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BACKGROUND: Chronic lung allograft dysfunction (CLAD) is a major cause of post‒lung transplant mor-

tality, with limited medical treatment options. In this study we assessed the association of montelukast

treatment with pulmonary function and outcome in lung transplant recipients with progressive CLAD.

METHODS: We performed a retrospective study of all lung transplant recipients transplanted between

July 1991 and December 2016 at our center and who were treated for at least 3 months with montelu-

kast for progressive CLAD, despite at least 3 months of prior azithromycin therapy. Main outcome

parameters included evolution of pulmonary function and progression-free and overall survival.

RESULTS: A total of 153 patients with CLAD (115 with bronchiolitis obliterans syndrome and 38 with

restrictive allograft syndrome) were included, of whom 46% had a forced expiratory volume in 1 sec-

ond (FEV1) measure of between 66% and 80%, 31% an FEV1 between 51% and 65%, and 23% an

FEV1 ≤50% of best post-operative FEV1 at start of montelukast. Montelukast was associated with

attenuation in rate of FEV1 decline after 3 and 6 months, respectively (both p < 0.0001). Patients in

whom FEV1 improved or stabilized after 3 months of montelukast (81%) had significantly better pro-

gression-free (p < 0.0001) and overall (p = 0.0002) survival after CLAD onset, as compared to those

with further decline of FEV1 (hazard ratio [HR] 2.816, 95% confidence interval [CI] 1.450 to 5.467,

p = 0.0022 for overall survival after CLAD onset in risk-adjusted multivariate analysis).

CONCLUSIONS: Montelukast was associated with a significant attenuation in rate of FEV1 decline in a

substantial proportion of patients with established CLAD, which correlated with better outcome. Fur-

ther study is required regarding use of montelkast.
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Long-term survival after lung transplantation (LTx) is

unsatisfyingly poor when compared with other types of

solid-organ transplantation.1 This lack of success is attribut-

able to a higher prevalence of chronic lung allograft dys-

function (CLAD). At least 2 different clinical phenotypes

of chronic rejection CLAD, namely a restrictive phenotype

(restrictive allograft syndrome, RAS) and a more common

obstructive phenotype (bronchiolitis obliterans syndrome,

BOS), have been identified, of which RAS has the worst

prognosis after onset (median survival 0.5 to 1.5 years vs 3

to 5 years in BOS).2,3

Treatment options for CLAD are limited and only redo

transplantation may truly remediate CLAD in well-selected

patients. However, a large proportion of patients will rede-

velop CLAD after redo transplantation, particularly in cases

of previous RAS.4 In BOS, current management guidelines

recommend the following: avoiding sustained administra-

tion of high-dose corticosteroids, due harmful side effects

and ineffectiveness; conversion of cyclosporine to tacroli-

mus; a trial of azithromycin for a least 3 months; fundopli-

cation of the gastroesophageal junction in cases of

documented gastroesophageal reflux; or retransplantation

in selected cases.5 For RAS, there are no formal guidelines

and management is experimental; case reports have demon-

strated some beneficial effects (i.e., improvement or stabili-

zation of interstitial changes and lung function) with

pirfenidone,6 nintedanib,7 or alemtuzumab.8 Other thera-

peutic options for CLAD (particularly BOS) include total

lymphoid irradiation (TLI)9,10 or extracorporeal photophe-

resis (ECP).11,12 TLI may reduce the rate of decline in graft

function associated with BOS, particularly in “rapid

decliners” (i.e., with forced expiratory volume in 1 second

[FEV1] decline >100 ml/month pre-TLI).9,10 Similar

effects have been seen with ECP, but mostly in BOS

patients with a slowly progressive FEV1 decline and

increased airway lavage neutrophilia, whereas ECP is less

likely to attenuate disease progression in rapid decliners

(FEV1 decline >100 ml/month pre-ECP), in BOS patients

with low airway neutrophilia, and in patients with RAS,

who, consequently, have the worst outcome after CLAD

onset.13

In view of these findings, pharmacologic therapy for

CLAD has been inadequate, and novel, preferably cheap

and safe, treatment options to mitigate CLAD progression

are urgently needed. Montelukast (MLK), a cysteinyl leu-

kotriene receptor (CysLTR) antagonist, may be such a

drug. (Mechanisms of action of cysteinyl leukotrienes and

their antagonists are described in the Supplementary Mate-

rial available online at www.jhltonline.org/.) MLK pos-

sesses a broad spectrum of anti-inflammatory properties,

which target eosinophils, monocytes, and corticosteroid-

insensitive neutrophils,14 and may attenuate sub-epithelial

and pulmonary fibrosis.15,16 In pulmonary graft-vs-host dis-

ease (GvHD) after hematopoietic stem cell transplantation,

characterized by small airways disease, obliteration, and

sometimes concurrent parenchymal fibrosis, similar to

CLAD after LTx, MLK was shown to be a safe, effective,

and toxicity (steroid)-sparing supplement to standard ther-

apy, resulting in improved FEV1, reduced air trapping,
improved exercise capacity, and/or reduced respiratory

symptoms.17−19 A recent consensus report on chronic pul-

monary GvHD has stipulated MLK as first-line treatment

(together with azithromycin and an inhaled corticosteroid)

to prevent further FEV1 decline.20 After LTx, comparable

beneficial effects with MLK were also suggested in a small,

open-label pilot study, demonstrating attenuation of FEV1

decline in BOS patients treated with MLK, compared with

historic controls with BOS who never received MLK.21

These positive findings were recently corroborated in a

small, randomized “proof-of-concept” trial in late-onset

BOS (>2 years after LTx) with slowly progressive FEV1

decline despite prior azithromycin (<100 ml/month), again

demonstrating attenuation of FEV1 decline in patients with

BOS Stage 1 with MLK (n = 11) compared with those

patients taking placebo (n = 8), in whom lung function fur-

ther declined.22

Given these findings, we hypothesized a possible benefi-

cial effect of MLK in CLAD after LTx. The aim of this

study was therefore to evaluate the association of long-term

MLK treatment with evolution of pulmonary function

(FEV1) and progression-free and overall survival in a large

cohort of LTx recipients with progressive CLAD despite at

least 3 months of prior azithromycin therapy.
Methods

Study design and population

All patients who underwent lung or heart‒lung transplantation at

University Hospitals Leuven between July 1, 1991 and December

31, 2016 (n = 965) were retrospectively evaluated for the use of

MLK for progressive CLAD, as per institutional protocol, since

October 2008. CLAD status at initiation of MLK and duration of

MLK treatment were assessed. Patients were excluded if they had

received MLK for <3 months at the moment of analysis, if MLK

was started prior to or within 3 months after initiation of azithro-

mycin, if they in retrospect had no CLAD upon MLK initiation, or

if CLAD status was not evaluable. The local ethics committee

approved the study and all patients provided written informed con-

sent to access their clinical and bio-banked data for research

(S51577/ML5629).
Assessment of pulmonary function, CLAD status,
and mortality

Pulmonary function was assessed (Master Screen, Jaeger, Hoech-

berg, Germany)23 at baseline (best post-operative value),

6 months, and 3 months before start of MLK and at start of MLK,

and then at 3 months, 6 months, and 1, 2, and 3 years after start of

MLK (on the condition that patients were still alive without redo

transplantation at that time). In case of redo transplantation, evolu-

tion over time after each transplant procedure was taken into

account separately for outcome analyses.

