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ABSTRACT: Azithromycin reduces airway inflammation and improves forced expiratory volume in

1 s (FEV1) in chronic rejection or bronchiolitis obliterans syndrome (BOS) after lung

transplantation (LTx). Azithromycin prophylaxis might prevent BOS.

A double-blind randomised controlled trial of azithromycin (n540) or placebo (n543), initiated

at discharge and administered three times a week for 2 yrs, was performed in 2005–2009 at the

Leuven University Hospital (Leuven, Belgium). Primary end-points were BOS-free and overall

survival 2 yrs after LTx; secondary end-points were acute rejection, lymphocytic bronchiolitis and

pneumonitis rate, prevalence of pseudomonal airway colonisation or gastro-oesophageal reflux,

and change in FEV1, airway and systemic inflammation over time. Patients developing BOS were

assessed for change in FEV1 with open-label azithromycin.

BOS occurred less in patients receiving azithromycin: 12.5 versus 44.2% (p50.0017). BOS-free

survival was better with azithromycin (hazard ratio 0.27, 95% CI 0.092–0.816; p50.020). Overall

survival, acute rejection, lymphocytic bronchiolitis, pneumonitis, colonisation and reflux were

comparable between groups. Patients receiving azithromycin demonstrated better FEV1

(p50.028), and lower airway neutrophilia (p50.015) and systemic C-reactive protein levels

(p50.050) over time. Open-label azithromycin for BOS improved FEV1 in 52.2% patients. No

serious adverse events were noted.

Azithromycin prophylaxis attenuates local and systemic inflammation, improves FEV1 and

reduces BOS 2 yrs after LTx.

KEYWORDS: Azithromycin, bronchiolitis obliterans syndrome, lung allograft rejection, lung

transplantation, obliterative bronchiolitis

M
ean actuarial 5-yr survival rate after
lung transplantation is currently ,50%,
increasing to 70% in some high-volume

centres [1, 2]. This is far behind other solid organ
transplantations [3, 4]. Death most often results
from chronic rejection [1], which presents histo-
logically as obliterative bronchiolitis, a scarring of
the terminal bronchioles [5–8], and clinically as
obstruction identified by spirometry, defined as
bronchiolitis obliterans syndrome (BOS), which
has a 5-yr prevalence of 45% [1, 8, 9]. Because
obliterative bronchiolitis is not consistently
detectable by transbronchial biopsy, spirometry
is routinely used as a surrogate marker to diag-
nose chronic rejection. BOS is thought to be the

final common end-point of various alloimmu-
nologic and nonalloimmunologic injuries to the
pulmonary allograft [10, 11]. Preventive and
therapeutic strategies for BOS have been largely
unsuccessful [11–15]. However, since the recent
introduction of the neomacrolide antibiotic azi-
thromycin in the field of lung transplantation, it
has become clear that, currently, some 35% of
patients with established BOS can be adequately
treated, in particular those with an increased
bronchoalveolar lavage neutrophilia of 15–20% or
more [16–24]. In these patients, azithromycin
treatment resulted in a mean increase in forced
expiratory volume in 1 s (FEV1) of ,15% and
possibly an improved survival [16–25].
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In view of the significant morbidity and mortality associated
with BOS, as well as the enormous healthcare costs attributed
to frequent hospitalisations, extensive immunosuppressive
treatment and use of diagnostic procedures in these patients
[26], we investigated whether prophylactic azithromycin
treatment would improve outcome (i.e. BOS-free and overall
survival) after lung transplantation.

