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Bronchiolitis obliterans syndrome (BOS) after allogeneic hematopoietic cell transplantation (HCT) is associ-
ated with high mortality. We hypothesized that inhaled fluticasone, azithromycin, and montelukast (FAM)
with a brief steroid pulse could avert progression of new-onset BOS. We tested this in a phase II, single-arm,
open-label, multicenter study (NCT01307462). Thirty-six patients were enrolled within 6 months of BOS
diagnosis. The primary endpoint was treatment failure, defined as 10% or greater forced expiratory volume in
1 second decline at 3 months. At 3 months, 6% (2 of 36, 95% confidence interval, 1% to 19%) had treatment
failure (versus 40% in historical controls, P < .001). FAM was well tolerated. Steroid dose was reduced by 50%
or more at 3 months in 48% of patients who could be evaluated (n ¼ 27). Patient-reported outcomes at
3 months were statistically significantly improved for Short-Form 36 social functioning score and mental
component score, Functional Assessment of Cancer Therapies emotional well-being, and Lee symptom scores
in lung, skin, mouth, and the overall summary score compared to enrollment (n ¼ 24). At 6 months, 36% had
treatment failure (95% confidence interval, 21% to 54%, n ¼ 13 of 36, with 6 documented failures, 7 missing
pulmonary function tests). Overall survival was 97% (95% confidence interval, 84% to 100%) at 6 months. These
data suggest that FAM was well tolerated and that treatment with FAM and steroid pulse may halt pulmonary
decline in new-onset BOS in the majority of patients and permit reductions in systemic steroid exposure,
which collectively may improve quality of life. However, additional treatments are needed for progressive
BOS despite FAM.
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INTRODUCTION
Bronchiolitis obliterans syndrome (BOS) after hemato-

poietic cell transplantation (HCT), also known as lung
chronic graft-versus host disease (GVHD), is an insidious
disease with poor outcomes where the donor immune
system attacks the small airways in the lungs, leading to

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:kmwillia@cnmc.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbmt.2015.10.009&domain=pdf
http://dx.doi.org/10.1016/j.bbmt.2015.10.009
http://dx.doi.org/10.1016/j.bbmt.2015.10.009
http://dx.doi.org/10.1016/j.bbmt.2015.10.009
http://www.bbmt.org


K.M. Williams et al. / Biol Blood Marrow Transplant 22 (2016) 710e716 711
obstructive pulmonary disease and air trapping [1,2].
Although BOS is rare, affecting only 5% to 12% of HCT re-
cipients, it is a significant problem after HCT because of the
high attributed morbidity and mortality [1,3-7]. Patients
with early BOS are often asymptomatic, with symptoms
developing later in the course of the disease, such as dyspnea
on exertion or a chronic cough, followed by dyspnea at rest,
and finally inability to accomplish activities of daily living
because of progressive pulmonary compromise and attrib-
uted weakness [4]. BOS is caused by an immune response
to antigens expressed by bronchiolar epithelia, causing
inflammation and epithelial disruption, followed by pro-
gressive intraluminal fibrosis of the small terminal airways
[8-12]. Multiple studies have linked decline in lung function
to poor survival after chronic GVHD diagnosis, and histori-
cally only 44% of BOS patients are expected to survive 2 years
[13-15]. Here, we present the first prospective study to
evaluate the efficacy of the combination therapy of inhaled
fluticasone, azithromycin, and montelukast (FAM) to treat
new-onset BOS after HCT.

Historically, there have been no effective therapies for BOS
after HCT. Prior retrospective series have evaluated response
of BOS to corticosteroids, cyclosporine, azathioprine, antith-
ymocyte globulin, and extracorporeal photopheresis, and
have been limited not only by patient numbers and retro-
spective evaluations, but also by differences in diagnostic
criteria for BOS [15-17]. However, consensus criteria devel-
oped in 2005 and revised in 2014 have permitted standardi-
zation of diagnostic criteria, which were used for this study
[1,4,18,19]. More recently, prospective studies enrolling pa-
tients with restrictive pulmonary disease after HCT have
evaluated etanercept [20] and azithromycin [21] and have
included responses in somepatientsmeeting the definition of
BOS. A recent study of inhaled budesonide/formoterol in a
prospective, randomized, placebo-controlled, cross-over trial
of 32 patients showed benefit for 62% of patients in the
treated armversus25% in theplaceboarm,with a greater than
12% increase in absolute value of forced expiratory volume in
1 second (FEV1) at 1 month. However, only 56% completed
the 6-month primary endpoint and 37% required unblinding
because of nonimprovement after 1 month of therapy [22].