CLAD was diagnosed as a persistent decline in FEV1 of at least

20% compared with the 2 best post-operative values (baseline),

without any other identifiable cause or confounding factors.24

Sub-division was made between obstructive CLAD (BOS) and

restrictive CLAD (RAS) using total lung capacity (TLC) (≥10%
decrease vs baseline), forced vital capacity (FVC) (≥20% decline),

http://www.jhltonline.org/
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and/or FEV1/FVC ratio (>0.70), in combination with persistent

infiltrates on chest computed tomography (CT) scan, as described

elsewhere.24 CLAD severity at initiation of MLK was defined as

FEV1 66% to 80% (Stage 1), 51% to 65% (Stage 2), and ≤50%
(Stage 3) of prior baseline FEV1 (in liters), respectively.

“Response” to MLK, which was assessed at 3, 6, or 12 months

after initiation of MLK, was defined as a >10% increase in FEV1

(liters) vs FEV1 (liters) at start of MLK; “progression” was defined

as >10% decrease in FEV1 (liters); and “stabilization” was defined

as 10% decrease ≤ FEV1 ≤ 10% increase after initiation of MLK.

“Progression-free survival” was defined as freedom from CLAD

progression (decline of FEV1 >10% vs FEV1 [liters] at start of

MLK) at 12 months after initiation of MLK. Subjects not reaching

12-month follow-up were censored at last available FEV1 after 3

or 6 months, respectively, at which time freedom from CLAD pro-

gression was taken into account. “Rapid decline” in FEV1 prior to/

after initiation of MLK was defined as an average FEV1 decline

of >100 ml/month.

Dates of CLAD, redo transplantation, death, or graft loss

(defined as redo transplantation or death) and all other demo-

graphics and clinical parameters were obtained from the patients’

individual electronic clinicopathologic medical files at University

Hospitals Leuven, and then saved in a separate anonymized file at

the University Lab of Respiratory Diseases (S51577).
Assessment of blood and BAL cellularity

Venous whole blood sampling was performed at start of MLK

according to standard operating procedures. Total and differential

leukocyte counts were performed by the University Hospital Clini-

cal Lab.25

Broncho-alveolar lavage (BAL), together with transbronchial

and central biopsies, was performed according to routine follow-

up after 1, 3, 6, 12, 18, and 24 months, or upon suspected infec-

tion, acute rejection, or CLAD, as described elsewhere.24,25 His-

torically, however, not all progressive CLAD patients underwent a

new bronchoscopy before MLK initiation (especially if prior bron-

choscopy was performed within the past 3 or 4 months), which

was a decision made at the treating physician’s discretion.
Immunosuppressive and prophylactic regimen

Standard outpatient follow-up, immunosuppressive regimen,

infectious prophylaxis, and CLAD treatment were described in

previous studies.25,26 Briefly, all LTx recipients were in lifelong

follow-up at 3- to 4-month intervals in our outpatient clinic. In

suspected CLAD, immunosuppressive treatment was optimized if

possible, and azithromycin (250 mg/day, 3 times a week) was ini-

tiated if patients were not already taking azithromycin, either

because of prior lymphocytic bronchiolitis or as pre-emptive treat-

ment, as per institutional protocol since 2014. As such, azithromy-

cin-responsive allograft dysfunction (ARAD) was excluded upon

CLAD diagnosis.2 In established, progressive CLAD, treatment

with MLK 10 mg/day was started. In cases of subsequent CLAD

progression (i.e., further decline in FEV1 after ≥3 to 6 months of

MLK), rescue treatment with pulsed steroids, rabbit anti-thymo-

cyte globulin (rATG), TLI, pirfenidone, antibody-directed therapy

(pulsed methylprednisolone, followed by plasmapheresis, intrave-

nous immunoglobulin [IVIg], and rituximab since 2013), or redo

transplantation in selected cases was performed, based on the

treating physician’s discretion. ECP is not commonly available at

our center for CLAD, although 2 included BOS patients did
receive ECP rescue treatment: 1 abroad in compassionate use and

1 in a GvHD study protocol.
Statistical analysis

All analyses were performed using GraphPad Prism 5a software

(GraphPad, Inc., San Diego, CA) or SAS version 9.3 (SAS Insti-

tute, Inc., Cary, NC). Results are expressed as mean § standard

deviation or as median with interquartile range, wherever appro-

priate. Groups were compared using t-test, Mann−Whitney test,

Wilcoxon signed rank test, or one-way analysis of variance

(ANOVA; either repeated-measures ANOVA with Bonferroni’s

post-test, or Kruskal−Wallis with Dunn’s post-test), respectively,

depending on normality distribution and repeated measures. Fish-

er’s exact test or chi-square test was used to compare proportions

and correlation analyses were performed using Spearman’s rank

test. Correlations between clinical variables and response/non-

response to MLK were based on findings previously reported with

the use of ECP in CLAD,13 which demonstrated that patients with

“RAS” or “rapid progressive BOS” were non-responsive to ECP

treatment. Other variables taken into account for univariate corre-

lation analysis were time between CLAD diagnosis and start of

MLK, blood and BAL cell counts at CLAD diagnosis, and time to

CLAD diagnosis. Kaplan−Meier survival curves with univariate

log-rank analysis were used for time-to-event analysis for progres-

sion-free and overall survival. Multivariate Cox proportional haz-

ards regression analysis was used to assess overall post-CLAD

survival according to response to MLK, adjusting for underlying

disease, type of LTx (S vs SS/HL), age, gender, time of CLAD

onset, phenotype of CLAD (BOS vs RAS), and CLAD severity at

start of MLK (Stage 1 vs 2 vs 3). For the end-point of CLAD, sur-

vival times were censored at death if this preceded CLAD, or else

at end of current follow-up (March 1th 2017). All p-values are

two-tailed and p < 0.05 was considered statistically significant.
Results

Study population

A total of 257 (27%) of all our LTx recipients were ever

treated with MLK, of whom 207 (81%) received long-term

(>3 months) MLK for CLAD, with the other 50 (19%)

excluded from the current study (Figure 1).

To eliminate any bias on evolution of FEV1 by initiation

of azithromycin, we only report on the patients with estab-

lished CLAD in whom MLK had been initiated >3 months

after start of azithromycin (153 of 207; 74%). However, in

some CLAD patients, MLK was initiated ≤3 months after

start of azithromycin (54 of 207; 26%), as described in the

Supplementary Material online (Figures S6 to S10) for

completeness. Overall, comparable associations of MLK

with pulmonary function evolution and survival were

observed in this smaller CLAD cohort (Supplementary

Material), as seen in the larger CLAD cohort, as described

in what follows.

No severe adverse events attributable to MLK (i.e., aller-

gic reaction, severe neuropsychiatric disorders with suici-

dality)27 were reported by any of the patients or treating

physicians since introduction of MLK for CLAD. Some

patients mentioned vivid dreams after initiation of MLK,

although MLK was not withdrawn in those cases.



