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ABSTRACT: Patients with cystic fibrosis (CF) develop pulmonary disease secondary to airway infection and dysregulated inflammation.
Therapeutic innovations such as nebulized antimicrobial therapy targeting specific pathogens have resulted in improvements in quality of
life and life expectancy. Aztreonam lysine for inhalation (AZLI) solution was initially approved to improve respiratory symptoms in CF patients
with Pseudomonas aeruginosa (PA) in 2010 by the Food and Drug Administration. Since then, research broadening labeling and clinical
application has been developed. In this review, we analyze published and ongoing research regarding AZLI therapy in CF. A search of the
Cochrane Database of Systematic Reviews and the PubMed and ClinicalTrials.gov databases was conducted to identify publications about
AZLI. Three pre-approval studies were identified and assessed. Two are Phase 3, placebo-controlled trials, assessing a variety of safety and
efficacy endpoints, leading to FDA approval. The third is an open-label extension of the two previous trials. An additional seven post-approval,
completed trials were identified and are included in this review. They represent a variety of study designs including safety and efficacy in
patients with mild lung disease and young patients, an active comparator trial vs inhaled tobramycin, an eradication study, a study among
patients with Burkholderia cepacia, and a study assessing continuous alternating antibiotic therapy. Finally, five ongoing clinical trials are
discussed. Overall, studies demonstrated that inhaled aztreonam is a safe and effective antimicrobial treatment for the eradication of newly

acquired P, aeruginosa and long-term suppressive therapy of chronic endobronchial infection among people with cystic fibrosis.
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Introduction

Cystic fibrosis (CF) is an autosomal recessive disease that
results from mutations in the cystic fibrosis transmembrane
conductance regulator (CE'TR) gene. This gene codes for the
CFTR protein which is located on epithelial membranes
throughout several organ systems. CFTR functions directly
as a chloride ion channel, allowing efflux of chloride from the
intracellular to the extracellular space, and as a controller of
other epithelial ion channels.! CFTR gene mutations can
result in significantly decreased quantities of epithelial CF'TR
protein and/or severely dysfunctional protein. This leads to
abnormal ion transport and decreased water movement into
luminal spaces causing viscous, desiccated secretions in the
airways, gastrointestinal tract, hepatobiliary structures, and
other organ systems.? Abnormal airway surface liquid in the
lungs causes a cycle of airway obstruction, inflammation, and
infection leading to loss of lung function and eventually,
death. Chronic airway infection with a variety of pathogens is
typical of CF airway disease. Pseudomonas aeruginosa (PA) is
the primary gram-negative bacterium associated with accel-
erated decline in lung function and increased morbidity
and mortality among CF patients.>* To mitigate the poor
outcomes associated with chronic PA infection, several treat-
ment strategies have been recommended as standards of
care for CF patients. These include the use of inhaled

anti-pseudomonal antibiotics for both antibiotic eradication
therapy (AET) of initial or intermittent PA infection and
chronic suppressive therapy (CST). Tobramycin inhaled solu-
tion (TIS) was the first inhaled antibiotic approved for use in
CF by the US Food and Drug Association (FDA), receiving
approval in 1998. Its use has become widespread for both
AET and CST.>® More than 10years after TIS approval,
aztreonam lysine inhaled solution (AZLI) was approved by
the FDA.%10 Since AZLI’s approval, review articles focusing
on pre-approval data have been published.!’-* However,
these reviews do not cover the clinical pharmacology, safety
and efficacy (including pre- and post-approval data), ongoing
clinical research, and clinical applications of AZLI. This
review provides a comprehensive overview of AZLI across all
research studies for healthcare providers responsible for the
management of individuals with CF.

Data Sources, Study Selection, and Data Extraction
A comprehensive literature search using the Cochrane
Database of Systematic Reviews and the PubMed and
ClinicalTrials.gov databases was conducted to identify publica-
tions about AZLI from 1990-2017. Publications including all
study designs, retrospective, prospective, randomized and
open-label trials, are included in analysis. In addition, this
review includes data over currently ongoing clinical trials.
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Table 1. Pre-approval completed studies.

DESIGN

POPULATION

INTERVENTION

CLINICAL OUTCOMES LIMITATIONS

Retsch-Bogart R, DB, PCT 164 CF patients with PA 28days AZLITIDvs 1 CFQ-R Short duration
et al'® (AIR-CF1) =6years PBO 1 FEV1 Few patients <18years
FEV1 25%-75% | Sputum PA density Moderate-severe lung
No recent anti-PA disease with minimal
treatment previous treatment
McCoy et al® R, DB, PCT 211 CF patients with PA 28days of TIS then 1 Time to treatment with ~ Short duration
(AIR-CF2) =6years 28days of AZLIBID  gnti-PA antibiotics for PE ~ Few patients <18years
FEV1 25%-75% or TID vs placebo ? CFQ-R TIS-treated cohort
=3 TIS courses within | Sputum PA density
previous year
Oermann et al4 Open-label 274 patients that 9 courses of cyclic 1 CFQ-R Study design
(AIR-CF3) previously completed 28day AZLI BID or T FEVA Few patients <18years
AIR-CF1 or AIR-CF2 TID ! Sputum PA density Potential microbiology
T Weight gain resistance

Discontinuation rate with
extended duration

Abbreviations: AZLI, aztreonam lysine for inhalation; BID, twice daily; CFQ-R, Cystic Fibrosis Questionnaire-Revised; DB, double-blind; FEV1, forced expiratory volume
in one second; PA, Pseudomonas aeruginosa; PBO, placebo; PCT, placebo-controlled trial; PE, pulmonary exacerbation; R, randomized; TID, three times daily; TIS,

tobramycin inhaled solution.