METHODS

Study design
A randomised, double-blind, placebo-controlled trial of oral
azithromycin, given in addition to conventional immunosup-
pression, was conducted at the Leuven University Hospital
(Leuven, Belgium) with the approval of the institutional
review board. Single-lung, bilateral lung or heart–lung
transplant recipients who were o18 yrs of age were eligible.
Patients were excluded if they had an intensive care unit stay
of .30 days or had died ,30 days post-transplantation, had
an important bronchial stenosis, underwent retransplantation
or multiorgan transplantation (lung plus a solid organ) or had
undergone solid-organ or bone marrow transplantation in the
past. In September 2005–December 2007, patients were offered
enrolment if they met the study criteria at discharge after
transplantation. Immediately after the provision of written
informed consent, patients were randomly assigned to groups
through permuted block randomisation in a 1:1 ratio by the
Hospital Experimental Pharmacy (Leuven University
Hospital) to receive either oral azithromycin or placebo for
2 yrs. Study treatment was initiated as soon as possible
thereafter, but no more than 30 days later. Participants, nurses
administering the study medication and principal investigators
(L.J. Dupont and G.M. Verleden; both Katholieke Universiteit
Leuven and University Hospital Gasthuisberg, Leuven,
Belgium) were blinded to group assignment throughout the
entire study period. All evaluations of outcomes were
performed in a blinded manner by University investigators
from the Laboratory of Pneumology (R. Vos and B.M.
Vanaudenaerde; both Katholieke Universiteit Leuven and
University Hospital Gasthuisberg). University investigators
were solely responsible for the trial design, data collection,
study management and data analyses presented in this article.
The data and safety monitoring board (Clinical Trial Center,
UZ Leuven, Leuven, Belgium) took no action regarding early
trial cessation.

Administration of investigational medicinal product
Azithromycin (ZithromaxTM, azithromycin dihydrate, 250 mg
hard gelatine capsule formulation) was purchased from Pfizer
(Sandwich, UK) and overencapsulated by the University’s
Hospital Experimental Pharmacy. For placebo, lactose mono-
hydricum Ph. Eur. was purchased from Fagron (Rotterdam,
the Netherlands) and compounded into 300 mg hard gelatine
capsules by the University’s Hospital Experimental Pharmacy.
Study medication was provided in numbered containers to the
patients during routine follow-up visits at the outpatient clinic
or during hospital admissions by a study nurse who also
verified compliance and possible adverse events at each
contact. The study drug was initiated at one dose a day for
five consecutive days, followed by one dose three times a week
on Mondays, Wednesdays and Fridays. Patients were
instructed to continue treatment for 2 yrs. If a patient

developed BOS, the study drug was stopped (without
deblinding of the investigational drug) and the patient was
initiated on open-label ‘‘rescue’’ treatment of azithromycin for
ethical reasons, initiated at 250 mg daily for 5 days, followed
by 250 mg three times a week.

Transplant monitoring and clinical management
Patients followed a typical, standardised outpatient care
regimen after lung transplantation, with complete history
and physical examination, blood work, urine, sputum and
pharyngeal swab cultures, spirometry and chest radiography
at twice-weekly intervals for the first two post-operative
months, at weekly to biweekly intervals thereafter until
6 months post-transplantation, then every 2–4 weeks until
the first post-operative year and, afterwards, life-long at
intervals of 2–3 months. Surveillance bronchoscopy and
bronchoalveolar lavage was routinely performed at specific
time-points after transplantation (at discharge, and 3, 6, 12, 18
and 24 months post-transplantation, and later at intervals of
1 yr) in case of clinically suspected acute allograft rejection,
infection or BOS. Transbronchial biopsies were routinely
performed at discharge and 3 months post-transplantation
in case of suspected acute rejection, infection or BOS.
Bronchoscopic procedures and processing of specimens are
comprehensively described in the supplementary material.
Histologic rejection was defined according to established criteria
[7]. The presence of obliterative bronchiolitis was assessed at
autopsy or on explant biopsies in case of retransplantation.
Spirometry (Masterscreen; Jaeger, Hoechberg, Germany) was
performed according to American Thoracic Society standards
[27] and FEV1 % predicted [28]. BOS was defined as a sustained
decrease in FEV1 of o20% from the patient’s maximum post-
operative values in the absence of other causes [9]. For patients
initiated on open-label ‘‘rescue’’ treatment, response to azithro-
mycin was defined as an increase in FEV1 of o10% after
3–6 months of treatment and nonresponders were defined as
having an increase of ,10% or a further decrease [21]. Survival
data were obtained using mortality information in the Leuven
University Hospital transplant database, in which all our lung
transplant recipients since 1991 (n5510 on January 1, 2010) are
registered.

