Cell Systems

Systemic effects of cystic fibrosis transmembrane
conductance regulator modulators on the plasma

and serum proteome

Highlights

® Resource for systemic treatment effects of CFTR modulators

LUM/IVA and ELX/TEZ/IVA

@ Highlights greater improvement in inflammatory markers

with ELX/TEZ/IVA treatment

® Compares local (lung) and systemic (serum) effects of ELX/

TEZ/IVA treatment

® Suggests SFTPB as a potential marker for lung injury

Fentker et al., 2026, Cell Systems 17, 101569
May 20, 2026 © 2026 The Authors. Published by Elsevier Inc.
https://doi.org/10.1016/j.cels.2026.101569

Authors

Kerstin Fentker, Marieluise Kirchner,
Matthias Ziehm, ..., Simon Y. Graeber,
Marcus A. Mall, Philipp Mertins

Correspondence

simon.graeber@charite.de (S.Y.G.),
marcus.mall@charite.de (M.A.M.),
philipp.mertins@mdc-berlin.de (P.M.)

In brief

CFTR modulator drugs improve the
function of mutant CFTR and significantly
improve clinical outcomes in people with
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identifies specific and common
signatures associated with inflammation
and metabolic processes in the plasma
and serum proteomes of pwCF treated
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SUMMARY

Cystic fibrosis (CF) is caused by dysfunction of the cystic fibrosis transmembrane conductance regulator
(CFTR) anion channel in epithelial organs leading to a complex multi-organ disease. CFTR modulator drugs
improve mutant CFTR function and markedly improve clinical outcomes in people with CF (pwCF), but their
broader molecular and systemic effects remain to be fully elucidated. We employed mass-spectrometry-based
proteomics to compare the plasma and serum proteomes of pwCF treated with the dual combination CFTR
modulator lumacaftor/ivacaftor (LUM/IVA) or the triple combination of elexacaftor/tezacaftor/ivacaftor (ELX/
TEZ/IVA). We found specific and common signatures associated with inflammation and metabolic processes.
ELX/TEZ/IVA showed more consistent effects that were directed toward profiles in healthy individuals.

Our findings indicate that ELX/TEZ/IVA leads to broader improvements in protein dysregulation than LUM/
IVA in pwCF. Residual proteome changes may inform future therapeutic strategies for CF.

A record of this paper’s transparent peer review process is included in the supplemental information.

INTRODUCTION

Cystic fibrosis (CF) is a severe, autosomal recessive disease
that significantly impacts the life expectancy and overall
well-being of affected individuals. The disease is caused by
mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene. The CFTR gene encodes a chloride
and bicarbonate channel on the apical membrane of various
epithelial tissues. The most common mutation, F508del, af-
fects 85% of all people with CF"? and leads to disruptions
in ion homeostasis, dehydration of epithelial surfaces, mucus
thickening, chronic airway inflammation, and recurrent infec-
tions.” Together, these factors contribute to the challenges
faced by individuals with CF. However, it is still unknown
whether the systemic inflammation in CF is caused by CFTR

dysfunction itself or a consequence of the overwhelming local
inflammation in the lungs.®>™®

The most significant cause of disability and mortality in CF
today is the mucus obstruction in the lungs, which is accompa-
nied by a progressive deterioration of lung function.® Beyond
that, CF also exerts systemic effects by impairing the pancreatic,
liver, and intestinal function, as well as affecting bone health.’

In the last decade, CFTR modulators have been developed
to pharmacologically restore CFTR function.”” Among these,
lumacaftor/ivacaftor (LUM/IVA) and the more recent triple
combination elexacaftor/tezacaftor/ivacaftor (ELX/TEZ/IVA)
have shown promise. Lumacaftor, elexacaftor, and tezacaftor
act as CFTR correctors, enhancing the folding and trafficking
of mutant CFTR, and are used in combination with ivacaftor, a
potentiator of CFTR function (Figure S1A).
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The dual combination therapy LUM/IVA was approved in 2015
for people with CF with two copies of the F508del/ mutation
(F508del/F508del), which constitutes approximately 50% of
the CF population. This combination has shown modest im-
provements in ion homeostasis, with reduced sweat chloride
concentration by about 10%-20%.%"'° Although a reduction in
pulmonary exacerbations of about 30% was observed, there
were only subtle effects on lung function (FEV, % predicted).''~'*
The triple combination therapy ELX/TEZ/IVA has recently been
approved for people with CF with at least one copy of the
F508del mutation, making CFTR modulator therapy accessible
to a majority of people with CF. The therapy has demonstrated
significant positive outcomes, including a 40%-50% reduction
in sweat chloride concentration, a 10%-20% improvement
in FEV4% predicted, and a notable 60% decrease in pulmonary
exacerbations.’*'® These benefits extend to various clinical
parameters. People with CF receiving ELX/TEZ/IVA therapy
exhibit better lung ventilation and reduction in mucus plugging,
detected by magnetic resonance imaging (MRI)."”'® Analysis
of sputum from people with CF treated with ELX/TEZ/IVA
showed that these clinical findings are associated with positive
changes in parameters such as rheology, microbiome, and pro-
teome.”®"?? These findings are also reflected in an increased life
expectancy and quality of life.>2%2*

In recent years, proteomics has emerged as a powerful tool
for investigating complex disease mechanisms. Efficient protein
extraction conditions employed in shotgun proteomics work-
flows and the untargeted detection of proteins by mass spec-
trometry make this technology, in particular, suitable for systems
medicine studies.?*?° Multiple groups have used proteomics to
investigate the CF proteome in cell lines, primary cells, as well as
plasma, serum, and sputum samples.?®?"?"=" Several studies
have investigated changes in the plasma or serum proteome
longitudinally, before and after pulmonary exacerbations (PEXx),
both with and without antibiotic treatment.®>~>° These studies
have highlighted the importance of inflammatory proteins,
such as those involved in the complement pathway, C-reactive
protein (CRP), alpha-1-antitrypsin (SERPINA1), and matrix
metalloproteases,®* " which have also been described in other
biomarker studies, alongside calprotectin (S100A8/9), serum
amyloid A 1/2 protein (SAA1/2), and CD14.%5*" Additionally, pro-
teins related to lipid and vitamin transport and metabolism, such
as apolipoproteins (apolipoprotein A-I [APOA1], apolipoprotein
B-100 [APOB]), vitamin-D-binding protein (GC), and retinol-bind-
ing protein 4 (RBP4), were shown to be altered in CF.%%:36:3942
In the context of CF, plasma or serum proteomics is especially
valuable, as it provides an almost non-invasive means of assess-
ing disease progression and treatment efficacy. This is particu-
larly important as collecting sputum samples to understand local
lung changes becomes increasingly challenging, especially in
young children who may be unable to produce sputum.

