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Cystic fibrosis (CF) lung disease is characterized by chronic bacterial infection and an unre-
mitting inflammatory response, which are responsible for most of CF morbidity and mortality.
The median expected survival has increased from <6 mo in 1940 to >38 yr now. This
dramatic improvement, although not great enough, is due to the development of therapies
directed at secondary disease pathologies, especially antibiotics. The importance of devel-
oping treatments directed against the vigorous inflammatory response was realized in the
1990s. New therapies directed toward the basic defect are now visible on the horizon.
However, the impact of these drugs on downstream pathological consequences is unknown.
It is likely that antibiotics and anti-inflammatory drugs will remain an important part of the
maintenance regimen for CF in the foreseeable future. Current and future antibiotic and anti-
inflammatory therapies for CF are reviewed.

INFECTION AND INFLAMMATION

Although cystic fibrosis (CF) impacts many
IN THE CF AIRWAY

organ systems, lung disease accounts for

most of the morbidity and mortality (Davis
et al. 1996). Abnormal or insufficient cystic fi-
brosis transmembrane conductance regulator
(CFTR) leads from the defective gene and pro-
tein to an abnormal surface environment to a
vicious cycle of obstruction, chronic infection,
and inflammation (Chmiel et al. 2002a). Reliev-
ing obstruction with mucolytics and airway
clearance, controlling infection with antibiotics,
and reducing inflammation with anti-inflam-
matory drugs have been the cornerstones of a
comprehensive pulmonary treatment program
in CE

CF airways are most susceptible to chronic in-
fection with Staphylococcus aureus, Hemophilus
influenzae, Pseudomonas aeruginosa, Burkhol-
deria cepacia complex organisms, Stenotropho-
monas maltophilia, and Achromobacter xylosox-
idans. Most of these microbes form biofilms,
thus serving as persistent inflammatory stimuli
(Chmiel and Davis 2003). When local host de-
fense mechanisms are challenged by intercurrent
viral or bacterial infections, massive numbers of
neutrophils are recruited into the airway. Al-
though inflammation is meant to eradicate in-
fection, this ultimately fails, and the exaggerated
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inflammatory response that ensues is responsi-
ble for much of the lung’s pathology.

The CF inflammatory response begins early
in life, becomes persistent, and is often excessive
relative to the burden of infection. Bronchoal-
veolar lavage (BAL) fluid from CF patients, in-
cluding infants and patients with mild disease,
contains large concentrations of inflammatory
mediators and cells, particularly neutrophils
(Konstan et al. 1993, 1994; Birrer et al. 1994;
Armstrong et al. 1995, 1997; Balough et al. 1995;
Bonfield et al. 1995a; Khan et al. 1995; Kirchner
etal. 1996). The presence of large concentrations
of inflammatory mediators in the absence of de-
tectable pathogens suggests either that the in-
flammatory response operates independently
of infection or that there is failure to terminate
the inflammatory response once the inciting
stimulus has been removed (Khan et al. 1995).
The inflammatory response could be triggered
by a transient viral or bacterial infection that
then cannotbe stopped. Inaddition, BAL studies
show that infected CF infants have more in-
flammation than do similarly infected non-CF
infants (Noah etal. 1997; Muhlebach etal. 1999).

Neutrophils, present in massive quantities,
release actin, DNA, proinflammatory cytokines
and chemokines, oxidants, and proteases. B cells
and T cells, particularly TH-17 cells, also con-
tribute to CF lung disease (Dubin et al. 2007).
The continued presence of bacteria triggers an
unrelenting inflammatory response that drives
the persistent generation of proinflammatory
mediators including neutrophil chemoattrac-
tants IL-8 and I'TB,, which recruit more neutro-
phils into the airways, fueling the vicious cycle
of inflammation that leads to lung destruction
(Konstan and Berger 1997; Chmiel et al. 2002a).
Because the neutrophil plays a central role in CF
airway pathophysiology, any anti-inflammatory
drug developed for CF must, either directly or
indirectly, address the neutrophil and its prod-
ucts (Table 1).

Airway surface fluid from CF patients con-
tains large concentrations of inflammatory
mediators including TNF-«, IL-1, IL-6, IL-8,
IL-17, and GM-CSF (Bonfield et al. 1995a;
McAllister et al. 2005). The synthesis of these
mediators is promoted by a few transcription

Table 1. Neutrophil chemoattractants and
products targeted by anti-inflammatory drugs

I. Neutrophil chemoattractants

A.IL-8

B. ITB,

C. Complement components: C5a, C5a-des-Arg
D. Bacterial products: N-formyl-Met-Leu-Phe

II. Neutrophil products

A. Proteases (elastase)

B. DNA

C. Oxidants (H,O, and O, )
D.IL-8

E.ITB,

factors including AP-1, NF-kB, and MAPK. In
addition to a heightened proinflammatory arm,
there appears to be inappropriately decreased
counter-regulatory pathways, particularly those
involving IL-10 and nitric oxide (NO) (Bonfield
et al. 1995b, 1999; Balfour-Lynn et al. 1996;
Grasemann et al. 1997). When counter-regula-
tory controls are abnormal, an imbalance oc-
curs, resulting in prolonged and excessive in-
flammatory mediator production. It is possible
that a combination of these mechanisms fuels
the destructive inflammatory cascade. It is un-
likely thatasingle defect in one pathwayaccounts
for the entirety of the exaggerated inflammatory
response. Multiple pathways are probably up-
regulated (i.e., pathways that activate the inflam-
matory response) or down-regulated (i.e., path-
ways that terminate the inflammatory response)
in response to the cell’s attempt to correct the
underlying physiological abnormality due to ab-
normal CFTR. The end result is that the delicate
balance between the pro- and anti-inflammato-
ry arms is disrupted, and pathways promoting
the activation and perpetuation of the inflam-
matory response are favored. A schematic of the
CF airway is seen in Figure 1.

