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Abstract

Rationale: Previous studies showed that lumacaftor-ivacaftor therapy results in partial rescue
of cystic fibrosis transmembrane conductance regulator (CFTR) activity and moderate
improvement of spirometry in Phe508del homozygous patients with cystic fibrosis (CF).
However, the effects of lumacaftor-ivacaftor on lung clearance index (LCl), lung morphology
and perfusion detected by chest magnetic resonance imaging (MRI), and effects on the airway
microbiome and inflammation remain unknown.

Objectives: To investigate the effects of lumacaftor-ivacaftor on LCl, lung MRI scores, and
airway microbiome and inflammation.

Methods: In this prospective observational study we assessed clinical outcomes including
spirometry and body mass index, LCI, lung MRI scores, sputum microbiome and pro-
inflammatory cytokines in 30 Phe508del homozygous patients with CF 12 years and older
before and 8-16 weeks after initiation of lumacaftor-ivacaftor therapy.

Results: Lumacaftor-ivacaftor had no effects on FEV, % predicted (1.7%, 95% confidence
interval (Cl) -1.0 to 4.3%; P =0.211), but improved LCI (-1.6, 95% Cl -2.6 to -0.5; P < 0.01) and
MRI morphology (-1.3, 95% CI -2.3 to -0.3; P < 0.05) and perfusion score (-1.2, 95% Cl -2.3 to -
0.2; P <0.05) in our study cohort. Further, lumacaftor-ivacaftor decreased the total bacterial
load (-1.8, 95% Cl -3.3 to -0.34; P < 0.05) and increased the Shannon diversity of the airway
microbiome (0.4, 95% Cl 0.1 to 0.8; P < 0.05), and reduced IL-1pB levels (median change -324.2
pg/ml, 95% ClI -938.7 to 290.4 pg/ml; P < 0.05) in sputum of Phe508del homozygous patients.
Conclusions: This study shows that lumacaftor-ivacaftor has beneficial effects on lung

ventilation, morphology and perfusion, as well as on the airway microbiome and inflammation
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in Phe508del homozygous patients. Our results suggest that LCI and MRI may be more sensitive
than FEV; % predicted to detect response to CFTR modulator therapy in patients with chronic

CF lung disease.

Clinical trial registered with ClinicalTrials.gov (NCT02807415)
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The combination of the CFTR corrector lumacaftor with the potentiator ivacaftor was the first
CFTR modulator drug approved for the treatment of patients with CF homozygous for the
common Phe508del mutation. In clinical trials, lumacaftor-ivacaftor showed a moderate
improvement in mean forced expiratory volume in one second (FEV; % predicted) with
substantial variability between individual patients, improvement in body mass index (BMI) and
a reduction of pulmonary exacerbations (1-6). We previously demonstrated that lumacaftor-
ivacaftor leads to partial rescue of CFTR activity to levels of ~10 to 20 % of normal CFTR
function, which was also observed in patients that did not show short-term improvement in
FEV1 % predicted after initiation of lumacaftor-ivacaftor therapy (7-9). These findings suggest
that FEV; % predicted has potential limitations as outcome measure of response to CFTR
modulators, which may be related to fixed airflow obstruction caused by irreversible structural
lung damage that may render spirometry insensitive to detect therapeutic benefits associated
with the level of CFTR function induced by lumacaftor-ivacaftor.

In this context, multiple breath washout (MBW) as an outcome measure of ventilation
homogeneity and cross-sectional imaging by chest computed tomography (CT) or magnetic
resonance imaging (MRI) have emerged as promising alternative outcome measures to detect
response to therapeutic interventions. First, the lung clearance index (LCI) derived from MBW
has been shown to be more sensitive than FEV; % predicted to detect response to therapeutic
interventions in patients with preserved spirometry including lumacaftor-ivacaftor therapy in
children and adolescents with CF (10-19). Further, chest CT and hyperpolarized helium-3 MRI
detected improvements in CF patients with a Gly551Asp mutation after starting CFTR

modulator therapy with ivacaftor (20-22). We previously demonstrated that conventional
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proton MRI as a widely available radiation-free imaging technique is sensitive to detect
abnormalities in lung morphology and perfusion that correlated with ventilation inhomogeneity
detected by MBW in children and adolescents with CF (14, 23-26). So far, MBW has rarely been
used for the assessment of lung function in adult CF patients with chronic lung disease and the
effect of lumacaftor-ivacaftor therapy on LCl in patients 12 years and older with impaired
spirometry remains unknown. Similar, the effects of lumacaftor-ivacaftor on abnormalities in
lung structure and morphology in Phe508del homozygous patients with CF have not been
studied.

Emerging evidence suggests that CF lung disease is characterized by polymicrobial
airways infection and that changes in airway microbiota may play an important role in disease
severity and progression in patients with CF (26). It was found that the emergence of a
pathogen-dominated airway microbiome is associated with airway inflammation and the onset
of structural lung disease from early childhood (27) and that progressive loss of diversity of
bacterial species in sputum is associated with decreased lung function in older CF patients with
chronic lung disease (28-31). Therefore, the effects of CFTR modulators on the structure and
diversity of the airway microbiome, as well as airway inflammation are of great interest. While
previous studies in CF patients with a Gly551Asp mutation treated with ivacaftor showed mixed
results (21, 22, 32, 33), the effects of lumacaftor-ivacaftor on sputum microbiome and
inflammation markers in Phe508del homozygous patients with CF have not been determined.

The aim of our study was to determine the effects of lumacaftor-ivacaftor on novel
endpoints of lung ventilation, lung structure and perfusion as well as airway infection and

inflammation in patients with CF homozygous for the Phe508del mutation 12 years and older.
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To achieve these goals, we initiated a prospective observational study in Phe508del
homozygous patients and assessed the effects on lung function with spirometry and MBW, on
lung structure and perfusion by lung MRI, and on the airway microbiome and inflammation
markers in sputum at baseline and after 8 to 16 weeks of initiation of lumacaftor-ivacaftor
therapy in a real-world post-approval setting. Some of the results of these studies have been

previously reported in the form of abstracts (34-36).