The primary objective of this study was to identify and
compare changes in the plasma and serum proteome composi-
tion resulting from LUM/IVA and ELX/TEZ/IVA therapies. These
proteomics alterations were systematically correlated with the
clinical efficacy of the treatments on key endpoints, such as
CFTR function (sweat chloride concentration) and lung function
(FEV1% predicted). Further, the study aimed to differentiate be-
tween effects emerging from the lung by including the corre-
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sponding sputum proteome from our previous research®’ and
systemic effects observed in the serum. Our integrated analysis
provides a valuable resource for understanding the pharmaco-
dynamics of CFTR modulators, offering insights into the sys-
temic and local protein regulation in CF (Figure 1).

RESULTS

Study population characteristics and clinical effects of
LUM/IVA and ELX/TEZ/IVA

A total of 86 people with CF and 11 healthy controls were
analyzed in this study (Figure 1). In the LUM/IVA cohort, all 32
people with CF were homozygous for the F508del mutation
and were modulator-naive at baseline. The ELX/TEZ/IVA cohort
included 54 people with CF, of whom 30 (55.6%) were homozy-
gous for the F508del mutation, and 24 (44.4%) were heterozy-
gous for the F508del mutation and a minimal function mutation.
In this cohort, 29 (53.7 %) were modulator-naive and 25 (46.3%)
had received dual CFTR modulator therapy (LUM/IVA or TEZ/
IVA) at baseline (Table 1). Consistent with previous studies,®'®
the LUM/IVA cohort did not exhibit a significant improvement
in FEV1% predicted or a change in BMI following initiation of
this therapy (Figure S1B). In contrast, the ELX/TEZ/IVA cohort
showed a significant increase in both parameters. Both cohorts
exhibited a decrease in sweat chloride concentration, with
the ELX/TEZ/IVA group showing a more pronounced effect
(Figure S1B). Notably, 23 people with CF who received ELX/
TEZ/IVA were also included in a previously described sputum
cohort.?°

LUM/IVA therapy results in moderate and variable
changes in the plasma proteome

To investigate the systemic effects of LUM/IVA therapy, we
performed a label-free, shotgun mass-spectrometry analysis
in data-independent acquisition mode (DIA) on plasma samples
from 32 people with CF at baseline and 3 months after initiation
of LUM/IVA therapy. Out of the 572 quantified proteins, 78
(13.6%) showed significant differences (Figure 2A; Table S1).
Immunoglobulins were highly enriched in the group of downre-
gulated proteins (cluster 1), while hydrolases, such as pante-
theinase (VNN1) and mannan-binding lectin serine protease 2
(MASP2), were found among the upregulated proteins upon
treatment (cluster 2; Figure 2B).

Although significant shifts in the plasma proteome were
observed from baseline to treatment in individual people
with CF, there was no clear separation of the two groups on a
global level, as shown by principal-component analysis
(PCA) (Figure 2C). The first two principal components (PC1
and PC2) suggested a heterogeneous response, with only
partial co-directional changes, particularly along PC1. Single-
sample gene set enrichment analysis (ssGSEA) using UniProt
terms of the eigenvectors from PC1 and PC2 showed that
changes in immune responses, including adaptive and innate
immunity, as well as changes in extracellular matrix (ECM)
proteins (ECM, cell adhesion, and EGF-like domain), contrib-
uted to the variance in PC1 and PC2 (Figure 2C; Table S2).

Torelate the proteome changes to clinical characteristics, we
performed correlation analysis of significantly changed pro-
teins with the clinical parameters sweat chloride concentration,
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Figure 1. Study overview

Overview of the two cohorts treated with LUM/IVA (n = 32) or ELX/TEZ/IVA (n = 54) with proteomics workflow. The analysis included a comparison of both cohorts
and an integrative analysis of overlapping people with CF from the ELX/TEZ/IVA cohort (n = 23), comparing serum data with sputum data from Schaupp et al.
(2023).2° Key findings were validated in an independent cohort (n = 32) analyzed on an Astral mass spectrometry platform.

a biomarker of CFTR function, and FEV,;% predicted, which
serves as a marker of lung function. A full matrix of proteins
correlating with either the sweat chloride level or the FEV{%
predicted is provided in (Figure S2B). Interestingly, SFTPB
is negatively correlating with the lung function (Figure 2D;
p=—0.64).

ELX/TEZ/IVA induces substantial proteomic shifts
toward a healthier serum profile

To understand the systemic effects of ELX/TEZ/IVA therapy,
we analyzed serum samples from 54 people with CF before
and after 3 months of treatment and compared them with
serum samples from 11 healthy individuals. Of the 559 quan-
tified proteins, 196 (35.1%) exhibited significant differences
between people with CF at baseline and healthy individuals,
while 68 proteins (12.2%) showed significant changes
between baseline and 3 months after initiation of ELX/TEZ/
IVA (Figure 3A; Table S1). Despite treatment, 101 proteins
(18.1%) remained significantly different from healthy controls
in the ELX/TEZ/IVA cohort, and 170 proteins (30.4%) were
significantly different across the three groups (Figure 3B;
Table S1).

These proteins can be divided into two clusters. Cluster 1,
representing proteins that were more abundant in people
with CF at baseline in comparison with healthy individuals,
was enriched in immunoglobulins and proteins involved in
the complement pathway. On the other hand, cluster 2, which

contained proteins less abundant in CF at baseline, was
enriched in transport proteins such as transthyretin (TTR),
vitamin-D-binding protein (GC), and retinol-binding protein 4
(RBP4) (Figure 3B).

Remarkably, serum proteomes from most people with
CF evolved upon treatment in the same direction, which was
toward healthy proteomes (Figure 3C). The primary contrib-
utors to the variance on PC1 were lipoproteins, proteins
involved in lipid transport, as well as proteins involved in host
immune defense.

Multiple proteins were found to correlate with sweat chloride
concentration and with FEV% predicted (Figure S2B). Howev-
er, SFTPB was the only protein that not only correlated with
lung function but also had changes in SFTPB that correlated
with the change in FEV4% predicted (Figure 3D).

Stronger and distinctive response in ELX/TEZ/IVA-
compared with LUM/IVA-treated people with CF
Since ELX/TEZ/IVA elicits a more robust response and improves
clinical parameters and serum proteome of people with CF, we
sought to determine whether the differences were due to a larger
effect size, exceeding a critical threshold to induce a clinical
response, or whether the response pattern was fundamentally
distinct between both therapies.