THERAPIES DIRECTED AT BACTERIAL
INFECTION

The range of microorganisms, particularly bac-
teria that have been identified in the CF airway,
is much wider than previously appreciated
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Figure 1. Infection and inflammation in the CF lung. CF lung disease is essentially an endobronchial /peribron-
chial process. The alveoli do not become involved until late in the disease course. In CE the gene defect leads to
an abnormal airway surface environment and then to airway obstruction with mucus (represented as an
amorphous gray area in the center of the airway), chronic bacterial infection, and persistent inflammation.
Although there are several different types of bacteria that infect the CF airway, S. aureus predominates early in life
but typically yields to P aeruginosa. However, most patients have polymicrobic infections, thus making selection
of appropriate antibiotics for treatment of a pulmonary exacerbation difficult. The bacterial infection is asso-
ciated with a vigorous inflammatory response that is characterized by a large neutrophilic infiltration. Other
inflammatory cells are also involved in the inflammatory response including epithelial cells, macrophages,
dendritic cells, B lymphocytes, and T lymphocytes. These cells release many inflammatory cytokines and
mediators that further promote the inflammatory response. The inflammatory response is ineffectual in elim-
inating bacteria from the airway, but the excess inflammatory mediators released into the endobronchial and
peribronchial spaces damage the airway wall architecture and ultimately lead to bronchiectasis. This figure
focuses on the proinflammatory aspects of CF airway inflammation. The abnormalities in the counter-regula-
tory mechanisms in CF are not depicted.

(Tunney et al. 2008, 2011). Using molecular
techniques, organisms that were previously un-
culturable, particularly microaerophilic and an-
aerobic bacteria, have been identified (Lipuma
2012). The virulence of these organisms and
their complex interaction as an airway micro-
biome has yet to be fully established. However,
there are some studies to suggest that the diver-
sity or the lack of diversity in sputum and BAL

from people with CF is associated with more
severe and chronic disease, and this may in
part be driven by antibiotic therapy (Tunney
et al. 2011; Zhao et al. 2012)

Antimicrobial therapy in CF has a long his-
tory, and effective treatment of infection is
thought to be one of the key advances that have
resulted in improved outcomes over the past 50
years for people with CF (Doring et al. 2012).
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S. aureus was identified in 1949 as the predomi-
nant pathogen in cultures taken from young
children with CE Subsequently, P aeruginosa
was identified as an organism associated with
bronchiectasis and chronicity. From the late
1950s, P. aeruginosa was reported with increas-
ing frequency from children with CE and the
mucoid phenotype for P aeruginosa was first
described in 1966 (J Littlewood; www.cfmedi-
cine.com). Specific antimicrobial therapy in CF
has, therefore, been directed against these or-
ganisms. Over the subsequent decades, a range
of other dominant organisms has presented
challenges for antibiotic therapy. These include
members of the B. cepacia complex, S. malto-
philia, Achromobacter species, and other Gram-
negative infections. Nontuberculous mycobac-
terial infection is also emerging as a new chal-
lenge for antibiotic treatment for people with
CE

ANTIBIOTIC PROPHYLAXIS

The presence of S. aureus in airway secretions
from people with CF prompted early clinicians
to consider the use of prophylactic antibiotics to
prevent and control Staphylococcal infection in
the early years (Smyth and Walters 2012). This
type of treatment has been and, in some coun-
tries, remains controversial. In some small stud-
ies, prophylactic treatment from diagnosis with
flucloxacillin has been associated with a reduc-
tion in the frequency of positive Staphylococcal
airway sample cultures and a reduction in ad-
mission to hospital, but no long-term improve-
ments have been shown in lung function. These
observations were followed up with a clinical
trial of cephalexin, a more broad-spectrum an-
tibiotic, which did not show any efficacy. But in
patients treated with long-term prophylaxis,
there was an increase in the frequency of new
infections with P. aeruginosa.

These observations have been supported
by several registry studies. In a recent updated
Cochrane Review, a meta-analysis of four studies
including 401 patients under the age of seven
was reported (Smyth and Walters 2012). In this
analysis, no significant increase in the number
of isolates of P aeruginosa was shown between

treated and untreated groups from reported
studies, although there was a trend toward a
lower cumulative isolation rate of P aeruginosa
in the patients treated with long-term antibiot-
ics at 2—3 yr and a higher isolation rate from 4
to 6 yr. These studies used a range of antibiotics
including flucloxacillin, co-trimoxazole, cefa-
droxil, and cephalexin. It is unclear what the
clinical benefits of simply reducing the frequen-
cy of culture of S. aureus might be.

Antibiotic Therapy for S. aureus

S. aureusis avery common infecting organismin
people with CE This is most commonly methi-
cillin-sensitive S. aureus (MSSA), but methicil-
lin-resistant S. aureus (MRSA) is becoming in-
creasingly common in the sputum of people
with CE The increased incidence of MRSA in-
fection in people with CF is particularly con-
cerning because it is associated with a more rap-
id rate of decline in lung function and worse
survival (Dasenbrook et al. 2008, 2010). When
either MSSA or MRSA is identified in sputum, it
makes sense to attempt eradication. For MSSA,
cephalexin, flucloxacillin, co-trimoxazole, and,
additionally, in adults, tetracyclines can be used
to do this. MRSA similarly may be eradicated
with a combination of drugs used by clinicians
including vancomycin, linezolid, rifampin, ri-
fampicin, fusidic acid, tetracycline, and co-
trimoxazole-based regimes. Several studies are
currently trying to determine the best regime
to treat this organism. Similarly, antibiotic ap-
proaches can be used to treat exacerbations in
individuals who are chronically infected with
this organism.