Methods

Study Design and Participants

This prospective observational post-approval study was approved by the ethics committee of
the University of Heidelberg (5-370/2011) and written informed consent was obtained from all
patients, their parents or legal guardians. Patients were eligible to participate if they were at
least 12 years old, homozygous for the Phe508del CFTR mutation, had no prior exposure to
lumacaftor-ivacaftor. 30 patients were included (Table 1) and anthropometry, spirometry,
sweat chloride concentrations, MBW, MRI and sputum analysis were performed at baseline and
8 to 16 weeks after initiation of therapy with the approved dose of lumacaftor 400 mg in
combination with ivacaftor 250 mg every 12 h. In this real-world study in the clinical setting,
MRI studies were limited to 14 patients, in part due to the limited availability of MRI scan time
at the scheduled baseline and follow-up visits. Additional details are provided in the online

supplement.
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Multiple Breath Washout (MBW)
MBW testing was performed with the Exhalyzer D system / spiroware 3 (Eco Medics, Duernten,
Switzerland) and 100% oxygen was used to wash out resident nitrogen from the lungs using a

mouthpiece as interface (14, 37-39) as detailed in the online supplement.

Morpho-functional Chest Magnetic Resonance Imaging (MRI)

T1-weighted sequences before and after intravenous contrast, T2-weighted sequences, and
first-pass perfusion imaging were acquired using a clinical 1.5T MRI scanner (Magnetom
Avanto, Siemens, Erlangen, Germany) and images were assessed for abnormalities in lung
morphology and perfusion using a dedicated morpho-functional MRI score (14, 23-25, 40) as

detailed in the online supplement.

Sputum Microbiome Analysis
DNA extraction and next generation sequencing (NGS) of v4 region of the 16S rRNA gene were
performed as previously described (30, 41). Additional details are provided in the online

supplement.

Sputum Cytokine Measurements

Concentrations of interleukin-1B (IL-1B), interleukin-6 (IL-6), interleukin-8 (IL-8) and tumor
necrosis factor alpha (TNF-a) and free neutrophil elastase (NE) activity were determined in cell-
free sputum supernatant. Cytokines were quantified using commercially available cytometric

bead array (CBA) kits (BD Biosciences, San Jose, California, USA) according to the
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manufacturer’s instructions. Additional details for measurement of NE activity are provided in

the online supplement.

Statistical Analysis

Data were analyzed with R 3.4.4 (42) and the packages microbiome (43) and phyloseq (44).
Parametric data are presented as mean and standard deviation and paired comparisons were
performed with a paired Student t test. To exclude the impact of confounders on changes in
lung function (FEV1 % predicted and LCl) or alpha-diversity, a two-way ANOVA was performed
using age, FEV, % predicted at baseline, exacerbations and antibiotic therapy as co-factors
showing no significant impact of those factors. Non-parametric data are presented as median
and interquartile range (IQR) and were tested by Wilcoxon signed-rank test. The amplicon
sequence variants (ASV) table was used to calculate descriptive indices for alpha-diversity
(Shannon index), richness (number of ASV observed) and dominance (relative abundance of the
most dominant ASV). Sample size calculation was performed with a paired t-test with a power
of 0.8 and an a-level of 0.05. P < 0.05 was accepted to indicate statistical significance.

Additional details are provided in the online supplement.

Results

Between December 2015 and October 2017, 30 patients with CF homozygous for the
Phe508del CFTR mutation aged 12 years and older were enrolled to assess anthropometry,

spirometry as well as MBW, chest MRI, sputum microbiome and pro-inflammatory cytokines
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before and during treatment with lumacaftor-ivacaftor therapy. All patients had successful
sweat chloride and spirometry measurements at both time points. 28 patients successfully
performed paired MBW measurements, 14 patients underwent paired lung MRI studies and 14
patients provided paired sputum samples at baseline and 8-16 weeks after initiation of
lumacaftor-ivacaftor. Demographics and clinical characteristics at baseline and at follow-up are
summarized in Table 1. The mean patient age was 20.2 + 8.1 years and 47% were female (Table
1). As observed in previous studies (4, 7, 45), sweat chloride concentration was significantly
reduced by lumacaftor-ivacaftor therapy from 87.6 + 9.5 mmol/l to 71.3 + 13.9 mmol/l (mean
change -16.0 + 12.6 mmol/l, P < 0.001; Figure 1A). Consistent with results from previous clinical
trials (2, 3), BMl increased by 0.3 + 0.7 kg/m? (P < 0.05) under lumacaftor-ivacaftor therapy
(Table 1). Mean FEV; % predicted was 65.4 + 19.3 % predicted at baseline and increased by 1.7
+ 7.4 % after starting lumacaftor-ivacaftor therapy, however, this change did not reach
statistical significance with the number of patients included this study (P = 0.211; Figure 1B).

To determine the effects of lumacaftor-ivacaftor on ventilation homogeneity, we
performed MBW measurements at baseline and after initiation of lumacaftor-ivacaftor. Mean
LCl was 16.6 £ 6.8 at baseline (upper limit of normal from healthy controls: 8.5) and was
significantly improved to 15.1 + 6.3 (mean absolute change of -1.6 £ 2.9, P < 0.01; Figure 1C)
under lumacaftor-ivacaftor. This absolute change in LCl corresponded to a relative
improvement of 9.4 % compared to baseline.

We further investigated the effects of lumacaftor-ivacaftor therapy on lung morphology
and perfusion detected by MRI. Characteristics of patients participating in the MRI substudy

were similar compared to the core study (Table E1 in the online supplement). At baseline, MRI
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showed morphological abnormalities such as bronchiectasis/wall thickening, mucus plugging
and pleural reactions, as well as perfusion abnormalities (Figure 2A) resulting in a mean MRI
morphology score of 14.7 + 7.4 (Figure 2B), MRI perfusion score of 6.6 + 2.6 (Figure 2C) and MRI
global score of 21.3 + 9.6 (Figure 2D). Under treatment with lumacaftor-ivacaftor the MRI
morphology score was significantly reduced to 13.4 + 7.3 (mean change -1.3 £ 1.9, P < 0.05;
Figure 2B). This change was mainly determined by improvement in the pleural reaction
subscore, whereas the other MRI morphology subscores did not change under lumacaftor-
ivacaftor (Table E2 in the online supplement). In addition, the MRI perfusion score was
improved to 5.4 + 3.5 (mean change -1.2 + 2.0, P < 0.05; Figure 2C) resulting in a significant
improvement in the MRI global score to 18.8 + 10.5 (mean change -2.5 + 3.2, P < 0.05) under
lumacaftor-ivacaftor therapy (Figure 2D).