Comparison of significantly different proteins between base-
line and treated conditions in the two cohorts revealed that the
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Table 1. Baseline characteristics of the study population at baseline

PwCF LUM/IVA

Healthy controls PwCF ELX/TEZ/IVA Healthy controls PwCF ELX/TEZ/IVA PwCF ELX/TEZ/IVA

(plasma) (serum) (serum) (sputum) (sputum) (serum) *
Clinical characteristic mean (+ SD) or n (%)
Number of 32 11 54 7 23 32
pwCF (n)
Age (years) 19.4 (= 8.7) 34.2 (+ 6.5) 32.4 (£ 12.4) 34.0 (+ 6.7) 30.1 (= 10) 27.9 (+ 9.4)
Female participants 14 (43.8%) 7 (63.6%) 30 (565.6%) 4 (57.1%) 15 (65.2%) 15 (46.9%)
Sweat chloride (mmol/L) 88.3 (+8.1) = 94.3 (+16.4) = 96.8 (+14) 85.1 (+21.8)
FEV1% predicted 65.3 (+18.3) - 39.6 (+16.6) - 35.3 (14.3) 58 (£19.2)
BMI (kg/m?) 19.1 (£3.0) = 19.6 (x2.9) = 19.1 (£2.6) 20.6 (£2.4)
Genotype
F508del/F508del 32 (100%) = 30 (55.6%) = 10 (43.5%) 17 (63.1%)
F508del/MF 0 (0%) - 24 (44.4%) - 13 (56.5%) 15 (46.9%)
Prior CFTR modulator therapy
No prior CFTR modulator 32 (100%) = 29 (53.7%) = 14 (60.9%) 17 (63.1%)
TEZ/IVA - - 19 (35.2%) - 6 (26.1%) 6 (18.8%)
LUM/IVA = = 6 (11.1%) = 3 (13%) 7 (21.9%)
IVA — - — - - 2 (6.2%)

People with CF (pwCF) in the ELX/TEZ/IVA sputum cohort are a subset of people with CF in the ELX/TEZ/IVA serum cohort.

*Validation cohort.

LUM/IVA cohort therapy led to a higher number of significantly
different proteins (Figure 4A), despite the larger effect size in
ELX/TEZ/IVA-treated people with CF (Figure 4B). Interestingly,
the differences between the two cohorts extended beyond
the fold change. The majority of significantly different proteins
did not overlap (Figure 4A), and some of these proteins were
regulated in the opposite direction (Figures 4A and 4B).

Among the 471 proteins identified in both cohorts, 66 (14.0%)
showed significant differences between the two groups
(Figure S3E). While some proteins changed in the same direction
(light green), many others showed opposite effects (dark green
and dark blue) or only in one sample (light blue) (Figure 4B). These
differences were further reflected in the normalized enrichment
scores (NES) of UniProt terms (Figure 4C). Although most terms,
such as “immunity,” “adaptive immunity,” “lipoproteins,” and
“cell adhesion,” changed in the same direction in both therapies,
many terms related to innate immunity, such as “complement
pathway,” “complement alternate pathway,” and “inflammatory
response,” were reduced after ELX/TEZ/IVA treatment but not
after LUM/IVA treatment. These differences seemed not to be
dependent on differences in mutations as a comparison of fold
changes in people with CF homozygous for the F508del mutation
showed similar trends (Figure S3F).

Next, we compared the changes of proteins representative
of lung damage (SFTPB) and vitamin transport (GC, RBP4,
and TTR), which are key pathological pathways in CF, be-
tween the two treatment cohorts. Interestingly, none of the
proteins, except for TTR, showed significant changes in the
LUM/IVA cohort. Proteins related to vitamin transport (RBP4
and TTR), which were higher in healthy individuals compared
with people with CF at baseline, exhibited significant in-
creases with ELX/TEZ/IVA treatment but not with LUM/IVA
treatment (Figure 4D).

4 Cell Systems 17, 101569, May 20, 2026

Differential responses in sputum and serum proteome
after ELX/TEZ/IVA treatment

For a subgroup of the ELX/TEZ/IVA cohort, previously published
proteome data of matching sputum samples®® were available,
allowing us to determine the relationship between local treat-
ment response in the lung (sputum) with systemic changes
(serum). This comparison is especially interesting, considering
the recent improvements in treatment efficacy that will make
sputum collection more challenging, and for children, who are
often unable to produce sputum. Additionally, we compared
sputum and serum proteome data of the cohort, including all
people with CF (Figure S4).

Out of the 2,541 proteins identified in the sputum samples
and 558 proteins in the serum samples, 275 proteins overlapped
(Figure S4A). Notably, ELX/TEZ/IVA treatment induced more
significant changes in protein abundance in serum than in
sputum samples (Figure 5A; Figure S4B).

Several inflammatory proteins, including CRP, SERPINA1,
and alpha-1-antichymotrypsin (SERPINA3), showed significant
differences and co-directional changes in both sputum and
serum samples (Figures 5A and 5B). In contrast, other proteins,
including CD14, SFTPB, complement factor H (CFH), polymeric
immunoglobulin receptor (PIGR), intercellular adhesion mole-
cule 1 (ICAM1), and cystatin-F (CST7), displayed significant
differences with opposite directionality (Figures 5A and 5B).
Independent of the significance level, we compared the relation
of effect size and found 89 proteins (32.4%) had a difference
in absolute log2(fold change) of >0.25 between the drug re-
sponses observed in sputum and serum datasets (highlighted
proteins in Figure 5B).

It is worth noting that in particular some inflammatory
proteins, such as CRP and SERPINAS3, were more abundant
in the sputum and people with CF at baseline compared
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Figure 2. Moderate response in plasma proteome after 3 months of LUM/IVA treatment

(A) Volcano plot of proteins showing significantly increased or decreased (moderated t test, Benjamini-Hochberg adjusted p < 0.05, +0.25-log2(fold change))
protein abundances before and after 3 months of LUM/IVA treatment (n = 32).

(B) Heatmap of the 64 differential proteins (Figure 2A). Hierarchical clustering was performed within the groups. Protein clusters are described by chosen UniProt
terms enriched in one of the clusters. Color gradient indicates Z scored protein intensities.