The FAM regimen was based on encouraging preliminary
data with single-agent montelukast reported for the treat-
ment of BOS after HCT and other prior work that had sug-
gested possible benefit with the use of inhaled fluticasone
and oral azithromycin for BOS after HCT [1,23-26]. Mecha-
nisms of action for these agents could include a decrease in
local lung inflammation (inhaled fluticasone), a reduction in
local interleukin-8 levels and neutrophilia (azithromycin),
and impairment of leukotriene activity (montelukast).
Together, these agents may work by interrupting the cellular
homing signals of activated cells trafficking to the lungs and
decreasing fibroblast activity that results in the fibrotic
constriction of the bronchiole lumen [1,25-35]. Therefore,
we undertook a prospective study to evaluate this novel
combination of agents (FAM) for the treatment of newly
diagnosed BOS after HCT [24,26,36]. Because of the rarity of
disease, associatedmorbidity, and reluctance of investigators
to randomize patients to placebo, we conducted an open-
label, single-arm study.
MATERIALS AND METHODS
Participants

The trial was limited to patients with new-onset BOS, defined as diag-
nosis within 6 months of enrollment. Inclusion criteria included: (1) BOS,
per the National Institutes of Health (NIH) modified criteria: FEV1 < 75%
predicted, FEV1/vital capacity (VC) < .7, and an absolute decline of the
percent of predicted FEV1 by � 10% from before HCT without evidence of
infection or pathologic diagnosis [1,4,18,19]. Pulmonary function testing
(PFT) was performed with and without bronchodilators at enrollment to
confirm that post-bronchodilator values still met diagnostic criteria; and
(2) prior or current diagnosis of chronic GVHD per NIH criteria.

Exclusion criteria included the following: (1) known history of intoler-
ance or allergy to any FAM component; (2) recurrent or progressive
malignancy requiring anticancer treatment; (3) serum transaminases
concentrations > 5 � upper limit of normal or total bilirubin > 3 � upper
limit of normal; (4) treatment with inhaled steroid or montelukast or
zafirlukast for greater than 1 month during the past 3 months; (5) current
treatment with prednisone at> 1.2 mg/kg/day (or equivalent steroid) on the
enrollment evaluation; (6) treatment with rifampin or phenobarbital,
aspirin at doses > 325 mg/day, or ibuprofen at doses > 1200 mg/day;
(7) treatment with any noneFood and Drug Administrationeapproved
medication within the past 4 weeks; (8) evidence of any viral, bacterial, or
fungal infection involving the lung and not responding to appropriate
treatment; (9) chronic oxygen therapy; (10) clinical asthma; (11) baseline
post-bronchodilator FEV1 < 20% of predicted normal; (12) inability to reli-
ably perform PFT; (13) patient age< 6 years; (14) life expectancy< 6months
at the time of enrollment as judged by the enrolling investigator; (15) any
condition that, in the opinion of the enrolling investigator, would interfere
with the subject’s ability to comply with the study requirements; or
(16) pregnancy or nursing.

Central review confirmed PFT eligibility before study entry. Patients
were typically referred at the first PFT that showed BOS, though several
months may have elapsed between pulmonary visit and primary HCT visit
whereby patients would be diagnosed with BOS and referred for study. The
Crapo calculation was used to convert FEV1 volume to percent predicted
FEV1 [37]. All institutions obtained institutional review board approval, and
all participants provided written informed consent. The study is registered
at Clinicaltrials.gov as NCT01307462.

