory concentrations [23].

We found that # pe/ml AZM specifically reduced the IL-
E mRMA to these detected in the 16HEEI40-81 non-CF
cell line, almest abolishing the diferential expression
observed between the isogenic cells (n=% p=002)
{Fig. 1A} lower concentmations redused the kevels of TL-#
tmnscript without statistically  significant  effzcts  (not
shown), After 6h of incubation with AZM we detected
2% of inhibition of TL-8 mBNA expression (not shown)
which was not statistically significant. The basal IL-#
expression i non-CF oells & not significantly afected by
the macrolide (data not shown ), In order to assess the spec-
ificity of the efect of AZM we wtilized another macrolide,
Ihl, which has heen deseribed to be lacking clinical anti-in-
flammatory efects, This mokcul did not significantly reg-
ulate expression of IL-# mBEMNA (k= 4, p=0.07) (Fig. 1A).

In order to establish whetler IL-8 was a spacific target
of AZM, the expression of another pro-inflammatory maol-
eculke was analysed. We found that ICAM-1 mBMA
expression was not significantly affected by ALM (n= 6,
p =045} nor was it significantly different between CF
and non-CF sogenic cells (r=35, p =011} {Fig. 1B}

Tahlke |

Real-tme qFCR primer sequences

Primer Sequence | £-17) Accemmon Ma. nkd
IL &F GACCACACTGOGOCA ACA AFIESEEE T 15
IL &R GUTCTCTTOCA TCAGAAA GTT ACATAATTT 15
[CAM-1-F TATGGCAACGACTOCTTOTON D] 15
[CAM-1-R CTCTGOGGT CACACTGACTGA 15
GAFDH-F GTGOAGTOCACTGROGTOTT LT 15
GAPDH-R GEAAATGAGOCCAGOCTTC 15
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Fig. . Effects of AZM om TL-2 and [CA M1 mEMA kel Constiutve epresson of TLE (A) and ICAM- mRNA (B m IEHBEEl40-31 (non-CF) cells
and isogemc |GHBEI40-A53 cells ({F ) cells mnireated and afier ireatments with AZM or JM for 24 h. Total RMA was extracied and retrotraneerhed
The vahoes of transc ripts levels are hased om real-time gPCHR amabvsis as descrited i Mmternials and methiods. The valoes represent expresson levels relative
to mntreated [SHEEI4o-ASY (mears = 5D} Experments were performed at least foor Smes

Remidation of TE-8 secretion

We analyzed the sacretion of IL-# in the same experi-
mental conditions describad above, The protein levels of
IL-8 were also specifically decreased of abouwt 50% in CF
oell in the presence of AZM at & pg/ml for 24 b (w= 4,
p=000010, appmozimately to the levels constitutively
detected in the isognic non-CF oell linel 16HBE 1 40-51
in=3, p= 0017 (Fig. 2. Lower concentrations of AWM
did not exent statistically significant efects (not shown),
The bazal IL-8 expression in non-CF celk & not significant-
ly affectad by the macrmolide {data not shown), I did not
significantly affect IL-8 secretion (r =4, p= (L88) (Fig. 2).

Regmdation of transerplion facior ety

We investigated the role of MNF-kB and AP-1 in the reg-

ulation of IL-E promoter transcriptional activity in
140
hl{-ﬂ!lh—sl -
Im_l:lm:m-.u: -
i EHEE - A5 AN
i H R e A5 T
1005
E 2 prll 0
= Am3
w0
&I
-
40
200
o

nea-CF CF CF+ATM  CF4M

Fig. L. Regulation of [L-8 secretom bty AZM. [LE protem bvels were
detected i sopernatants of colores m the same conditions descrihed @
Fig. I. Aralyss was performed by ELISA as descnibed m Materials and
methods. The valoes correspomd to meamns = 300, Eaperments werne
perdformed at least four Emes

IGHBE 140-A53 cells wtilizing mporier vectors including
wild type or mutatad NF-kB ar AP-1 hinding sites in the
proximal region of IL-8 promater.

In the presence of mutated NF-kB or AP-1 binding sites
the transcriptional activity of the proximal region of TL-#
promater was ﬂmnglx inhibited in 16HBEl40-A83 celk
=4, p=854=10"" and p=645x 10 respectivel i
{Fig. 3). These results indicate that both TFs play impor-
tant rales in the regulation of TL-8 promaoter transcription-
al activity in our CF maodel,

Hince we have found that AXM decreases IL-8 mBEMNA
and protein expression we addressed the question whether
this macrolide affects the activity of these tramscription fac-
tors in IEHBE140-A53 cells. We determined the DMNA

140
Bwild iype
126 1 =i mex HF-ILE
. Eimex AP-1
E 11063 4 Omx NFkR
%
wu 404
g
]
= G0
|+
-
= 404
200
G

Fig 3. Relmvance of WF-xB and APl hinding for tramseeriptional actvity
of [L-Z promater. The acinvity of ILE wild type promoier was comparned
to that detectad m ihe presence of molzted NPl AL ar MFIL&
himding =mfes. Lociferase actvity normebzed to fpalciomdase was
detected by gene reported stndies performed as descrihed in Materalk
and methods Valees imeans =350) on the p axs are spresed os
perceniages of the normabized acinity measored m [6HBE Mo-A S cells
tramsfectad with the wild-iype gene reporter constroct. Exper ments were
performed four times
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Fig. 4. Bffects of AFM an DMA hinding actvity of MFaB and AP-1. DNA fndng actndy of NF-xB pi8 (A) and AP-1 cqjun (B} was measoned as
reporied m Maernak and methods m VGHBEEl40-8 1 inon<CF, calimn with horzonial knes) cells and sogemc 16HBE40-AZY (CF) cells mitreated (while
colamm | and after treatments wath AZM (colommn with sqoeres) or JM (colomn wath vertcal Enes) for 24 b Wales on they axs are expressed as

means = S0 obtamed by three experiments.

hinding activity of the NF-xB p&3 subunit and of the AP-1
c-jun subunit following treatment of CF celk with AZM
for 24h. AZM reduced NF-kB DMNA binding of 5%
(=73, p=0.010 (Fig. 4A) and AP-1 DMA hinding of
e (r=3, p=0.0ENT) (Fig. 4B} in I6HBEI4+-AS3,
almost neutralizing these TF:' differential DINA hinding
hetwoen CF and non-CF cells (v=3, p=0102 and
p = (003 respectively for MF-«B and AP-13(Fig. 4). Similar
results for both TF: were obtained following & h of toeat-
ment with AZM (Fig. 4). IM did not regulate DMNA hind-
ing activity of these TF {not shown), suggesting a spacific
ahility of the macrolide AZM to regulate the activity of
MF-kB and AP-1. FosB DMA hinding activity was not sig-
nificantly affected by ALZM (not shown), indicating that
MEF-kB and AP-1 are specific targets of AZM.