Therapeutic management
After discharge, both groups received conventional triple-drug
immunosuppression with methylprednisolone, a calcineurin
inhibitor (cyclosporine A or tacrolimus) and a cytostatic agent
(azathioprine or mycophenolate mofetil), as comprehensively
described in the supplementary material. Drug choice and
dosing adjustments were made according to a standardised
protocol at the discretion of the treating clinician on the basis of
renal function, immunosuppressive trough levels, spirometry
and biopsy results. Patients developing BOS were treated with
azithromycin according to the open-label trial protocol and in
the case of BOS progression with conversion of immuno-
suppressives or, less frequently, total lymph node irradiation
or retransplantation.

All patients received conventional infectious prophylaxis for
cytomegalovirus (CMV), Aspergillus spp. and Pneumocystis
spp., as described in the supplementary material. CMV-related
disease or pneumonitis was treated with Ganciclovir.
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Antibiotic treatment for bacterial infection was guided using
bacterial cultures.

All patients received conventional prophylaxis for gastro-
oesophageal reflux [29] and confirmed reflux was treated by a
high-dose proton pump inhibitor, as described in the supple-
mentary material. When the current study was initiated, no
standardised protocol for the evaluation of reflux had been
instituted at our centre; therefore, reflux was assessed either by
pH impedance measurement or by gastroscopy at variable
time-points during the first 2 yrs after transplantation.

End-points
Primary end-points were the prevalence of BOS and overall
survival at 2 yrs after transplantation. Secondary end-points
included the rate of histological acute rejection, lymphocytic
bronchiolitis and pulmonary infection, and the prevalence of
pseudomonal airway colonisation and gastro-oesophageal
reflux, as well as change in FEV1, and airway and systemic
inflammation over time during the study.

Adverse events were defined as serious allergic reactions
including skin reactions (rash, urticaria or Stevens–Johnson
syndrome), angioneurotic oedema and anaphylaxis, cardiac
arrhythmias (ventricular tachycardia or Torsades de Pointes),
neurologic disorders (convulsions), gastrointestinal disorders
including abdominal discomfort (nausea, dyspepsia, pain or
cramps), diarrhoea or pseudomembranous colitis.

Statistical analysis
Power analysis stipulating a 30% difference in the prevalence
of BOS after 2 yrs suggested enrolment of o82 patients based
on a two-sided test (a50.05, b50.20), a BOS prevalence of 30%
2 yrs after transplantation and a dropout rate of 10%. The
anticipated enrolment period was 3 yrs, based on a mean
annual number of 39 transplantations in the preceding 3.5 yrs
and an exclusion rate of 30%. Actual enrolment of 83 eligible
patients could already be discontinued after 2.4 yrs due to a
higher number of transplantations performed during this data
collection period (mean annual number of 49 transplantations).
Analyses were performed 2 yrs after the last subject had been
enrolled, without unblinding of the randomisation to either the
treating physicians or the enrolled patients and the study
protocol specified a second analysis 3 yrs after enrolment of
the last patient. All patients were in life-long follow-up and
outcome variables were followed until the patient’s death,
independent of the continuation or discontinuation of study
medication or the conclusion of the scheduled 2-yr study
treatment period. Included patients were analysed according
to the intention-to-treat principle and no patient was lost to
follow-up.

Group means were compared using unpaired, two-tailed t-
tests or Mann–Whitney tests for non-normally and normally
distributed variables, respectively (Graphpad Prism 4.0 soft-
ware, San Diego, CA, USA). The Chi-squared test was used to
compare proportions. All reported p-values are two-sided and
have not been adjusted for multiple testing. Kaplan–Meier
estimates with log-rank tests were used for time-to-event
analyses. For the end-point of BOS, survival times were
censored at death, retransplantation or at study discontinuation
if these preceded BOS, or else at 2 yrs after transplantation. For