Study Design
This was a phase II, single-arm, open-label study. The primary endpoint

was treatment failure by 3 months, defined as an absolute decline of the
percent of predicted FEV1 by � 10% from before enrollment (eg, 40% to 30%
predicted FEV1), confirmed by 2 PFTs performed at least 2 weeks apart. The
selection of 3 months for the primary endpoint and 6 months for study
completion was based on data published with similar evaluation periods in
lung dysfunction after HCT and preliminary data showing that this time-
frame was predictive of changes for the subsequent 1.5 years [22,23,38]. If
the 3-month PFTweremissing, the 2- or 6-month PFTwas used for endpoint
assessment, with the worst test included in the analysis. If no 2- or 6-month
test were available, the patient was considered a treatment failure in the
primary analysis. A minimum of a 10% decline was used to define treatment
failure because a decline of 8% over a 6- to 12-month period is clinically
important [39]. Treatment success was defined as lack of failure, ie, less
than 10% decline in absolute FEV1 percent predicted. Secondary endpoints
include the safety of FAM and change in other PFT parameters, non-
pulmonary chronic GVHD, 6-minute walk test, and patient-reported
outcomes.

Upon study entry, all participants taking prednisone at < 1 mg/kg/day
increased their dose to 1 mg/kg/day orally for 2 weeks, unless contra-
indicated by other comorbidities. This brief steroid pulse was included
because of the prevailing treatment recommendation of prednisone for
newly diagnosed BOS; however, the intention of the study was to test the
efficacy of FAM and intolerance of high-dose prednisone was not an exclu-
sion criteria. After 2 weeks, participants started a taper of .25 mg/kg/day per
week with a goal of attaining an equivalent dose of .25 mg/kg/day by
5 weeks after enrollment or the dose of corticosteroids at study entry,
whichever was greater, unless higher doses were required by other chronic
GVHD manifestations. This tapering schedule is much faster than usually
used for BOS to attempt to minimize infectious complications and test the
efficacy of FAM. Otherwise, steroids were tapered at the investigator’s
discretion, taking into consideration other chronic GVHD manifestation
severity. Corticosteroids could be tapered faster in cases of uncontrollable
toxicity.

FAM Treatment
Fluticasone (inhaled fluticasone propionate) was given at 440mcg twice

a day (ages, 12 to 99 years) or 220 mcg twice a day (ages, 6 to 11 years) and
was provided by GlaxoSmithKline to each participant for 6 months under
grant 113611. Azithromycin was given at 250 mg orally for adults (19 to
99 years) and 5 mg/kg orally (max 250 mg) for children (6 to 18 years) taken
3 days per week was prescribed commercially. Montelukast, 10 mg oral

http://Clinicaltrials.gov


Table 1
Patient, Transplantation, and BOS characteristics (N ¼ 36)

Characteristic Number

Age, median (range), yr 57 (24-72)
Sex, n
Male 19
Female 17

Race/ethnicity, n
Caucasian, non-Hispanic 33
Caucasian, Hispanic 1
African American 2
Unknown 1

Disease, n
Acute leukemia 13
Myelodysplastic syndrome 5
Chronic leukemia 7
Lymphoma 4
Other 7

Time from transplantation to BOS diagnosis, median
(range), yr

1.5 (.4-11.0)

Enrollment FEV1% predicted, median (range) 46% (21%-75%)
FEV1/VC, median (range) .5 (.28-.75)
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tablet nightly (14 to 99 years old) or 5 mg oral nightly (6 to 13 years old), was
provided by Merck.

Data Collection
PFT were performed at enrollment and at months 1, 2, 3, and 6 after-

wards. If a patient had systemic or pulmonary infection at 3 months, the PFT
could be deferred up to 8 weeks to allow recovery before testing, as in-
fections may temporarily alter PFT values. The 6-minute walk test was
performed at enrollment and at 3 and 6 months. Other chronic GVHD
manifestations were assessed at baseline, 3months, and 6months, using the
2014 NIH consensus response criteria [19,40]. Toxicities were graded using
Common Terminology Criteria for Adverse Events version 4.