Discussion

Movel strategies for treatment of lung inflammation are
requirad sinee no satisfactory anti-inflammatory treatment
iz availahle at present for clinical we in CF [24)].

Accumulation of mistrafficked CFTR, the C1™ channszl
mutated in CF, as well as defective glutathione transport,
leading to exaggeratad oxidative stress, have been propossd
as possible mechanims of WF-kB activation in CF [215]
determining over-expression of 1L-8,

The clinical efficacy of ALM is widely acceptad [1]. Mon-
bactericidal effects relevant for thempy of CF have heen
suggested for AZM [2-46]

Anti-inflammatory activity of AZM ssems to have been
less investigated than those of 14-membered macrolides
such as erythromycin and clanthromycin [26]. In mice
ALM reduced the kevels of keratinocyie-derived chemokineg
and hlocked the newtrophils’ recruitment in Pa endobron-
chial infection [27] Airways of CF patients are character-
ized by both chronic inflammation and Pa colomzation
and themfore long-tzrm AZM therapy could he promising
for limiting the severe lung damage in CF.

I this study we investigated the ability of this macrolide
to reduce the expression of the pro-inflammatory chemo-
kine IL-# in CF airway epithelial celk and regulation of
TFs as possible mechanisms of ant-inflammatory efects,
We ohserved a constitutively higher expression of 1L-8 as
well as MF-kB and AP-1 activation in 16HEEl40-AS3
comparad with izogenic non-CF celk,

Ohur results are consistent with higher activation of NF-
kKB in CF wersw non-CF cells previowsly described [728-
31].

The ohszrvation that AP-1 DMNA binding & increased in
CF cells compared with non-CF cells suggests another
mechanism to explain a constitutive pro-infammatory
state in CF bronchial epithelial cells.

IL-# differental expression and secretion betweesn CF
and non-CF bronchial epithelial cells could represent rele-
vant thempeutic targets for AZM in CF airways as in this
waork they are almost abolished by treatment with this mac-
rolide but are unafected by JM. Instead, ICAM-1 mBEMNA
expression was not significantly aflscted by hoth macoo-
lides indicating that we have identifiad a spacific effect.

Among CF patientshigh variahility in the response to the
drug has been reportad and genatic factors have baen inwves-
tigated in this regard [33] Conmtradictory results about the
gfizets of macrolides on inflammation have been reported
by several avthor and could bedue tothe choice of the cell
madel, Our experimental model has been approprate for
reproducing anti-inflammatory effects of AZM described
inowive [27,34], Onthe contrary in primary airway cell cul-
tures pro-inflammatory effzcts have boen described [35],

ALM is receiving incmasing interest for its therapeutic
henefits in the treatment of CF. Equi ¢t al. reported prom-
izing climcal effzcts without significant changes of IL-# and
neutrophil elastase levels in sputa of CF patients following
tmeatment with AZM [36], However owr results are consis-
tent with the raduction of IL-# release described after lung
tmnsplantation, supporting anti-inflammatory  properties
of this macralide [37-40].
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The molecular hasis of this efect has boen more thor-
oughly investigated. Since we found that AZM decreases
IL-8mBEMNA and protein expression we investigatad the rel-
evance of both tramscription factors in the regulation of TL-
# tramscrniption, The finding that in the presence of mutated
MNF-xBor AP-1 hinding sites the tramsenptional activity of
the proximal region of IL- promoter & strongly inhibited
indicates that WF-kB and AP-]1 play important roles in reg-
ulating IL-# tmnscription in CF airway epithelial cells,
Furthermore we determinsd the capahility of AZM in
inhibiting the activity of both TFs suggesting a wide pat-
tern of possible other targets of this macrolide. In fact,
MF-kB and AP-1 mgulate the expression of a large variety
of genes invalved in the inflammatory process [1741].

Thizs sudy shows the ability of AZM to regulate MF-xB
and AP-1 activity providing possible mechanisms of inhihi-
tion of TL-# expression in CF cells. Our results suggest nov-
2] mechanisms for therapsutic anti-inflammatory effects of
AZM in CF, improving the mtionale for its uwse for
therapy.
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Azithromycin Selectively Reduces Tumor Necrosis Factor Alpha Levels

in Cystic Fibrosis Airway Epithelial Cells”

Cristina Cigana, Baroukh Maurice Assael, and Faola Melotti*
Cywic Fibrosis Cewter, Axvienda Qupedalier ai Verona, Verowa, fak
Rexeived 12 Sepiember 2 Retummed for medification 23 Oceober 2006/ &ccepied 26 December 2006

Agithronmycin (AZM) ameliorates lung fomction in cysde fibrosis (CF) patients. This macrolids has heen sng-
gested 10 have anti-infammaiory properties as well as other sffects 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 16HBE 14o-
S0 airmay epithelial cell lines to investigaie whether AZM could reduce tumar necrosis factor alpha (THF-o
mBEMA and protein levels by real-time quantitadvwe PCR analysis and an engyme-linksd immnmosorhent assay
{EL1SA), respectively. We studied the effecis on the IINA binding of NF-«B and specificity protein 1 (5pl) by an
ELI=A. Non-CF cells express significantly lower THF-c mBENA and protein levels than an isogenic CF cell line. In
CF calls, A&M treamment causes a 30% reducton of TNF-e mBEMNA levels (F = 005) and a 455 decrease in TSF-o
sacretion (P < 0L05), reaching appreximately the levels of the untresied isogenic non-CF calls. In CF cells, NF-acl
and Spl DMA hinding activities were also significanily decreased (abont 45 and 8%, respectively; P = (U05) afier
ATM treatment. Josanwein, a macrolide lacking clinically described antd-inflammacory effects, was inefective,
Finally, AZM did not alter the mBENA sxpression levels of interlenkin-6, a ]m:uuﬂumum:-n' maleenle not differ-
entially expressed in CF and isogenic non-CF cells. The results of our study support the anti-inflammatory activites
of this macrolide, since we show that AFM reduced the levels of TNF-x and propose inhibitions of NF-<B and Spl

[¥A binding as possible mechanisms of this effect

Cystic fibrosis (CF) & cansed by omrations in the oystic
fibrosis tratemembrane conductance regolator (CFTR) gene
encoding a traremembrane chloride channel.

Meurrophil-dominated inflammation & a hallmark of the
airway diease in CF. Unconiolled release of nentrophilic
cyiotonic contents leads 1o mucus hypersecration and proges-
ave lung damage, ultimately contributing to morbidicy and
mortality in CF patients.