Clinical Pharmacology

Aztreonam is a monobactam antibiotic with activity against
Gram-negative aerobic bacteria including PA. Aztreonam
exerts its anti-bacterial activity by binding to penicillin-bind-
ing protein-3 (PBP-3), inactivating it, resulting in the disrup-
tion of bacterial cell wall synthesis and ultimate cell death.% 417
Aztreonam’s monocylic beta-lactam structure results in resist-
ance to hydrolysis by beta-lactamases.”’>17 In clinical trials
including 195 CF patients, the mean sputum concentration of
aztreonam 10 min after the first inhaled dose was 726 mcg/g.”
Analyzing pooled data, patient’s receiving 28days of therapy
(75 mg three times per day) did not demonstrate accumulation
of aztreonam in sputum.’ In the referenced studies, the mean peak
plasma concentration after the first dose was 0.59 mcg/mL.
Plasma concentrations following inhalation remained similar
for patient’s receiving 28days of therapy.” These data indicate
that there is minimal systemic absorption of AZLI. Standard
AZ11 dosing for all patient’s =7years of age is 75 mg inhaled
three times daily for 28 days.>'47 All doses must be separated
by a minimum of 4h. AZLI has only been studied for admin-
istration via the Altera® nebulizer system.? The Altera system
was co-developed with AZLI and has a very rapid nebulization
time, approximately 2-3 min.%18

Clinical Efficacy and Safety
Pre-approval completed studies

Retsch-Bogart et al’ conducted AIR-CF1 as a phase 3, dou-
ble-blind, multi-center, multinational, randomized, placebo-
controlled trial to evaluate AZLI three times daily for 28 days
in CF patients with PA (Table 1). The study population
(N =164) included patients =6years of age, with moderate to
severe lung disease (percent predicted forced expiratory volume
second (ppFEV1)=25%-75%)
PA-positive respiratory culture.

in 1 and documented

Most patients were receiving concomitant dornase alfa
(65%) and few patients had received TIS in the previous
12 months (average courses <2). Comparing the mean baseline
demographics between the AZLI vs placebo group, the AZLI
group (N=80) was slightly younger (27.4 vs 31.7years) but
had similar ppFEV1 (54.4% vs 54.8%) and Cystic Fibrosis
Questionnaire-Revised Respiratory Symptom Scores (CFQ-R
RSS) (60.5 vs 60.9) scores. CFQ-R RSS is measure of respira-
tory health using a 0-100 point scale where higher scores indi-
cate better health. There was a significant increase in CFQ-R
RSS with an adjusted mean difference between AZLI and pla-
cebo patients of 9.71 points (P=.0005). Previous studies
defined the “minimal clinically important difference” (MCID),
the smallest change in patient symptoms that is perceptible to
patients, for the CFQ-R RSS as 5 points. An increase in
CFQ-R RSS of 9.71 indicates a significant clinical improve-
ment.2022 AZI I-treated patients had a significant improve-
ment in ppFEV1 at day 28 (adjusted mean difference of 10.3%,
P<.001) and decreased PA sputum density (1.45log;,cfu/g,
P<.001). Although not statistically significant, AZLI-treated
patients were hospitalized less frequently than placebo patients,
5% vs 14% (P=.064). The incidence of adverse events was sim-
ilar between groups.

This study authors reported that patients =6years of age
with CF, moderate-to-severe lung disease and PA infection
had improved pulmonary function and respiratory symptoms
after a single treatment cycle with AZLI. Furthermore, adverse
events reported with AZLI therapy was consistent with under-
lying CF disease.

McCoy et al?® conducted AIR-CF2 as a phase 3, double-
blind, multi-center, randomized, placebo-controlled trial to
evaluate the safety and efficacy of AZLI in controlling PA
infection in CF patients. Patients received open-label, run-in
treatment with TIS 300 mg BID (twice daily) for 28 days prior
to AZLI or placebo given either BID or three times daily
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(TID) for 28days. The study population included patients
=6years of age with moderate to severe lung disease (ppFEV1
25%-75%) and chronic PA infection who had received at least
3 courses of T1IS in the previous 12 months.

A total of 211 patients were enrolled in the study, 135
patients received AZLI therapy (69 BID and 66 TID) 76
patients received placebo. Patients had received an average of
5.3 courses of T1S in the previous year. The pooled AZLI group
was slightly younger (25.3 vs 27.9years), had slightly better
ppFEV1 (55.8% vs 53.9%), and had similar CFQ-R RSS (63.7
vs 62.1). Pooled AZLI-treated patients had a statistically sig-
nificant increase, 21 days (relative risk reduction=45%), in time
to additional inhaled or intravenous (IV) anti-pseudomonal
antibiotics compared with placebo patients (P=.007). AZLI-
treated vs placebo patients had an increase in adjusted mean
CFQ-R RSS (5.01 [P=.020]), adjusted mean ppFEV1 (6.3%
[P=.001]), and a decrease in adjusted mean change in sputum
PA density (-0.66log;,cfu/g [P=.006]). Treatment-emergent
adverse events were similar between groups throughout the
study; however, more patients were hospitalized because of seri-
ous adverse events (SAE) in the AZLI (8) group, most com-
monly for pulmonary exacerbation.

The study investigators state AZLI was safe and effective
to manage PA infection and a potential therapy for patients
previously receiving TIS. Treatment with AZLI increased
time to need anti-pseudomonal antibiotics and improved
respiratory endpoints including symptom scores and pulmo-
nary function.