(C) Induced plasma proteome changes of people with CF from baseline to tre

ated visualized in PCA. PCs are additionally described by 2 (top (red) and bottom

(blue)) of the most significantly enriched UniProt terms calculated by ssGSEA of eigenvectors. Arrows point from baseline (light blue) to treated (mid blue) time

points for the same people with CF.

(D) Spearman correlations between SFTPB and FEV% predicted (FEV;% pred.) (top) and between log2(fold change) (treated vs. baseline) of SFTPB and change

in FEV4% predicted (bottom).

with healthy individuals and decreased upon ELX/TEZ/IVA
treatment in both compartments. Others, such as CFH and
SFTPB, were more abundant in healthy sputum but less
abundant in serum and developed in opposite directions
upon treatment (Figure 5C). This development is particularly
pronounced for SFTPB (Figures 5B and 5C), which showed a
significant correlation with lung function in the ELX/TEZ/IVA
cohort (Figure 3D). These results illustrate the diverse impacts

of ELX/TEZ/IVA therapy on local and systemic sites, as well as
the dissimilarities in baseline protein levels in distinct tissues
(Figure 5C).

Validation of ELX/TEZ/IVA-induced proteome

alterations with an independent cohort

To validate the key findings of the ELX/TEZ/IVA cohort, serum
samples were analyzed from an independent group of 32 people
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Figure 3. Strong and uniform response in serum proteomes after 3 months of ELX/TEZ/IVA treatment
(A) Volcano plots of proteins with significantly increased or decreased (moderated t test, Benjamini-Hochberg-adjusted p < 0.05, +0.25-log2(fold change))
protein abundances before treatment compared to healthy (left panel), before treatment compared with after 3 months of ELX/TEZ/IVA treatment (middle panel),

and 3 months of ELX/TEZ/IVA treatment compared with healthy (right panel) (people with CF: n = 54

, healthy: n = 11).

(B) Heatmap of 170 significantly differential proteins between healthy, baseline, and treated (moderated F-test, Benjamini-Hochberg-adjusted p < 0.05).
Hierarchical clustering was performed within the groups. Protein clusters are described by chosen UniProt terms enriched in one of the clusters. Color gradient

indicates Z scored protein intensities.
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with CF before and 3 months after initiation of ELX/TEZ/IVA ther-
apy (Figure 6), with similar clinical outcomes as in the original
cohort (Figure S5A). 17 (53.1%) of the individuals were homozy-
gous for the F580del mutation, and 15 (46.9%) were treated with
a CFTR modulator (IVA, LUM/IVA, or TEZ/IVA) prior to ELX/TEZ/
IVA treatment initiation (Table 1). Of the 998 quantified proteins,
46 (4.6%) showed significant changes following treatment initia-
tion (Figure 6A; Table S1). A total of 488 proteins overlapped be-
tween the validation and original cohorts based on gene name
and UniProt identifier (Figure S5B). Proteins that reached statis-
tical significance in both cohorts demonstrated consistent direc-
tionality and similar effect sizes (Figure 6B).

Importantly, our analysis of the validation cohort reproduced
the strong negative correlation between SFTPB levels and lung
function (FEV1% predicted) we observed in the original cohort
(Figures 6C-6D; p = —0.72 and —0.77; Figure 3D; p = —0.66).
The inverse relationship between SFTPB fold changes and im-
provements in lung function was also validated (Figures 6E-F;
p=—0.45 and —0.51; Figure 3D; p = —0.49).

To evaluate technical reproducibility across instruments,
peptides from the original cohort were remeasured using the
Astral mass spectrometry platform (Figures S6A and S6B).
Additionally, samples from the original cohort were prepared
using the Bravo liquid handling system and analyzed on the
Astral platform to evaluate the reproducibility of the entire work-
flow, including both library-based and direct DIA approaches
(Figures S6C and S6D). These comparisons revealed a strong
correlation between protein intensities and fold changes for
significantly different proteins across measurement platforms
(Figures S6A-S6D; p = 0.85-0.94).

DISCUSSION

Here, we applied a robust and highly scalable MS-based prote-
omics workflow to analyze serum and plasma samples from
people with CF who were either treated with CFTR modulator
dual (LUM/IVA) or triple (ELX/TEZ/IVA) combination therapy.
Previous CF research has primarily focused on analyzing spe-
cific serum and plasma proteins or conducting 2D-GE, MS,
or MRM-MS, mostly comparing people with CF with healthy
controls or pulmonary exacerbation (PEx).35263%43-45 To our
knowledge, this is the first study assessing the serum and
plasma proteome in people with CF treated with LUM/IVA
and ELX/TEZ/IVA.

We observed moderate effects in the LUM/IVA-treated
cohort (Figure 2) and demonstrated that the proteome of peo-
ple with CF in the ELX/TEZ/IVA cohort changes more uniformly
in its composition toward a healthier state upon treatment
(Figure 3). While the proportions of significantly altered proteins
were similar between treatments (12.2% for ELX/TEZ/IVA
versus 13.6% for LUM/IVA), the key distinction lies in the path-
ways and protein classes that respond, as well as the effect
size of the responses. For example, proteins involved in innate
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immunity, including the complement pathway, only decreased
with ELX/TEZ/IVA (Figure 4C), while vitamin transport proteins
(RBP4 and TTR) only increased with ELX/TEZ/IVA (Figure 4D).
These divergent pathway responses likely reflect the substan-
tially greater CFTR functional restoration achieved by ELX/
TEZ/IVA (~40%-50% restoration of CFTR function®®) versus
LUM/IVA (~10%-20% restoration of CFTR function®). This sug-
gests that only with the triple combination therapy ELX/TEZ/
IVA, but not with the double therapy LUM/IVA, a certain
threshold can be reached that is sufficient to decrease sys-
temic inflammatory and metabolic abnormalities. Furthermore,
potential off-target effects of the structurally distinct corrector
molecules (lumacaftor versus elexacaftor/tezacaftor) may also
contribute to these differences.

In addition, combining quantitative proteome analyses of
serum and sputum samples allowed the comparison of local
(lung) and systemic (serum) changes upon treatment with ELX/
TEZ/IVA (Figure 5). Taken together, this integrated analysis
provides a valuable resource for understanding the pharmaco-
dynamics of different CFTR modulators and offers insights into
the systemic and local protein regulation in CF.

Effects of CFTR modulator therapy on inflammation

A central challenge for people with CF is the persistent inflam-
mation and infection of the lungs. Biomarkers such as CRP,
S100A8, and S100A9 are widely discussed as indicators of CF
severity. Particularly, calprotectin (S100A8/A9) has been shown
in multiple studies to be potentially useful for assessing the risk of
PEx and monitoring disease progression,®°:3%:48:44.47-49

Despite the reduction in some immune related proteins with
LUM/IVA, especially in immunoglobulins, the overall impact
on the proteome and clinical parameters remains limited. This
is likely due to a sustained innate immune response and contin-
uous activation of the complement pathway, alongside a lack of
significant reduction in CRP levels.