ANTIBIOTIC THERAPY FOR INFECTION
WITH P. aeruginosa ERADICATION
THERAPY

In contrast to the debate around antibiotic
prophylaxis for S. aureus, there is currently no
debate for antibiotic prophylaxis against P
aeruginosa in people with CF (Doring et al.
2012). Thereis currently a clinical trial in Europe
using avian immunoglobulin Y antibodies,
which are gargled, to explore if this novel inter-
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vention of treating the oropharynx might pre-
vent P. aeruginosa acquisition in the lower air-
ways (EUDRACT-2011-000801-39).

There is, however, a compelling rationale for
antibiotic eradication therapy for P. aeruginosa
in CE This approach was championed by the
Copenhagen Centre, who in early studies of
this intervention using a historical comparative
cohort, showed that there was a strong indica-
tion that the combination of inhaled colistin
and oral ciprofloxacin resulted in approximate-
ly an 80% success in P aeruginosa eradication
(Valerius et al. 1991). Subsequent studies, such
as the ELITE and EPIC studies, have shown that
inhaled tobramycin for 4 wk is also an effective
antibiotic eradication therapy (Ratjen et al.
2010; Treggiari et al. 2011). In two small stud-
ies, no difference was identified between these
two regimes with a comparable eradication rate
(Taccetti et al. 2012; Proesmans 2013).

Early intervention is now a recommended
part of most guidelines for the treatment of
new or repeated infection with P aeruginosa
(Doring et al. 2012). It is less clear what the
best treatment for failure to eradicate using ei-
ther the colistin/ciprofloxacin or inhaled to-
bramycin regimes should be. A recent recom-
mendation from a consensus group was that
after two attempts at eradication using inhaled
and oral therapy, intravenous antipseudomo-
nal antibiotics should be considered. A clinical
trial (Torpedo; www.torpedo-cf.org.uk/index.
html) comparing colistin/ciprofloxacin and in-
travenous antibiotics is currently under way in
the United Kingdom.

Treatment of Chronic P. aeruginosa Infection

In ~75% of people with CE P. aeruginosa even-
tually cannot be eradicated and chronic infec-
tion ensues (Doring et al. 2012). When this
occurs, the bacteria frequently have a mucoid
phenotype and exist in a biofilm. This and other
important adaptions reduce the effectiveness of
innate host defense and make treatment with
antibiotics less effective (Williams and Davies
2012). When chronic infection has developed,
treatment with long-term aerosolized antibiot-
ics is an important and effective intervention.

Antibiotics and Anti-Inflammatories in CF

Tobramycin (TOBI, Bramitob) and aztreonam
lysine (Cayston) are approved therapies by
most regulators throughout the world. Both of
these treatments have shown superiority over
placebo for measurements of lung function,
quality of life, and reduction in pulmonary
exacerbations (Doring et al. 2012). Colistin is
also used in chronic suppressive therapy in its
nebulized form. Tobramycin and colistin have
recently been developed into dry-powder in-
haled antibiotics. Tobramycin inhalation pow-
der (TobiPodhaler) is approved by the EMA
and also is under review by the FDA, and colis-
tin inhalation powder (Colobreathe) has been
approved by the EMA for treatment (Konstan
et al. 2011; Schuster et al. 2012). Both of these
drugs have shown noninferiority for key clinical
outcomes to tobramycin delivered by nebulizer,
and have increased cough as a common side
effect.

In general, inhaled antipseudomonal anti-
biotics decrease bacterial burden (measured in
CFU/g of sputum), improve lung function
and quality of life, and reduce the frequency of
pulmonary exacerbations (Déoring et al. 2012).
Colistin is given every day, whereas tobramy-
cin is licensed for administration as an alter-
nate-month therapy. Many patients describe
increased symptoms and reduced FEV; during
the month off tobramycin. Therefore, many
patients cycle between two different inhaled an-
tibiotics. The optimal regime for aerosolized
antibiotic therapy as long-term suppressive
therapy has yet to be determined. It is unlikely
that a randomized controlled trial will allow any
further direct comparisons between regimes or
answer the challenging question of whether
continuous nebulized antibiotics using alter-
nate regimes, for example, alternating tobramy-
cin, aztreonam lysine, and colistin, would be
superior to the current recommended month-
off month-on regimes.

Several other inhaled antibiotic therapies
against P aeruginosa are in development. Two
formulations of levofloxacin, ciprofloxacin as a
dry powder inhaler, and ciprofloxacin and ami-
kacin as liposomal formulations are in various
stages of development and may become avail-
able in the near future (Doring et al. 2012).
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Treating Exacerbations in Patients with
Chronic P. aeruginosa Infection

Pulmonary exacerbations (PEs) are significant
events in people with CE These events are asso-
ciated with an increase in pulmonary symptoms,
systemic symptoms including weightloss, some-
times new clinical signs, physiological changes in
lung function, and often evidence of local and
systemic inflammation. Frequency of pulmo-
nary exacerbations is associated with a more rap-
id decline in FEV, and reduced survival (Smyth
and Elborn 2008; Déring etal. 2012). Prevention
of pulmonary exacerbations is, therefore, a key
intervention, and there is good evidence that
long-term suppressive antibiotic therapy, con-
comitant human DNase (Pulmozyme), azithro-
mycin, and inhaled hypertonic saline reduce the
time to the next exacerbation in clinical trials,
and, by extrapolation, probably reduce the fre-
quency of these events in people with CE Opti-
mizing long-term treatment to reduce these
events and the inflammatory injury impact
they have on the lungs in people with CF is a
critically important intervention (Stenbit and
Flume 2011).