Next, we investigated the effects of improvement of CFTR function by lumacaftor-
ivacaftor on the airway microbiome in a subset of patients with spontaneously expectorated
sputum at both time points. These patients were slightly older and tended to have more severe
airflow limitation compared to the core study (Table E3 in the online supplement). At baseline,
Pseudomonas aeruginosa was detected in five patients (Figure 3A). Other common bacteria
were Staphylococcus aureus, and anaerobes such as Neisseria, Veillonella and Prevotella
species. The abundance of single genera did not change under lumacaftor-ivacaftor (Figure 3A).
However, the total bacterial load was significantly reduced under treatment with lumacaftor-
ivacaftor (mean change -1.8 + 2.6, P < 0.05; Figure 3B). Further, the Shannon diversity of the
microbiome was significantly increased under lumacaftor-ivacaftor (mean change 0.4 £ 0.6, P <

0.05; Figure 3B). As one factor of the Shannon diversity, the richness of the microbiome showed
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a trend toward increase under lumacaftor-ivacaftor therapy (mean change 34.1 £ 60.1, P =
0.053), whereas dominance, defined as the relative abundance of the most dominant species,
remained unchanged (mean change -0.08 £ 0.19, P = 0.150; Figure 3C and 3D).

To determine effects of lumacaftor-ivacaftor on airway inflammation, we analyzed levels
of pro-inflammatory cytokines and free NE activity that were previously implicated in CF lung
disease severity and progression in sputum samples (46-50). At baseline, we found high levels
of IL-1B, IL-6, IL-8, TNF-a and free NE activity in our study cohort of adolescent and adult
Phe508del homozygous CF patients (Figure 4A-E). After initiation of lumacaftor-ivacaftor mean
IL-1PB levels were significantly reduced to about 25% of baseline values (median change -324.2
pg/ml, IQR -1273.6 — 28.6 pg/ml, P < 0.05; Figure 4A). Levels of IL-6 (median change 99.8 fg/ml,
IQR -555.7 - 999.3, P = 0.808), IL-8 (median change -20.1 pg/ml, IQR -3840.4 - 3889.5, P =
0.855),TNF-a (median change -286.4 fg/ml, IQR -2742.5 - 13871.4, P = 0.952) and free NE
activity (median change 0.0 pug/ml, IQR -13.7-5.6, p=0.470) remained unchanged after starting

lumacaftor-ivacaftor therapy (Figure 4B-E).

Discussion

Lumacaftor-ivacaftor was the first approved CFTR modulator therapy for Phe508del
homozygous patients with CF and was shown to improve CFTR function in nasal and intestinal
epithelia to a level of 10-20% of normal CFTR activity in this group of patients (7). This
prospective observational study is the first to examine the effect of this level of improvement of

mutant CFTR function achieved by lumacaftor-ivacaftor on lung ventilation determined by
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MBW, abnormalities in lung morphology and perfusion determined by chest MRI, and airway
microbiome and inflammation constituting key drivers of lung disease progression in adolescent
and adult patients with CF. First, we showed that initiation of lumacaftor-ivacaftor therapy was
associated with improvement in LCI. Second, we found that lumacaftor-ivacaftor improved
changes in lung morphology and perfusion detected by MRI. Third, changes in the airway
microbiome and reduced sputum inflammation were observed after initiation of lumacaftor-
ivacaftor therapy. These results provide important initial insights into the relationship between
the level of functional correction of mutant CFTR and the impact on airway mucus obstruction,
polymicrobial infection and inflammation in adolescent and adult CF patients with chronic lung
disease.

In previous studies, LCl was shown to detect ventilation inhomogeneity even in CF
patients with normal FEV; and has therefore emerged as an endpoint measure in clinical trials
of pediatric patients with normal spirometry (12-17, 19), but has so far received little attention
for the assessment of lung function in adult CF patients with impaired spirometry. In clinical
trials in Phe508del homozygous children aged 6-11 years with well-preserved spirometry, LCI
was improved by lumacaftor-ivacaftor after 24 weeks by 1.0 and 0.88 respectively (16, 17). In
our study in adolescents and adults, mean FEV; % predicted was ~65% with most patients
showing a moderate to severe impairment in spirometry (Table 1 and Figure 1). In our patients
with advanced lung disease and impaired spirometry, LCl improved under lumacaftor-ivacaftor
therapy (Figure 1). The absolute improvement in LCl in our cohort was ~2-fold greater and the
relative change in LCl was similar compared to previous studies of lumacaftor-ivacaftor in

populations of children and adolescents with CF with preserved spirometry (16-18). This
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improvement in LCI after initiation of lumacaftor-ivacaftor therapy was detected despite the
lack of significant improvement in FEV; % predicted with the number of patients included in this
real-world post-approval study (Figure 1). Similar to previous studies in children and
adolescents with CF with preserved spirometry (16-18), our findings therefore suggest that LCI
may also be more sensitive than FEV; % predicted to detect response to therapy in adult CF
patients with moderate to severe limitations in spirometry, and may therefore be considered as
a sensitive outcome measure in future clinical trials in this patient group.