the end-point of death, survival times were not censored at
retransplantation or at study discontinuation if these preceded
death, or else at 2 yrs after transplantation. Additional Cox
proportional-hazards analyses (SAS 9.1 Institute Inc. Software,
Cary, NC, USA) were used to compare BOS-free survival and
overall survival between groups with or without adjustment for
type of transplantation (single or bilateral lung), recipient and
donor age, recipient sex, recipient CMV mismatch status
(positive donor to negative recipient), the rate of acute rejection
(histological grade A), lymphocytic bronchiolitis (histological
grade B), and CMV and non-CMV pneumonitis. The frequency
or rate of specific events (i.e. acute rejection, lymphocytic
bronchiolitis, CMV and non-CMV pneumonitis) was calculated
by determining the number of events per yr of study time for
each subject. Mixed-effect models were used to test longitudinal
effects on repeated measurements of FEV1, bronchoalveolar
lavage neutrophilia and plasma C-reactive protein. Because
within-individual repeated measures of outcomes are corre-
lated, random effects were estimated at the subject level, nested
within therapy group. To achieve normal distributions of
neutrophilia and C-reactive protein, we applied Box–Cox
transformations. Q-Q plots of the residuals, the residuals versus
the fitted values and the residuals versus leverage were used to
test the assumptions of all linear models.

RESULTS

Patients’ characteristics
Of the 119 patients transplanted during the enrolment period,
83 were randomly assigned to a study group (placebo n543;
azithromycin n540) (fig. 1). Baseline characteristics were
similar in both groups (table 1), as was immunosuppressive
management (supplementary table S1). The number of spiro-
metric measurements, bronchoscopic and transbronchial
biopsy procedures were similar between both groups (supple-
mentary table S2). The mean¡SD duration of treatment was
498.2¡224.7 days among patients receiving placebo and
565.7¡224.5 days among patients receiving azithromycin
(p50.17). 18 (41.9%) out of the 43 patients in the placebo
group and 28 (70.0%) of the 40 patients in the azithromycin
group completed the 2-yr study drug treatment period.
Reasons for discontinuation are given in table 2. Overall, there
were no significant differences between groups regarding
study drug discontinuation. Discontinuation was initiated
either by the patients (i.e. patients tolerated the study drug
but withdrew from the study) or by the investigators (mainly
because of concerns regarding gastro-intestinal intolerance
with diarrhoea), which accounted for most of the discontinua-
tions in the placebo group (4.6%) and the azithromycin group
(5.0%), respectively. One patient in each group was withdrawn
from the study because of the development of pulmonary
malignancy requiring systemic chemotherapy or unilateral
pneumonectomy. Two patients in the azithromycin group
were withdrawn either because of severe sepsis due to a liver
abscess or late onset suture stenosis due to local Aspergillus
infection, leading to the patient’s death in the former case and
obscuring further spirometric assessments in the latter. 18
(41.9%) patients from the placebo group and five (12.5%) from
the azithromycin group were initiated on open-label azithro-
mycin treatment after having developed BOS. One patient
from the placebo group could not be assessed for subsequent
change in FEV1 over time due to an episode of severe
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mucormycosis–sepsis and death f30 days after initiation of
open-label treatment. Data regarding changes in FEV1 after the
initiation of open-label treatment were separately analysed and
not included in the initial intention-to-treat analysis.

Primary end-points

Chronic rejection

Chronic rejection occurred significantly less in patients receiv-
ing azithromycin compared with patients receiving placebo:
five (12.5%) versus 19 (44.2%) events at 2 yrs after transplanta-
tion, respectively (p50.0017). BOS-free survival was improved
among patients treated with azithromycin compared to
placebo (hazard ratio 4.06, 95% CI 1.55–7.72; p50.0025 by
log-rank test; fig. 2). Multivariate time-to-event analysis con-
firmed the better BOS-free survival of patients receiving
azithromycin, with a hazard ratio of 0.27 compared to placebo
after adjustment for covariates (95% CI 0.092–0.816; p50.020 by
Cox proportional hazards analysis).

Obliterative bronchiolitis ,2 yrs after transplantation could be
assessed histologically in nine patients of the placebo group
(seven autopsies and two retransplantations) and in five
patients of the azithromycin group (four autopsies and one

retransplantation). Autopsy was refused by the patients’
relatives in one patient of the placebo group and in two
patients of the azithromycin group. Obliterative bronchiolitis
was diagnosed in four patients receiving placebo and one
receiving azithromycin (p50.36), all of whom were non-
responders (i.e. further FEV1 deterioration) to open-label
azithromycin treatment.