Oermann et al** conducted AIR-CF3 as an open-label,
multi-center, multinational extension trial for all patients par-
ticipating in AIR-CF1 and AIR-CF?2 studies. A total of 274
patients enrolled and continued the same dosing regimen they
utilized in either AIR-CF1 or AIR-CF2 (85 BID vs 189 TID)
for up to nine courses (28days on and off AZLI therapy) to
assess long-term safety outcomes. Most subjects, 51.5%,
received at least one course of TIS over the course of the study
for a median duration of 78 days. Although originally designed
for patients to receive three treatment courses, the study was
extended to up to nine treatment courses to more fully evaluate
AZLIs long-term safety and efficacy as well as gain a better
understanding of any issues related to long-term AZLI treat-
ment. The extended duration likely led to subject withdrawal as
only 195 individuals completed the study (71%).

Patients had a mean age of 28.5 years (range: 8-74), base-
line mean ppFEV1 55.6%, and CFQ-R RSS of 61.9. The
most common adverse events reported were attributed to
underlying disease and included cough (89.4%), productive
cough (80.3%), and respiratory tract congestion (49%). Non-
respiratory adverse events reported in =30% of patients
included pyrexia, fatigue, decreased appetite, and headache.
Analysis of secondary outcomes (ppFEV1, CFQ-R RSS,
weight gain) demonstrated a dose response benefit favoring
TID treatment over BID at the end of cycle nine. Throughout
the study, MICs, and MICy, of aztreonam for PA isolates

with the highest MIC remained unchanged for both groups,
with most patients demonstrating no change in susceptibility,
defined as less than 4-fold increase in MIC. Transient
increases in MICy; noted for the BID AZLI group favored
TID as a dosing regimen. This long-term safety study dem-
onstrated low rates of SAE and no new safety concerns with
up to 18 months of AZLI treatment.

This open-label study demonstrated the superiority of
AZLITID vs BID among CF patients =6years of age with
chronic PA infection. In addition, AZLI therapy led to
improvement in lung function, respiratory symptoms, and
quality of life and increased weight for the 18-month duration
of the study, proving sustainability of therapeutic effect. No
significant safety concerns were identified during the study.
The results of this trial established AZLI as a safe and effective
therapy for cycled, suppressive inhaled antibiotic therapy in CF
patients with chronic PA infection.

Pre-approval studies for AZLI demonstrate improvement
in CFQ-R RSS, ppFEV1, and decreased PA sputum density
over 1-18 months of treatment. Most safety concerns were res-
piratory in nature and attributed to underlying CF disease.
Limitations to these pooled studies include a small number of
pediatric patients, for Retsch-Bogart et al and McCoy et al a
short 28-day treatment duration, and for Oermann et al poten-
tial bias secondary to the open-label study design and potential
resistance pattern. In addition, the studied population for
McCoy et al was primarily a TIS-treated group and there is
evidence of a potential “honeymoon” effect with historical
treatment of inhaled antibiotics resulting in a decreased mag-
nitude of effect.?3:25:26

Post-approval completed studies

Wiainwright et al?” conducted AIR-CF4 with a design similar
to AIR-CF1 but included patients with milder CF lung dis-
ease (ppFEV1 >75%). It was a phase 3b, double-blind, multi-
center, multinational, randomized, placebo-controlled trial to
evaluate AZLI in CF patients with PA. The study population
(N=157) included patients =6years of age with mild lung dis-
ease (ppFEV1 >75%) and documented PA-positive respira-
tory culture.

Most patients were receiving concomitant dornase alfa
(82%) and azithromycin (57%); 65% of patients received T1IS in
the previous 12 months, although the average number of courses
was <3.The groups were similarly matched for age (19.5 vs
18.9years), ppFEV1 (95.5% vs 94.7%), and CFQ-R RSS (70.3
vs 73.6). There was a non-significant treatment effect in CFQ-R
RSS at day 28 (AZLI improvement=3.2 vs placebo improve-
ment=1.4 for a difference of 1.8 [P=.443]). A significant mean
change in ppFEV1 for AZLI-treated patients (2.75 [P=.021])
and decreased sputum PA density (-1.2log;,cfu/g [P=.016])
was reported. Post hoc subgroup analysis stratified by ppFEV1,
demonstrated for patients with a baseline ppFEV1 <90% an
improvement in CFQ-R RSS at day 28 (6.7 points [P=.072])
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and adjusted mean relative change in ppFEV1 (4.8% [P=.03]).
Most patients experienced at least one mild to moderate adverse
event during the study, most commonly cough and productive
cough, with similar rates between placebo and treatment groups.
SAEs were reported for 11.7% of AZLI-treated patients vs
3.7% of placebo patients, most commonly hospitalization sec-
ondary to pulmonary exacerbation (AZLI 2; placebo 2). The
authors reported modest improvement in respiratory symptoms
in patients with mild CF lung disease and significant improve-
ments in ppFEV1 and decreases in sputum PA density.