Besides MBW as a global measure of lung function, cross-sectional lung imaging by CT or
MRI has emerged as an additional approach that provides information on the nature and
regional distribution of abnormalities in CF lung disease and may also serve as outcome
measure to assess response to therapy in patients with CF (14, 21-23, 51). Previous studies
using chest CT in CF patients with a Gly551Asp mutation showed that initiation of highly
effective CFTR modulator therapy with ivacaftor reduced airway mucus and peribronchial
thickening, but had no effect on bronchiectasis in this patient group (21, 22). However, effects
of lumacaftor-ivacaftor in Phe508del homozygous CF patients on changes in lung morphology
have not been determined. We have previously demonstrated that lung imaging with proton
MRI is sensitive to detect response to antibiotic therapy for pulmonary exacerbation in patients
with CF across the pediatric age range (14, 23) and therefore used this radiation-free imaging
technique to assess effects of lumacaftor-ivacaftor therapy in our study. Similar to previous
studies in CF patients with a Gly551Asp mutation treated with ivacaftor, overall morphological
abnormalities reflected in the MRI morphology score were reduced after initiation of

lumacaftor-ivacaftor in our cohort of Phe508del homozygous patients (Figure 2). However, this
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improvement under lumacaftor-ivacaftor was mainly determined by a reduction in pleural
reactions associated with infection and inflammation of lung parenchyma, whereas no
improvements were observed for mucus plugging or airway wall thickening/bronchiectasis MRl
subscores (Table E3 in the online supplement). In addition to this improvement in the MRI
morphology score, MRI perfusion studies detected improved lung perfusion after initiation of
lumacaftor-ivacaftor therapy (Figure 2). Because the perfusion deficits observed in CF lung
disease reflect hypoxic pulmonary vasoconstriction due to airway mucus plugging (14, 23),
these results suggest that lumacaftor-ivacaftor may reduce mucus plugging in the small airways
that is not visible and thus escaped detection by morphological imaging alone (23). However,
when viewed in combination, these results suggest that lumacaftor-ivacaftor in Phe508del
homozygous patients is substantially less effective in reducing mucus plugging than ivacaftor
therapy in patients with a Gly551Asp mutation (21, 22). This observation is in line with the
differences in efficacy of improvement in CFTR activity in patients, which was shown to be
~50% of normal CFTR function in patients with a Gly551Asp mutation compared to 10-20% in
patients homozygous for the Phe508del mutation (7, 52).

Our data suggest that both LCI and MRI may be more sensitive than FEV; % predicted to
detect response to novel therapies for CF. With the emergence of highly effective CFTR
modulator therapy for most patients with CF, sensitive outcome measures are needed to detect
additional benefits of new therapies in early phase clinical trials with small sample sizes,
including testing of novel CFTR-directed therapeutics, mucolytic, anti-inflammatory and anti-
infective treatment strategies that are still needed to further improve quality of life and survival

of people with CF and eventually achieve full correction of the CF basic defect (1, 53-56). In this
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context, sample size estimations based on the results of our study suggest that an early phase
clinical trial of a new CFTR modulator in adolescents and adults with CF that adds 10 to 20 % of
CFTR function would need to include 151 patients to determine therapeutic benefits if FEV; %
predicted was used as primary outcome, whereas only 15 to 28 patients would be required if
MRI global score or LCI were used as primary endpoint, respectively (Table E4 in the online
supplement). These results support the development of LCl and MRI as novel sensitive
endpoints in early phase clinical trials and potentially for monitoring of response to therapy in
adult CF patients with chronic lung disease in the clinical setting.

Emerging evidence suggests that progressive dysbiosis of the airway microbiota is a key
risk factor of lung disease severity in CF (29, 31). While infants and preschool children with CF
show a diverse lung microbiome characterized by bacterial species from the oropharyngeal
flora such as Neisseria, Veillonella and Prevotella (27, 41), adolescent and adult patients
develop an increasingly less diverse microbiome that is dominated by pro-inflammatory
pathogens such as Pseudomonas aeruginosa and associated with more severe airway
inflammation and structural lung damage (30, 57). A decrease in the relative abundance of a
pathogen could therefore result in a deceleration of disease progression. So far, studies of the
effects of CFTR modulator therapy on the airway microbiome have been limited to CF patients
with a Gly551Asp mutation that started treatment with ivacaftor (21, 32, 33). In some of these
studies, ivacaftor therapy was associated with a reduction in the total bacterial load, as well as
relative abundance of Pseudomonas aeruginosa and an increase of the relative abundance of
Streptococcus, Prevotella and, Veillonella resulting in an increased Shannon diversity of the

airway microbiome (21, 32, 33). This increase in microbiome diversity was associated with a
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reduction in the inflammation markers IL1-B, IL-8 and neutrophil elastase under ivacaftor
therapy (21). Similar to these prior studies of ivacaftor effects in patients with a Gly551Asp
mutation, we found a reduction in total bacterial load and an increase in Shannon diversity in
our cohort of Phe508del homozygous patients after initiation of lumacaftor-ivacaftor (Figure 3).
We did not observe changes in the relative abundance of single CF pathogens such as
Pseudomonas aeruginosa, which may be attributed to the lower rate of patients with chronic
Pseudomonas aeruginosa infection in our cohort (27%) compared to the previous study in
patients with a Gly551Asp mutation (67%) (21). In our study, we observed a reduction in
bacterial load and increase in Shannon diversity under lumacaftor-ivacaftor as well as a
reduction in IL-1pB, a key pro-inflammatory cytokine released from the inflammasome in
response to bacterial stimuli. The mean levels of the other pro-inflammatory cytokines
measured, as well as free NE activity as a marker associated with bronchiectasis and lung
disease progression in CF, were not changed under lumacaftor-ivacaftor in the small patient
cohort that was available for our study (Figure 4) (46-50). This somewhat weaker anti-
inflammatory effect observed in our study may be related to the less effective rescue of CFTR
function by lumacaftor-ivacaftor in patients homozygous for the Phe508del mutation compared
to ivacaftor in patients with a Gly551Asp mutation (7, 52). Interestingly, in addition to
neutrophil recruitment, IL-1B has recently been shown to be a potent stimulus for mucus
hypersecretion by the airway epithelium (58). Therefore, the reduction of IL-13 under
treatment with lumacaftor-ivacaftor may not only attenuate neutrophilic inflammation, but
also mucus hypersecretion contributing to mucus plugging of the airways. Despite these

beneficial effects, our data also demonstrate that improvement of CFTR function by lumacaftor-
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ivacaftor is insufficient to inhibit or revert chronic airway infection and inflammation
completely in adolescent and adult CF patients with chronic lung disease. Whether a more
complete resolution of the abnormal airway microbiome and inflammation can be achieved by
emerging highly effective CFTR modulators (53, 54), or by early initiation of therapy prior to the
onset of irreversible lung damage in young children with CF remains to be determined in future
studies.