However, our data show decreased levels of the inflammation
marker S100A8/9 after LUM/IVA and ELX/TEZ/IVA treatment,
which has been previously linked to a decreased risk of PEx,"°
suggesting a protective function against further decline of lung
function. In contrast, treatment with ELX/TEZ/IVA reduces pro-
teins involved in both innate and adaptive immunity, which is
also represented in serum proteome biomarkers such as CRP.*'

Another protein of interest is LTA4H, an inflammatory enzyme
involved in the production of leukotriene B4 (LTB4), which in
turn is part of neutrophil signaling.® Although its levels did
not change significantly with modulator treatment, LTA4H
correlated with sweat chloride concentration in the ELX/TEZ/
IVA cohort. LTA4H inhibitors have been tested in phase 1°°
and phase 2°° trials, resulting in moderate improvements in
the risk for PEx in people with CF with better lung function or
modulator-treated people with CF. These moderate improve-
ments may be due to its additional capacity to limit chronic
neutrophilic airway inflammation.>*

(C) Proteome regulation of people with CF from baseline to treated in comparison to healthy individuals visualized in PCA PCs are additionally described by 2
(top (red) and bottom (blue)) of the most significantly enriched UniProt terms calculated by ssGSEA of eigenvectors. Arrows point from baseline (light blue) to
treated (mid blue) time points for the same people with CF, dark blue dots indicate healthy individuals.

(D) Spearman correlations between SFTPB and FEV% predicted (FEV;% pred.) (top) and between log2(fold change) (treated vs. baseline) of SFTPB and change

in FEV,% predicted (bottom).
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Figure 4. Innate immunity and vitamin transport are differentially affected by LUM/IVA and ELX/TEZ/IVA treatment

(A) Venn diagram comparing proteins significantly up and down between 3 months of treatment and baseline in LUM/IVA (n = 32) and ELX/TEZ/IVA (n = 54), after
correcting for differences in age (moderated t test, Benjamini-Hochberg-adjusted p < 0.05, +0.25-log2 (fold change)).

(B) Scatterplot of log2(fold changes) in commonly identified proteins between paired treated and baseline people with CF in the LUM/IVA or ELX/TEZ/IVA cohort,
after correcting for age as a confounder. Proteins highlighted have an absolute log2(fold change) difference of at least 0.25. Proteins changing in the
same direction are highlighted in light green, proteins only changing in one sample (log2(fold change) in the other sample < 0.1) are highlighted in light
blue, proteins that changing counter directional are highlighted in dark green (higher in LUM/IVA) and dark blue (higher in ELX/TEZ/IVA). Significant proteins
overlapping in the Venn diagram (Figure 4A) are highlighted in purple.

(C) Scatterplot of NES from ssGSEA analysis with UniProt keywords using paired log2(fold changes) from the LUM/IVA and the ELX/TEZ/IVA cohort.
Terms significantly different between the LUM/IVA and the ELX/TEZ/IVA cohort are highlighted in red (moderated t test, Benjamini-Hochberg adjusted
p < 0.05, +0.1-log2(fold change)). Terms with a difference in NES below 1 are shown in gray.

(D) Within and between cohort comparison of paired log2(fold changes) in LUM/IVA (triangles) and ELX/TEZ/IVA (dots) people with CF of representative
proteins for different CF disease processes including the lung protein SFTPB and vitamin transport related proteins (GC, RPB4, and TTR). Triangles and dots
represent the paired log2(fold changes) between baseline and treated people with CF, red lines represent the log2(fold change) between CF baseline and healthy
in the ELX/TEZ/IVA cohort. Welch t test or paired t test, Benjamini-Hochberg-adjusted, *** adj.p.val < 0.001, ** adj.p.val < 0.01, * adj.p.val < 0.05.

The observed differences in inflammatory markers IVA group. This could also account for the correlation
between LUM/IVA and ELX/TEZ/IVA may be attributed to between baseline inflammatory proteins and lung function
ongoing disease progression despite treatment in the LUM/  (Figure S2B).
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Figure 5. Differences in systemic (serum) and local (sputum) changes after treatment with ELX/TEZ/IVA
Paired sputum and serum samples were analyzed from the same 23 people with CF.

(A) Venn diagram of overlapping proteins that are significantly up or down in the sputum (n = 23) and serum (n = 23) samples of ELX/TEZ/IVA-treated people with
CF (moderated t test, Benjamini-Hochberg-adjusted p < 0.05).

(B) Scatterplot of log2(fold changes) between treated and baseline people with CF in commonly identified proteins in serum and sputum samples. Proteins
highlighted have an absolute log2(fold change) difference of at least 0.25. Proteins changing in the same direction are highlighted in light green, proteins only
changing in one sample (log2(fold change) in the other sample < 0.1) are highlighted in light blue, proteins that changing counter directional are highlighted in dark
green (sputum) and dark blue (serum). Significant proteins overlapping in the Venn diagram are highlighted in purple.

(C) Within and between cohort comparison of log2(fold changes) in sputum (triangles) and serum (dots) of representative proteins developing in the same direction
(inflammation markers (CRP, SERPINA3)) and opposite direction (lung protein SFTPB and complement regulator CFH). Triangles and dots represent the paired
log2(fold changes) between treated and baseline people with CF, red lines represent the log2(fold change) between healthy and baseline in the sputum or serum

cohort. Welch t test, Benjamini-Hochberg adjusted, *** adj.p.val < 0.001, ** adj.p.val < 0.01, * adj.p.val < 0.05.

CFTR modulator therapy restores protein levels
implicated in malabsorption and vitamin transport
CFTR dysfunction also affects mucus properties and clearance
in the gastrointestinal tract and leads to abnormal pancreatic
secretions in people with CF. This leads to malabsorption of
nutrients due to decreased secretion of digestive enzymes
from the pancreas in pancreatic insufficient people with CF.°®
Furthermore, inadequate synthesis of lipid-processing proteins,
such as APOA1 and APOB, in the intestinal tissue has been
proposed as a contributing factor to insufficient lipid absorp-
tion. This may explain why pancreatic enzyme replacement
therapy does not completely restore lipid absorption in people
with CF.%°

Consistent with previous researc we observed a reduc-
tion in APOA1 and APOB levels in people with CF compared

36,56
h,

with healthy controls, which was partially restored in people
with CF treated with ELX/TEZ/IVA, but not in those treated with
LUM/IVA. The significant difference in enrichment of the “lipid
transport” UniProt term, including other apolipoproteins and
phospholipid transfer protein (PLTP), further emphasizes the
contrast between the two treatments. However, these significant
changes in APOA1 and APOB could not be confirmed in the
smaller, independent validation cohort (Figure SEE).