Survival analysis

Survival between both groups was similar (fig. 2). There were
eight (18.6%) deaths in the placebo group, as compared with six
(15.0%) deaths in the azithromycin group (p50.64 by log-rank
analysis). Multivariate time-to-event analysis showed a hazard
ratio of 0.25 for azithromycin compared to placebo after
adjustment for covariates (95% CI 0.05–1.38; p50.11 by Cox-
proportional hazards analysis, survival not censored for
retransplantation or study drug discontinuation). In the case
of censoring of survival at retransplantation or study drug
discontinuation, additional time-to-event analysis showed a
hazard ratio of 0.15 for azithromycin (95% CI 0.01–2.27; p50.17).

Six deaths were attributed to pneumonia with sepsis (four in
the placebo group and two in the azithromycin group)

Transplanted during enrolment period
July 2005–December 2007

(n=119)

Randomisation at discharge
(n=83)

Assigned to placebo (n=43)
Received placebo (n=43)

Completed 2-yr course of placebo (n=18)
Discontinued placebo (n=3)

Entered in open-label 'rescue' trial of azithromycin (n=18)
Lost to follow-up (n=0)

Included in intention-to-treat analysis (n=43)
Included in 2-yr follow-up survival analysis (n=43)

Included in intention-to-treat analysis (n=40)
Included in 2-yr follow-up survival analysis (n=40)

Completed 2-yr course of azithromycin (n=28)
Discontinued azithromycin (n=5)

Entered in open-label 'rescue' trial of azithromycin (n=5)
Lost to follow-up (n=0)

Assigned to azithromycin (n=40)
Received azithromycin (n=40)

Excluded for not meeting inclusion criteria (n=36):
Prolonged (>30 days) ICU stay (n=13)
Retransplantation (n=9)
Early (<30 days) post-operative death (n=5)
Suture stenosis (n=3)
Multiorgan Tx (n=2)
Previous solid-organ or bone marrow Tx (n=2)
Refused consent (n=2)

FIGURE 1. Study enrolment and inclusion in the intention-to-treat and survival analyses. ICU: intensive care unit; Tx: transplant.
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(table 2). Three other patients died from sepsis of nonpulmon-
ary origin (one receiving placebo and two receiving azithro-
mycin) and two patients died due to pulmonary malignancy
(one in each group). Two patients (one in each group) died
because of respiratory failure due to clinically significant
chronic rejection without concurrent infection. One patient in
the placebo group died because of respiratory failure due to
diffuse alveolar damage of unknown origin. Post mortem
verification of the cause of death was not possible due to
refusal of autopsy in one patient dying from a pulmonary
Aspergillus infection (receiving placebo), one patient dying from
chronic rejection (receiving azithromycin) and one patient dying
from pulmonary malignancy (receiving azithromycin).

Secondary end-points

Acute rejection (grade A)

Both total number of acute rejection episodes and number of
episodes of grade A2 or higher were similar between groups

(supplementary table S3). Analysis correcting for CMV mis-
match status confirmed that acute rejection rate was not
associated with treatment, since, independent of CMV mis-
match and compared with patients not having an acute
rejection, the odds for being in treatment were OR 1.61 (95%
CI 0.84–3.10; p50.15) and OR 0.87 (95% CI 0.44–1.74; p50.70) for
those having one and two or more acute rejections, respectively.

Lymphocytic bronchiolitis (grade B)

Both total number of lymphocytic bronchiolitis episodes and
number of episodes of grade B2 or higher were similar
between groups (supplementary table S3).

Infection and airway colonisation
The pneumonia rates for both CMV and non-CMV pneumo-
nitis were similar between groups (supplementary table S3).
The prevalence of airway tract colonisation with Pseudomonas
aeruginosa was also similar between groups (table S3).