This study also has limitations. In this single center study investigating the effects of a
single CFTR modulator therapy in a small number of CF patients presenting with a large range of
age and lung disease severity (Table 1), we observed high inter-patient variability across the
different endpoints. Although age and lung function at baseline were not identified as
confounders, these patients characteristics may account for some of the observed variability in
this small patient cohort that was available for these studies at our CF center. Further, due to
the small sample size and limited overlap between patients with paired MRI and sputum
microbiome studies, we were not able to determine correlations between the different
endpoints assessed in our study. Since we only included patients with expectorated sputum in
the airway microbiome and inflammation substudy, these patients tended to be older and to
have more severe airflow limitation by spirometry than the overall cohort, potentially limiting
generalizability. Therefore, future multicenter studies with these endpoints in a larger patient
cohort with a more defined spectrum of age and disease severity, including longer time points
and ideally also patients treated with more effective CFTR modulators therapies, will be

important to achieve a better understanding of the relationship between the timing and
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efficacy of CFTR modulator therapy and improvement/progression of airway infection,
inflammation, and changes in lung structure and function in patients with CF.

In summary, this study shows for the first time that initiation of lumacaftor-ivacaftor
therapy associated with activation of 10 to 20% of normal CFTR activity (7) improves ventilation
homogeneity, lung morphology and perfusion as determined by MBW and MRI as well as
microbial diversity, and reduces bacterial load and inflammation in adolescent and adult
Phe508del homozygous CF patients with chronic lung disease. These improvements were seen
in relatively small group sizes of patients even in the absence of improvement in FEV; %
predicted. With the emergence of more efficacious CFTR modulators, these outcome measures
may facilitate the detection of therapeutic efficacy in future early phase clinical trials, as well as
the elucidation of the relationship between the level of functional correction of mutant CFTR,

the timing of therapeutic intervention and clinical response in patients with CF.
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Figure Legends

Figure 1: Effects of lumacaftor-ivacaftor therapy on sweat chloride concentration, percent
predicted forced expiratory volume in one second (FEV; % predicted) and lung clearance index
(LCI) in Phe508del homozygous patients with cystic fibrosis (CF). (A-C) Paired measurements of
sweat chloride (n = 30) (A), FEV,; % predicted (n = 30) (B), and LCI determined by nitrogen
multiple breath washout (n = 28) (C) at baseline and after initiation of lumacaftor-ivacaftor
(Lum/Iva) therapy. Solid lines represent the group mean and dashed lines represent the

standard deviation of the mean. **P < 0.01 and ***P < 0.001 compared with baseline.

Figure 2: Effects of lumacaftor-ivacaftor therapy on abnormalities in lung morphology and
perfusion detected by magnetic resonance imaging (MRI) in Phe508del homozygous patients
with cystic fibrosis (CF). (A-D) Paired studies of lung MRI at baseline and after initiation of
lumacaftor-ivacaftor (Lum/Iva) therapy (n = 14). (A) Representative MRI images at baseline
(top row) and after initiation of lumacaftor-ivacaftor (bottom row) of a 15-year old male
patient with CF. The MRI study at baseline showed contrast-enhancing bronchiectasis / airway
wall thickening and mucus plugging with high signal intensity (black arrow), pleural reactions
(black arrowheads), consolidations (white arrow) and wedge-shaped perfusion abnormalities
(white arrowheads). Abnormalities in lung morphology and perfusion were reduced after
initiation of Lum/Iva therapy. (B-D) Summary of MRI morphology (B), MRI perfusion (C) and

MRI global score (D) at baseline and after initiation of Lum/Iva therapy in Phe508del
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homozygous patients with CF. Solid lines represent the group mean and dashed lines represent

the standard deviation of the mean. *P < 0.05 compared with baseline.

Figure 3: Effects of lumacaftor-ivacaftor on the airway microbiome in Phe508del homozygous
patients with cystic fibrosis. (A-E) Paired analysis of sputum microbiome at baseline and after
initiation of lumacaftor-ivacaftor (Lum/Iva) therapy (n=14). (A) Relative abundance of the 24
most abundant genera (maximal abundance in at least one sample > 5%). Samples are
chronologically organized and first column shows relative abundance at baseline and the
second under Lum/Iva therapy for each patient. The remaining genera are compiled in the
group “other”. (B) Total bacterial load was determined from the number of 16S copies
measured by gPCR (log 10 transformed). (C) Shannon diversity was calculated with the
Shannon index. (D) Richness was estimated by the number of ribosomal sequence variants
observed. (E) Dominance was determined from the relative abundance of the most abundant
amplicon sequence variant. Solid lines represent the group mean and dashed lines represent

the standard deviation of the mean. *P < 0.05 compared with baseline.

Figure 4: Effect of lumacaftor-ivacaftor therapy on airway inflammation in Phe508del
homozygous patients with cystic fibrosis. (A-E) Paired measurements of interleukin (IL)-1B (A),
IL-6 (B), IL-8 (C), tumor necrosis factor (TNF)-a (D), and free neutrophil elastase (NE) activity (E)
in sputum at baseline and after initiation of lumacaftor-ivacaftor (Lum/Iva) therapy (n = 14).
Solid lines represent the group median and dashed lines represent 25t and 75t percentile. *P

< 0.05 compared with baseline.
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Table 1 - Clinical characteristics at baseline and after initiation of lumacaftor-ivacaftor in Phe508del homozygous patients with cystic fibrosis

Clinical characteristic mean + Sga(izlrllr;:) or n (%) Lumat:::;or:lv:;a(itaor:gtel;erapy Mean change + SD (range) P
Number of patients 30

Age (years) 20.2+8.1(12.0-40.7) 20.5+8.1(12.3-41.0) 0.3+0.05(0.2-0.4)

Pediatric patients (age < 18) 16 (53%)

Sex (female) 14 (47%)

Genotype Phe508del/Phe508del 30 (100%)

Pancreatic insufficiency 30 (100%)