It remains controversial as 1o whether there is an inteinsic
hypesnflammatory state arging directly from a lack of a func-
ticnal CFTR (10, 24). The hypothesis of primary inflammation
preceding detectable infection & tased first on clinical obeeea-
tions of inflammation in CF necnates and young children (25, 34)
bt also on experimental reporis (12, 400 Oiher evidences sggest
that CF aipway infammarory response 1o infectious agenis is
exaggerated andior prolonged (33 CF patienis have been shown
v exhibit larger amounts of nenrophik and inerleukin-8 (TL-8)
in bronchoalveclar lavage Aoid than non-CF subjects in response
i similar levels of infection (28). Forthermorme, CF airway epi-
thelial celdl lines produced larger quantities of IL-8 than CFTR-
comected celk in mesporse 10 [L-1F and momor necrosis facior
alpha (THNF-x) {1, £3) ard to bacterial stimulaticn (16, £3).

Clinical studies have shown that maceolides have beneficial
effects on long funcrion in CF patients {18, 36). CF patients
vreated with azithsomycin (AFM) experienced improvement
in the viscoelasticity of the spurom (4), decreased content of
mmcoid Psendowsones semugdacra i spoiom samples (19, a
dacline in the mumber of pulmonary exacerbations (30, 35),

* Corresponding author. Mailing address: Cystic Fibresis Center-
Arzienda Ospedaliera di Vercna, piazzale Stefani, 1-37126 Yerona,
[taly. Phone: 3% M5 8123419, Fax: 39 045 8122042, E-mail: pacla
ruel-:hu:ll‘ﬁ_ AP VAL

¥ Published ahead of print on 2 January 3007,

and significant increases in respifatory function parameters
snch as FEV1 (forced expiratory volome in 1 second) and FWC
iforced wital capaciny) (19, 30, 35).

High comcentrations of THF-a (& 43), a proirdlammatory
cytoking able o induce the production of secondary mediarors
by epithelial cells, including cywkines (e.g., IL-8), have been
cbserved in CF airway fluids.

The aim of this work was to evaloate whether AZM could
reduce THE-a levels in CF cells and whether CF cells express
larger amouiis of this cyrokine than non-CF cells. Finally, we
imveatigated the molecolar mechanisms of AZM effecis on
thess cells by studying the trarscriptional activities of NF-cB
and specificity protein 1 (Sp1) transcription factors before and
after incubation with AZM, as both of thess proteins ame in-
volved in the megulation of THF-x gene expression.

MATERLALS ANTY METHOINS

Cell culmres, 183-1 and (sogenk C38 cells, wich CF and non-CF phenocypes,
respectively, chaained from P Zeklin (Johns Hopkine Unlvershty, MDY (£5),
wers grown In LEC-E madivm (Bloscurce, Rockvilz, MD) supplamemed with
5% fenal boving serum (FBS) (Cambeex Bo Sclencs, Vervize, Belgiom). TB3-1
cells wene dedved Erom che bronchial sphbelium of 3 OF pagem, and the
Bogenk: rescusd C3Ecell linss expras o plismid-zncoded Tuncionsl CFTR (£5).

16HEEI40- A5 and the ogenic 18HEEL&c- 51 ozl lings, with CF snd
noA-CF phenocypes, respectively 225, obaimed from F. Do {Case Westeen
Resepre University, OH), were grown In Eagle’s minlmal esszoilal medum
[Cambrex Bio Soence | supplmenczd with 10% FES, 1% 1-gluaming [(Cambrex
Ein Science), and 008% GELE sulaes { Calbicchem, CW BEosciznces, La Jolla,
CA). IEHEE 180 A5 cells lack CFTR expeession following crammds coion wich an
amiszns: CFTR sexquence, whils ogenlo ISHEELSc- E1 cz(ls cranedzcozd with a
seme CFTER saquencs @xpesss wildayps CFTR (323

The CF cdl ¥og 2OFEMES, 2 Hod gift of D. Gruenen (Universiy of Cali-
Toria) (13), wis deneed from submucosal crchzobronchial glands of & CF
patlent and geown in Esgle's mimmal ssencil medium supplzmemed with 10%
FES and 1% 1-ghraminz,

Epith=lial respleavosy cell lnes were cuhuesd @0 37°C in o humidfed aome-
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TABLE 1. Frimer sequences uiilized in the quantitative PCR analvas

s Primem Spquencs (5'—2") Aucossshon no. m::;u?:;‘ﬂ
THE-x gens 3. GGACCTCTCTCTAATCAGCCOCTC M_ee055d 15
By TOGAGAAGATGATCTGACTGCT 5
[L4 gene ¥ COGTACATCCTOGACGGE ol L] ¥}
RY CTTGTTACATGTCTCCTTTCTICAGS 450
GAPDH gene 3. GTGGAGTCCACTGGOGTCTT Iudnza 5
B GCAAATGAGCOCAGCCTTC 150

= FW, forwand; W, revems,

sphire with 5% 00, Cells wers se2ded In 3 concencrnion of L5 = 107 csllyom?,
and aher 14 b, they weee expossd vo up 1o B pgml AZM (Fiimsr, Taly | andfor
jesumyoin (IM; Yamanouchl Phommacemical, Jopan) for 24 h. Thes: conceni-
thrre, which ars in che sub BIT rangs Tor P aesgpion, ar: constsient with those
obsseved in lungs of pacieme crearsd with AZM (17, 23).

In the peesence of & pgiml AZM for 24 h, cell vhabili we =059, m deier
mingd by o crypan blue exchelon 1em, whilz at higher coocencrilons sianing
from 16 pgimi, wiahily was <255,
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Sepial diliwkers (0, 0.125, 05, 2 and 2 pg'ml) of che macralices wees uclized
In doss-respons: expeeimens We obseresd no sonisicaly significsm =fs015 on
THF-« sxpessiion after wrenimenr whh AZM concemrackons kower chan 2 g jml
(data not shownl

FRUA Isodmikon, cuanihodon, ned rovers o onesripion. Cslk wees psss Tocsl
EMA was eroesd with 3 1ol RNA bolulonlat (Roche, Gemmany§ and comesmed
1o e DA sl n Wgh-copeity cOMA archive kh Applied Blosymsma). The peo-
tioal mbxuee was ihen incubarsd g1 25°C for 10 min and @ 37C o 1 h.

TEHE He- 51 wascand 1
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FlG. 1. THF- mENA expresson. Expresson of THF-o mENA in (A) non-CF C34 celb and an isogenic CF [B3-1 cell line, (B} non-CF
16HEEl 40- 51 cells and an Bogenic CF 1i6HBE 140- 453 cell line, and {C) 2OFSMEa- cells at a constimtive level and after ireatmeni with AZM.
Trotal BNA vas extracted and retrotranscribed. The values of THF.a mBEMNA are based on real-time PCR analysis The values represent the
expression levels relative 1o those of untreated (A) [B3-1, (B) 16HBE140- AS3, and (C) 20F5MEBc- cells (means = SI¥). The experiment wos

repeated five times, +, P < O.06; «=, P <0 001 #== P < D00L
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FIG. 2 IL-6 mPMNA expression. Expression of IL-6 mBEMNA in (4 ) non-CF C38 cells and an isogenic CF 1B3-1 cell line, {B) non-CF 16HBE 40-
51 cells and an isogenic CF 16HBEE]L 40 AS3 cell line, and (C) 2CFSMEo- celk at a congtitutive level and afier treatment with AZM. Total EMA
was extracied and retroiranscribed. The values of L& mPMA are based on real-time PCE analysis. The values represent the expresson levels
relative (o those of untreatsd (A IB3-1, (B) 16HBE140- AS3, and (C) 2CFEMEo- cells (means = S0 The experiment was repeated five timmes.