Figure 1 Flowchart of patient selection in our lung transplant cohort. A total of 257 (27%) LTx recipients in our cohort received MLK,

of whom 207 (81%) received long-term (>3 months) MLK for CLAD, with the other 50 (19%) excluded from the study. Patients were fur-

ther subdivided based on time of initiation of MLK after prior start of azithromycin (≤3 vs >3 months) for CLAD. Of the excluded patients,

16 were excluded because of MLK treatment for <3 months at current follow-up. Another 26 were excluded because, in retrospect, MLK

had been initiated during BOS Stage 0-p (n = 19), after COP (n = 2), IPA (n = 2), acute rejection (n = 1), LRTI (n = 1) or azithromycin-

responsive allograft dysfunction (n = 1) (all classified as non-CLAD). CLAD status was not evaluable in 5 patients, and another 3 were not

included because MLK had been initiated before azithromycin. Abbreviations: AR, acute rejection; ARAD, azithromycin-responsive allo-

graft dysfunction; AZI, azithromycin; BOS, bronchiolitis obliterans syndrome; CLAD, chronic lung allograft dysfunction; COP, crypto-

genic organizing pneumoniae; IPA, invasive pulmonary aspergillosis; mo, months; LTx, lung transplantation; LRTI, lower respiratory tract

infection; MLK, montelukast.
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Patients’ characteristics

CLAD severity. CLAD severity at initiation of MLK was as

follows: Stage 1 in 70 of 153 (46%); Stage 2 in 47 of 153

(31%); and Stage 3 in 36 of 153 (23%) patients. Patients’

characteristics are summarized in Table 1. Most patients

had been diagnosed with BOS (115 of 153, 75%), whereas

38 of 153 (25%) had RAS, among whom 6 (16%) initially

had BOS that had progressed to RAS at the time of analysis

(3 patients initially had BOS Stage 2, and 3 initially had

BOS Stage 3).

Factors related to CLAD severity.Worse CLAD severity

at start of MLK was significantly associated with higher

blood leukocyte numbers (r = 0.27, p = 0.0008) and a higher

blood neutrophil percentage (r = 0.28, p = 0.0004), thus

with lower percentages of blood basophils (r =¡0.21,

p = 0.009), lymphocytes (r =¡0.23, p = 0.005), and mono-

cytes (r =¡0.18, p = 0.02), but not blood eosinophils

(p = not statistically significant [NS]).

Despite all patients recieved azithromycin, worse CLAD

severity also correlated with increased BAL total leukocytes

(r = 0.39, p = 0.002) and higher BAL neutrophil percentage
(r = 0.54, p < 0.0001), and thus lower BAL macrophages

(r =¡0.52, p < 0.0001) but not BAL lymphocyte or eosino-

phil percentages (both p =NS). However, BAL was only per-

formed in 61 of 153 (40%) patients at initiation of MLK

(CLAD Stage 1: 40%; CLAD Stage 2: 57%; CLAD Stage

3: 25%), which may have biased BAL findings.

Rapid decliners during the 6 months pre-MLK displayed

more severe CLAD (r = 0.33, p < 0.0001), and thus lower

FEV1 (r =¡0.16, p = 0.045), but higher blood neutrophils

(r = 0.017, p = 0.036) at the start of MLK. If FEV1 decline

during the 3-month interval pre-MLK only was considered,

a rapid decline during this period was similarly associated

with more severe CLAD stage (r = 0.20, p = 0.013) at start

of MLK.
Evolution of pulmonary function with MLK

Overall changes in FEV1. Figure 2 depicts the observed sig-

nificant decrease in rate of FEV1 decline before vs after ini-

tiation of MLK, respectively, for 3- and 6-month intervals.

Figure 3 shows the evolution of FEV1 over time before and



Table 1 Patients’ Characteristics

MLK for CLAD Response to MLK No response to MLK
(n = 153) (n = 124) (n = 29) p-value

Age at LTx (years) 54.0 (42.5 to 59.0) 54.0 (42.5 to 59.0) 54.0 (44.5 to 58.0) 0.90
Sex, M/F (n) 67/86 (43.8/56.2) 56/68 (45.2/54.8) 11/18 (37.9/62.1) 0.54
Indication for LTx [n (%)] 0.95
Emphysema 80 (52.3) 63 (50.8) 17 (58.6)
Pulmonary fibrosis 29 (19.0) 24 (19.4) 5 (17.2)
CF or non-CF BRECT 16 (10.5) 14 (11.3) 2 (6.9)
PAH (primary or Eisenmenger) 11 (7.2) 9 (7.3) 2 (6.9)
OB 10 (6.5) 8 (6.5) 2 (6.9)
LAM 3 (1.9) 3 (2.4) 0
Other 4 (2.6) 3 (2.4) 1 (3.4)

SSLTx or HLTx/SLTx [n (%)] 130/23 (85.0/15.0) 103/21 (83.1/16.9) 27/2 (93.1/6.9) 0.17
Year of transplantation (years) 2007 (2004‒2011) 2007 (2003‒2010) 2008 (2004‒2011) 0.20
Time from LTx to CLAD (years) 3.9 (2.1 to 6.4) 4.0 (2.3 to 6.1) 3.2 (1.1 to 6.6) 0.17
Time from LTx to start AZI (years) 1.0 (0.06 to 3.5) 1.2 (0.1 to 3.8) 0.2 (0.0 to 2.7) 0.16
Time from LTx to start MLK (years) 5.2 (3.4 to 8.4) 5.3 (3.7 to 8.8) 3.8 (1.6 to 7.3) 0.023
Time between start AZI and MLK (years) 3.3 (1.5 to 5.7) 3.5 (1.9 to 5.8) 2.6 (4.0 to 1.1) 0.093
Time from CLAD to start MLK (years) 0.6 (0.08 to 2.2) 0.7 (0.1 to 2.8) 0.3 (0.1 to 0.7) 0.13
Total time of follow-up after LTx (years) 8.2 (5.3 to 11.0) 8.5 (5.7 to 11.9) 6.2 (3.8 to 9.7) 0.023a

Best FEV1 after LTx (liters) 2.52 (2.13 to 3.26) 2.58 (2.13 to 3.32) 2.45 (2.15 to 3.16) 0.65
Best FEV1 after LTx (% predicted) 88 (73 to 105) 89 (72.5 to 108) 88 (75.5 to 97) 0.41
FEV1 at start MLK (liters) 1.53 (1.15 to 1.97) 1.53 (1.17 to 1.98) 1.53 (1.11 to 1.86) 0.55
FEV1 at start MLK (% predicted) 54 (42 to 70) 55 (42.5 to 70.5) 48 (39 to 66.5) 0.29
CLAD severity at start MLK [n (%)] 0.64
CLAD Stage 1 70 (45.8) 59 (47.6) 11 (37.9)
CLAD Stage 2 47 (30.7) 37 (29.8) 10 (34.5)
CLAD Stage 3 36 (23.5) 28 (22.6) 8 (27.6)

CLAD at end of follow-up [n (%)] 0.022a

BOS 115 (75.2) 98 (79) 17 (59)
RAS 38 (24.8) 26 (21) 12 (41)