Patients completed self-administered, validated surveys at enrollment
and at 3 and 6 months. The measures included the Medical Outcomes Study
Short Form 36 (SF 36) and the Functional Assessment of Cancer Therapies
(FACT) Bone Marrow Transplant (BMT) subscale [19,41]. The SF36 is a 36-
item, multidimensional, validated instrument that provides 8 subscales
and 2 summary scales, a physical component scale, and amental component
scale. The FACT-BMT consists of 39 scored items with 4 subscales: physical
well-being, social/family well-being, emotional well-being, functional well-
being, and a BMT-specific subscale. Functional status is measured using the
94-item Human Activity Profile. The Lee chronic GVHD symptom scale is a
30-item validated instrument that captures symptoms associated with
chronic GVHD [42]. There are 7 subscales and 1 summary scale.

Statistical Analyses
The target sample size was 40 evaluable patients, based on an 84%

power to detect a 20% absolute improvement from 40% treatment failure to
20% treatment failure at 3 months, at the 1-sided .05 level of significance
using an exact test. The 40% treatment failure rate was estimated from
retrospective data, derived from the published studies of BOS with graphs of
FEV1 decline permitting evaluation of treatment failure over time. In these
retrospective studies, patients were treated with similar immunosuppres-
sive regimens including steroids alone or with cyclosporine, azathioprine,
antithymocyte globulin, or thalidomide [13,14,43,44]. None of these regi-
mens included components of FAM or were deemed to be practice-changing
in these retrospective analyses. Furthermore, although the exact inclusion
criteria differ between historical studies and in this protocol, the majority of
patients would fit criteria used in our trial. To establish a historical treat-
ment failure rate, 111 patients in these 4 studies were reviewed. Of these, 45
(41%) experienced treatment failure defined as an absolute decline of the
percent of predicted FEV1 by � 10% according to criteria used in the current
study [13,14,43,44].

All participants who completed the baseline assessment and received at
least 1 dose of FAM are included in the analysis. Enrollment was halted after
enrollment of 36 patients because of funding limitations.

The proportions experiencing treatment failure at 3 and 6 months were
calculated. Other PFT measurements, patient-reported outcomes, steroid
exposure, and 6-minute walk test were assessed for differences at 3 and
6 months on study compared to baseline using Wilcoxon signed rank tests,
with P < .05 considered significant. Baseline steroid exposure was the dose
taken after the burst (initiating drug) and was compared with the steroid
dose at 3 and 6 months. Survival was estimated by the Kaplan-Meier
method.

An interim analysis was conducted after 20 patients had completed
3 months of follow-up to assess for futility. Treatment-related mortality and
grade 4 infections were monitored for safety on a continuous basis.

RESULTS
Patient Demographic and Lung Function at Enrollment

Thirty-six patients from 10 institutions were prospec-
tively enrolled in this protocol. The median age was 57 years
(range, 23 to 72), 47% were female, and most were Caucasian
(92%) (Table 1). Most patients had HCT for treatment of acute
leukemia or myelodysplastic syndrome (50%). Patients were
enrolled at a median of 1.5 years after HCT (range, .4 to 11).
Most patients presented with moderate obstruction (median
FEV1, 46%; range, 21% to 71%; FEV1/VC, .5; range, .28 to .75) at
enrollment, suggesting that despite a new diagnosis within
the past 6 months, the cohort had already experienced sig-
nificant loss of lung function at the time of enrollment. This
was further characterized by generating a slope of FEV1 loss
over time using all available PFTs from enrollment and earlier
that showed a median slope of -2.47 mL/day (range, �.36
to �11.99), which is much more severe than observed
in another trial testing the single-agent montelukast
(NCT00656058), where the median was �1.42 mL/day
(range, 0 to �3.53). The 1 patient with a FEV1/VC ratio of .75,
who would normally not have met diagnostic criteria on the
basis of PFTs, had biopsy-confirmed BOS. Patients had a
median NIH overall GVHD score of 2 (moderate), excluding
consideration of the lung score.
Treatment Response
Six percent of patients (n ¼ 2 of 36) experienced treat-