Optimizing the antibiotic therapy and du-
ration of treatment is important in treating pul-
monary exacerbations. There is some evidence
that ~25% of pulmonary exacerbations result
in a failure to return to baseline lung function
and/or rapid relapse (Sanders et al. 2010; Sten-
bit and Flume 2011; Parkins et al. 2012). Selec-
tion of antibiotics for treatment of such ex-
acerbations is largely empirical. Using current
techniques to determine in vitro antimicrobial
susceptibility does not appear to improve the
outcomes (Doring et al. 2012). This is a partic-
ular problem with P aeruginosa because with
repeated antibiotic therapy, these organisms
develop resistance. However, response to anti-
biotics does not appear to relate directly to in
vitro susceptibility as currently determined in
microbiology laboratories. The choice of ini-
tial antibiotics to treat a pulmonary exacerba-
tion is often based on antibiotic susceptibility
testing and is affected by patient tolerability. If
clinical response is suboptimal, changes in an-
tibiotic regimen are often made based on clin-

ical experience irrespective of susceptibility
testing.

There is a good historical and current ra-
tionale for the use of a combination of an ex-
tended-action penicillin and an aminoglyco-
side. Conventionally, this therapy has been for
14 d, although in a recent registry-based study,
10 d may be a sufficient period of time for the
majority of patients (Van Devanter et al. 2010).
However, this approach has not been subjected
to a prospective study.

ANTIBIOTIC TREATMENT FOR OTHER
BACTERIAL PATHOGENS IN CF

S. maltophilia and Achromobacter Species

S. maltophilia and Achromobacter species are
commonly isolated in CF sputum, although
their prevalences are variable. Single centers
have reported up to 25% prevalence of either
organism. The clinical significance of these
organisms is hard to determine, although it is
clear that individual patients with either of these
bacteria as their predominant pathogen can
have progressive deterioration in lung function
and pulmonary exacerbations. A range of anti-
biotics can be useful against these bacteria in-
cluding tetracyclines, co-trimoxazole, colistin,
and piperacillin/tazobactam. There are no erad-
ication studies in the people infected with these
bacteria, but it is logical to attempt to clear
these organisms if possible. Inhaled colistin
can be used for S. maltophilia infection, and
combinations of the above antibiotics can be
used for treatment of exacerbations (Doéring
etal. 2012).

B. cepacia Complex Strains

Treatment of B. cepacia complex strains is quite
problematic. In general, members of this com-
plex have intrinsic antibiotic resistance, and
Burkholderia cenocepacia, which historically
has been the most common Burkholderia in
people with CE is almost universally pan-resis-
tant. There are no long-term antibiotics recom-
mended for treatment of patients with chronic
infection with B. cepacia complex strains, and a
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recent study of inhaled aztreonam lysine showed
no benefit. Intravenous antibiotic treatment is
based on several studies that would suggest that
tetracycline, co-trimoxazole, chloramphenicol,
colistin, ceftazidime, meropenem, and pipera-
cillin/tazobactam combinations may have clin-
ical efficacy (Doring et al. 2012).

Nontuberculous Mycobacterial Infection

Nontuberculous mycobacterial infection is a
currently emerging area that is causing diag-
nostic and therapeutic challenges. Several non-
tuberculous mycobacteria have been isolated
from people with CE although the predominant
groups are the Mycobacterium avium complex
and Mycobacterium abscessus organisms. M. ab-
scessus infection in CF and in other chronic
lung conditions is associated with particular
challenges (Déring et al. 2012). Treatment for
both organisms requires long-term therapy with
combinations of oral, intravenous and/or in-
haled antimycobacterial agents. Mycobacterium
avium complex organisms are typically treated
with combinations of ethambutol, rifampin,
macrolides, and inhaled amikacin. For Myco-
bacterium abscessus, combinations of amikacin,
linezolid, macrolides, cefoxitin, tigicycline, and/
or meropenem are utilized. Currently, interna-
tional guidelines are being developed to help
further guide treatment of this difficult group
of bacteria.

Other Bacterial Species

Many other bacterial species are being identified
in the airway microbiota in people with CE
Treatment of organisms such as Streptococcus
species and anaerobic bacteria such as Prevo-
tella, Veillonella, Rothia, and Actinomyces spe-
cies is not clear (Tunney et al. 2011; Zhao
et al. 2012). There may be changes in how we
perceive treatment with antibiotics over the
next several years because second-generation se-
quencing provides more insight into the com-
plex microbiota of the airways in people with
CE Antimicrobial therapy remains a key corner-
stone for the modulation of infection and in-
flammation in CE

Antibiotics and Anti-Inflammatories in CF

THERAPIES DIRECTED AT THE
INFLAMMATORY RESPONSE OF THE
CF AIRWAY

Addressing the inflammatory response is war-
ranted because it is the major process leading
to lung destruction. Several steps in the patho-
physiological cascade could be targeted. How-
ever, efficacy at any step may be beneficial. Early
anti-inflammatory drug studies focused on
systemic and inhaled corticosteroids, ibupro-
fen, and other nonsteroidal anti-inflammatory
drugs (NSAIDs). Many anti-inflammatory drugs
have been studied in CF since 1990. Although
many have been translated from the bench to a
clinical trial, precious few are recommended for
clinical use (Table 2). The length of this review
precludes a detailed discussion of all of these
drugs. This review focuses on drugs that have
undergone in-depth evaluation or more recent
developments. Corticosteroids and ibuprofen
are reviewed first, followed by cytokines and an-
ticytokines, modulators of intracellular signal-
ing, antioxidants, protease inhibitors, and other
anti-inflammatory therapies.