Redo-LTx [n (%)] 12 (7.8) 7 (5.6) 5 (17.2) 0.036a

Time from LTx to redo LTx (years) 8.5 (4.8 to 12.2) 11.9 (8.5 to 15.1) 4.3 (2.9 to 7.5) 0.018a

Death at end of follow-up [n (%)] 54 (35.3) 37 (29.8) 17 (58.6) 0.0035a

Time from LTx to death (years) 7.7 (4.7 to 10.5) 7.9 (5.5 to 11.5) 6.4 (3.1 to 10.0) 0.19

Characteristics of patients treated for at least 3 months with montelukast for progressive CLAD despite previous use of azithromycin for at least

3 months, with subdivision according to response (increase/ stabilization of FEV1) or no response (decrease of FEV1) after 3 months of montelukast. Data

are presented as mean § standard deviation, median (interquartile range), or number (%). AZI, azithromycin; BOS, bronchiolitis obliterans syndrome; CF,

cystic fibrosis; CLAD, chronic lung allograft dysfunction; F, female; FEV1, forced expiratory volume in 1 second; HLTx, heart‒lung transplantation; LTx,

lung transplantation; LAM, lymphangioleiomyomatosis; M, male; MLK, montelukast; OB, obliterative bronchiolitis; PAH, pulmonary arterial hypertension;

RAS, restrictive allograft syndrome; SLTx, single-lung transplantation; SSLTx, double (bilateral) lung transplantation.
aStatistically significant difference (p < 0.05).
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after initiation of MLK in the entire CLAD cohort, demon-

strating an attenuation in FEV1 decline after MLK, as effect

that was present throughout all stages of CLAD (see Figure

S1 online). A similar effect was observed for FVC evolu-

tion after initiation of MLK (see Figures S2 and S3 online).

Individual changes in FEV1. Figure 4 illustrates changes

in FEV1 in individual patients after 3 and 6 months of

MLK. After 3 months of MLK, 16 of 151 (11%) patients

were rapid decliners (FEV1 decline >100 ml/month), most

of whom (9 of 16, 56%) were already rapid decliners during

the 3 months pre-MLK. If a 6-month interval was consid-

ered, 7 of 141 (5%) patients were rapid decliners after 6

months of MLK, of whom only 1 of 7 (14%) was a rapid

decliner during the 6 months pre-MLK. This illustrates that

most patients, either after 3 or 6 months of MLK, demon-

strated an increase, stabilization, or slower decline in FEV1,

as detailed in what follows.
CLAD progression‒free survival with MLK

Response to MLK. Figure 5 summarizes the proportion of

patients demonstrating an increase, stabilization, or further

decline in FEV1 at 3, 6, or 12 months after initiation of

MLK. The majority of patients after 3 (81%), 6 (66%), and

12 months of MLK (60% of evaluable patients) demon-

strated increase/stabilization of FEV1, an effect was seen in

all stages of CLAD. Thus, a minority of patients demon-

strated further CLAD progression after 3 months of MLK,

which was seen in 11 of 70 (16%) of the patients who were

started while in CLAD Stage 1, 10 of 46 (22%) evaluable

patients started in CLAD Stage 2 (1 with no FEV1 data at

3 months), and 8 of 35 (27%) evaluable patients started in

CLAD Stage 3 (1 with no data) (p = 0.58). After 6 months,

the proportions of non-responsive patients were: 21 of 66

(32%) evaluable patients in CLAD Stage 1 (4 with no
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Figure 2 Monthly rate of decline in FEV1 (ml/month) before

and after initiation of montelukast (MLK) in patients with progres-

sive chronic lung allograft dysfunction (CLAD) despite prior azi-

thromycin for at least 3 months (n = 153). Upper graph: 6-month

interval before/after initiation of MLK; lower graph: 3-month

interval before/after initiation of MLK. ***p < 0.001.
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FEV1 data at 6 months); 14 of 44 (32%) in CLAD Stage 2

(3 with no data); and 13 of 31 (42%) in CLAD Stage 3 (5

with no data) (p = 0.57).

Overall, CLAD progression during the 12-month period

after initiation of MLK occurred in 59 of 153 (39%)

patients, with the other 94 (61%) free from CLAD progres-

sion during the first year after MLK. Obviously, patients

with further CLAD progression after 3 months of MLK

subsequently demonstrated lower FEV1 at 6 (r =¡0.30,

p = 0.0030) and 12 (r =¡0.26, p = 0.0068) months after

start of MLK, and were thus more likely to show CLAD

progression during the 12 months after initiation of MLK

(r = 0.51, p < 0.0001).

Factors related to (non-)response to MLK after 3 months.

FEV1 was less likely to increase/stabilize after 3 months of

MLK in patients with a rapid decline during the 6-month inter-

val preceding MLK (r = 0.27, p = 0.0008), despite the fact that

MLK was initiated sooner after CLAD diagnosis (r = 0.23,

p = 0.0040) in these rapid decliners compared to patients with
a slower FEV1 decline. Therefore, these rapid decliners more

often demonstrated further CLAD progression during the 12

months after start of MLK (r = 0.20, p = 0.012) and subse-

quently had a shorter time to graft loss after CLAD diagnosis

(r =¡0.17, p = 0.037). If rapid decline during the 3-month

interval preceding MLK only was considered, again these

rapid decliners were less likely to respond after 3 months of

MLK (r = 0.24, p = 0.0024), despite earlier initiation of MLK

after CLAD onset (r = 0.32, p < 0.0001), which similarly was

associatedwith a shorter time to graft loss after CLAD diagno-

sis (r =¡0.28, p = 0.0006). Next to rapid decliners, RAS

patients were also more likely to demonstrate further progres-

sion after 3 months ofMLK (r = 0.19, p = 0.019).

Patients demonstrating an increase/stabilization of FEV1

after 3 months of MLK had lower blood leukocyte (r = 0.18,

p = 0.028) and higher blood eosinophil (r =¡0.16, p = 0.045)

and basophil (r =¡0.18, p = 0.031) levels compared to

patients with further CLADprogression (Table 2), with the lat-

ter showing higher BAL lymphocyte (r = 0.31, p = 0.014) and

BAL eosinophil (r = 0.26, p = 0.041) levels. Again, BAL data

at start ofMLKwere not available for all patients (Table 2).

Management of CLAD progression.Generally, CLAD pro-

gression during later follow-up was managed by redo trans-

plantation (11 of 153, 7%) or by medical treatment (38 of

153, 25%)—either plasma exchange + IVIg with/without rit-

uximab alone (n = 7) or followed by subsequent redo trans-

plantation (n = 1), off-label pirfenidone as monotherapy

(n = 8), or pirfenidone in combination with plasma

exchange + IVIg with/without rituximab (n = 4), TLI (n = 4),

rATG (n = 1), or ECP (n = 2); or by best-supportive care only

(38 of 153, 25%).
Overall survival and graft loss with MLK

Overall survival. Median overall post-LTx survival was

13.4 years, and comparable for patients in CLAD Stages 1,

2, and 3 (p = 0.47). Median overall survival after CLAD

diagnosis was 7.3 years and was again comparable for dif-

ferent CLAD stages (p = 0.73), as was graft loss after

CLAD diagnosis, with a median of 6.5 years (p = 0.69) (see

Figure S4 online). BOS patients demonstrated significantly

better outcomes compared with RAS patients (see Figure

S5 online).