TABLE 1 Patients’ characteristics

Placebo Azithromycin p-value

Subjects n 43 40

Donor age at transplantation yrs 44.0 (37.0–54.0) 51.0 (36.5–57.5) 0.20

Recipient age at transplantation yrs 55.1 (44.2–59.4) 56.1 (47.7–61.2) 0.76

Males/females 20/23 (46.5/53.5) 17/23 (42.5/57.5) 0.71

Underlying disease 0.57

Emphysema (COPD) 24 (55.8) 17 (42.5)

Pulmonary fibrosis 10 (23.3) 9 (22.5)

Cystic fibrosis 6 (13.9) 8 (20.0)

a1-Antitrypsin deficiency 2 (4.7) 1 (2.5)

Pulmonary arterial hypertension 0 (0.0) 2 (5.0)

Asthma 1 (2.3) 1 (2.5)

Bronchiectasis 0 (0.0) 1 (2.5)

Lymphangioleiomyomatosis 0 (0.0) 1 (2.5)

Type of transplantation 0.23

SSLTx 33 (76.7) 26 (65.0)

SLTx 10 (23.3) 12 (30.0)

HLTx 0 (0.0) 2 (5.0)

Donor–recipient CMV mismatch# 9 (20.9) 9 (22.5) 0.86

Ischaemic time" min 344.0¡108.7 341.4¡86.6 0.88

PGD score+

Mean PGD score T0–T48 1.97¡0.76 1.80¡0.82 0.32

Highest PGD score T0–T48 2.49¡0.75 2.23¡0.83 0.17

ICU stay after transplantation days 8.9¡6.7 7.5¡5.3 0.33

Hospitalisation after transplantation days 30.9¡8.7 34.9¡25.2 0.82

Time from transplantation to start study treatment days 36.1¡9.4 35.8¡12.0 0.50

Total duration of study treatment days 498.2¡224.7 565.7¡224.5 0.17

Duration of total follow-up days 1013.0¡371.6 997.8¡303.0 0.57

Data are presented as median (interquartile range), n (%) or mean¡SD, unless otherwise stated. Patients’ characteristics for the patients of the placebo-arm (n543) and of

the azithromycin-arm (n540). Groups were compared using unpaired, two-tailed t-tests, Mann–Whitney tests or Chi-squared tests. COPD: chronic obstructive pulmonary

disease; SSLTx: sequential single-lung transplant; SLTx: single-lung transplant; HLTx: heart–lung transplant; CMV: cytomegalovirus; PGD: primary graft dysfunction; ICU:

intensive care unit. #: CMV mismatch was defined as a CMV-positive donor and a CMV-negative recipient; ": ischaemic time was calculated from the time of ischaemia

registered for the second lung in case of bilateral transplantation, the heart–lung block in case of heart–lung transplantation or for the first lung in case of unilateral

transplantation; +: PGD was assessed at 0, 12, 24 and 48 h after transplantation, and mean PGD score was calculated for each patient using PGD score at every time-

point during this 48-h interval.
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TABLE 2 Patients’ outcome

Placebo Azithromycin p-value

Subjects n 43 40

Patients completing 2-yr course of study drug 18 (41.9) 28 (70.0) 0.01

Reasons for study drug discontinuation (drop-out) 3 (7.0) 5 (12.5) 0.39

Decision of investigator

Gastrointestinal intolerance 0 (0.0) 2 (5.0)

Pulmonary malignancy 1 (2.3) 1 (2.5)

Severe sepsis 0 (0.0) 1 (2.5)

Suture stenosis 0 (0.0) 1 (2.5)

Decision of patient

Withdrawal from study 2 (4.6) 0 (0.0)

BOS at 2 yrs after transplantation 19 (44.2) 5 (12.5) 0.0017

Onset of BOS days after transplantation 331.8¡198.8 270.8¡222.6 0.60

Retransplantation at 2 yrs after transplantation 2 (4.7) 1 (2.5) 1.0

Time to retransplantation days 531.5¡211.4 534.0¡0.0 NA

Mortality at 2 yrs after transplantation 8 (18.6) 6 (15.0) 0.77

Cause of death 0.78

Pulmonary infection 4 (9.3) 2 (5.0)

Other infection 1 (2.3) 2 (5.0)

Respiratory insufficiency due to BOS 1 (2.3) 1 (2.5)

Malignancy 1 (2.3) 1 (2.5)

Diffuse alveolar damage 1 (2.3) 0 (0.0)