CORTICOSTEROIDS

Corticosteroids were the first anti-inflammatory
drugs studied in CE They reduce the formation
of mucus and edema; inhibit chemotaxis, adhe-
sion, and activation of leukocytes; inhibit NF-
kB activation; and interfere with the synthesis
or actions of inflammatory mediators. Several
studies evaluated corticosteroids as a chronic
therapy for attenuating CF airway inflamma-
tion. Two 4-yr, double-blind, placebo-con-
trolled studies of oral corticosteroids laid the
foundation for future anti-inflammatory trials
(Auerbach et al. 1985; Eigen et al. 1995). In these
studies, alternate-day corticosteroids were asso-
ciated with better lung function, improved
weight gain, and fewer hospital admissions. In
one trial, beneficial effects on lung function were
observed primarily in patients infected with
P aeruginosa (Eigen et al. 1995). Adverse effects,
including glucose intolerance, growth impair-
ment, and cataract formation, limit the long-
term practical application of alternate-day oral
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Table 2. Anti-inflammatory therapies evaluated in CF

Therapy

Target

Evaluated only in preclinical studies
Anti-ICAM-1
Anti-IL-8
Anti-IL-17
IL-10
Interferon-vy
p38 Mitogen-activated protein
kinase inhibitors

Evaluated in clinical trials
al-Protease inhibitor
Corticosteroids

CXCR2 antagonist

Cyclosporine-A

DHA

EPI-hNE4

Glutathione

Hydroxychloroquine

L-Arginine

LTB, receptor antagonist (BIIL 284 BS)
Methotrexate

Monocyte/neutrophil elastase inhibitor
Montelukast

N-Acetyl cysteine

Omega-3-fatty acids

Secretory leukoprotease inhibitor
Simvastatin
Thiazolidinediones/pioglitazone
Vitamins C, E, and -carotene
Vitamin D

Therapies recommended for clinical use
Antibiotics

Azithromycin

Dornase-alfa

Ibuprofen

Leukocyte adhesion molecules
Cytokines

Cytokines

Intracellular signaling and cytokines
Intracellular signaling

Intracellular signaling

Proteases

Intracellular signaling, eiscosanoids,
cytokines

Neutrophil chemotaxis/activation

Intracellular signaling

Eicosanoid modulator

Proteases

Oxidants

Unknown

Intracellular signaling

Leukotriene receptors, eicosanoids

Adhesion molecules, cytokines, transmethylation
reactions, increases adenosine release

Proteases

Leukotriene receptors

Intracellular signaling, oxidants

Eicosanoids

Proteases

Intracellular signaling

Intracellular signaling

Oxidants

Bacteria and cytokines

Bacteria (inflammatory stimuli)

Unknown

DNA

Intracellular signaling, eicosanoids, cytokines

corticosteroids. In a follow-up study, growth
deficits persisted after therapy discontinua-
tion (Lai et al. 2000). In view of these results
and other known toxicities of corticosteroids
including osteopenia, osteoporosis, and skeletal
muscle weakness, the long-term use of systemic
corticosteroids for slowing lung function de-
cline is not advocated (Flume et al. 2007).
Adverse effects associated with systemic cor-
ticosteroids prompted investigations of inhaled
corticosteroids (ICS). The inhaled route might

afford benefit with less risk than systemic ad-
ministration, but systemic administration may
be necessary to affect neutrophil migration.
Consistent ICS use was associated with a slower
rate of decline of lung function. However, ICS
use also was associated with decreased weight
and height for age, and increased use of insulin
and oral hypoglycemic agents in one large ob-
servational study (Ren et al. 2008). In another
observational study, ICSs were associated with
slower FEV, decline in children with CF age
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6—12 yr but not other age groups (De Boeck
etal. 2011). A benefit of ICS has not been shown
in randomized placebo-clinical trials. None of
the trials of ICS in CF showed convincing effects
on lung function or airway inflammatory mark-
ers (Ross et al. 2009). Small study populations
and short observation periods hampered these
trials. In a large, prospective, multicenter study,
withdrawal of ICS for a 6-mo period was not
associated with significant worsening of CF
lung disease (Balfour-Lynn et al. 2006). Patients
in whom steroids were discontinued did not
have worsening of lung function, an increased
need for oral or intravenous antibiotics, or a
shorter time to pulmonary exacerbation. Thus,
although inhaled steroids may be of benefit in
patients with coexisting asthma, their use as an
anti-inflammatory agent in CF has not been
substantiated. Potential long-term complica-
tions of ICS have not been adequately evalu-
ated in CE Caution should be heeded when
prescribing ICS to patients with CE A Cystic
Fibrosis Foundation expert panel advised
against the long-term use of ICS in patients
with CF older than 6 yr who did not have coex-
istent asthma or allergic bronchopulmonary
aspergillosis (ABPA) (Flume et al. 2007).

IBUPROFEN

NSAIDs possess properties similar to cortico-
steroids but have fewer adverse effects. Ibupro-
fen has received the most attention in CE, largely
because it has specific activity against neutro-
phils. Neutrophil chemotaxis to mucosal epi-
thelium is significantly decreased with oral doses
of ibuprofen that result in a peak plasma con-
centration >50 pg/mL (Konstan et al. 2003). In
a 4-yr, double-blind, placebo-controlled clini-
cal trial in the United States in patients with
CE twice-daily high-dose ibuprofen was associ-
ated with a slower rate of decline in pulmonary
function measures, better preservation of body
weight, fewer hospital admissions, and better
Brasfield chest radiograph scores, with no sig-
nificant adverse effects (Konstan et al. 1995).
The beneficial effects were most pronounced in
the youngest patients (5—13 yrold). A 2-yr pla-
cebo-controlled multicenter trial in Canada in
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145 CF children also showed a beneficial effect of
ibuprofen on lung function (Lands et al. 2007).
Results from an analysis of observational data
from the CF Foundation Patient Registry re-
vealed that “real world” clinical use of ibuprofen
in 1365 CF children treated on average for 4 yr
reduced the annual rate of FEV, decline by 29%
compared with those not treated with ibuprofen
(Konstan et al. 2007).