FRLA quancificmilon. Belnly: quantificaion of gens exprasion was paefoemsd
by e=abime quanticstive POR analysis o desceibed by the manufsciuese (Ap-
plied Bicsymems Ussr Bullzon 23, The cDNA (2 ol was amplifed using Flag-
mim SYER gresn quangculy: PR supsmix-UDG [lovemgen, Grand [sland,
MY in rhe ABL Prism 5 0052 quence deection spnem. Pamer Expess: Solrwar:
(Applied Biosysoema) was used 10 selecn che specific peimer. The prAmer se1s
|Sigma-Geaoys, 5L Lok, MOG o showna in Table 1 The PCR themal peo-
tocod ponsbiesd of Zmin ar 50°C, @ denacurmion seep ar 35°C for 2 min, followsd
by Hcpcles ol a 155 25" Cdenamracion siep, and 3 305 snns aling sxierelon sesp
m EX'C. The eeabime PORe weps preformed in Suplicas Tor both caeger and
ncemalizer genes. Changes in mEMNA expression Level wers caloulacsd following
mommalizannn e GAPDH ¢ ghye eraldebyde-1-pheaphane . The degres of vaelsion of
the 1aeget genenommakzer g2os rakcs in the spepmems wis b2 thin 5% b exch
ol Kne. Resuls were sxprested a5 mesrs = sandsed deviarons (500).

Profoin quancificackn. THE - secreilon (0 supEmamts from che cell culiuess
Senenhed ahovs was Ssemminsd by an sncpme-amplifed sennuviiny immunoa-
sary using & THF-n EASLA kit [Bender MedSyiosme, Ausaa) aooording to te
manulaccirers inerooons. The Hmic of deescion was 282 peiml. Menure-
mams were paefommed o leme in duplicoe Valuss were nomalled o 1o cells;
reaulis wers gxpreased 35 meae = S0,

DA bindlog ecdviy smdles. DA Wading acciehies of NF-<B and 5pl in
miclear 20 race were memursd wing TeansAM kit (Acches Mocif, Beigiom) and
a Mezecury TramFacror profiling kb (Clomech), respectively, sccordng oo the
manulicrurers’ insieuciome, Measuremems wers perfermed ar leas in doplicas;
reaulis wers expresed 35 meam = S0,

Sml=kal nmlysk. Siathcical caloulaions ind wse weee pedfoemed wing the
Frizdman 1est for companson berween noa-CF and CF czlls and the Mam-

whimey U rest for che evaluation of cremments with msceclides of the CF ozl
¥ne.

The limh of sanisical sipnificance was S2Ansd a8 8 Pyalue of =006, All dxim
ware exprased 15 means = 50

RESULTS

Fegulation of THF-c mBNA expression by ALM irearmeni.
[ this srudy, first of all, we measured the expression levels of
the THF-x gene. All cell lines constitutively expressad THF-u
mBMA; however, the level of basal expression in CF cells was
significantly higher than in isogenic non-CF calls (Fig. 1. We
confirmed this differential THF-o expression by using cells at
different passages as well a8 after % b from sadimentation
{data not shown ). Following exposure of CF cell lines o 8 pg
of AN for 22 b, we found that this macrolide redoced THF-x
mBMA levels of aboot 23% and 25% in IB3-1 and 16 HEE140-
ASY cells, mspectively (m = 5 F < 001} (Fig 1A and H),
approwimataly to the levels of untreated isogenic non-CF cells
38 and 16HBE1£0- 51, respectively. A 30% meduction of
THF-2 mBEMA levels was detected in 2CFSMEo- cells after
AFM treatment (m = 5; P < 005) (Fig. 1C). The macealide
IM, known 1o lack clinical ant-inflammatory properties, had
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FIG. 3. THE-z protein releass. Secretion of THFa in {A) non-CF C38 cell and an isogenic OF 1B3.1 cell line, (B) non-CF 16HEE14a. 51
cells and an isogenic CF 16HBE14 o- AS3 cell line, and (C) 2CFSMEo- cellk at a constitutive level and after treatment with AZM and JAM. THF-x
prodein levels were meamred by a commercial enzyme-linked immunosorbent assay kit. The values repressnt the sscretion levels relative to those
of unireared (A [B3.1, (B} 14HBEL 40 AS3, and (C) 2CFSMEc- cells (means = 500 The experiment was repeated thres times, * P < 005 «#,

P <01

o significant efects on THF-c mBMA expression in all cedl
lines jdara not shown).

Effecis of AZM itreatment on IL-6 mHENA expression. In
tepms of [L-6 mPMA expression. we found no statistically
sgnificant differences bemween CF call lines and iscgenic
non-CF calls (Fig. 2). We then exposed CF call lines 1o 8 pgof
AFM for 24 b AZM had no stavistically significant effects on [L-6
mPNA expression in IB31, 16HBE14e- AS3, and 2CFSMED-
cells (Fig. 24, B, and T, respecialy).

Fegulation of TNF-c protein levels by AZM irearment. W
confirmed the higher THF-2 expression in CF cells than in
iscgenic non-CF calk at the protein level (Fig. 3). Treatment
with & pg of AFM was effective in reducing THF-« protein
lewels of £5% and 509 in TB3-1 and 16HBE1do- AS3 cells
treated for 24 b, pespectively in = 3 P < 005 (Fig. 2A and B,
i the levels of unitreated Eogenic non-CF cells. Furthermore
ATM reduced THF-w protein expression of 40% in 2CFSMEo-
cells (m = 3 P = 005 (Fig. 3C).

Effecis of AXM on NF-xlf IINA hinding activity. We found
that [B31 and 16HBE1£0- AS3 cells showed mwolbcld-higher
comstitutive MF-xB DMA binding levels than Eogenic non-CF

call lines C38 and 16HBE14o0- 51 (o = 3 P = 001 and P =
005, mapectively) (Fig 2A). Following exposure of CF call
lines o & pgiml AZM for 24 b, NF-xB DNA binding activity in
[B3-1 and 16HEE1Lo- AS3 cells was medoced from £09% and
450, pespectively, neardy to the levels of untreated C38 and
16HBE140- 51 cells. A £5% reduction of MF-«B DN A binding
activiry was detected in 2CFSMEo- calls afier AZM trearment
i = 3; P = 0005) {Fig. £B). Furthesmone, JM had no efects on
NF-«B DNA binding activity (data not shown).