In addition to fat resorption and dyslipidemia, transporters
of fat-soluble vitamins, such as vitamin-D-binding protein (GC),
retinol-binding protein 4 (RBP4), and transthyretin (TTR), are
reduced in serum of people with CF.*® Although RBP4 is ex-
pressed in various tissues, studies suggested that circulating
RBP4 is mostly derived from the liver, and its level is highly regu-
lated but dependent on liver retinol (vitamin A) levels.>’ "> The
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Figure 6. Validation cohort for ELX/TEZ/IVA treatment

(A) Volcano plot of proteins showing significantly increased or decreased (moderated t test, Benjamini-Hochberg-adjusted p < 0.05, +0.25-log2(fold change))
protein abundances before and after 3 months of ELX/TEZ/IVA treatment in the validation cohort (n = 32).

(B) Scatterplot of log2(fold changes) between treated and baseline people with CF in commonly identified proteins (Figure S5F) in the original cohort (n = 54,
Figure 8) and the validation cohort (n = 32). Proteins highlighted have an absolute log2(fold change) difference of at least 0.25. Proteins changing in the same
direction are highlighted in light green, proteins only changing in one sample (log2(fold change) in the other sample < 0.1) are highlighted in light blue, proteins
that changing counter directional are highlighted in dark green (validation cohort) and dark blue (original cohort). Proteins that are significantly different in both
cohorts (Figure S5G) are highlighted in purple.

(C and D) Scatter plots with Spearman correlations of log2(Intensities) of SFTPB and FEV1% predicted (FEV1% pred.) in the validation cohort treated with
ELX/TEZ/IVA, measured on the Astral and (D) Spearman correlation in the original (yellow) and validation cohort (blue) together.

(E) Scatterplots with Spearman correlations of log2(Fold changes) in SFTPB intensities and changes in FEV% predicted (FEV;% pred.) between ELX/TEZ/IVA treated
and baseline people with CF in the validation cohort, measured on the Astral and (F) correlation in the original (yellow) and validation cohort (blue) together.

for the severity of pulmonary exacerbations in chronic obstruc-
tive pulmonary disease (COPD) due to its association with
the nutritional status of patients, affecting patient survival.®" In

levels of circulating retinol and RBP4 in complex with TTR
depend on liver function and retinol absorption from food.*%°
Interestingly, RBP4 has been proposed as a predictive marker
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line with previous studies, RBP4 and TTR showed reduced
abundance in individuals with CF at baseline compared with
healthy individuals®*® and increased upon treatment with ELX/
TEZ/IVA, but not LUM/IVA. The changes in RBP4 and TTR
levels are most likely due to improved nutritional status after
ELX/TEZ/IVA treatment, which is also reflected in increased
lipoproteins and BMI after 3 months of treatment. However, we
did not observe a significant increase in vitamin-D-binding
protein levels post-treatment, suggesting the need for contin-
uous supplementation and regular monitoring of vitamin D levels
in people with CF.

Local vs. systemic changes of inflammation markers
upon ELX/TEZ/IVA treatment

The people with CF in this ELX/TEZ/IVA cohort partially overlap
with those in a previously published cohort that described
changes in sputum of people with CF after ELX/TEZ/IVA treat-
ment.?° To distinguish between systemic effects and local
changes in the lung, we compared the changes in proteins in
overlapping people with CF. Proteins that were regulated in the
same direction in both sputum and serum samples mainly be-
longed to inflammatory and immune pathways, such as CRP
and SERPINA3, AGT, AHSG, GSN, and SERPINF1. However,
we observed that many inflammatory proteins exhibited changes
that differed in magnitude and even in opposite directions be-
tween serum and sputum. This suggests that inflammation
markers in the serum are at least partially independent of
lung inflammation. Many of the serum inflammation markers
observed here are not only spill-over effects from the lung but
also indicative of the distinct systemic CF effects.

The protein CFH, which is known for inhibiting C3b, showed a
reduction in serum post-treatment. In contrast to our results,
CFH has been shown to be increased in lungs®” and reduced in
plasma®® of people with idiopathic pulmonary fibrosis. This reduc-
tion in CFH may be due to reduced systemic inflammation, also
highlighted by the decrease in complement pathway enrichment
in people with CF treated with ELX/TEZ/IVA, which contrasts
with its potential role in lung inflammation modulation. This com-
parison highlights that, although lung inflammation may contribute
to systemic inflammation and serum markers, many serum inflam-
mation markers change independently of lung inflammation. This
provides a potential explanation for the challenge in finding repro-
ducible plasma or serum biomarkers for lung infection.

Signs of lung repair
Pro-SFTPB has been discussed as a serum or plasma marker
for lung damage, particularly in the context of lung cancer.®°°
One potential explanation for this association is the increased
lung permeability resulting from various forms of lung injury.®”~%°
In COPD, SFTPB levels in sputum or bronchoalveolar lavage
(BAL) samples correlate with lung function but do not show
short-term changes upon treatment.”®

In our study, SFTPB emerged as a particularly robust biomarker
candidate. SFTPB was one of only two proteins (SFTPB and
LCN2) that correlated with lung function across multiple com-
parisons in both treatment cohorts. Notably, SFTPB abundance
alterations strongly correlated with improvements in lung function
in the ELX/TEZ/IVA cohort, a finding that was independently
validated in a cohort with higher baseline lung function (mean
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FEV1% predicted: 39.6% vs. 58%). Furthermore, SFTPB
exhibited counter-directional changes when comparing serum
and sputum proteomes, decreasing in serum while increasing in
sputum following ELX/TEZ/IVA treatment.

These counter-directional changes, together with the concur-
rent improvement in lung function, suggest that a decline in
serum SFTPB levels may indicate reduced lung permeability.
This interpretation is further supported by the absence of these
changes in the LUM/IVA cohort, which showed limited clinical
improvement in lung function and SFTPB levels. Taken together,
the evidence from three independent cohorts, collected at
different clinical centers, two sample matrices (serum and
plasma), two treatment regimens, and two distinct LC-MS/MS
workflows and platforms (Orbitrap HF-X and Astral) supports
SFTPB as a promising biomarker of lung permeability and
treatment-induced repair in CF. Yet, prospective validation
studies with larger cohorts and longer follow-up periods are
needed to fully establish its clinical utility.