ment failure with 10% or more absolute decline in percent
predicted FEV1 within the first 3 months. This compares
favorably to prior retrospective data (6% versus 40%, P< .001)
(Figure 1A). In 5 cases, the worst of 2- or 6-month PFTs were
used because the 3-month study was missing; of these,1 was
classified as a treatment failure and 4 were treatment
successes. Among the 30 patients who were considered
treatment successes based on available 3-month PFTs, 13 had
an increase in the absolute percent predicted FEV1 of at least
5% and only 6 had a decrease of 5% or more in absolute
FEV1%, whereas the remaining had a change of less than 5%
(Figure 1B). To allow comparison with studies that defined
response as absolute volume changes, our results corre-
sponded to a 10% or more increase in absolute value of FEV1
(in L) of 51% at 1 month (n ¼ 18 of 35), 34% at 2 months
(n ¼ 10 of 29), and 37% at 3 months, with less than 16% of
patients having 10% or more decline at 1, 2, and 3 months.
Collectively, these data suggest stabilization of BOS disease
progression for at least the first 3 months on study, with a
stable FEV1 trajectory for the majority of patients (Figure 2).

After 6 months on study therapy, 29 of 36 patients
completed PFTs, of which 6 of 36 (17%) met study-defined
criteria for treatment failure, and 7 of 36 (19%) did not
complete PFTs. Of the 23 who had documented treatment
success, 3 (10%) had an absolute improvement of more than
10% in percent predicted FEV1%, 7 (24%) had 5% to 10%
absolute improvement, 5 (17%) had stable to 5% absolute
increase, and 8 (28%) had 1% to 10% absolute deterioration.
Again, recalculating our results as a percent change in
absolute FEV1 volume, 31% of patients increased their
absolute FEV1 (L) by 10% of greater, 41% were stable, and 28%
experienced a greater than 10% decline. The 6 patients who



Figure 1. FAM stabilizes FEV1 in the majority of patients at 3 months. (A) Eighty-three percent of patients had study-defined documented success on 3 month PFTs,
3% percent had documented failure at 3 months (10% or more absolute decline in percent predicted FEV1), and 5 (14%) were missing 3-month PFTs. These 5 patients
were later reclassified as 1 failure (no PFTs available at 2, 3, or 6 months) and 4 successes (3 based on 2-month PFTs and 1 on the basis of 2- or 6-month PFTs).
(B) Proportion of patients (n ¼ 30 evaluable at 3 months) with greater or equal to 5% improvement, greater than or equal to 5% decline (and including those who were
not able to be evaluated as these failures), or less than 5% change (stability).
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declined by greater than 10% at 6 months all experienced an
FEV1 decline by greater than 5% at 3 months. When patients
who could not be evaluated were considered treatment
failures, treatment failure was 13 of 36 (36%) at 6 months.

No additional systemic treatments were added for 25
participants during the study. In 11 cases, new systemic
treatments were added, 7 within the first 3 months (at
6 months, FEV1 was improved > 10% in 2, 2 had stable dis-
ease, 1 was worse, and 2 were not evaluable), 4 had treat-
ment between 3 and 6months (at 6 months, FEV1was worse
in 2 and stable in 1). No patient received etanercept.

Changes in Other PFT Parameters
We observed no significant changes in other PFT param-

eters such as FVC (Forced Vital Capacity), TLC (Total Lung
Capacity), RV (Residual Volume), and DLCO (Diffusing
Figure 2. Trajectory of FEV1 over time after FAM exposure. Individual percent
predicted FEV1 values are graphed as a function of time for each patient. The
bold line represents the median of the cohort.
capacity of the lungs) from baseline to 3 or 6 months on
study for the cohort.
Systemic Steroid Exposure
Steroid dose was reduced by at least 50% at 3 months in 13