Effecis of AZM on Spl DMA binding activity. We decided o
evalnate whether AZM could affect the levels of Sp1 DMA
binding. We did not detect statistically significant differences
in the constitutive 5p1 DMA binding levels in IB31 and
16HBE1do- AS3 calls versus those of isogenic non-CF cell
lines C38 and 16HBE14o- 51, respectively, as shown in Fig. 3A.
Afer 22 hoof teatment with & pg of AZM, 60%, 625, and
£5%% Spl DMA binding activity reducticns were detected in
[B3-1, 16HBE 140~ AS3, and 2CFSMEc- cells, respectively (n =
AP =001, P =001, and P < 0065, respectively) (Fig. 5B). IM
was alzo not effective on Spl DMA binding activity (dama not
showr|.
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FIG. 4 DMA binding of NF-kB. (A} Corsiitive binding 1o the DNA of NE.kB in non-CF 38 celk and an sogenic CF [B3-1 cell lime and
in nan-CF 16HBELL o 51 cells and an isogenic CF 16HBE14a- AS3 call line. (B Effect of the treatment with AFM on the DN A binding of NF.xB
in CF cells {[B3-1. 16HEE140. AS3, and 2CFSMEo.y ME.kB DMA binding acivity was analyzed vang a comemercial kit following the
marufacturer’s instnetiors. The experiment was repeaved thres times (means = S0, « P < 0.05; «0, P < 001 OD, optical density.

DISCUSSION

Crefective expression of function of the CFTR channel in
airway epithelial cells leads 1o persistent and overwhelming
infection and inflammation. Several studies indicate that in-
Aammaticn oocurs very eatly in the lungs of CF patienis and
often seems © precede clear sigre of infection (25, 32, 40).
Moreover, CTF airway inflammation may manifest as dispeo-
portionately increased or prolonged in melation to the level of
atimuli (1, 16, 28, 43, However, whether a dysregulation of
inlammation exists in CF patients is debated (2, 15).

Crata from literarore megarding AZM efecis on THFa ex-
pression are scamce and contradiceory, Although AZM has
been reported 10 mnhibit THF-= expression tath in vivo in
animal models and in vito (20, 21, in healthy human subjects
sarom THF-u protein concentration was unatected by a 24-h-
long rreacment with AFM (14). In this regard, the experimen-
tal model seems to be critical and, in partcular, differences
terween CF and non-CF models are relevani.
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[ this work, we first aimed to establish whether differential
exprassion of a relevant inflammarory marker such as THF-w
could be detected in our CF cell models since it plays a relevan
fale in the pathogenesis of CF. We showed not only that s
comatitutive expreasion was significantly higher in CF calls than
in isogenic non-CF cells at both mPNA and prowein levels bot
also that this finding was not dependent on cells’ passage or
period from sedimentation. Moreover, we found no differential
1L-6 mBMA expression berween CF and non-CF call lines. We
datermined that expositica o lpopolysacchande derived from
P eerugivosa for 24 h indoced higher expression of THF-x
mBMA in CF cells than in non-CF cells in oor models jdata
ot shown ), confiaming an exaggerated inflammatory responss
in CF cells in the presence as well in the absence of stiomli.

The association berween increased infammatcry markers
and CFTR mutations is, however, comitroversial. Aldallal et al.
i1y found higher I1-8 expression in CF cells than in non-CF
calls in cell line models bat not in primary coliores, revealing a

[T

| FITERCL

=4

g - e
I

1

LK EEER-AE KR

FIG. 5. DMA binding of Spl. { &) Constitutive binding to the DA of Spl in non-CF C33 cells and an isogenic CF 1B2-1 cell line ard in non-CF
16HBEL40- 51 cells and an isogenic CF 16HBE140. AS3 cell line. (B) Effect of the irsatment with AZM on the DNA hinding of Spl in CF cells
(IB3-1, 16HBE140- ASY and 2CFSMEo-). Spl DMA hinding activity was anohzed uwsing a commercial kit following the manofaciorer's
instructions. The experiment was repeated thres times {means = 50N, * P < 005 == F <2 00L O, oprical density.
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comsiderable variability in airway epithelial cell inflammation
amodg different individuals and cell models. Becker et al. {53
found no diferential [L-8 and [L-6 expression berseen CF and
mon-CF cell lines and primary coliumes, respectively. Thess
comtradictory sesuls could be due not only 1o the choics of the
cell model and its opigin bar also 1w diferent culmore condi-
tions Oor expenmental model consists of several fuman CF
call lines derived from different airway cell ypes, and wo of
them have been compared 1o their Eogenic non-CF call lines.
This experimental model was appropriate for reproducing the
anti-inflammatcry effects of AXM descabed in vivo (41, 457

Macrolide antibictics are meceiving increasing attention for
their possible therapeutic benefits in the teatment of CF.
ATM was chosen over other macrolides because of its ease of
administration and its accomulation in spuum and tissoes. lis
plasma half-life & corsiderably longer than those of other
macrolides. It also accummulates in akveclar macrophages,
which could represent a delivery wehicle to transporn it o
affected sites. Finally, the resnlis of several clinical trals {19,
30, 35) encourage clinicians o sobject CF patients to long-term
treatment with AZLM, although certain heterogeneity in the
resporEe has been reported. However, the mechanisms of its
efficacy ame =ill unclear. Clinical beneficial effects of AZM
might derive from the smengism of diferent effecis, incloding
inhibition of P serughecsa bacterial growth (20, 445, decreased
expression of bactenial vimlence factors (39, £4), modulation
of the inflammatory respoase (41), ion rarsport (31, and tight
juncrions (3.

We found that AZM redoced THF-o expresion at both
ranscript and protain levals in all of cor CF cell lines, bringing
it 1o the levels of unereated isogenic non-CF cells Conversaly,
[L-6& mBMNA expresion was nod significantly affected by AFM
rearment. Aswe found higher expression of THF-, but oot of
[L-&, in CF cells than in non-CF cells, we can speculate that
AFM may be effective wwands those proinflammarory mole-
cules induced in the constirotive inflammation. The specificity
of the results & warranted by the cbeerration that JM, a mac-
rolide known to lack clinical ant-inflammatory properties [38),
was ineffactiva.

The possibility that AZM may act at the transcriptional level
was tested by measuring the DNA binding activities of two
vranscription factors relevant in the regolation of the THF-o
geqe, MF-eB (27) and 5Spl1 (£2).