Time to post-operative death days 393.9¡150.9 447.8¡182.5 0.79

Time of BOS to retransplantation or post-operative death, days 228.9¡183.4 330.5¡143.5 0.33

Data are presented as n (%) or mean¡SD, unless otherwise stated. Outcome for the patients of the placebo-arm (n543) and the azithromycin-arm (n540) based on

intention-to-treat analysis. Groups were compared using unpaired, two-tailed t-tests or Chi-squared test. BOS: bronchiolitis obliterans syndrome; NA: not applicable. Bold

indicates significant p-values.
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FIGURE 2. a) Kaplan–Meier estimates of chronic rejection on the basis of bronchiolitis obliterans syndrome (BOS) identified by spirometric analyses. BOS-free survival

curves were censored for study drug discontinuation, retransplantation or patient death during follow-up. Ticks represent censored subjects. Univariate analysis

demonstrated a hazard ratio of 4.06 for placebo compared to azithromycin (95% CI 1.55–7.72; p50.0025 by log-rank test). Multivariate time-to-event analysis confirmed the

better BOS-free survival of patients receiving azithromycin with a hazard ratio of 0.27 compared with placebo after adjustment for covariates (95% CI 0.092–0.816; p50.020 by

Cox-proportional hazards analysis). b) Kaplan–Meier estimates of overall survival. Actuarial overall survival curves were not censored for study drug discontinuation or

retransplantation during follow-up. Univariate analysis demonstrated a hazard ratio of 1.28 for placebo compared to azithromycin (95% CI 0.45–3.66; p50.64 by log-rank

test). Multivariate time-to-event analysis showed a hazard ratio 0.25 for azithromycin compared to placebo after adjustment for covariates (95% CI 0.05–1.38; p50.11 by Cox

proportional hazards analysis). –––––: azithromycin; -----: placebo.
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Gastro-oesophageal reflux
The majority of patients in each group were assessed by pH
impedance measurement, whereas gastroscopy was performed
in only seven patients in each group. Reflux could not be
assessed in three patients receiving placebo and in two patients
receiving azithromycin due to subjective intolerance of the pH
probe or endoscopic procedure. Time of evaluation after
transplantation as well as the prevalence of reflux was not
statistically different between groups (supplementary table S3).

Pulmonary function
FEV1 assessed at scheduled routine follow-up visits was
significantly better in patients receiving azithromycin com-
pared to patients receiving placebo (p50.028) (fig. 3).

Airway and systemic inflammation
Bronchoalveolar lavage neutrophilia and plasma C-reactive
protein assessed at scheduled routine follow-up visits were
significantly lower in patients receiving azithromycin com-
pared with patients receiving placebo (p50.015 and p50.050,
respectively; fig. 3). A significant time-by-treatment interaction
was observed (p50.0011) for plasma CRP. Mean¡SEM bronch-
oalveolar lavage neutrophilia and plasma C-reactive protein
levels over time after discharge were 19.4¡3.7 versus 9.4¡1.9%
(p50.028) and 14.0¡3.5 versus 6.7¡1.4 mg?L-1 (p50.016),
respectively, in patients receiving placebo compared to
patients receiving azithromycin.

Adverse events
No allergic reactions or neurologic disorders were seen in
either group. Cardiac arrhythmias, all of which were atrial or
supraventricular tachyarrythmias, were seen in four (9.3%)
patients receiving placebo and in one (2.5%) patient receiving
azithromycin (p50.36). No ventricular tachyarrythmias were
seen. Gastrointestinal disorders were seen in one patient (2.3%)
receiving placebo, which had a mild episode of pseudomem-
branous colitis, and in three (7.5%) patients receiving azithro-
mycin (p50.35). The latter reported nausea and diarrhea after
intake of azithromycin, which led to study drug discontinua-
tion in two patients, one of which also had an episode of
pseudomembranous colitis.