BMI (kg/m?) 19.3 +3.2 (15.1 - 26.4) 19.5 + 3.2 (15.1 - 28.1) 03%0.7(-1.1-1.7) <0.05
FEV; absolute (L) 2.17 £ 0.72 (0.85 - 3.55) 2.26 + 0.74 (0.86 - 3.71) 0.08 + 0.24 (-0.64 - 0.53) 0.065
FEV, % predicted 65.4 +19.3 (26.9 - 98.4) 67.1+19.6 (25.2-99.7) 1.7+7.4(-15.7-17.1) 0.221
VCpnax % predicted 82.8 + 14.9 (44.0 - 106.8) 84.7 +15.8 (39.5 - 118.4) 2.0+7.0(-13.7 - 15.8) 0.135
FEV1/ VCrax % predicted 82.8+13.2(51.1-103.3) 83.1+13.2(48.4-105.9) 0.3+4.4(-10.5-5.8) 0.731
MEF,s % predicted 35.0+24.8 (0.6 - 86.0) 38.1+23.8(9.7 - 89.6) 3.0+11.3(-29.81-30.0) 0.151

Definition of abbreviations: BMI = body mass index; FEV, = forced expiratory flow in one second; VC,. = maximum vital capacity;

MEF,s = mean expiratory flow at 25% of capacity.
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Supplemental Methods

Study design and participants

This prospective observational study was approved by the ethics committee of the University
of Heidelberg (S-370/2011) and written informed consent was obtained from all patients, their
parents or legal guardians. Patients with cystic fibrosis (CF) were eligible to participate if they
were at least 12 years old, homozygous for the Phe508del mutation in the cystic fibrosis
transmembrane regulator (CFTR) gene, had no prior exposure to lumacaftor-ivacaftor, and
were willing to remain on a stable medication regimen and administration of lumacaftor-
ivacaftor according to the FDA-approved patient labeling and the prescribing information for
the duration of study participation. Exclusion criteria were any comorbidity that, in the opinion
of the investigator, may confound the results of the study or pose an additional risk for
administration of lumacaftor-ivacaftor; as well as an acute respiratory infection or pulmonary
exacerbation at baseline. 30 patients were included and anthropometry, lung function, sweat
chloride concentrations, multiple breath washout (MBW), lung magnetic resonance imaging
(MRI) and sputum analysis were performed at baseline and 8 to 16 weeks (mean 12.2, range
8.7 to 15.9 weeks) after initiation of therapy with the approved dose of lumacaftor 400 mg in
combination with ivacaftor 250 mg every 12 h. Regarding concurrent antibiotic therapy, 15
patients did not receive any antibiotics at baseline or follow up or during the observational
period. Eleven patients were measured on the same antibiotic treatment at baseline and follow
up. Two patients received alternating cycles between inhaled tobramycin and inhaled colistin,
where one patient was measured on inhaled tobramycin at baseline and on inhaled colistin at
follow up and the other one vice versa. Only two patients received an oral antibiotic therapy
at follow up but not at baseline. One patient experienced a pulmonary exacerbation (E1) in

between the study visits and was treated with intravenous antibiotics.

Spirometry
Spirometry was performed according to ATS/ERS standards and forced expiratory volume in

one second (FEV,), vital capacity (VCax) and mid expiratory flow at 25% of VC,,.x (MEF5)

2
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were measured (E2). Percent predicted results were based on equations of the global lung

initiative (E3).

Sweat chloride measurements

Sweating was stimulated by pilocarpine iontophoresis and samples were collected with the
Macroduct® system (Model-3700, Wescor, Logan UT, USA). Sweat chloride concentration
was measured in @ minimum volume of 30 ul using a chloridometer (KWM 20 Chloridometer,
Kreienbaum, Langenfeld, Germany) according to guidelines of the Clinical and Laboratory

Standards Institute (E4).

Multiple breath washout (MBW)

MBW testing was performed with the Exhalyzer D system and spiroware 3.2.1 (Eco Medics,
Duernten, Switzerland) and 100% oxygen was used to wash out resident nitrogen from the
lungs as previously described (E5-7). Patients were investigated awake using a mouthpiece
as interface and the same equipment as previously described (E5). The MBW equipment was
leak tested and calibrated before each measurement, and the LCl was determined using
spiroware 3.2.1 following evaluation criteria that were previously published (E8). All washout
curves were saved, but only recordings meeting the acceptability criteria according to
consensus guidelines were used to derive the LCI (E6). The LCl was determined from washout
curves with no evidence of leak, sighs with release of trapped air, and with FRC and LCI
measurements that showed an inter-test variation of less than 10% (for = 3 tests at one
timepoint) or 5% (for the minimum of two successful tests necessary for analysis). Abnormal
LCI was defined as above 8.5, the upper limit of normal from age-matched healthy controls at

our center.

Morpho-functional chest magnetic resonance imaging (MRI)
T1-weighted sequences before and after intravenous contrast, T2-weighted sequences, and

first-pass four-dimensional (4D) perfusion imaging were acquired using a clinical 1.5T MR

3
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scanner (Magnetom Avanto, Siemens, Erlangen, Germany), and images were assessed for
abnormalities in lung morphology and perfusion using a dedicated morpho-functional MRI
score as previously described (E9-15). Perfusion studies were performed with intravenous
administration of macrocyclic Gadolinium-based contrast medium. The MRI morphology score
comprises subscores for (1) bronchial wall abnormalities (wall thickening and/or
bronchiectasis), (2) mucus plugging, (3) sacculations and/or abscesses, (4) consolidations,
and (5) pleural reaction including effusion. The extent of these structural abnormalities as well
as abnormal perfusion are rated in each lobe as 0 (no abnormality), 1 (<50% of the lobe
involved), or 2 (=50% of the lobe involved). The MRI global score results from the sum of the
MRI morphology and MRI perfusion score. In this real-world study in the clinical setting, MRI
studies were limited to 14 patients, in part due to the limited availability of MRI scan time at the
scheduled baseline and follow-up visits. Demographic characteristics of the MRI substudy

were comparable to the overall cohort (Table 1 and Table E1 in the online supplement).

Sputum collection and microbiome analysis

Spontaneously expectorated sputum specimens were directly taken to the local microbiology
lab. Samples were stored at 4°C and processed within 24h.