Assael et al?® conducted AZLI-TIS Active Comparator as a
phase 3b, open-label, multi-center, randomized, parallel group
study to evaluate AZLI 75 mg TID vs T1S 300 mg BID, which
is the US CF Foundation guideline recommendation for
chronic PA airway infection. The study was a post-approval
mandate of the European Medicines Agency, which required
the use of mean relative change in ppFEV1 at day 28 as its
primary outcome measure and allowed a non-inferiority (NI)
analysis with an NI margin of 4% (AZLI vs TIS). The FDA
requested an additional co-primary endpoint, mean actual
change in ppFEV1 across three 28-day treatment cycles, and
use of a superiority analysis. Patients were included if they were
=6years of age, had ppFEV1 <75%, and had a PA-positive
culture within 3months prior to screening. Most patients
(85%) in each group had received TIS for =84days in the
12 months prior to randomization. Patients were randomized
1:1 to receive either AZLI 75 mg TID or TIS 300 mg BID for
three 28-day on/off cycles followed by a 6-month open-label
AZII extension, where patients either continued AZLI or
crossed over from previous placebo.

A total of 268 patients were enrolled and had similar mean
baseline characteristics including age (25.8 vs 25.1years),
ppFEV1 (52.3% vs 52.2%) and CFQ-R RSS (62.9 vs 58.0). At
day 28, AZLI-treated patients had a larger relative and actual
improvement from baseline ppFEV1 compared with TIS
(8.35% vs 0.55% [P<.001], 2.05% vs 0.66% [P=.002]).
Compared with TIS-treated patients, AZLI patients had
improvement in CFQ-R RSS (adjusted mean change of4.1
points, P=.0189), a lower number of respiratory hospitaliza-
tions (40 vs 58, P=.044), lower number of respiratory events
requiring IV and/or inhaled anti-pseudomonal antibiotics (84
vs 121, P=.004), and longer duration of time to need IV anti-
pseudomonal antibiotics (P=.0025). There were similar
changes between decreased sputum PA density and a non-sta-
tistically significant increase in weight gain favoring AZLI-
treated patients (0.58% vs 0.06%, P=.289). In the open-label
extension period (n=133; AZLI/AZLI: 68; TIS/AZLI: 65),
AZLI/AZLI patients had sustained improvements in ppFEV1
and body weight, while TIS/AZLI patients had minimal
improvement in ppFEV1 and weight loss during the active
comparator period but a cross over effect was seen with
ppFEV1 improvements and weight gain once patients were
switched to AZLI open-label. Similar adverse events were

found between treatment groups, with cough and productive
cough being reported most commonly. More patients in the
AZlLI-treated group experienced both treatment-related
adverse events (22.8% vs 12.9%) and SAEs (16.2% vs 8.3%),
most of which were respiratory in nature these remained con-
sistent during the open-label extension study. Based on pre-
specified definitions (MICs, increase of 4-fold or greater),
there was no statistically significant increase resistance of PA
isolates observed during the study to aztreonam or any other
antibiotics. However, a non-significant increase of 15% was
noted in the incidence of aztreonam resistance Pseudomonas
isolates from baseline to the end of the study period.

This authors reported that over three treatment cycles,
AZIL1 was non-inferior regarding the relative change in
ppFEV1 and superior regarding actual change in FEV1 com-
pared with TIS treatment. AZLI was statistically superior
compared with TIS in terms of lung function and pulmonary
exacerbation reduction over a 6-month study period.

Tullis et al*? conducted AZLI in Burkholderia as a phase 3b,
multi-center, randomized, placebo-controlled study designed
to evaluate the safety and efficacy of 24 weeks of continuous
AZLI 75mg TID in CF patients =6years of age who had
chronic Burkholderia spp. infection. The 100 treated patients,
continued to receive their usual medical care, determined by
their physicians, with no restrictions on additional antibiotic
use. Eighty percent of patients received any antibiotic treat-
ment whereas 17% received an additional inhaled antibiotic.
Comparing the mean baseline demographics between groups,
the AZLI group was slightly older (28.0 vs 24.7years), had
slightly better baseline lung function (ppFEV1 60.7% vs
52.6%) and similar CFQ-R RSS (58.3 vs 59.0). At the end of
the study period, there was a small but non-significant change
in relative mean ppFEV1 favoring AZLI (0.91% [P=.66]) and
no significant differences in CFQ-R RSS, respiratory exacer-
bations, or hospitalization rates. The most common adverse
events reported were similar between groups with the excep-
tion of increased rates of wheezing (20.8% vs 5.8%) and chills
(12.5% vs 3.8%) in the AZLI-treated groups. SAE rates were
similar between groups, although treatment-related adverse
events, which were all respiratory, were slightly higher in the
AZLI-treated group (18.8% vs 5.8%). Analysis of microbiol-
ogy data found a 4-fold increase in MICs, from baseline to
week 24 for Burkhbolderia spp. in the AZLI-treated patients at
24 weeks and a no significant change in Burkholderia spp. spu-
tum density between groups.

This study is the largest, randomized controlled antimicro-
bial trial among CF patients with chronic Burkholderia intec-
tion, an organism which is associated with significant morbidity
and mortality. It failed to demonstrate significant differences
between ppFEV1, pulmonary exacerbation rates, or antibiotic
utilization between treatment and placebo groups.

Flume et al5 conducted AZLI CAT as a randomized, dou-
ble-blind, placebo-controlled trial conducted to compare
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continuous alternating inhaled antibiotic therapy (CAT) to
intermittent inhaled antibiotic treatment regimens in CF
patients with chronic PA airway infection. Study patients were
randomized to receive TIS 300 mg BID for 28 days alternating
with AZLI 75mg TID or placebo for 28 days for a total of
28weeks. Study participants were =6years of age and had
a history of PA airway infection, ppFEV1 25%-75%, and
=1 hospitalization secondary to pulmonary exacerbation in the
year prior to enrollment.