We found that in the presence of AZM, NF-xB DMA bind-
ing activity in CF call was reduced approximately o the levels
datected in isogenic non-CF celdls. Also, 5pl DMA binding was
reduced following treatment with AZM, while the activities of
this transcription facior were not significantly diferent in CF
and non-CF calls. Once again, the inhibitory effect was paculiar
1o ALK, as IM had no effect on MF-xB and 5p1 DMA binding
activities, Assays of transcription facioms binding 1o DHA do
ot rule out an effect on their activation. This approach has
been utilized in cader 1o establish whether NF-xB and 5p1
could be considesed targets of AZM potentially iovalved in the
regolation of THF-a tmnscripricn by this maceolide. We are
focusing on the ability of AXM o affect the activation of
MF-«B. 5pl, and AP-1 at different leveds (11, 12

Increased NF-«B activation in CF versns Eogenic non-CF
gpecimens was obaerved in several studies, both in the atsence
and in the presence of stimulation {9, 16, 22, £3) in different

ANTIMICROR. ACENTS (CHEMOTHER.

experimental models. Forthermore, our resulis afe consistent
with previcus smdies describing higher NF-«B activation in CF
calls than in non-CF calls in a cellular model utilized in this
amidy (16, £3).

Fuorthermore, it is of note that therapeutic inhivition of
MNF-«B has been proposed for the treament of infammatory
and immune diseases (7, 37). Decmeased levels of THF- and
IL-8, two MF-kxB-egulated genes, could seduce the recruit-
ment of neutrophils which ame considered mesponsible for ep-
ithelial damage in CF airways (41

5p1 can functicnally cooperate with NE-B 1o elicit maximal
promoter activation of inflammatory genes (26). Iovestigating
the effects of AFM on 5pl was considesed relevant, as this
transcription factor has been described 1o segulate several in-
flammatory genes, including the chemokine macrophage in-
flammatory protein-2, heparanase, and THF-a (42, and there-
fore, it inhibdtion could influence inflammatory responsas.
This approach was corsidered appropriate for investigating a
possible mechanism of regulaticn of TNF-a by AZM. Inhibid-
tion of 5p1 activity by AZM seems 1o be a novel effect of this
macralide.

At present, no satefaciory anti-inflammarory treatments are
available for clinical use in CF becamse of limited efficacy
and/or nndesired effects (6, 24). Therefore, the identification
of novel therapentic targets is mequired w© develop novel strat-
egies for the treatment of long inflammation in CF. Ouor results
indicate that the antibictic AZM has the features of an anti-
inflammatory drog and that MF-<B and 5pl vranscription fac-
tofs are relevant rargets whose inhibiton might contribuie w
ameliorate the excessive inflammatory resporse in CF.
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ABSTRACT

Induction of ATP Binding Cassette (ABC) proteins involved in the chloride transport has
been proposed as possible mechanism of beneficial effects of azithromycin (AZM) in cystic
fibrosis (CF) patients. This study focused on the effects of AZM on mRNA and protein
expression of Multidrug Resistance-associated Protein 1 (MRP1) and Multidrug Resistance
Protein 1 (MDR1) by real-time quantitative PCR, flow cytometry and gene reporter assays in
two CF and two isogenic non-CF airway epithelial cell lines. We detected higher levels of
MRPI and lower levels of MDR1 mRNA in CF versus non-CF cells while both proteins
were not differentially expressed. Following AZM treatment we found modest differences of
MRP1 and MDR1 mRNA expression while protein levels were unaffected. The ability of
AZM to regulate MRP1 promoter transcriptional activity was excluded by gene reporter

assays. Our data do not support the hypothesis of induction of ABC transporters by AZM.

Keywords: cystic fibrosis; azithromycin; MRP1; MDR1; ABC.
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INTRODUCTION

Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) gene which encodes for a cAMP-
regulated chloride channel.

Chronic airway inflammation and subsequent progressive lung damage characterise lung
dysfunction, the major cause of death in CF disease. CF patients, harbouring the same
mutations show, however, a wide range of disease severity. An explanation could come from
the presence of endogenous and/or exogenous factors which may complement CFTR
function (1). As CFTR belongs to the ATP Binding Cassette (ABC) transporter superfamily
and members of the same family share related functions, a functional complementation of
CFTR defect by other ABC proteins could be hypothesised (2). Several authors have
demonstrated a complementary pattern of CFTR and the Multidrug Resistance Protein 1
(MDR1) expression, suggesting a co-ordinated regulation of these genes (3,4). Among other
functions, MDR1 has been reported to play a role in the regulation of cell volume activated
chloride channels and to have chloride channel activity itself (5,6). Moreover MDRI is
involved in regulation of an ATP channel (7), as well as CFTR (8).

Long-term treatment with the macrolide antibiotic azithromycin (AZM) has been reported to
determine improvement of lung disease in CF patients (9-14), but the mechanisms of action
of this antibiotic are still undefined. Lallemand et al reported improvement in lung function
and clearance of Pseudomonas aeruginosa infection in a CF patient following chemotherapy
for a fibrosarcoma (2). Because cancer chemotherapy can induce overexpression of MRP
(Multidrug Resistance-associated Protein) and MDR, they hypothesised that CFTR could be
complemented by these close ABC proteins. MDR and MRP mRNAs were detected in nasal
epithelial cells of this patient but were absent in a CF patient never exposed to
chemotherapics. Therefore a functional complementation by these ABC transporters could
explain improvement in lung function in the reported case. Altschuler raised the hypothesis
that AZM could improve lung function in colonised P. aeruginosa CF patients by inducing
the expression of ABC transporters (15). This possibility was corroborated by Pradal et al
who studied the effects of 4 weeks of treatment with AZM in CF patients showing an
improvement of chloride transport associated to increased MRP1 mRNA expression (16).
MRP1 shares a close structural homology with CFTR (17). MRP1 is involved in the
regulation of chloride transport (18) and in the extrusion of glutathione-S conjugates (GSH).

GSH amount is decreased in the plasma and bronchoalveolar lavage fluid from CF patients
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and in the apical fluid from CF airway epithelial cells (19,20). Low levels of GSH may play
a critical role in the pathogenesis of CF by increasing the susceptibility of the airway to
oxidative damage during chronic inflammation. Furthermore cellular GSH deficiency is
related directly to activation of Nuclear Factor kB pathway (21,22), which has been already
reported to be exaggerated in CF (23).