of 27 (48%) patients who could be evaluated, with only 19%
receiving added immunosuppression for nonpulmonary
manifestations during that period (associated with < 20% of
participants experiencing treatment success). The initial ste-
roid burst to greater than .75 mg/kg/day prednisone equiva-
lent occurred in 52% of patients (n ¼ 17) and was associated
with increase in FEV1 (by greater than 5% predicted at 3 and
6 months, P < .01); however, the subsequent rapid steroid ta-
per was not associatedwith decline of FEV1. Smaller increases
in steroids to< .5mg/kg/day (36%) or .5 to .75mg/kg/day (12%)
were not associated with any discernable benefit in FEV1,
though numbers were small. At 6 months, steroid dose was
reduced by at least 50% in 17 of 24 (71%) patientswho could be
evaluated with only 4 additional patients receiving added
immunosuppression between 3 and 6 months after enroll-
ment (permitted for other chronic GVHD manifestations).
Other Chronic GVHD Manifestations
Using the 2014 response criteria but excluding consider-

ation of the lung [40], overall response in all organs at
3 months was 9% complete response (CR), 27% partial
response (PR), 24% stable disease, and 39% progressive
disease (PD) in 33 patients who could be evaluated. Of the
34 patients who did not have FAM treatment failure at
3months, overall responses were 9% complete response (CR),
28% partial response (PR), 22% stable disease (SD), 41% pro-
gressive disease (PD), and 2 were not evaluable. At 6 months,
overall response was 14% CR, 45% PR, and 41% PD of 29
evaluable patients. Of the 23 who did not have FAM treat-
ment failure at 6 months, overall responses were 18% CR, 41%
PR, 41% PD, and 1 not evaluable. There were no clear differ-
ences in the overall chronic GVHD responses at 3 and
6 months between FAM treatment failures and treatment
successes. In addition, CRs were observed in some organs
involved with chronic GVHD but not in the lungs.
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Patient-reported and Functional Outcomes
Patient-reported outcomes for the subgroup that

completed the baseline and 3-month questionnaires (n¼ 24,
23 treatment successes, 1 treatment failure) improved for
SF-36 social functioning (median, 5.45 point improvement;
P ¼ .03), the mental component score (median, 4.64 point
improvement; P ¼ .02), and FACT emotional well-being
(median, 1 point improvement; P ¼ .03). In addition, pa-
tients reported less symptom severity using the Lee symp-
tom scale in lung (median, 10 point improvement; P ¼ .01),
skin (median, 0; P ¼ .03), mouth (median, 0; P ¼ .03),
and overall summary score (median, 6.2 point improvement;
P ¼ .001). The 6-minute walk test for 26 patients tested at
baseline and 3 months improved by a median of 114 feet at
3 months (P ¼ .01). Patients who completed 6-month ques-
tionnaires (n ¼ 24; 19 treatment successes, 4 treatment
failures, 1 without 6-month PFTs) reported improved energy
(median, 7.1 point improvement; P ¼ .007), eye symptoms
(median, 8.3 point improvement; P ¼ .002), mouth symp-
toms (median, 0; P ¼ .002), overall symptoms (median, 7.8
point improvement; P < .001), and had greater total distance
walked (median, 188 feet; P ¼ .02). Other patient-reported
outcome parameters were not statistically different
comparing baseline and 3 or 6 months.

Patient-reported and functional measures were tested for
their correlation with changes in FEV1% at 3 months. There
was a strong correlation between improvements in FEV1%
and improvements in the SF-36 physical component score
(P ¼ .009) and Human Activities Profile maximum (P ¼ .01)
and adjusted (P < .001) activity score. Reductions in steroid
dose were associated with improvement in the Human
Activities Profile adjusted activity score (P¼ .01) but not with
the walk test or any patient-reported outcomes.