Open-label azithromycin treatment
Open-label azithromycin treatment was initiated in 23 patients,
18 receiving placebo and five receiving azithromycin, who
developed BOS at a mean¡SD of 328.1¡199.9 days after
transplantation (supplementary table S4). After initiation of
open-label azithromycin, FEV1 significantly improved (to BOS
stage 0) in 10 (55.6%) out of 18 patients receiving placebo and
in two (40.0%) out of five patients receiving azithromycin, who
afterwards admitted not taking their study medication pro-
perly (supplementary figure S1). No improvement was seen in
seven (38.8%) patients receiving placebo and three (60.0%)
patients receiving azithromycin. In one patient receiving
placebo change in FEV1 over time could not be assessed due
to an episode of severe sepsis within 30 days after initiation,
necessitating stopping open-label treatment. Responders gen-
erally developed BOS earlier and had a higher bronchoalveolar
neutrophilia when BOS was diagnosed compared to non-
responders (table S4). No statistical difference was seen in
acute rejection, lymphocytic bronchiolitis or infection rate, or
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FIGURE 3. Change in a) forced expiratory volume in 1 s (FEV1) % predicted

(p50.028),b)bronchoalveolar (BAL)neutrophilia (p50.015)andc)plasmaC-reactiveprotein

(CRP) (p50.050) over time in both groups assessed at routine follow-up visits in study after

transplantation. Data are presentedas mean¡SEM. Mixed models were applied with random

intercepts for each subject. The p-values for neutrophilia and CRP were calculated after

transformation by Box–Cox to normalise the data. A significant time-by-treatment interaction

was observed (p50.0011) for plasma CRP. $: azithromycin; # placebo.
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in airway colonisation or gastro-oesophageal reflux between
responders and nonresponders in either group (supplementary
table S4).

DISCUSSION
Chronic rejection, or its clinical correlate BOS, remains the
leading cause of death after lung transplantation despite the
use of immunosuppressive therapy [1, 8, 9]. Azithromycin has
been shown to improve FEV1 and survival in some lung
transplant patients with BOS [16–25]. We hypothesised that
prophylactic azithromycin treatment might help prevent
chronic rejection and would improve outcomes after lung
transplantation. This single-centre, double-blind, placebo-
controlled trial of azithromycin given in addition to con-
ventional immunosuppression demonstrated a significant
improvement of BOS-free survival 2 yrs after lung transplan-
tation. Overall survival was similar in patients receiving
placebo and in patients receiving azithromycin. Secondary
end-points, such as the rate of acute rejection, lymphocytic
bronchiolitis, pulmonary infection and the prevalence of
airway colonisation or gastro-oesophageal reflux were similar
between both groups. Yet, patients receiving azithromycin
demonstrated better FEV1, as well as significantly lower
airway neutrophilia and systemic C-reactive protein levels
over time compared to those receiving placebo. The most
important symptoms associated with azithromycin treatment
were nausea and diarrhoea, reported in 7.5% of patients
receiving azithromycin. Open-label azithromycin improved
pulmonary function in half of the patients with established
BOS. In the absence of notable differences in acute rejection,
lymphocytic bronchiolitis, infection, colonisation and reflux,
the positive result in terms of chronic rejection can probably
be attributed to the known anti-inflammatory and immuno-
modulatory properties of azithromycin [22, 30], attenuating
local airway and systemic inflammation resulting from these
alloimmunologic and nonalloimmunologic events affecting
the pulmonary allograft. The comparable survival between
groups is most likely due to the initiation of open-label
azithromycin treatment in patients with established BOS,
possibly resulting in a better outcome in those patients with
subsequent improvement of pulmonary function [25]. The
observed differences in prevalence of BOS, BOS-free survival,
and changes in FEV1, airway and systemic inflammation
are substantial, and may even suggest a change in current
practice; however, longer follow-up is required to confirm the
magnitude and durability of the observed effects. Moreover,
some additional considerations should be taken into account
when implementing azithromycin as prophylactic therapy.
Nevertheless possible adverse events are rare; one should be
aware of the most common side-effects of nausea, vomiting,
diarrhoea or abdominal pain due to stimulation of gut
motility by azithromycin. Another consideration one should
take into account in case of long-term prophylaxis is the
potential selection of antibiotic-resistant organisms in the
normal flora or pathogenic bacteria, the full impact of which
may only be evident after several years of treatment. Whether
this prophylactic approach is superior for long-term survival
to treating BOS once it has occurred can only truly be
demonstrated in a larger multicentre study comparing both
strategies.
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