In this study we aimed to investigate the expression of ABC members in CF cell lines and
their regulation by AZM as a possible mechanism of complementation of the CFTR defect in

CF.
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MATERIALS AND METHODS

Cell cultures. The parental IB3-1 cell line from the bronchial epithelium of a CF patient and
the isogenic non-CF C38 cell line were a kind gift from Pamela Zeitlin (Johns Hopkins
University, Baltimore, MD, USA); the non-CF isogenic cell line S9 was purchased from
LGC Promochem (Teddington, UK) (24,25). Cells were grown in LHC-8 media (Biosource,
Camarillo, CA, USA) supplemented with 5% foetal bovine serum (FBS) (Cambrex Bio
Science, Verviers, Belgium). The epithelial respiratory cell line 2CFSMEo- was obtained
from D. Gruenert (University of California, San Francisco, CA, USA) (26), and grown in
Eagle's MEM (Cambrex) supplemented with 10% FBS and 1% L-glutammine (Cambrex).
All cell lines were cultured at 37°C in a humidified atmosphere with 5% CO,. 24 h after
sedimentation, cells were exposed to 8 pg/ml AZM (Pfizer, Rome, Italy) for 1, 3, 7, 14 and
28 days. This concentration is consistent with those described in lungs of patients treated
with AZM (27). Lower concentrations were utilised obtaining similar results by flow-
cytometry. Moreover, in the presence of AZM at 8 pg/ml the cell viability was >95% as
determined by Tripan Blue exclusion test while at higher concentrations starting from 16
pg/ml the viability was <95%.

Real-time qPCR. Total RNA was extracted with the Total RNA Isolation kit (Roche,
Mannheim, Germany) and converted to cDNA using the High Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, CA, USA) and random primers, following the

manufacturers instructions.

The ¢cDNA was amplified using the Platinum® SYBR® Green gPCR SuperMix-UDG
(Invitrogen, Grand Island, NY, USA). Primer sets (Sigma-Genosys, St. Louis, MO, USA)
are shown in Table 1. The PCR thermal protocol 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 qPCR reactions were performed in
duplicates for both target and normaliser gene.

Relative quantification of gene expression was performed using the comparative threshold
(Ct) method as described by the manufacturer's User Bulletin 2 (Applied Biosystems).
Changes in mRNA expression level were calculated following normalisation to GAPDH.
The results obtained following normalisation were expressed as folds of change over
untreated samples.

Flow cytometry. Following fixation and permeabilization using the Cytofix/Cytoperm kit

(BD Biosciences Pharmingen, Palo Alto, CA, USA) according to the manufacturer’s

84



instructions, cells were stained with the phycoerythrin conjugated mouse monoclonal
antibody anti-MRP1 QCRL-1 (Santa Cruz Biotechnology, CA, USA); permeabilization was
assessed by staining of f—actin as cytoplasmic positive control. Previously the primary
mouse anti-MRP1 MRPm6 monoclonal antibody (MP Biomedicals, Irvine, CA, USA) and a
secondary phycoerythrin conjugated antibody were utilised with similar results. The
phycoerythrin conjugated mouse monoclonal antibody anti-MDRI1 from clone 17F9 (Santa
Cruz Biotechnology) was utilised for MDRI staining. Irrelevant isotypic phycoerythrin
conjugated antibodies were utilised as negative controls. Cytofluorimetric analysis was
performed using FACScan (BD).

Gene reporter studies. Cells were transiently cotransfected using FUGENE (Roche)
according to the manufacturer’s instructions with the reporter vector including the 5’
flanking region of MRP1 driving the expression of luciferase as reporter gene (kindly
provided by Dr. Deeley, Queen's University, Ontario, Canada) and a beta-galactosidase
expressing vector utilised for normalisation. The day after the transfection cells were
incubated for 24 h with or without AZM 8 pg/ml. Luciferase activity was determined using
the Luciferase Assay System (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. Luciferase activity in cells transfected with the insert-less reporter vector was
almost undetectable. We assessed that our method is able to detect variations, as described
(28), since we measured significantly different levels of luciferase activity using a reporter
vector including a region of the interleukin 8 promoter inducible by tumor necrosis factor
alpha.

Statistical analysis. Statistical calculations and tests were performed using Student’s t test
considering p<0.05 as limit of statistical significance. Data were expressed as means and

standard deviation (SD).
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RESULTS

MRP1 and MDRL1 transcript levels in CF versus non-CF cells.

Real-time qPCR was utilised to evaluate the expression of MRP1 and MDR1 mRNAs. A 2.5
and 3.2 folds higher levels of MRP1 mRNA were detected in CF cells IB3-1 versus non-CF
cells C38 and S9 (p=0.009 and p=0.0005 respectively, n=4, Fig 1A). IB3-1 cells expressed
66% MDR1 mRNA respect to C38 (n=4, not significant) and 13% compared with S9 cells
(p=0.0013, n=4) (Fig. 1B).

MRP1 and MDR1 protein levels in CF versus non-CF cells.

MRP1 and MDRI1 protein expression was evaluated by flow cytometry in order to establish
if the mRNA regulation could have a functional relevance. The results of the MRP1 and
MDRI1 analysis are shown in Fig. 2A and 2B, respectively. The analysis revealed no
differences of MRP1 and MDRI1 protein expression levels among all CF and non-CF
isogenic cell lines (data not shown).

Regulation of MRP1 and MDRL transcript expression by AZM treatment.

To address the question whether AZM could modulate MRP1 and MDR1 expression, we
performed a time course experiment in which IB3-1 cell line had been exposed to 8 pug of
AZM for 1, 3, 7 and 14 days. Figure 2 shows the results obtained from MRP1 and MDR1
quantification in IB3-1 cells by real-time qPCR. We observed a less than 30% increase in
transcript level of MRP1 after 1 and 3 days of treatment (p=0.009 and p=0.008 respectively,
n=4), which was not maintained after 7 and 14 days (Fig 2A). AZM decreased MDR1
expression of less than 30% after 14 days of incubation (p=0.009, n=4) (Fig 2B). A different
CF cell line as 2CFSMEo- was then tested in the same conditions, in order to establish
whether the changes in MRP1 and MDRI1 transcript expression detected with IB3-1 could be
reproduced. In 2CFSMEo- cells we found no regulation in MRP1 and MDR1 expression by
AZM treatment at all times tested (data not shown).

Regulation of MRP1 and MDR1 protein expression by AZM treatment.

Even if AZM does not appear to consistently modulate MRP1 and MDRI1 transcript levels,
we investigated whether protein expression might be modulated at post-transcriptional level.
We performed time course experiments using IB3-1 and 2CFSMEo- cell lines exposed to 8
pg of AZM for a minimum of 24 h to a maximum of 4 weeks. MRP1 and MDRI1 protein
expression was evaluated by flow cytometry. No differences between treated and untreated

cells after 24 h, 72h, 1 week, 2 weeks and 4 weeks of treatment were detected.
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Representative results of MRP1 and MDRI1 protein analysis after 24 h of treatment of IB3
and 2CFSMEo- cells are shown in Fig. 3A and 3B, respectively.

Effects of AZM on MRP1 promoter activity.

Considering the data reported in vivo about regulation of MRP1 mRNA levels by AZM we

proceeded to assess whether AZM may affect at least transcription of MRP1 in our models.