Study enrollment was limited secondary to several barriers,
one of which was the early adoption of CAT as a standard clini-
cal practice so only 90 of the 250 subjects necessary for adequate
statistical power were randomized. The baseline demographics
of aztreonam and placebo groups were similar, with a mean age
of 28.4years and most patients had a single pulmonary exacer-
bation requiring hospitalization in the previous year (55.7%).
CAT reduced rates of pulmonary exacerbation by 25.7%
(P=.25) and hospitalization by 35.8% (P=.14) compared with
TIS alone. CAT patients required less additional antibiotics for
pulmonary exacerbations (48.8% vs 55.3%) and had an increased
median time to pulmonary exacerbation (35days longer than
TIS [P=.71]). No significant changes in ppFEV1 or microbiol-
ogy were identified. The most common treatment-emergent
adverse events were cough, increased sputum, and dyspnea but
no SAEs were considered treatment related.

AZLI CAT was an attempt to define its roles vs cyclic ther-
apy in the management of CF patients with chronic PA airway
infection. Although CAT resulted in decreased exacerbation
and hospitalization rates compared with cyclic therapy with
TIS, these differences were not statistically significant.

Combined pediatric experience

The preceding studies excluded children <6years of age.3
However, 23% of the patients in the combined studies by
Retsch-Bogart et al, McCoy et al, and Assael et al and 57% of
study participants enrolled in Wainwright et al were pediatric
patients between 6 and 17years of age. Therefore, a retrospec-
tive analysis to determine the efficacy and safety of AZLI
among pooled pediatric patients (<18years of age) who par-
ticipated in these studies was performed.3? Efficacy data from
(1) Retsch-Bogart et al and McCoy et al enrolled patients
treated with TID AZLI (n=83 [55 AZLI]), (2) Wainwright
et al enrolled patients with ppFEV1 75%-90% (n=89 [42
AZLI]), and (3) Assael et al enrolled patients (n=59 [42
AZLI]) were included in the analysis. Safety data from all
patients were combined and included.

In the studies by Retsch-Bogart et al and McCoy et al, pedi-
atric patients demonstrated increased ppFEV1. In all studies,
pediatric patients demonstrated improvement in CFQ-R RSS
compared with placebo or TIS and decreases in PA sputum den-
sity. Other efficacy and safety results in this pediatric subgroup
analysis were reportedly similar to those among adults, with
pediatric patients demonstrating fewer adverse events.

Tiddens et al3%32 conducted the Aztreonam Lysine for
Pseudomonas Infection Eradication (ALPINE) study as a
phase 2, single-arm, multinational, open-label study evaluat-
ing the safety and efficacy of a 28-day course of AZLI 75 mg
TID for eradication of newly acquired PA infection in pedi-
atric CF patients. The study population included patients
between 3 months and <18years of age with initial or new
onset PA infection.

The average age of the 105 patients enrolled was 6.26 years
(range 3 months-16years) and patients =6years of age had a
baseline ppFEV1 >80%. The respiratory culture leading to
study enrollment (index culture) was the first PA-positive cul-
ture for most patients (70.5%). Analysis of efficacy included 79
clinically evaluable patients who, by definition, completed
28days of AZLI, did not receive additional anti-pseudomonal
antibiotics during treatment, and completed the total 28-week
study. Most clinically evaluable patients remained culture neg-
ative for PA (58.2%), with more patients achieving this out-
come if they were culture negative at baseline (the first culture
following the index culture and at the start of AZLI eradica-
tion treatment), negative for anti-pseudomonal antibodies, and
their index culture was their first PA infection.

Patients who completed 4 weeks of AZLI (N=101) dem-
onstrated PA-negative respiratory cultures rates of 89.1%,
75% at week 8, 63.4% at week 16, and 47.5% at week 28.
Eradication rates were similar to other eradication regimens.
Patients >6years of age not meeting the primary endpoint
had greater decreases in ppFEV1 and CFQ-R RSS than
patients meeting the endpoint. The most common treat-
ment-emergent adverse events were cough (41%), pyrexia
(14.3%), and rhinorrhea (9.5%). The study reports no signifi-
cant changes in PA susceptibility to AZLI. This study dem-
onstrated that AZLI was safe and effective as an eradication
therapy for pediatric patients with new emergence of
Pseudomonas infection and should be considered for initial
antimicrobial eradication therapy.

Clinical Trials.gov® and Accurso et al3* conducted PA in the
lower airways Pediatric Aztreonam Lysine Safety (PALS) as an
open-label, single-arm, multi-center, multinational study to
evaluate the safety of three courses of AZLI 75mg TID in
pediatric CF patients <12years of age with chronic PA airway
infection. Of the 59 patients who completed the study, the
majority were between 6 and 12 years of age (N =52, 85%) and
had mild lung disease (mean ppFEV1=80.31%) and respira-
tory symptoms (mean CFQ-R RSS=71.73 £17.33). At the
end of the study period, no patients had discontinued study
participation secondary to safety or tolerability concerns.
Patients experienced improvements in ppFEV1 and CFQ-R
RSS and decreases in sputum PA density at all time points
assessed throughout the study period. During the study period,
additional anti-pseudomonal antibiotics were not required by
42.6% of patients, almost 38% of patients experienced at least
one pulmonary exacerbation and 18% required hospitalization.
The most common adverse events reported were cough, pyrexia,
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Table 2. Post-approval completed studies.