Stratified post-CLAD survival according to response to

MLK. Compared to patients with an increase/stabilization

of FEV1 after 3 months of MLK (n = 124 of 153, 81%),

non-responders/progressing patients (n = 29 of 153, 19%)

demonstrated significantly worse post-CLAD survival

(p = 0.0002). Importantly, median survival after CLAD

diagnosis in patients with increase/stabilization of FEV1

was more than double that of non-responders: 7.3 years vs

3.4 years (p = 0.0002) (Figure 6).

Multivariate Cox proportional hazards regression analy-

sis (adjusted for underlying disease, type of LTx, age, gen-

der, time of CLAD onset, phenotype of CLAD, and CLAD

stage at start of MLK) demonstrated that non-response after

3 months of MLK (vs increase/stabilization of FEV1) was

an independent risk factor for mortality after CLAD



Figure 3 Evolution of FEV1 (L, liters; %pred, percent predicted) over time after initiation of montelukast in patients with progressive

chronic lung allograft dysfunction (CLAD) despite prior azithromycin for at least 3 months (n = 153). Data presented as median (interquar-

tile range). Dotted line represents start of montelukast. ANOVA was used to assess evolution of FEV1 before initiation of montelukast

(comparing time-points “¡6M” and “¡3M” vs “start MLK”) and after initiation of montelukast (comparing time-points “start MLK” vs

“+3M” and “+6M”). All individual time-points (except “Best”) were compared with “start MLK,” (NS: p > 0.05; *p < 0.05, **p < 0.01,
***p < 0.001). Abbreviations: Best, best post-operative FEV1 value; ¡6M, 6 months before start of montelukast; ¡3M, 3 months before

start of montelukast; start MLK, at start of montelukast; +3M, 3 months after start of montelukast; +6M, 6 months after start of montelukast;

+1Y, 1 year after start of montelukast; +2Y, 2 years after start of montelukast; +3Y, 3 years after start of montelukast.
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Figure 4 Waterfall plots depicting change in FEV1 in individual patients after start of montelukast. Individual distribution of each

patient’s change in FEV1 (increase, stable, decrease) after initiation of montelukast, expressed both in absolute values (L, liters) and relative

values (ml/month), in a cohort of LTx recipients with progressive chronic lung allograft dysfunction (CLAD) despite prior azithromycin for

at least 3 months (n = 153). Upper panels: change in FEV1 3 months after start of montelukast; lower panels: change in FEV1 6 months after

start of montelukast.
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diagnosis (hazard ratio [HR] 2.816, 95% confidence inter-

val [CI] 1.450 to 5.467, p = 0.0022).

Other factors related to graft loss.Graft loss after LTx was

associated with an RAS phenotype (r = 0.22, p = 0.0050),
more severe CLAD stage (r = 0.29, p = 0.0003), and lower

FEV1 at start of MLK (r =¡0.40, p < 0.0001), as well as with

non-response after 3 (r = 0.25, p = 0.0022), 6 (r = 0.35, p <
0.0001), or 12 (r = 0.22, p = 0.022) months of MLK,



Figure 5 Proportional distribution of patients according to

chronic lung allograft dysfunction (CLAD) status, response to

montelukast (increase, stabilization, or decline of FEV1), and time

after initiation of montelukast (3, 6, or 12 months) in patients with

progressive CLAD despite prior azithromycin for at least 3 months

(n = 153).
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respectively, and thus overall with CLAD progression during

the 12months after initiation ofMLK (r = 0.40, p< 0.0001).

Finally, most likely due to its association with CLAD

severity and/or progression, higher blood leukocyte (r = 0.16,

p = 0.050), higher BAL leukocyte (r = 0.33, p = 0.0077), and

higher BAL neutrophil (r = 0.35, p = 0.0082) numbers at start

ofMLKwere associated with graft loss after CLAD diagnosis.

On the other hand, higher blood eosinophils (r =¡0.25,

p = 0.0023), basophils (r =¡0.20, p = 0.015), and monocytes

(r =¡0.19, p = 0.017) at start of MLK were associated with

better outcomewith regard to future graft loss.
Discussion

In this study we have retrospectively assessed the associa-

tion of long-term MLK treatment with pulmonary function

and survival in a large cohort of LTx recipients with pro-

gressive CLAD despite prior azithromycin treatment. We

found that MLK was associated with significant attenuation

in the rate of FEV1 decline in a substantial proportion of

patients with established CLAD, which was independent of

CLAD stage and associated with significantly better CLAD

progression‒free and overall survival during later follow-

up. Multivariate risk-adjusted analysis demonstrated non-

response/progression after 3 months of MLK to be an inde-

pendent risk factor for mortality after CLAD diagnosis.

Slowly progressing BOS patients had a better response to

MLK, whereas rapid decliners and patients with an RAS

phenotype were less likely to respond to MLK. Blood and/

or BAL cellularity may be able identify patients who are

more likely to respond to MLK (i.e., those with higher

blood eosinophils) vs patients who are less likely to respond

(i.e., those with higher blood/BAL leukocytes and neutro-

phils). Although further proof is required, the current find-

ings are important, given the current unmet medical need of

pharmacologic therapy for CLAD.

CysLTs (LTC4, LTD4, and LTE4) display important

bronchoconstrictive and pro-inflammatory effects through

interactions with Type 1 and 2 cysteinyl leukotriene recep-

tors (CysLT1R and CysLT2R).
28,29 MLK is a selective

antagonist of CysLT1R and possesses a broad range of anti-

inflammatory and anti-fibrotic activities (refer to Supple-

mentary Material online).30−33 There is increasing evidence

of leukotriene involvement in the pathogenesis of lung allo-

graft rejection. A potential role for leukotriene B4 (LTB4),

a derived form of the unstable leukotriene A4 (LTA4) by

LTA4 hydrolase more upstream from the CysLTs, was

demonstrated in a murine trachea transplant model.34 LTB4

is a potent neutrophil chemoattractant and induces airway

inflammation by inhibiting neutrophil apoptosis and induc-

ing directional neutrophil migration, regulating differentia-

tion of immune cells and expression of cytokines, such as

interleukin-1, tumor necrosis factor-a, and matrix metallo-

proteinases. In this murine model, LTB4 was also shown to

have potent chemotactic activity for CD8+ effector T lym-

phocytes, in which recruitment into the airways and associ-

ated inflammation could be blocked by a (pre-clinical)

LTB4 receptor antagonist. Also, reduced inflammation and

fibroproliferation was seen in the small airways of LTB4

receptor‒deficient mice compared with wild-type mice,

which was again attributable to reduction of CD8+ T-cell‒
mediated lung injury. These findings were corroborated by

increased expression of LTB4 receptors on graft-specific T

cells isolated from the airways of LTx recipients with oblit-

erative bronchiolitis (OB), when compared with healthy

controls. Recently, these findings were further substantiated

by demonstrating that MLK reduced plasma LTB4 levels

and attenuated subsequent tracheal fibrosis in a rat hetero-

topic trachea transplant model, despite the fact that LTB4

exerts its primary function through another receptor

(BLT1), which is not a direct target for MLK.35 Altogether,



Table 2 Cellular Characteristics According to Response to Montelukast in Study Cohort