This study demonstrates that the superior efficacy of ELX/TEZ/
IVA over LUM/IVA treatment is clearly reflected in the serum
proteome, even though 30 (46%) of the people with CF in the
ELX/TEZ/IVA cohort received modulator treatment at baseline.
The findings highlighted that ELX/TEZ/IVA resulted in a greater
improvement in systemic inflammatory markers than LUM/IVA.
Moreover, the study showed that local changes in the lung only
partially aligned with systemic changes, emphasizing the chal-
lenge of identifying suitable plasma or serum biomarkers for
lung diseases. In addition, this study provides a comprehensive
proteomic analysis of longitudinally collected serum and plasma
samples from people with CF undergoing treatment, offering a
valuable reference for future research. It also serves as a resource
for understanding how effective treatment may influence the
overall health of people with CF, potentially reducing the risk of
severe lung damage over time. However, the study also
underscores the need for continued development of therapies,
as significant differences remain between the proteomes of
treated people with CF and healthy individuals, particularly in in-
flammatory proteins and potential lung injury markers, such
as SFTPB.

Limitations of the study

The study also has some limitations: a direct comparison of
the LUM/IVA and ELX/TEZ/IVA cohorts was hindered due to
differences in age and sample type (serum vs. plasma). Howev-
er, to address the differences in sample type, we conducted a
separate comparison of serum and plasma samples from the
same donors. While few proteins were significantly different
between the two matrices, the different blood collection proto-
cols did not have a significant impact on differentially regulated
proteins between baseline and drug treated people with CF
(Figures S3C and S3D). To compare the two cohorts, we addi-
tionally used a linear model in limma and corrected for age as
a confounding factor.

RESOURCE AVAILABILITY
Lead contact
Requests for further information and resources should be directed to the lead

contact, Philipp Mertins (philipp.mertins@mdc-berlin.de).
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Materials availability
This study did not generate new materials.

Data and code availability
The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE’" partner repository. Data
are publicly available as of the date of publication via ProteomeXchange
with identifier PRIDE: PXD071549, listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this pa-
per is available from the lead contact upon request.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Acetonitrile (ACN, LC-MS grade) VWR 83.640.320
Ammonium bicarbonate (ABC) Roth T871.2
Benzonase Merck 101695
Dithiothreitol (DTT) Sigma Aldrich 43815-5G
EDTA 0.5M in H,O Sigma E7889-100ML
Formic acid (FA) Merck-Millipore 1002640100
Chloroacetamide (CAA) Sigma-Aldrich C0267-100G
Methanol (MeOH, LC-MS grade) Th Geyer 1439-2.5L
Modified trypsin, sequencing grade (bulk order) Promega V511X

Lysyl Endopeptidase (LysC) (bulk order) Fuijifilm Wako Pure Chemical Corporation 129-02541
Sodium chloride (NaCl) Sigma-Aldrich 71376-1KG
Sep-Pak tC18, 200 mg Waters WAT054925
STAGE tips: 3M™ C18 Empore™ disks CDS Analytical 2215
Trifluoroacetic acid (TFA) Merck/Millipore 1082620100
Trizma® hydrochloride solution 1M, pH 8 (Tris) Sigma T2694-1L
Sodium deoxycholate (SDC) Sigma D6750-25G
IgY14 LC5 column Sigma-Aldrich SEPO030-1KT
Supermix LC2 column Sigma-Aldrich SEPO050-1KT
Amicon® Ultra Centrifugal Filter, 3 kDa MWCO Millipore UFC900324
HPLC grade water Th.Geyer 455.2500
Reprosil-pur C18, 1.9 pm beads Dr. Maisch GmbH r119.a9.0003
polyimide coated silica capillary ID 75pm Polymicro TSP075375
OD 375um

XBridge BEH C18 Column 4.6 mm x 250 mm Waters 186003943
column, 3.5 pm bead size

AssayMAP 5 pL C18 cartridges rack of 96 Agilent Technologies 5190-6532
0.2ml Eppendorf twin.tec® PCR Plate 96 Merck 30128.648
Agilent Reservoir, Seahorse, PP, no walls, Agilent Technologies 201254-100
pyramid bottoms

Agilent pipette tips, 96 V11 LT250 Tip Box (full) 19477-002
96 Deepwell Plate, 0.6 mL Starlab E2896-0600
Critical commercial assays

Pierce™ BCA protein assay kit Pierce 23225
Deposited data

Mass spectrometry proteomics data ProteomeXchange PRIDE: PXD071549

Software and algorithms

MaxQuant version 2.0.3.0 and 1.6.0.1
R version 4.2.2

RStudio version 2024.9.1.394
Spectronaut version 18.2

ssGSEA tool

Tune (v2.6 & v2.9)

Xcalibur (v3.1.66.10)

Max Plank Institute of Biochemistry

Biognosys

Broad Institute

Thermo Fisher Scientific
Thermo Fisher Scientific

https://maxquant.org/
https://cran.r-project.org/
http://www.posit.co/

NA
https://github.com/broadinstitute/ssGSEA2.0
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Other

Easy-nLC™ 1200 HPLC system Thermo Fisher Scientific NA
Q-Exactive HF-X mass spectrometer Thermo Fisher Scientific NA

1290 Infinity Il LC System Agilent Technologies NA

1260 Infinity Il LC System Agilent Technologies NA

Agilent Bravo Automated Liquid Handling Agilent Technologies NA
Platform1260 Infinity Il LC System

Thermo Fisher Scientific Orbitrap Astral Thermo Fisher Scientific NA
Vanquish Neo UHPLC System Thermo Fisher Scientific VN-S10-A-01, VN-C10-A-01, VN-P10-A-01,