Sample pre-treatment. Samples were aliquoted (200 pl) and treated with PMA dye (Biotium
Inc., Hayward, USA). PMA treatment modifies extracellular DNA from dead cells and avoids
subsequent PCR amplification. 50 uM of PMA dye was added to the aliquot and incubated for
5 min in the dark. The samples were then exposed to light (650 Watt, 20 cm distance to the
samples) on ice and shaking at 100 rpm for 5 min to cross-link PMA to DNA (E16). Viable cells
were pelleted by centrifugation at 5000 x g for 10 min. Supernatant was removed and cells
were recovered in 200 yl of sterile PBS and stored at -20°C until DNA extraction.

DNA extraction. DNA extractions were performed using the QlAamp Mini Kit (QIAGEN, Hilden,
Germany). Protease solution (7.2 mAU) and 200 ul of Buffer AL were added to 200 pl of the
sample followed by a 15 sec vortex. Samples were incubated at 56°C for 10 min and then

purified according to the manufacturer’s protocol. DNA was eluted by adding 100 pl of buffer

4
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AE to the column, incubation for 1 min at room temperature and centrifugation at 6000 x g for
1 min. Negative controls were performed by doing the extraction without clinical samples.
Quantitative PCR. The number of 16S copies was quantified by quantitative PCR (qQPCR) using
Unibac primer (forward: 5-TGG AGC ATG TGG TTT AAT TCG A-3'; reverse: 5-TGC GGG
ACT TAA CCC AAC A-3'). PCR reactions were performed in 15 pl volumes composed of 1X
Sybr-green mastermix (Life technology, Darmstadt, Germany), 50 pmol of each primer and 2
pl of DNA (or plasmid DNA standards). The thermal cycler conditions were: a first denaturation
at 95°C for 20 sec, 40 amplification cycles (95°C for 3 sec, 60°C for 30 sec) and two final steps
at 95°C for 15 sec and 60°C for 1 minute followed by melt curve analysis for specificity control.
All reactions were performed in duplicates in a StepOnePlus Real-time PCR system (Applied
Biosystems, Foster City, USA). Quantification of the 16S number of copies was performed by
comparison to the cycle threshold value of a plasmid DNA standard which had been quantified
by spectrophotometry.

Library preparation for next generation sequencing (NGS). DNA was amplified using universal
bacterial primers flanking the V4 region (515F and 806R from (E17)). Each primer was tagged
with an individual barcode (each barcode had at least 3nt differences to the others) to assign
the sequences to the samples. PCR reactions were performed in 25 pl volumes composed of
Q5 High-Fidelity 1X Master Mix (New England Biolabs GmbH, Germany), 25 pmol of each
primer and 2 upl of DNA. The thermal cycler (Primus 25, Peqglab Biotechnologie GmbH,
Germany or FlexCycler?, Analytik Jena AG, Germany) conditions were: a first denaturation at
94°C for 3 min, 30 amplification cycles (94°C for 45 sec, 50°C for 1 min and 72°C for 1 min 30
sec) and a final extension at 72°C for 10 minutes. Negative controls were performed using the
negative control from the extraction step and using sterile water as template. For each run of
sequencing (pool of 95 samples), an internal control was performed by amplifying a mock
community sample containing genomic DNA from 20 bacterial strains in equimolar (even)
ribosomal RNA operon counts (HMD-782D, BEI resources, ATCC, USA). PCR products were
checked by agarose gel electrophoresis (2%) for presence of amplicons. Amplicons were then

purified using Agencourt AMPure XP beads (Beckman Coulter, Krefeld, Germany) following

5
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the manufacturer’s instructions. Purified products were checked for quality and concentration
using a ND-1000 Nanodrop instrument (Nanodrop, Wilmington, USA) and Bioanalyzer (Agilent
Technologies Inc., Béblingen, Germany). An equimolar mix of all PCR products was sent to
GATC biotech which performed the ligation of the sequencing adapters to the library and
paired-end sequencing on an lllumina Miseq sequencing system with 250 cycles. Both
negative controls were negative on the gel and library preparation resulted in no usable reads
(percentage of reads in the run < 0.005% and 0 reads remained after quality control and
chimera removal).Analysis of sequences. Sequences were analyzed with the R package
dada2 (E18). Raw sequences were filtered and trimmed with the following parameters:
maximum ambiguity: 0, number of expected errors for each read: 1, Truncate reads at the first
instance of a quality score less than 2. Reads were then merged as contigs and checked for
chimera with the default parameters. Amplicon sequence variants (ASV) were assigned to
taxonomy using the Silva database (version 132). ASV assigned to eukaryotes, archae and
chloroplast were removed from the analysis.

Sequencing description. In total, 2,140,327 clean and non-chimeric reads were used. The
coverage of each sample was evaluated by rarefaction curves. All samples reached plateau
indicating good coverage of sequencing. A total of 990 ASVs were found. The sequencing of
the mock community allowed us to calculate a mean error rate for the PCR and sequencing of
4.3e-06. Files with sequencing data are publicly available

(dx.doi.org/10.6084/m9.figshare.11297453)

Free neutrophil elastase activity

Quantification of neutrophil elastase activity in cell-free supernatant fractions was performed
with the FRET reporter NEmo-1 (Sirius Fine Chemicals, Bremen, Germany) as previously
described (E19, 20). In brief, samples were diluted 1:500 in PBS. For the readout a
fluorescence plate reader (EnSpire 2300, PerkinElmer, Waltham, MA, USA) was used and the
cleavage of the reporter was measured at Aecitation = 3954nmM, Agmissionbonor = 400nm and

Aemissionacceptor = 490nm. The Donor-Acceptor ratio was calculated by dividing the read out at

6
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400nm by the read out at 490nm and concentrations were calculated with using a standard

curve.
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Supplemental Tables

Table E1 - Clinical characteristics of patients participating in magnetic resonance imaging substudy at baseline and after initiation of

lumacaftor-ivacaftor

Page 40 of 46

Clinical characteristic mean + sga(?::;:) or n (%) Luma:1aef;cr>'r;_-ivsag a(:ta%rgt;\)erapy Mean change * SD (range) p-value
Number of patients 14

Age (years) 18.8 £ 8.6 (12.0 - 40.7) 19.0 £ 8.6 (12.3 - 41.0) 0.3+0.05(0.2-0.3)