INTERVENTION

28days AZLI TID vs
PBO

AZLI TID or TIS BID
for 3 x28 day on/off
cycles

AZLI TID continuous
for 24 weeks vs PBO
then 24 week

open-label extension

Cyclic AZLI TID vs
PBO with open-label
TIS for 3 cycles
28days AZLI vs PBO
28days of TIS then

28days of AZLI BID or
TID vs PBO

28days AZLI TID

28days of AZLI TID

STUDY DESIGN POPULATION
Wainwright R, DB, PCT 157 CF patients with PA
et al?” (AIR-CF4) =6years
FEV >75%
Assael et al?® Open-label 268 CF patients with
(AZLI-TIS active R, Parallel PA =6years
comparator) group FEV <75%
Tullis et al?® R, DB, PCT 100 CF patients
(AZLI'in =6years with chronic
Burkholderia) Burkholderia spp.
infection
Flume et al® R, DB, PCT 90 CF patients with PA
(AZLI CAT) =6years
Retsch-Bogart Post hoc 165 AIR-CF1, AIR-CF2,
et al®® (combined  subset analysis AIR-CF4, and AZLI-TIS  or
pediatric of R, DB, PCT active comparator
experience) Pediatric patients =6
years to <18years
FEV1 25%-75%
Tiddens et ald! Single-arm, 105 CF patients with
(ALPINE) open-label new PA 3months to
<18years
FEV1 =80%
Accurso et al3* Single-arm, 61 pediatric CF patients
(PALS) open-label <12years with PA

for 3 cycles

CLINICAL OUTCOMES

No change in CFQ-R
1 FEV1
I Sputum PA density

T FEV1vs TIS
JHospitalizations
JPE

JUtilization of anti-PA
antibiotics

No change in lung
function

No change in sputum
density

Non-significant { in
hospitalization and PE

1 FEVA1 similar to
adults

Slightly less
respiratory adverse
events than adults

89.1% PA (-) at end of
treatment

75.2% PA (-) 4weeks
post-treatment

58.2% PA (-) at all
post-treatment time
points

No discontinuation for
safety or tolerability
reasons

T FEVA

T CFQ-R

COMMENTS

Larger treatment effect
FEV1 75%-90%
Healthier patients
Sample size

Study design
Few pediatric patients
Clinical application

Sample size

Variable treatments
resulting in confounders
Heterogeneous
population

Under enrolled with
failure to meet power

Subgroup analysis
Sample size

Study design

Culture sampling
primarily by throat swab
Primary outcome
measure at the end of
the study period

High baseline negative
culture rates

Study design

Not powered or
designed to assess
efficacy outcomes

Abbreviations: AZLI, aztreonam lysine for inhalation; BID, twice daily; CAT, continuous alternating inhaled antibiotic therapy; CFQ-R, Cystic Fibrosis Questionnaire-
Revised; DB, double-blind; FEV1, forced expiratory volume in one second; PA, Pseudomonas aeruginosa; PALS, Pediatric Aztreonam Lysine Safety; PBO, placebo; PCT,
placebo-controlled trial; PE, pulmonary exacerbation; R: randomized; TID: three times daily; TIS, tobramycin inhaled solution.

nasal congestion, and rhinorrhea, while 13 patients (21.31%)
experienced an SAE most likely associated with underlying
disease.

This study provides additional safety and efficacy data for a
younger pediatric cohort treated with AZLI for chronic PA
infection including improvements in respiratory outcomes and
tolerability over three treatment courses (Table 2).

Post-approval = studies demonstrate improvement in
ppFEV1 for use of AZLI and the treatment of PA but no
significant efficacy found with treatment of Burkholderia
infection. The Wainwright et al study was limited by short
duration of treatment, inadequate sample size estimation lim-
iting power to detect small changes and challenges with symp-
tom scores as the ideal outcome measure for studies including
patients with mild lung disease. Assael et al was limited by an
open-label study design, small pediatric patients and including
a majority of patients receiving TIS >84 days especially given

studies demonstrating waning effects of TIS with chronic
therapy.?>26:28 Tullis et al had a highly heterogeneous patient
population and lack of controls for variable standards of care
or other treatments, especially additional antibiotics. Analysis
of CAT therapy favored hospitalization and decreased pulmo-
nary exacerbation but not significantly. Study enrollment was
severely limited by high rates of early adoption of CAT into
clinical practice so the study suffered from an insufficient
sample size and was inadequately powered to detect signifi-
cant differences between groups. Questions regarding opti-
mum use of inhaled antibiotics for management of chronic PA
infection remain unanswered. Pediatric analysis with AZLI
found an increase in ppFEV1 and efficacy as an eradication
strategy of PA. Pediatric subgroup analysis introduced poten-
tial bias of a small number of patients and limited data pre-
sented only in abstract form without statistical analysis. The
Tiddens et al and Accurso et al limitations include study
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design (open-label, uncontrolled and single-arm), challenges
with comparison to other studies, and limited patient popula-
tion and duration.

Post-approval ongoing studies

Gilead Sciences, Inc.% completed AIR-CFS5 as a prospective,
multi-center, longitudinal, 5-year study begun in 2011 as a
post-marketing requirement by the FDA. Its objective was to
monitor the aztreonam susceptibility of PA isolates taken from
the respiratory cultures of a subset of patients from the CF
Patient Registry. Specimens for microbiological evaluation
were obtained at enrollment then annually for 5years. The
study enrolled 510 participants =6years of age and was com-
pleted in December 2016. Inclusion criteria were ppFEV
=25% and <90% and a history of PA-positive cultures. Interim
data were presented at the North American CF Conference
(NACFC) in 2014, 2015, 2016, and 2017. Final results from
this study have not yet been published but should provide valu-
able information regarding resistance patterns during long-
term use of inhaled antibiotics.