We tested whether failure to complete 3- or 6-month
surveys correlated with baseline factors. The baseline
6-minute walk test was shorter for patients who did not
provide 3-month patient-reported outcomes (P ¼ .007) but
no other differences were observed. Patients who did not
complete 6-month patient-reported outcomes had worse
baseline FEV1/VC (P ¼ .006).
FAM Safety and Tolerability
FAM was well tolerated and all but 1 patient continued

treatment with all 3 drugs until primary endpoint assess-
ment at 3 months. One patient discontinued inhaled fluti-
casone and azithromycin prematurely but this was not
attributed to adverse events. There was 1 death during the
study period (6 months), which was not attributed to the
study intervention, and 1 patient withdrew from the study.
Adverse events were frequent. Those that were possibly,
probably, or definitely attributed to study drug included fe-
ver (n ¼ 1), pain (n ¼ 1), bronchial infection (n ¼ 1), lung
infection (n ¼ 5; events, 7), sepsis (n ¼ 1), cough (n ¼ 1),
dyspnea (n¼ 1), pneumonitis (n¼ 1), pneumothorax (n¼ 1),
and other respiratory disorders (n ¼ 2). All but lung in-
fections were single occurrences per patient. Of these, only 1
was a grade 4 adverse event (sepsis). Grade 3 events included
bronchial infection (n ¼ 1), lung infection (n ¼ 4), dyspnea
(n ¼ 1), pneumonitis (n ¼ 1), and respiratory other disorder
(n ¼ 1), and the remaining adverse events had grade 1 or 2
severity. One patient experienced hyperglycemia definitely
related to the prednisone pulse but not attributed to FAM.
Survival at 6 months was 97% (n ¼ 35 of 36, 95% confidence
interval, 84% to 100%).
DISCUSSION
We present the results of a prospective multicenter study

evaluating a novel regimen for the treatment of new-onset
BOS after HCT. In most patients, treatment with FAM and
steroid burst stabilized lung function for at least the first
3 months, compared favorably to retrospective data, and
was durable for 6 months. Therapy was well tolerated and
permitted reduction in systemic steroid exposure, a risk
factor for life-threatening infections in BOS patients. FAM
was safe with adverse events consistent with expected
number and severity. Several patient-reported outcomes
improved consistent with improvement in functional ability
after FAM therapy, including the 6-minute walk test and Lee
symptom scale. Although these data are hindered by lack of a
comparator group and missing data that may enrich for FAM
responders, they are consistent with the improvements in
objective measurements that have been verified in prior
studies of chronic GVHD (PFTs and walk tests) [41]. Although
FAM was designed to target lung GVHD, 2 of the agents
may also treat other organs, with global decrease in IL-8
from azithromycin exposure, and decrease in leukotriene
production (which is produced in many affected organs)
through montelukast suppression, which had been previ-
ously published [32]. Overall NIH calculated chronic GVHD
responses and organ-specific responses showed stable dis-
ease for more than one half of the patients evaluated, using
the 2014 scoring criteria, suggesting that this combination of
agents did not exacerbate GVHD in other organs and may
have even contributed to response.