Improved/stable FEV1
after 3 months MLK

Decline in FEV1 after
3 months MLK p-value

Blood (n = 122) (n = 29)
Total leukocytes 7.05 (5.7 to 9.3) 8.3 (6.4 to 12.3) 0.028a

Neutrophils (%) 65.7 (54.5 to 73.5) 68.6 (57.8 to 82.9) 0.17
Eosinophils (%) 2.1 (1.1 to 3.8) 1.6 (0.65 to 3.1) 0.045a

Basophils (%) 0.3 (0.2 to 0.6) 0.2 (0.1 to 0.5) 0.031a

Lymphocytes (%) 21.5 (13.6 to 30.9) 18.3 (8.5 to 27.8) 0.20
Monocytes (%) 9.9 (8.3 to 11.6) 10.1 (6.5 to 11.2) 0.43

BAL (n = 41) (n = 20)
Total leukocytes 145.0 (48.5 to 612.5) 199.0 (46.5 to 593.8) 0.73
Macrophages (%) 75.2 (13.1 to 90.5) 55.0 (18.6 to 79.7) 0.31
Lymphocytes (%) 4.5 (1.0 to 9.1) 7.5 (4.9 to 15.8) 0.016a

Neutrophils (%) 12.0 (2.0 to 84.0) 18.9 (7.9 to 70.7) 0.57
Eosinophils (%) 0.0 (0.0 to 1.0) 0.8 (0.0 to 5.0) 0.043a

Blood and bronchoalveolar lavage (BAL) total and differential (%) cell counts according to evolution of pulmonary function (based on FEV1) after initi-

ation of MLK in patients with progressive chronic lung allograft dysfunction despite prior azithromycin for at least 3 months. Increase, stabilization, or

decline in FEV1 was defined as described in the Methods. Data after 3 months of MLK were unavailable for 2 patients (thus, 151 of 153 patients included).

Data are presented as median (interquartile range). BAL, brochoalveolar lavage; FEV1, forced expiratory volume in 1 second; MLK, montelukast
aStatistically significant difference (p < 0.05).
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Figure 6 Survival according to response to montelukast. Kaplan−Meier survival curve with log-rank p-values depicts overall survival

after diagnosis of chronic lung allograft dysfunction (CLAD) according to response to montelukast in patients with progressive CLAD,

despite prior azithromycin for at least 3 months (n = 153). Time is expressed in days. Dotted line represents 50% survival.
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these findings suggest a major role for leukotrienes in

development of airway fibrosis/OB and/or pulmonary fibro-

sis in CLAD after LTx. Nevertheless, the presence of leu-

kotrienes in airways of LTx recipients remains to be

confirmed. However, increased numbers of tissue eosino-

phils and mast cells in explanted (end-stage) CLAD

lungs,36 along with increased levels of immunoglobulin E

(IgE) in BAL fluid of CLAD patients upon diagnosis,37

may serve as indirect evidence of leukotriene involvement

in CLAD, as eosinophils, mast cells, and IgE, together with

leukotrienes, are well-known cooperative components for

initiation and propagation of inflammatory responses. As
such, blood eosinophilia (reflecting tissue eosinophilia)

may be a useful biomarker for possible response to MLK in

CLAD patients.

Not all CLAD patients seem to benefit equally from

MLK, and this requires further investigation. Responders

were more likely patients with a slower decline in FEV1

(i.e., <100 ml/month), especially if these patients demon-

strated increased blood eosinophilia. Non-responders were

more likely patients with a rapid FEV1 decline or with an

RAS phenotype. An MLK dose of 10 mg/day may be too

low to attenuate aggressive disease progression in the latter

cases. MLK 10 mg/day is the standard dose used for adults
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with asthma (its main indication), and is the dose used in

previous studies in GvHD patients and in our pilot studies

in CLAD.21,22 Meanwhile, since the initial submission of

our manuscript, we have empirically initiated high-dose

MLK (10 mg, 3 times daily) in 2 new BOS patients with

rapid FEV1 decline and 1 new RAS patient, but without sig-

nificant attenuation in rate of decline after 4 to 6 weeks in

either case. The effects of higher MLK doses in these “non-

responders” (including possible increase in side effects),

however, should be assessed in a larger group of patients

for a longer duration before conclusions can be drawn on

its efficacy in this setting.

Whether MLK may be used as preventive therapy for

CLAD, similar to and perhaps synergistic with azithromy-

cin,24,26 is currently unknown, but may be a topic for future

research. Other limitations of our study include its retro-

spective, cross-sectional design and lack of “controls” not

receiving MLK, which would evidently be a historic group

of CLAD patients not treated with MLK. Even so, such a

cohort would most likely be biased by different patient

characteristics (e.g., proportionally more single-sided LTx,

which negatively affects outcome) and diagnostic, thera-

peutic, or prophylactic management. On the other hand, in

our study, every patient served as his/her own control over

time, and previous studies have already demonstrated a pro-

gressive FEV1 decline in historic controls or placebo-

treated patients with CLAD,21,22 which may represent the

“natural course” of CLAD. This was demonstrated by

Lama et al, who described a progressive FEV1 decline after

onset of BOS, with the steepest slope of decline in the ini-

tial 6 months and a more gradual slope of FEV1 decline

over the next 12 months.39 However, their BOS cohort

included mainly single lung recipients with native lung

emphysema, so their findings may need confirmation in

bilateral lung recipients with CLAD, even though CLAD

progression over time (especially in rapid decliners and

RAS patients) is now commonly reported in most LTx

centers.3,11,13

In most of the patients in our study the rate of FEV1 (and

FVC) decline was already significantly attenuated after

3 months of MLK, with improved FEV1 in a significant num-

ber of CLAD patients. These findings were corroborated in

the smaller cohort of patients for whomMLKwas initiated for

CLAD≤3months after previous start of azithromycin (n = 54;

compare Figure S1B vs Figure S6B online). Drawing firm

conclusions from the findings in this smaller cohort, however,

is difficult because a time-dependent (late) effect of azithro-

mycin may have still played a role in the observed attenuation

of FEV1 decline around the time of start of MLK. Indeed,

rarely patients may show a somewhat delayed beneficial effect

on FEV1 after initiation of azithromycin (i.e., only stabiliza-

tion after 4 to 8 weeks instead of <4 weeks). However, if a

CLAD patient does not respond to azithromycin after 12

weeks, a later response to azithromycin is very unlikely.2,5

Altogether, however, the observed increase/stabilization of

FEV1 and later CLAD progression‒free evolution in most of

our >200 CLAD patients after initiation of MLK seemingly

contradicts the “natural decline” in CLAD over time. More-

over, stratified survival analysis according to response to
MLK after 3 months as a binary parameter (i.e., increase/stabi-

lization after MLK vs non-response/further decline) clearly

demonstrates that non-response after 3 months of MLK was

an independent risk factor for later mortality, which is an

important finding for early identification of CLAD patients at

risk, which perhaps may need intensified follow-up or rescue-

treatment to avoid further FEV1 decline. Thus, together with

its good tolerance and low cost, the magnitude of effect size of

montelukast may be such that the observed association pro-

motes further consideration, while falling short of causality.