Nonetheless, ibuprofen has not been widely
adopted, largely because of the logistic chal-
lenges associated with the need to establish the
dose in each patient with a 3-h pharmacoki-
netic test and to concerns related to adverse ef-
fects of the drug (Konstan 2008). Based on U.S.
CF Foundation Patient Registry data, ibuprofen
use is associated with gastrointestinal bleeding,
but the occurrence is rare (annual incidence
0.37% vs. 0.14% in those not treated with ibu-
profen [Konstan et al. 2007]). Concomitant use
of antacids, proton pump inhibitors, or miso-
prostol (a PGE; analog) would likely limit this
adverse event. Renal failure associated with ibu-
profen therapy has been the subject of a few case
reports, but CF Foundation Registry data sug-
gest that the incidence of renal failure is not in-
creased among CF patients treated with ibupro-
fen (Konstan et al. 2007). Thus, the benefits of
this therapy appear to outweigh the associated
risks. An expert panel recommended high-dose
ibuprofen for CF patients with mild lung disease
(Flume et al. 2007). A Cochrane Review also con-
cluded that “high-dose ibuprofen can slow the
progression of lung disease in people with CE
especially in children, and this suggests that
strategies to modulate lung inflammation can
be beneficial for people with CF” (Lands and
Stanojevic 2007).

CYTOKINES AND ANTICYTOKINES

Since the first trial of corticosteroids, many new
anti-inflammatory drugs have been introduced
for the treatment of other diseases. Anti-in-
flammatory cytokines and antibodies to proin-
flammatory cytokines may have efficacy in CE
Most cytokines are pleiomorphic, and although
some show a preponderance of proinflamma-
tory effects, others show a preponderance of
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anti-inflammatory effects. IL-10 possesses many
anti-inflammatory properties. It inhibits the
production of many proinflammatory cyto-
kines, inhibits NF-kB activation, induces neu-
trophil apoptosis, and decreases antigen presen-
tation and T-cell stimulation. Because IL-10
terminates the inflammatory response, its defi-
ciency, as shown in CF (Bonfield et al. 1999),
might result in persistent inflammation even af-
ter stimulus removal. IL-10 deficiency worsens
endobronchial inflammation in P aeruginosa-
infected mice (Chmiel et al. 2002b). Administra-
tion of IL-10 to infected mice showed beneficial
effects on airway inflammation (Chmiel et al.
1999). A planned clinical trial of the drug was
abandoned for reasons unrelated to CE but this
remains an interesting therapeutic option. Inter-
feron-v, another cytokine with anti-inflamma-
tory effects, did not improve pulmonary func-
tion or alter sputum inflammatory mediators in
a multicenter clinical trial despite its ability to
restore counter-regulatory functions in CF cell
models (Moss et al. 2005).

An alternative approach to administering
anti-inflammatory cytokines would be to inhib-
it specific proinflammatory mediators. Anti-
bodies to ICAM-1 and IL-8 have been evaluated
in preclinical studies but never came to fruition
in clinical trials. IL-17, a proinflammatory cyto-
kine involved in TH-17 cell signaling, is elevated
in CF lungs (McAllister et al. 2005; Dubin and
Kolls 2007) and plays an important role in re-
cruiting neutrophils to the airway in response to
infectious stimuli. Anti-IL-17 antibodies re-
duced airway neutrophilia in mice exposed to
lipopolysaccharide (LPS) (Ferretti et al. 2003).
Clinical trials of anti-IL-17 in rheumatoid ar-
thritis and psoriasis recently have been complet-
ed. Given the similarities between CF lung in-
flammation and these hyperinflammatory con-
ditions, anti-IL-17 could be considered for CE

EICOSANOID MODULATORS

LTB,, a potent neutrophil chemoattractant, is
present in high concentrations in the CF airway
(Konstan et al. 1993). BIIL 284 BS (amelubant),
a specific LTB, receptor antagonist, was studied
in CE, but the trial was terminated early because

of a statistically significant increase in pulmo-
nary-related serious adverse events in adults re-
ceiving BIIL 284 BS (Konstan et al. 2005). One
possible explanation is that 'TB, has some other
previously unrecognized beneficial effect in CE
and its inhibition is detrimental. A more plau-
sible explanation might be that the inhibitory
effect of BIIL 284 BS on the I'TB, pathway was
too potent, resulting in impaired antimicrobial
defenses and increasing the risk of an exacerba-
tion. Regardless, the results of this study show
that care must be taken when selecting an anti-
inflammatory agent for future clinical trials.
Deficiencies in some fatty acids may contrib-
ute to CF pulmonary inflammation. There is an
increase in arachidonic acid and a decrease in
docosahexaenoic acid (DHA) in cftr_/ ~ mice
(Freedmanetal. 1999). Investigators have shown
that oral administration of DHA to cftr~/ ~ mice
corrected the lipid imbalance and reversed the
observed pathological manifestations (Freed-
man et al. 2002; Beharry et al. 2007). There have
been a handful of studies of DHA supplementa-
tion in CF patients (Van Biervliet et al. 2008;
Aldamiz-Echevarria et al. 2009). Unfortunately,
the dose of DHA, study size, duration of treat-
ment, and outcome measures vary widely. Few
are placebo-controlled, and some do not show a
clinical effect on lung function, possibly because
of short observational periods. Despite these
drawbacks, the cumulative data from these stud-
ies indicate that DHA oral supplementation may
effectively increase serum and phospholipid con-
centrations of this essential fatty acid, and that
this may have beneficial health effects, including
improved pulmonary function. To validate this
claim, larger, placebo-controlled trials with an
adequate observation period are necessary.