Few prospective studies have focused on BOS after HCT
perhaps because of its rarity and high morbidity [13,45-49].
Although the optimal evaluation of this treatment regimen
would have been a randomized comparison, the low inci-
dence and high morbidity (which meant a control group was
not acceptable to treating physicians) precluded this study
design. In fact, it was challenging to accrue and complete this
prospective study in an acceptable time frame as FAM is
easily prescribed in the community. In addition, although
ideally these data would be compared to a BOS population
not receiving FAM in the modern supportive care era, this
was precluded given both the recent modifications in diag-
nostic criteria (restricting use of Center for International
Blood and Marrow Transplant Research registries) and the
rarity of disease (limiting single-center data). Direct com-
parisons with prior retrospective single patient and case
series data with standard therapies (steroids, calcineurin
inhibitors) and novel therapies (eg, statins, extracorporeal
photopheresis) are limited by differing definitions for BOS
(and thus heterogeneous inclusion criteria); small numbers
of patients per study, with most including fewer than 10
patients per treatment group; differences in outcome vari-
ables; differences in disease progression; and confounding
by concurrent changes in other immunosuppressive agents
[16,17,44]. A previous retrospective single-institution study
by the authors who initiated this study suggested that FAM
may provide benefit and lower systemic steroids, though
again this was limited by small patient numbers (n ¼ 8) and
retrospective study design [24]. Two recent prospective
studies have been published. Although the enrollment
criteria are different, comparisons may be made using the
response criteria of these studies, which is in absolute value
of FEV1 in liters. The first trial evaluated etanercept to treat
both BOS and restrictive lung disease and showed a 33%
response for patients with obstructive lung disease using 10%
change in FEV1 absolute valuewithin 1 to 4months; our data
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are similar to this, with 31% to 51% of patients showing 10%
improvement within this time frame [38]. The second study
evaluated FEV1 response to inhaled budesonide/formoterol,
in a prospective, randomized, placebo-controlled, cross-over
design that showed benefit (12% increase in FEV1) for 62% of
patients in the treated arm at 1 month [22]. Although our
data showed only 51% of patients had a 10% improvement at
1 month in FEV1, the median FEV1 percent predicted at
enrollment in our study reflects greater severity of BOS dis-
ease (median FEV1, 46%; range, 21% to 71%) compared with
patients randomized to the treatment arm (median FEV1,
66%; range, 61% to 71%) [22]. In addition, only 56% of those
patients completed the 6-month endpoint compared with
81% of our population, suggesting that FAM was tolerable in
terms of toxicity and response rate [22]. Finally, our data
compare favorably to the placebo arm of the Bergeron trial, in
which 25% of patients experienced benefit in the placebo
group, which had more mild BOS than our cohort [22].
Finally, another single-agent, open-label study evaluated
montelukast (part of FAM) in 25 patients with established
BOS and showed stabilization with less than 15% decline in
FEV1 for the entire cohort over 6 months of treatment, with
similar outcomes [23].

Our data compare favorably with these more recent
studies, especially in light of the rapidly progressive onset
(with median percent predicted FEV1 of 46% and severe
slope at baseline), which has been shown to confer the
highest mortality and greatest likelihood of rapidly pro-
gressive BOS [13]. This rate of decline is nearly double the
decline of the single-agent montelukast study [23], doc-
umenting the higher severity of pulmonary involvement in
our study cohort, which was also true in the budesonide/
fometerol trial [22]. Furthermore, more recent, retrospective
data from a larger number of patients has shown improve-
ment in the survival of patients with BOS from 20% to 50% to
60% at 5 years, which although it includes advances in sup-
portive care, also now incorporates the agents tested in this
prospective trial and previously presented in our publica-
tions [1,4,6,24].

Strengths of our study include the prospective design,
central eligibility review, standardized diagnostic and
restaging criteria, intervention early in the disease process,
and assessment of both objective and subjective outcomes.
Limitations of this study include the open-label, single-arm
study design, missing patient-reported and PFT data, limited
follow-up, and use of retrospective data as a comparator
group [50]. Randomization was not feasible because the
disease is rare and confers high morbidity and mortality,
causing physicians to be unwilling to enroll on a study with a
placebo control. In addition, this study did not attempt to
differentiate the effects of the FAM regimen from those
achieved with the single agents or steroids alone, to deter-
mine if the addition of FAM could stabilize disease during
steroid taper. Given the small numbers and single-arm
design, these data would need to be confirmed in a larger
study and ideally with randomization, perhaps to a wait
control or to other agents, which may be possible as the
number of HCTs and patients with chronic GVHD are
increasing.

Multiple studies have shown that decline in lung function
is the greatest risk factor for death in patients with chronic
GVHD after HCT [2,14,49]. BOS after HCT confers a dismal
prognosis [13-15] because of both progressive lung failure
from immune attack and infections secondary to increased
immunosuppression [1]. The high risk of lung infections and
premature death in patients with BOS highlights the need to
develop more effective and less toxic treatments. Our results
suggest that the progression of BOS can be halted, at least
temporarily, for most patients by using a nontoxic regimen of
inhaled fluticasone, azithromycin, and montelukast, while
decreasing the dosing of systemic steroid treatment. Our
data support future studies to test FAM earlier in the pro-
gression to obstruction or in larger studies to evaluate effi-
cacy in conjunction with other promising agents.
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