Nonetheless, our findings would preferably require further val-

idation in an independent LTx cohort.

Another limitation of our study is that information

regarding a possible “CLAD-triggering” event(s) was his-

torically not captured in our transplant CLAD database.

This information may have clarified whether responders

were more likely to have a preceding infectious CLAD trig-

ger(s). However, MLK was initiated, on average, 0.6 year

after CLAD onset (so not immediately after a possible trig-

gering event), and in most patients no specific CLAD trig-

ger could be found, as we described previously in a small

RAS cohort (n = 38, in which 55% of patients had no clear

identifiable trigger preceding RAS diagnosis).3 Another

limitation is that data on anti‒human leukocyte antigen

(DSA) antibodies were not included, because these data

were only available in 37% (59 of 153) of the study

patients. The reason is that DSA measurement by Luminex

technology has only been performed on a routine basis

since 2010 at our center. In patients with available DSA

data, however, presence/absence of DSA did not correlate

with response/no response after 3 months of MLK

(p = 0.34), nor with CLAD progression during the 12

months after start of MLK (p = 0.18). Moreover, it is

unlikely that MLK would directly affect B lymphocytes/

DSA production, despite the fact that that MLK does have

some direct biologic effects, including induction of apopto-

sis, on T lymphocytes through CysLTR blockade.38

CLAD patients who have previously never received azi-

thromycin or MLK for CLAD, and perhaps may have died

sooner after CLAD diagnosis, were not included in this

study, which may have skewed our survival analysis. On

the other hand, as both of these drugs were only introduced

in the past decade, we believe the current CLAD cohort is a

good representation of what can currently be expected for

patients diagnosed with CLAD, both with regard to overall

survival and subsequent evolution of pulmonary function

after CLAD diagnosis. These contemporary data could

therefore be used to design future studies assessing the

effects of novel therapies and/or more targeted or personal-

ized treatment in CLAD. Importantly, median survival after

CLAD onset in patients with FEV1 increase/stabilization

after MLK was 7.3 years, suggesting that “progression-free

survival” instead of “mortality” should be used as primary

end-point in future outcome studies—except for non-res-

ponders, in whom there is an urgent need for life-saving

therapeutic interventions, given their average survival of

only 3.4 years after CLAD onset. Sub-analysis of “rescue”

treatment options for the latter patients were outside the

scope of this study, but probably should also be targeted
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(i.e., anti-fibrotic drugs and/or antibody-mediated therapy

for RAS,6,7 TLI for BOS with rapid FEV1 decline,
9,10 etc.).

In conclusion, we have demonstrated that montelukast

was associated with significant attenuation in the rate of

FEV1 decline in a substantial proportion of LTx recipients

with established CLAD, which correlated with better out-

come. These findings require further validation in other

LTx cohorts, given that there are currently few effective

therapeutic options for CLAD.
Disclosure statement

The authors have no conflicts of interest to disclose. This

study was supported by research grant from UZ Leuven,

Belgium (STG15/023 to R.V. and C2/15/030 to B.M.V.

and G.M.V.), and the Clinical Research Fund of UZ Leuven

(to J.Y.).

The Leuven Lung Transplant Group includes: Laurent

Godinas, MD, PhD; Anke Van Herck, MD; Arno Vansta-

pel, MD; Annelore Sacreas, MSc; Janne Kaes, MSc; Tobias

Heigl, MSc; Sofie Ordies, MD; Veronique Schaevers, MSc;

Paul De Leyn, MD, PhD; Willy Coosemans, MD, PhD;

Philippe Nafteux, MD, PhD; Herbert Decaluw�e, MD, PhD;

Hans Van Veer, MD; Lieven Depypere, MD; Anna E.

Frick, MD; Laurens J. Ceulemans, MD; Birgit Weynand,

MD, PhD; and Marie-Paule Emonds, MD, PhD.
Supplementary data

Supplementary data associated with this article can be

found in the online version at www.jhltonline.org/.
References

1. Opelz G, D€ohler B, Ruhenstroth A, et al. The collaborative transplant

study registry. Transplant Rev (Orlando) 2013;27:43-5.

2. Verleden GM, Raghu G, Meyer KC, et al. A new classification system

for chronic lung allograft dysfunction. J Heart Lung Transplant

2014;33:127-33.

3. Verleden SE, Ruttens D, Vandermeulen E, et al. Predictors of survival

in restrictive chronic lung allograft dysfunction after lung transplanta-

tion. J Heart Lung Transplant 2016;35:1078-84.

4. Verleden SE, Todd JL, Sato M, et al. Impact of CLAD phenotype on

survival after lung retransplantation: a multicenter study. Am J Trans-

plant 2015;15:2223-30.

5. Meyer KC, Raghu G, Verleden GM, et al. An international ISHLT/

ATS/ERS clinical practice guideline: diagnosis and management of

bronchiolitis obliterans syndrome. Eur Respir J 2014;44:1479-503.

6. Vos R, Wuyts WA, Gheysens O, et al. Pirfenidone in restrictive allo-

graft syndrome after lung transplantation: a case series. Am J Trans-

plant 2018;18:3045-59.

7. Suhling H, Bollmann B, Gottlieb J. Nintedanib in restrictive chronic

lung allograft dysfunction after lung transplantation. J Heart Lung

Transplant 2016;35:939-40.

8. Kohno M, Perch M, Andersen E, et al. Treatment of intractable inter-

stitial lung injury with alemtuzumab after lung transplantation. Trans-

plant Proc 2011;43:1868-70.

9. Fisher AJ, Rutherford RM, Bozzino J, et al. The safety and efficacy

of total lymphoid irradiation in progressive bronchiolitis obliterans

syndrome after lung transplantation. Am J Transplant 2005;5:

537-43.
10. Verleden GM, Lievens Y, Dupont LJ, et al. Efficacy of total lymphoid

irradiation in azithromycin nonresponsive chronic allograft rejection

after lung transplantation. Transplant Proc 2009;41:1816-20.

11. Benden C, Haughton M, Leonard S, et al. Therapy options for chronic

lung allograft dysfunction-bronchiolitis obliterans syndrome following

first-line immunosuppressive strategies: a systematic review. J Heart

Lung Transplant 2017;36:921-33.

12. Yung GL, Craig V. Lung transplantation and extracorporeal photophe-

resis: the answer to bronchiolitis obliterans? Transfus Apher Sci

2015;52:162-6.

13. Greer M, Dierich M, De Wall C, et al. Phenotyping established

chronic lung allograft dysfunction predicts extracorporeal photo-

pheresis response in lung transplant patients. Am J Transplant

2013;13:911-8.

14. Tintinger GR, Feldman C, Theron AJ, et al. Montelukast: more than a

cysteinyl leukotriene receptor antagonist? Sci World J 2010;10:

2403-13.

15. Beller TC, Friend DS, Maekawa A, et al. Cysteinyl leukotriene 1

receptor controls the severity of chronic pulmonary inflammation and

fibrosis. Proc Natl Acad Sci USA 2004;101:3047-52.