MODULATORS OF INTRACELLULAR
SIGNALING

Because cytokines contribute to the excessive
inflammatory response in CE it seems logical
to target signaling pathways responsible for up-
regulating their production. Unfortunately,
there is no consensus as to what these pathways
are and how they may interact with the basic
defect in CE High-dose ibuprofen and IL-10
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inhibit NF-kB activation, thereby down-regu-
lating the inflammatory response at the tran-
scriptional level. Other drugs that limit pro-
inflammatory molecule transcription may be
useful in CE Another mechanism of inhibiting
NF-kB activity occurs via up-regulation of per-
oxisome proliferator activating receptor (PPAR)
with the thiazolidinediones or glitazones (Ruan
etal. 2003; Vanden Berghe et al. 2003; Zingarelli
et al. 2003). CF tissues appear to be deficient in
PPAR (Ollero et al. 2004; Perez et al. 2008).
Decreased PPAR expression leads to an im-
balance between IkB and NF-«kB and favors in-
creased inflammation. Activation of PPAR may
quell the CF inflammatory response. One of the
mechanisms by which ibuprofen may work in
CF is through the inhibition of NF-kB by acti-
vating PPARvy (Jaradat et al. 2001; Davis et al.
2003). Troglitazone and ciglitazone activate
PPAR in primary CF airway epithelial cells and
CF epithelial cell lines, and reduce production
of proinflammatory mediators in response to
P aeruginosa (Perez et al. 2008). A 28-d clinical
trial of pioglitazone did not show a benefi-
cial effect on sputum inflammatory mediators
(Konstan et al. 2009). However, this may have
occurred because the dose of pioglitazone was
not adequate to inhibit inflammation, the du-
ration of the study was too short, the number of
subjects was too small (N = 20), or sputum
measures may not have been sensitive enough
to detect subtle changes. Although this study
did not show a beneficial effect, further evalua-
tion of the glitazones in CF is warranted.
Multiple studies show decreased NO in ex-
haled air (eNO) from patients with CF (Balfour-
Lynn etal. 1996; Grasemann etal. 1997).NOisa
highly reactive molecule with important antimi-
crobial and anti-inflammatory properties. The
loss of NO production from the airways may
contribute to bacterial infection and overzeal-
ous inflammation (Kelley and Drumm 1998;
Meng et al. 1998). One potential cause of de-
creased eNO in CF is up-regulation of RhoGT-
Pase, a signaling molecule that reduces NOS2
expression (Kraynacketal. 2002). Up-regulation
of RhoGTPase may also contribute to the in-
flammatory response by increasing IL-8 pro-
duction. RhoGTPase can be inhibited by block-
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ing 3-hydroxy-3-methylglutaryl-CoA reductase
(HMG-CoAR) with the commercially available
statins (e.g., simvastatin) (Kraynack et al. 2002).
The statins have other anti-inflammatory effects
including the ability to inhibit neutrophil mi-
gration, decrease proinflammatory cytokine
production, and increase transcriptional activa-
tion of PPAR (Dunzendorfer et al. 1997; Rezaie-
Majd et al. 2002; Zelvyte et al. 2002). A clinical
trial of simvastatin showed a trend toward in-
creased eNO, but no effect was seen on sputum
inflammatory markers. This may be for the same
reasons cited above for pioglitazone (Kraynack
et al. 2008). Other agents that increase NO pro-
duction have also been studied. Arginase activity
is increased in blood and sputum of CF patients
and may further decrease NO by degrading
L-arginine, an NO substrate (Grasemann et al.
2005a). In a rodent model, L-arginine was as-
sociated with reduced tissue damage, decreas-
ed neutrophil recruitment, and reduced IL-1
(Hopkins et al. 2006). A small study of L-argi-
nine in CF was associated with increased eNO
(Grasemann et al. 2005b). L-Arginine has poten-
tial, but large prospective clinical trials have not
been performed.

Synthetic triterpenoids are small-molecule
derivatives of naturally occurring compounds
that increase Nrf2 activity. Nrf2, a transcription
factor active in respiratory epithelia and pivotal
to mitigating the acute inflammatory response,
is deficient in CF cells (Chen et al. 2008; Nichols
et al. 2009). Small molecules like the synthetic
triterpenoids that target proinflammatory sig-
naling abnormalities in CF cells may be candi-
dates for clinical trials. Preclinical studies show
the ability of 2-cyano-3,12-dioxooleana-1,9-
dien-28-oic acid (CDDO) to reduce the inflam-
matory response (Nichols et al. 2009). Much
research is still needed to determine their utility,
but early data suggest the theory that com-
pounds affecting transcriptional regulators of
inflammation (both pro- and anti-inflammato-
ry) are promising therapeutic agents.

ANTIOXIDANTS

Neutrophils release oxygen radicals that con-
tribute to local tissue damage and perpetuate
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inflammation. Elevated concentrations of oxi-
dants have been detected in the airways of CF
mice and patients (Hull et al. 1997; Velsor et
al. 2001). The oxidant—antioxidant imbalance
contributes to the exaggerated and damaging
inflammatory response. Some biochemical ab-
normalities in CF can be reversed by antioxi-
dants. N-Acetyl cysteine, initially developed as
a mucolytic, is receiving renewed interest as an
antioxidant that both inhibits H,O, and in-
creases glutathione. In a pilot study, oral N-
acetyl cysteine was associated with increased
glutathione levels in whole blood and decreased
sputum neutrophils, IL-8, and elastase activity
(Tirouvanziam et al. 2006). The study was of
short duration and not powered to detect
changes in pulmonary function or other clinical
outcome measures. A large randomized double-
blind placebo-controlled trial of N-acetyl cys-
teine is ongoing in patients with CE

The oxidant—antioxidant imbalance may
be exacerbated by abnormalities in CFTR. If
glutathione is transported by CFTR (Linsdell
and Hanrahan 1998), then CFTR abnormalities
would decrease the concentrations of this im-
portant antioxidant on epithelial surfaces, thus
leaving the airway vulnerable to even ordinary
levels of oxidative stress. Because decreased lung
concentrations of glutathione have been shown
in CF mice and patients (Roum et al. 1993; Vel-
sor et al. 2001), it seems logical to augment
its concentration in the CF lung. Glutathione
in epithelial lining fluid may be increased by
twice-daily treatment with aerosolized glutathi-
one. This treatment also reduced superoxide
production by inflammatory cells (Roum et al.
1993). However, subjects treated with inhaled
glutathione had no detectable change in BAL
markers of oxidative stress (Bishop et al. 2005;
Hartl 2005). Inhaled glutathione therapy for CF
has attracted much attention, but its therapeutic
benefit has not been adequately studied.