We then analysed by gene reporter studies the effects of AZM (8 pg/ml for 24 h) on the
MRP1 promoter activity in IB3-1 and 2CFSMEo- cell lines. We did not detect statistically
significant differences in the reporter activity in treated versus untreated IB3-1 and
2CFSMEo- cells as shown in Fig. 4 consistently with our findings previously reported in

another CF airway epithelial cell line (29).

-1
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DISCUSSION

The aim of our study was to evaluate whether AZM could affect the expression of ABC
transporters. Controlled clinical studies have reported that AZM is beneficial in CF patients.
This macrolide may exhibit different effects on epithelial cells and on the production of
virulence factors by Pseudomonas aeruginosa which is a predominant cause of decreasing
pulmonary function in CF patients (30). However, the role of AZM has not been fully
understood. Among various possible mechanisms AZM has been suggested to modulate the
expression of MRP1 and MDR in the airways.

At first we investigated the constitutive expression of MRP1 and MDR1 in respiratory
epithelial cell lines. A co-ordinated mRNA expression among homologous genes in our
cellular models would be consistent with similar findings relative to CFTR and MDR1 in
other cell types (3,4). We found that, although CF cells expressed more MRP1 mRNA and
less MDR1 mRNA versus non-CF isogenic cell lines, there were no differences at protein
level.

Furthermore, our results indicate minimal sporadic variations in both MRP1 and MDR1 gene
transcription under AZM treatment but, again, protein levels were unaffected. To rule out the
possibility that the effect could still occur at the transcription level but that RNA could be
rendered more unstable by the treatment in our model, we studied the effects of AZM on the
MRPI1 promoter activity by gene reporter assays. AZM did not affect the reporter activity in
treated CF cells.

Considering the possibility of regulation of a different pattern of ABC family members in
vitro we have been focusing on possible targets of AZM other than MRP1 and MDR1. We
found that AZM was not effective in regulating mRNA expression of other ABC proteins as
ABCA1, ABCA13, MRP3, MRPS5, CFTR, MDR7 and MDR10 (data not shown). The lack of
effects in our models in vitro might be due to still unknown mechanism(s) causing also the
high variability of beneficial effects among patients described by many authors. We have
investigated the possible relevance of a MRP1 polymorphic site in the response to AZM
(29). Work is still in progress in order to identify an eventual MRP1 allele associated to the
response to AZM and/or to the severity of disease. No statistically significant effects have
been detected also when we have been trying to overcome the possible variability among
models by using a nasal CF respiratory epithelial cell line (data not shown). Analysis of gene

regulation by macrolides have also been performed using microarrays including DNA
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sequences of tens of thousands genes in airway epithelial cells (31), but to our knowledge
there are no evidences of the regulation of ABC members by AZM to date.

MRPI1 and MDRI1 are closely related to CFTR, both for structure and function. Data
supporting the hypothesis of complementation of CFTR by MRP1 and MDR1 following
AZM treatment have been proposed as rationale of this study (1,2,15,16). Nevertheless
macrolides effects on ion transport are still unclear. Chloride transport through the apical
membrane of airway epithelial cells measured as nasal potential differences (NPDs) was
unchanged in CF mice following treatment with clarithromycin or AZM as well as in CF
patients treated with clarithromycin (32). Equi et al (33) reported essentially unchanged
NPDs as well as CFTR and MDR mRNA levels in nasal epithelial cells in CF patients
treated with AZM. Even if erythromycin induced the up-regulation of the MDR1 expression
in the liver of rhesus monkeys (34), this macrolide has been reported to inhibit the
interferon-gamma induced activity of an outwardly rectifying chloride channel in a human
bronchial epithelial cell line (35). Moreover Tagaya et al (36) showed that erythromycin
decreased the chloride diffusion potential difference across rabbit tracheal mucosa and that
clarithromycin treatment decreased sputum production in patients affected by chronic
bronchitis or bronchiectasis. They suggested that 14-membered macrolides could reduce
chronic airway hypersecretion probably by inhibiting chloride secretion and the resultant
water secretion.

It is evident that the mechanisms of action of macrolides are debated and the reports
concerning their effects are still controversial. Our data do not support the hypothesis of
induction of ABC transporters by AZM. Perhaps additional conditions in vivo or specific
genetic background(s) might allow for complementary expression at protein levels, as
suggested (15). Defining these conditions would provide interesting therapeutic targets and

could be critical for improving the use of AZM for treatment of CF.
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FIGURE LEGENDS

FIGURE 1. Constitutive expression of MRP1 and MDR1 mRNA in CF cells IB3-1 and
isogenic non-CF C38 and S9 cell lines. Total RNA was extracted and retrotranscribed. The
results of MRP1 (A) and MDR1 (B) mRNA quantification are based on real-time q-PCR
analysis as described in materials and methods. The values represent the expression levels
relative to IB3-1 (means + SD). The experiment was repeated four times.

FIGURE 2. Time course analysis of MRP1 (A) and MDR1 (B) mRNA expression in IB3-1
cells. Real-time q-PCR was performed as described in materials and methods. The values
represent the expression levels relative to untreated cells (means + SD). The experiment was
repeated four times.

FIGURE 3. Evaluation of AZM effects on expression of MRP1 and MDR1 proteins.
Following treatment with AZM for 24 h, flow cytometry was performed in IB3-1 (left) and
2CFSMEo- cells (right) stained with the PE-conjugated specific antibody anti-MRP1 or anti-
MDRI1. Black histograms represent the negative isotypic control superimposable in all
conditions while red and blue histograms correspond to treated and untreated cells,
respectively, stained with the specific antibody indicated in each panel. Logarithmic
fluorescence intensity is indicated on the y-axes. Experiments are representative of at least
three, performed with very similar results.

FIGURE 4. MRP1 promoter activity analysed by gene reporter assay following AZM
treatment. Luciferase activity was normalised to beta-galactosidase activity in 2CFSMEo-
and IB3-1 cells treated for 24 h with AZM and indicated on y axis relative to untreated cells

as described in materials and methods. Both cell lines were assayed three times.
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Table 1

Real-time primers

gene sequence (5°>3) accession primer normaliser
number concentration gene
(nM)
MRP1 |FW |GGGCCTCTCAGTGTCTTACTCATT | NM_004996 25 GAPDH
RV |ACATCCGAACCAGCCAGTT 25
MDR1 |FW |AGCTTAGTACCAAAGAGGCTCTG | NM 000927 450 CK-15
GA
RV | TCCAAAAGGAAACTGGAGGTAT 450
ACTT
GAPDH |FW |GTGGAGTCCACTGGCGTCTT J04038 25
RV | GCAAATGAGCCCAGCCTTC 150
CK-15 |FW |GGCTGGCTGCGGACG AF202320 150
RV |GCAGGGCCAGCTCATTCTC 150
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Cigana C, Fig. 3
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