16. Izumo T, Kondo M, Nagai A. Cysteinyl-leukotriene 1 receptor antago-

nist attenuates bleomycin-induced pulmonary fibrosis in mice. Life

Sci 2007;80:1882-6.

17. Kim SW, Rhee CK, Kim YJ, et al. Therapeutic effect of budesonide/

formoterol, montelukast and N-acetylcysteine for bronchiolitis obliter-

ans syndrome after hematopoietic stem cell transplantation. Respir

Res 2016;17:63.

18. Williams KM, Cheng GS, Pusic I, et al. Fluticasone, azithromycin, and

montelukast treatment for new-onset bronchiolitis obliterans syndrome

after hematopoietic cell transplantation. Biol Blood Marrow Trans-

plant 2016;22:710-6.

19. Norman BC, Jacobsohn DA, Williams KM, et al. Fluticasone, azithro-

mycin and montelukast therapy in reducing corticosteroid exposure in

bronchiolitis obliterans syndrome after allogeneic hematopoietic SCT:

a case series of eight patients. Bone Marrow Transplant 2011;46:

1369-73.

20. Hildebrandt GC, Fazekas T, Lawitschka A, et al. Diagnosis and treat-

ment of pulmonary chronic GVHD: report from the consensus confer-

ence on clinical practice in chronic GVHD. Bone Marrow Transplant

2011;46:1283-95.

21. Verleden GM, Verleden SE, Vos R, et al. Montelukast for bronchioli-

tis obliterans syndrome after lung transplantation: a pilot study.

Transpl Int 2011;24:651-6.

22. Ruttens D, Verleden SE, Demeyer H, et al. Montelukast for bronchiol-

itis obliterans syndrome after lung transplantation: a randomized con-

trolled trial. PLoS One 2018;13:e0193564.

23. Standardization of spirometry—1987 update. Official statement of

American Thoracic Society. Respir Care 1987;32:1039-60.

24. Ruttens D, Verleden SE, Vandermeulen E, et al. Prophylactic azithro-

mycin therapy after lung transplantation: post hoc analysis of a ran-

domized controlled trial. Am J Transplant 2016;16:254-61.

25. Vos R, Ruttens D, Verleden SE, et al. High-dose vitamin D after lung

transplantation: a randomized trial. J Heart Lung Transplant 2017;36:

897-905.

26. Vos R, Vanaudenaerde BM, Verleden SE, et al. A randomised con-

trolled trial of azithromycin to prevent chronic rejection after lung

transplantation. Eur Respir J 2011;37:164-72.

27. Calapai G, Casciaro M, Miroddi M, et al. Montelukast-induced

adverse drug reactions: a review of case reports in the literature. Phar-

macology 2014;94:60-70.

28. Kanaoka Y, Boyce JA. Cysteinyl leukotrienes and their receptors: cel-

lular distribution and function in immune and inflammatory responses.

J Immunol 2004;173:1503-10.

29. Theron AJ, Steel HC, Tintinger GR, et al. Cysteinyl leukotriene recep-

tor-1 antagonists as modulators of innate immune cell function. J

Immunol Res 2014;2014:608930.

30. Scott JP, Peters-Golden M. Antileukotriene agents for the treatment of

lung disease. Am J Respir Crit Care Med 2013;188:538-44.

31. Shaker OG, Sourour DA. Effect of leukotriene receptor antagonists on

lung fibrosis in rats. J Appl Toxicol 2011;31:678-84.

https://www.jhltonline.org/
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0001
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0001
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0001
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0002
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0002
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0002
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0003
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0003
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0003
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0004
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0004
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0004
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0005
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0005
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0005
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0006
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0006
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0006
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0007
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0007
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0007
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0008
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0008
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0008
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0009
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0009
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0009
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0009
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0010
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0010
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0010
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0011
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0011
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0011
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0011
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0012
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0012
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0012
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0013
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0013
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0013
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0013
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0014
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0014
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0014
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0015
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0015
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0015
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0016
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0016
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0016
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0017
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0017
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0017
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0017
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0018
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0018
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0018
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0018
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0019
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0019
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0019
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0019
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0019
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0020
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0020
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0020
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0020
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0021
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0021
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0021
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0022
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0022
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0022
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0023
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0023
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0024
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0024
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0024
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0025
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0025
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0025
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0026
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0026
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0026
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0027
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0027
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0027
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0028
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0028
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0028
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0029
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0029
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0029
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0030
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0030
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0031
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0031


Vos et al. Montelukast in CLAD 527
32. Fireman E, Schwartz Y, Mann A, et al. Effect of montelukast, a cys-

teinyl receptor antagonist, on myofibroblasts in interstitial lung dis-

ease. J Clin Immunol 2004;24:418-25.

33. Hosoki K, Kainuma K, Toda M, et al. Montelukast suppresses epi-

thelial to mesenchymal transition of bronchial epithelial cells

induced by eosinophils. Biochem Biophys Res Commun 2014;449:

351-6.

34. Medoff BD, Seung E, Wain JC, et al. BLT1-mediated T cell traffick-

ing is critical for rejection and obliterative bronchiolitis after lung

transplantation. J Exp Med 2005;202:97-110.

35. Tu ZL, Zhou ZY, Xu HC, et al. LTB4 and montelukast in transplanta-

tion-related bronchiolitis obliterans in rats. J Cardiothorac Surg

2017;12:43.
36. Vandermeulen E, Lammertyn E, Verleden SE, et al. Immunological

diversity in phenotypes of chronic lung allograft dysfunction: a com-

prehensive immunohistochemical analysis. Transpl Int 2017;30:

134-43.

37. Vandermeulen E, Verleden SE, Bellon H, et al. Humoral immunity in

phenotypes of chronic lung allograft dysfunction: a broncho-alveolar

lavage fluid analysis. Transpl Immunol 2016;38:27-32.

38. Spinozzi F, Russano AM, Piattoni S, et al. Biological effects of monte-

lukast, a cysteinyl-leukotriene receptor-antagonist, on T lymphocytes.

Clin Exp Allergy 2004;34:1876-82.

39. Lama VN, Murray S, Lonigro RJ, et al. Course of FEV1 after onset of

bronchiolitis obliterans syndrome in lung transplant recipients. Am J

Respir Crit Care Med 2007;175:1192-8.

http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0032
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0032
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0032
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0033
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0033
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0033
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0033
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0034
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0034
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0034
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0035
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0035
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0035
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0035
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0036
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0036
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0036
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0036
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0037
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0037
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0037
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0038
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0038
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0038
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0039
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0039
http://refhub.elsevier.com/S1053-2498(18)31773-X/sbref0039

	Montelukast in chronic lung allograft dysfunction after lung transplantation
	Methods
	Study design and population
	Assessment of pulmonary function, CLAD status, and mortality
	Assessment of blood and BAL cellularity
	Immunosuppressive and prophylactic regimen
	Statistical analysis

	Results
	Study population
	Patients´ characteristics
	Evolution of pulmonary function with MLK
	CLAD progression‒free survival with MLK
	Overall survival and graft loss with MLK

	Discussion
	Disclosure statement
	Supplementary data
	References