Co-primary investigators Howenstine and Anderson®® are
conducting a single-center, pilot study of inhaled antibiotic
regimens to assess the potential relationship between patients’
inhaled antibiotic regimens and clinical and microbiological
outcomes. The authors hypothesized that alternating AZLI and
TIS would inhibit the development of antibiotic resistance and
decrease the prevalence of resistance among bacterial isolates
from CF patients. The primary outcome measure was change in
an antibiotic resistance profile that included PA resistance,
change in PA sputum density, MIC of aztreonam and tobramy-
cin against PA, and changes in other microorganisms identified.
Secondary outcome measures include clinical symptoms includ-
ing changes in CFQ-R RSS, ppFEV1, and hospitalization rates.
The targeted enrollment was 27 patients >6years old, had a
history of PA, and were on an inhaled antibiotic regimen at the
time or randomization. Treatment regimens included AZLI
only (every other month), TIS only (every other month), or
CAT (AZLI and TIS alternating every other month). Results
have not been published at this time, but completed in October
2015.

Rubin®” is conducting a phase 2, two-center, randomized,
parallel group, placebo-controlled pilot study evaluating the
safety and efficacy of conventional AZLI (75 mg inhaled TID)
plus nasal AZLI instillation (75mg BID) vs conventional
AZL1in CF patients with PA infection. The primary outcome
measure is the number of pulmonary exacerbations attributed
to PA infection. Secondary outcome measures include time to
pulmonary exacerbation attributed to PA infection, change in
CFQ-R, change in ppFEV1, change in sinus and nasal quality
of life questionnaire (SNOT-20), microbiology, and safety
analysis. The study aims to enroll 30 patients =7years and a
history of PA infection and started January 2017 with antici-
pated completion of January 2018.

Frost3® is conducting a phase 4, single-center, randomized,
open-label, cross-over pilot study to assess the use of AZLI
(75 mg TID) plus intravenous colistimethate vs standard dual
anti-pseudomonal intravenous therapy for the treatment of CF
exacerbations. Study patients will receive either AZLI plus
intravenous colistimethate or standard dual intravenous anti-
pseudomonal therapy for 14 days during their first exacerbation
and the alternative regimen for their subsequent exacerbation.
The primary outcome measure is the change in ppFEV1 at day
28. Secondary outcome measures include time to subsequent
pulmonary exacerbation, CFQ-R RSS, sputum PA density,
changes in the patient’s microbiome, and the prevalence of
antibiotic resistance. The study aims to enroll 16 male patients
between 16 and 65 years of age who have a history of PA infec-
tion and ppFEV1 =25% to =<75% with an anticipated comple-
tion of July 2018.

National Jewish Health® is conducting an observational,
single-center, prospective cohort study evaluating changes in
inflammatory biomarkers during treatment with AZLI (75 mg
TID). The primary outcome measure is changes from baseline
values on a standard genetic biomarker panel which are specific
white blood cell compounds that predict decreased infection
and inflammation during treatment with intravenous antibiot-
ics. Secondary outcome measures include ppFEV1, sputum PA
density, changes in other inflammatory markers (C-reactive
protein, interleukin 8), and symptom reports. A total of 30
AZILI-treated patients aged 18-75 years who have a history of
PA infection and a ppFEV1 =25% will be enrolled and the
study completed by January 2018 (Table 3).

Availability and Access

The European Medicines Agent approved AZLI September
21,2009 for patients =6years and the FDA approved AZLI to
improve respiratory symptoms in CF patients with pulmonary
PA infections =7years on February 23,2010.4%4 It is supplied
as single-use vials containing 75 mg of lyophilized aztreonam
that must be reconstituted with 1 mL of a sterile diluent (0.17%
sodium chloride) prior to inhalation.®!” It is delivered through
the Altera nebulizer system. AZLI is approved to be used as
TID therapy in 28-day on/off cycles. A 28-day treatment
course based on average wholesale price is approximately
USD10,000 but actual cost to patients is variable.!® Inhaled
aztreonam is only available through a small number of specialty
pharmacies.*? For patients with barriers to access, the Cayston
Access Program® offers assistance with general information,
insurance issues, and financial assistance.*?

Clinical Overview and Application

Published data from clinical trials demonstrate improvements
in lung function, decreased pulmonary exacerbations, and
improvement in respiratory symptoms when AZLI is used in
28-day cycles as suppressive therapy.1®2* Long-term study data
show that AZLI use is associated with consistent, sustained
weight gain among CF patients.?* AZLI was found to be safe
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Table 3. Post-approval ongoing studies.

STUDY DESIGN

POPULATION

INTERVENTION

CLINICAL

PLANNED

COMMENTS

Gilead Prospective, CF patients =6years Registry data collecting
Sciences, Inc.?>  observational with PA sputum samples for
(AIR-CF5) FEV 25%-90% AZLl-treated patients
Co-Pl: Prospective, CF patients =6years AZLI cohort
Howenstine and  observational, with PA TIS cohort
Anderson3® cohort AZLI-TIS cohort
PI: Rubin® R, PCT CF patients =7years AZLI TID + AZLI Nasal
Parallel group with PA BID or PBO Nasal BID
pilot FEV1 =30%
Pl: Frost3® R, open-label CF patients AZLI TID + SOC then
Cross-over =16years with PA SOC or SOC then AZLI
FEV1 25%-75% TID + SOC
SOC: IV
colistin + additional
anti-PA 1V antibiotic
National Jewish  Prospective, CF patients New AZLI treatment or
Health3® observational =18years with PA no NEB anti-PA
cohort FEV1 =25% antibiotic for 28 days

prior to study

Annualized proportion of
=4-fold MIC T and above
parental breakpoint
across 5years