PROTEASE INHIBITORS

Early in life, neutrophils infiltrate the CF airway
and release massive amounts of proteases that
overwhelm antiproteases, including alpha-1-
protease inhibitor (o;-PI) and secretory leuko-

cyte protease inhibitor (SLPI). The concentra-
tion of a;-PI in BAL fluid from CF patients is
several-fold higher than in healthy subjects, but
even in mild patients there is a several hundred
to several thousand fold excess of elastase and
other neutrophil proteases, which vastly exceeds
the capacity of the inhibitors (Birrer et al. 1994;
Konstan et al. 1994; Chmiel et al. 2002a). The
imbalance between the proteases and their in-
hibitors becomes worse during exacerbations
and undoubtedly results in airway injury.
Antiproteases have been under investigation in
CF since 1990. Aerosol delivery of o;-antitryp-
sin suppressed inflammatory markers including
free neutrophil elastase, proinflammatory cyto-
kines, and neutrophils (McElvaney et al. 1991;
Berger et al. 1995; Bilton et al. 1999; Griese et al.
2007). Other inhibitors of neutrophil elastase
studied in CF include rSLPI and the small-mol-
ecule drug EPI-hNE4 (McElvaney et al. 1993;
Grimbert et al. 2003). Although these inhibitors
showed positive effects in CE further trials
have not been conducted with these inhibitors.
Data regarding antiprotease therapy suggest that
antiprotease therapy possesses the potential to
impact CF inflammation. Of the antiprotease
therapies studied in CE inhalation of plasma-
derived o;-antitrypsin appears closest to possi-
ble clinical use.

OTHER THERAPIES THAT IMPACT
INFLAMMATION IN THE CF AIRWAY

Hydroxychloroquine, a dihydrofolate reductase
inhibitor that increases intracellular pH and
possesses anecdotal efficacy in some rare inter-
stitial lung diseases, was evaluated in a small
28-d study in CF (Williams et al. 2008). The
drug was well tolerated, but there was no change
in sputum inflammatory markers (Williams
et al. 2008). CXCR?2 is an important receptor
in neutrophil chemotaxis. Clinical and preclin-
ical studies have evaluated the effects of CXCR2
antagonists in many lung diseases including
COPD, asthma, and ozone-induced airway in-
flammation (Lazaar et al. 2011). A clinical trial
in CF of SB-656933, a CXCR2 antagonist, was
recently completed and shows some promise in
modulating airway inflammation (Moss et al.
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2012). Although chemotherapeutics have been
studied in refractoryasthma, there have been few
studies in CE Low-dose cyclosporin A decreased
the need for systemic corticosteroids in one
small case series (Bhal et al. 2001). In a small
pilot study, methotrexate increased FEV; and
decreased total serum immunoglobulins in five
CF patients after 1 yr of treatment (Ballmann
et al. 2003). However, in a more recent study,
methotrexate was not well tolerated and was as-
sociated with an increased need for IV antibiot-
ics (Oermann et al. 2007). Its routine use cannot
be advocated. Because of toxicities, chemother-
apeutics should be studied first in animal mod-
els. However, even if toxic, some agents may have
a favorable risk /benefit profile.

CONCLUSION

CF lung disease begins early in infancy and con-
tinues unabated. Persistent infection and exces-
sive inflammation are key contributors to the
progression of CF lung disease. Studies showed
that judicious use of antibiotics and anti-in-
flammatory drugs is beneficial. The develop-
ment of both systemic and inhaled antibiotics
has greatly improved survival and remains a
cornerstone therapy. With the wider range of
antibiotics now available, it is important that
the most effective regimes for chronic therapy,
which reduce pulmonary exacerbations, be de-
termined. It is also critical that pulmonary exac-
erbations be identified early and treated with
appropriate antibiotic combinations.
Anti-inflammatory drugs are another im-
portant weapon in the fight against CE Al-
though ICSs are the most frequently prescribed
anti-inflammatory therapy in CE their benefits,
like their risks, have not been fully establish-
ed. Thus far, high-dose chronic ibuprofen treat-
ment is the best-proven anti-inflammatory
drug, although its use in the CF community
has been surprisingly low. Newer anti-inflam-
matory agents will probably come to clinical
trial over the next few years. More studies of
anti-inflammatory agents are necessary to fully
elucidate their mechanisms of action, to deter-
mine which would provide the most benefit to
CF patients, and to establish the optimal patient

Antibiotics and Anti-Inflammatories in CF

age and stage of lung disease for initiation of
treatment.

Drugs designed to target abnormal CFTR
may not fully ameliorate the relentless progres-
sion of CF lung disease in patients with es-
tablished bronchiectasis. Therefore, vigorous
research and development into anti-infective
and anti-inflammatory therapeutics that ad-
dress secondary disease pathology must contin-
ue. Improved antibacterial and anti-inflamma-
tory therapies should lessen morbidity, improve
quality of life, and prolong survival.
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