Pediatric patients (age < 18) 9 (64%)

Sex (female) 8 (50%)

Genotype Phe508del/Phe508del 14 (100%)

Pancreatic insufficiency 14 (100%)

BMI (kg/m?) 18.9+2.7 (15.4 - 24.2) 19.2 + 2.6 (15.6 - 24.6) 0.3+0.6 (-0.7-1.4) <0.05
FEV, absolute (L) 2.14 £ 0.64 (0.92 - 3.21) 2.24 £ 0.64 (0.86 - 3.07) 0.09 £ 0.16 (-0.17 - 0.34) 0.050
FEV, % predicted 69.65 + 19.7 (26.9 - 98.4) 71.1+18.8 (25.2-93.8) 1.5+5.1(-10.0-10.0) 0.306
VCpax % predicted 82.9+16.1 (44.0 - 100.6) 84.8 + 16.3 (39.5 - 104.6) 1.9+5.7 (-6.1-13.8) 0.237
FEV, / VCax % predicted 87.4+11.2 (66.3 - 103.3) 87.8+9.4 (69.3-105.9) 0.37 £+ 3.8 (-6.3-5.8) 0.723
MEF5 % predicted 42.4 + 27.6 (9.0 - 86.0) 446 +254 (12.3-89.1) 22+12.1(-29.8 - 18.7) 0.509

Definition of abbreviations: BMI = body mass index; FEV, = forced expiratory flow in one second; VC,,.x = maximum vital capacity; MEF,5 = mean

expiratory flow at 25% of capacity.
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Table E2 - MRI scores at baseline and after initiation of lumacaftor-ivacaftor

MRI score Baseline Lumacaftor-ivacaftor Mean change P
mean *SD orn (%) meanSD or n (%) + SD or n (%)

Number of subjects, n 14 14
Morpholgy

Prevalence, n (%) 14 (100%) 14 (100%) 0 (0%)

Score 14774 13473 -1.3+£1.9 <0.05
Wall thickening/bronchiectasis

Prevalence, n (%) 14 (100%) 14 (100%) 0 (0%)

Subscore 7.5+20 7323 -0.2+0.8 0.336
Mucus plugging

Prevalence, n (%) 13 (93%) 12 (86%) -1 (7%)

Subscore 36+22 34+23 -0.2+0.7 0.272
Absecess/sacculation

Prevalence, n (%) 3 (21%) 4 (29%) 1(7%)

Subscore 0.3+0.6 04+0.6 0.1+£0.3 0.336
Consolidation

Prevalence, n (%) 7 (50%) 6 (43%) -1 (7%)

Subscore 09+1.2 04+05 -04+0.9 0.111
Pleural reaction

Prevalence, n (%) 12 (86%) 10 (71%) -2 (14%)

Subscore 24+25 1.9+£25 -0.5+0.9 <0.05
Perfusion

Prevalence, n (%) 14 (100%) 13 (93%) -1 (7%)

Score 6.6+26 54+35 -1.2+2.0 <0.05
Global

Prevalence, n (%) 14 (100%) 14 (100%) 0 (0%)

Score 21.3+9.6 18.8 £+ 10.5 -25+3.2 <0.05

Definition of abbreviations: MRI = magnetic resonance imaging.
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Table E3 - Clinical characteristics of patients participating in airway microbiome and inflammation substudy at baseline and after initiation of

lumacaftor-ivacaftor

Clinical characteristic

Baseline

mean * SD (range) or n (%)

Lumacaftor-ivacaftor therapy
mean % SD (range)

Mean change * SD (range)

p-value

Number of patients

Age (years)

Pediatric patients (age < 18)
Sex (female)

Genotype Phe508del/Phe508del
Pancreatic insufficiency

BMI (kg/m?)

FEV, absolute (L)

FEV, % predicted

VCax % predicted

FEV, / VCax % predicted
MEF,5 % predicted

14
20.5 + 8.7 (12.0 - 40.7)
3 (21%)

5 (36%)

14 (100%)

14 (100%)

20.2 3.5 (15.1 - 26.4)
2.14 +0.64 (0.92 - 3.21)
57.0 + 15.9 (26.9 - 82.1)
75.5+11.2 (51.1 - 88.7)
77.7 £13.8 (51.1 - 100.6)
24.5 + 20.4 (0.6 - 83.9)

20.8 £8.8 (12.3-41.0)

20.3 + 3.7 (15.1 - 28.1)
2.24 + 0.64 (0.86 - 3.07)
58.1 % 16.0 (31.0 - 84.7)
76.5+ 9.2 (62.6 - 88.8)

77.6 + 15.6 (48.4 - 102.6)
27.5 % 20.2 (9.7 - 89.6)

0.3 +0.06 (0.2 - 0.4)

0.1+0.8(-1.1-1.7)

0.04 + 0.25 (-0.64 - 0.38)
1.2 £6.6 (-15.7 - 10.0)
1.06 £ 7.4 (-13.7 - 14.2)
0.2+3.9(-9.1-5.0)
3.0+ 7.2 (-14.4 - 14.6)

0.556
0.587
0.523
0.604
0.882
0.138

Definition of abbreviations: BMI = body mass index; FEV, = forced expiratory flow in one second; VC,,.x = maximum vital capacity; MEF,5 = mean

expiratory flow at 25% of capacity.
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Table E4 - Sample size calculations

Primary outcome Effect of lumacaftor-ivacaftor Estimated sample size
mean change * SD

FEV, % predicted 1.7+74 151
Lung clearance index -1.6+£2.9 28
MRI morphology score -1.3+1.9 19
MRI perfusion score -1.2+£2.0 24
MRI global score -25+3.2 15

Estimated sample size for CFTR modulator treatment with lumacaftor-ivacaftor leading to
partial rescue of CFTR function to mean levels of 10 — 20% of normal CFTR function in healthy
individuals as determined from nasal potential difference (NPD) or intestinal current
measurements (ICM). Definition of abbreviations: FEV, = forced expiratory flow in one second;
MRI = magnetic resonance imaging. Sample size calculation was performed with a paired t-

test with a power of 0.8 and an a-level of 0.05.
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