Antibiotic resistance
profiles: microbial
resistance, sputum
density, MIC of
tobramycin and
aztreonam microbiome
changes every 3months
for 12months

PE rate

Time to exacerbation
SNOT-20

CFQ-R

Change in FEV1
Microbiology

Change in FEV1
Time to exacerbation
CFQ-R

Microbiology

Gene biomarker panel
Change in FEV1
Sputum density
Symptom scores

Sampling techniques
Confounders
Study duration

Sampling techniques
Sample size and
enroliment challenges
Study duration

Sampling techniques
Sample size
Incorporation into
clinical practice

Sample size
Variability in PE
treatment externally
Utilization of IV colistin

Study design

Small sample size
Limited duration
Confounding variables

Non-specific inflammatory
markers: CRP, IL-8

Abbreviations: AZLI, aztreonam lysine for inhalation; BID, twice daily; CFQ-R, Cystic Fibrosis Questionnaire Revised; SNOT-20, Sino-Nasal Outcome Test 20; CRP, C-reactive
protein; IL-8, interleukin 8; FEV1, forced expiratory volume in 1 second; MIC, minimum inhibitory concentration; NEB, nebulized; PA, Pseudomonas aeruginosa; PBO,
placebo; PCT, placebo-controlled trial; PE, pulmonary exacerbation; P, primary investigator; SOC, standard of care; TID, three times daily; TIS, tobramycin inhaled solution.

across all AZLI trials, with most adverse events classified as
mild and respiratory in nature. A specific concern with chronic
antibiotic therapy is the development of resistance; however,
the clinical trials completed to date have not identified signifi-
cant or consistent changes in resistance or microbiology. In
addition, Cystic Fibrosis Foundation (CFF) Guidelines and
National Institute for Health and Care Wellness (NICE)
Guidelines support the use of AZLI for chronic PA infec-
tion.** The CFF Guidelines for chronic management of CF
lung disease were published prior to the most AZLI publica-
tions. Therefore, the recommendations are somewhat limited
but do recommend AZLI for patients with CF >6years of age
with mild, moderate, and severe lung disease and chronic
Pseudomonas infection to improve lung function and quality of
life.¥ The NICE guidelines, published in 2017, stated AZLI
was better than placebo with regard to lung function, weight
gain, and quality of life, and that AZLI was superior to
tobramycin in decreasing pulmonary exacerbations.** There
were no clinically significant differences between AZLI and
TIS in lung function, change in sputum density, quality of life,
or weight gain.?6 AZLI has been shown to be safe and effective
when used as AET in CF patients with initial or early

Pseudomonas infection.31:32 The eradication trial using AZLI
demonstrates eradication rates similar to those reported for
inhaled tobramycin and inhaled colistimethate with or without
oral ciprofloxacin.?'-32 Therefore, AZLI may be considered as
appropriate initial therapy for PA eradication. Based on recom-
mendations from the CF Foundation and guidelines inhaled
antibiotics including AZLI should be administered after bron-
chodilators, mucolytic therapy, and airway clearance.” The
body of evidence reviewed above supports the safety and effi-
cacy of AZLI as a first-line agent for eradication of initial PA
infection and chronic, suppressive therapy. Medication nonad-
herence is associated with higher costs and healthcare visits
including hospitalizations.* Clinicians should consider rapid
administration of AZLI TID vs longer administration of
tobramycin BID in discussions of inhaled PA therapy.

Ongoing Studies

Questions regarding how to optimally manage chronic sup-
pressive anti-pseudomonal therapy with the available anti-
pseudomonal inhaled antibiotics were not answered by the
Flume et al® study over CAT. Thus, this remains a significant
unanswered question requiring additional investigation. A
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standardized, evidence based approach to treatment of CF
sinus disease associated with PA infection is not well defined
and on-going studies attempt to provide guidance including
work by Rubin and colleagues.3” Furthermore, the potential
use of AZLI during pulmonary exacerbation and as an adjunct
to anti-inflammatory therapy is also being studied by Frost
and colleagues®® as well as National Jewish Health.3? If the
use of AZLI during exacerbations is effective, it may allow for
decreased use of other IV antibiotics with known systemic
toxicities. There are still important quest to be addressed
including the development of resistance over time, eradica-
tion of Pseudomonas in infants <3 months of age, and the
integration of AZLI’s into overall care plans as new CFTR
modulators are developed and approved. Furthermore, the use
of AZLI in pregnancy has not been studied in a systematic
fashion but may offer advantages as a pregnancy risk factor B
with placenta transmission of minimal systemic concentra-
tions.?*%47 Providing answers to all of these questions may
allow the CF care community to standardize our approach
with evidence-based guidelines to the treatment of chronic
PA infection.

Conclusions

The pharmacologic management of CF has changed dramati-
cally over the past several decades. This, in conjunction with
other advances in care, has had a significant role in increasing
survival and improving quality of life among people with CF.
The development of AZLI has been an important part of this
process. CFF and NICE guidelines recommend the use of
AZLI for patients with chronic Pseudomonas infection. There is
less clear guidance regarding antimicrobial eradication therapy
but both NICE and the CFF recommend consideration of
inhaled antibiotics, which should include AZLI. Despite
guideline recommendations, significant questions remain
regarding how AZLI and other inhaled antibiotics should be
incorporated into routine or standardized CF care. Future
research to answer these questions will be critical in continuing
to improve the lives of people with CF.
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