VN-A10-A-01, 6036.1180

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All people with CF included in this study participated in two prospective, longitudinal, observational studies followed at the CF Cen-
ters at University Hospital Heidelberg, Germany (LUM/IVA cohort, ), and at Charité — Universititsmedizin Berlin, Germany (ELX/TEZ/
IVA cohort, “6). The validation cohort is an independent cohort recruited at Charité — Universitatsmedizin Berlin. The studies were
approved by the ethics committees of the University of Heidelberg (S-370/2011) and the Charité — Universitatsmedizin Berlin
(EA2/220/18). Written informed consent was obtained from all people with CF, their parents, or legal guardians. People with CF
were eligible to take part in the LUM/IVA study if they were homozygous for the F508del mutation, had no prior exposure to LUM/
IVA, and were willing to remain on a stable medication regimen and administration of LUM/IVA according to the EMA-approved pa-
tient label. In the ELX/TEZ/IVA study, people with CF were eligible, if they were compound-heterozygous for F508del and a minimal
function mutation or homozygous for F508del, had no prior exposure to ELX/TEZ/IVA and were willing to remain on a stable medi-
cation regimen including ELX/TEZ/IVA according to the patient labeling and the prescribing information for the duration of study
participation. Exclusion criteria for both studies were an acute respiratory infection or pulmonary exacerbation at the time of
plasma/serum or sputum collection. In both studies, serum or plasma samples were collected at baseline and 3 months after initiation
of therapy. Due to limited amounts of samples, different types of blood-derived samples were measured (serum and plasma). Addi-
tionally, sweat chloride concentration, lung function, and BMI were assessed at baseline and after 3 months of either LUM/IVA or
ELX/TEZ/IVA treatment. Healthy control subjects were age- and sex-matched, non-smoking volunteers without any medical history
of respiratory diseases.
Further information on the participant profiles is provided in Table 1.

METHOD DETAILS

Sample Preparation

Serum and plasma samples were processed separately. Samples were diluted 1:10 in HPLC grade water for further processing. 10 pl
of the dilution were denatured in SDC buffer (final concentration: 1% SDC, 10 mM DTT, 40 mM CAA, 100 mM Tris (pH 8)) by heating to
95°C for 10 minutes. After cooling the samples, LysC and Trypsin were added with a peptide to enzyme ratio of 50:1, and samples
digested overnight at 37°C. The digest was stopped by adding formic acid (FA) to a final concentration of 1%. The samples were
diluted in Buffer A (3% Acetonitrile, 0.1% FA) and centrifuged for 10 minutes at 12 000 rpm. The peptide-containing supernatant
was collected and cleaned up using Stage Tips."”

For the stage tips, two discs of C18 Empore material were excised using a blunt-ended needle and placed into a pipet tip. In prep-
aration of the stage tips, centrifugation was carried out for a minimum duration of the indicated time or until complete liquid flow
through the material was achieved. During the conditioning and washing steps, the tips were subjected to centrifugation at
18,0009 for 2 minutes and during sample loading, at 885g for 4:30 min. The material was initially conditioned by the addition of
50 pl of methanol to the tips, followed by the introduction of 100 pl of Buffer A. Subsequent to the loading of the sample, the tips
were washed on two occasions with 100 pl of Buffer A.

The stage tips were stored at 4°C until the samples were measured.

For the samples in the validation cohort, the preparation was done using an Agilent Bravo automated sample preparation system.
The same denaturing and digestion steps were performed, but with an initial volume of 30 pl of 1:10 diluted sample, and the digest
was stopped by adding 10% TFA to a final concentration of 1% and diluting the sample with 100 pl 1% FA. For the cleanup, the Pep-
tide Cleanup v3.0 protocol with the Agilent C18 cartridges was used. The priming was performed with 3 times 100 pul (50% ACN, 0.1%
TFA), then the cartridges were equilibrated using 100 pl (0.1% TFA) before loading 170 pl of the sample, and then washed 3x using
100 pl of the 0.1% TFA buffer. For the peptide elution, 100 pl of a50% ACN, 0.1% FA buffer was used. The eluted peptides were dried
and stored at -20°C.
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Data-Independent Acquisition Analyses

Peptides were eluted from stage tips using 80 pl Buffer B (90% Acetonitrile, 0.1% FA), dried, and resuspended in 10 pl Buffer A. 2 pl of
each sample were injected. Peptides were separated on a 33 min gradient with increasing acetonitrile concentration using an EASY-
nLC 1200 System coupled to an Orbitrap HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) running in data-
independent acquisition mode (DIA), as described with some adjustments.” The Buffer B concentration increased linearly from 2%
to 7% within 1 minute, followed by an increase to 20% in 19 minutes, to 30% within 9 minutes, and to 60% in 3 minutes, at a 0.25 pl/
min flow rate. After the linear gradient, a brief washing step at 90% Buffer B for 5 minutes and an equilibration to 50% Buffer B for
5 minutes were used. One MS1 scan at 120k resolution with an AGC target of 3x10° and max. injection time of 60 ms in the range of
350 to 1650 m/z was acquired, followed by 40 DIA scans with variable segment widths adjusted to the precursor density. The scan
resolution in the Orbitrap was set to 30k with an AGC target of 3x10° and max. injection time of 35 ms. The stepped HCD collision
energy was set to 25.5, 27, and 30%.

For the measurements on the Astral, the peptides were resuspended in 100 pl Buffer A and then further diluted 1:4 in Buffer A. 2 pl of
peptides were injected and separated using a Vanquish Neo UHPLC system coupled to an Orbitrap Astral mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA) running in data-independent acquisition mode (DIA).

The gradient increased from 2% Buffer B to 7% Buffer B in 2 minutes, to 20% Buffer B at 9.5 minutes, to 30% Buffer B at 15 mi-
nutes, and to 60% Buffer B at 16.5 minutes, at a 0.35 pl/min flow rate. After the linear gradient, the Buffer B concentration was
increased to 90% within 1 minute, and the column was washed for 1.5 minutes with 90% Buffer B. The MS1 scan was performed
at 240k resolution, at a scan range of 380-980 m/z, and a normalized AGC target of 500%. The maximum injection time was set
to 3ms. The MS2 scans were performed with the Astral detector, at a mass range of 150-2000 m/z, with an isolation window of 2
m/z. The normalized AGC target was set to 500%), and the maximum injection time to 7 ms. The HCD collision energy was set to
25%, and loop control to 0.6 seconds.

Plasma Library Preparation

For each cohort, a separate peptide library was measured. 5 pl of each diluted sample within a cohort were pooled (2 mg in total)
and digested as described above, cleaned up SepPak C18 columns, and fractionated using high-pH, reversed phase, off-line
chromatography (1290 Infinity Il, Agilent; XBridge C18, 4.6 mm x 250 mm column [Waters, 3.5 pm bead size]) into 196 fractions,
which were concatenated into 52 analytical fractions. The fractions were dried and resuspended in Buffer A.

To desalt peptides using C18 SepPak columns, a vacuum was applied to increase flow through. For conditioning, 3 mL of 100%
ACN were added, followed by 3 mL of 50% ACN/0.1% FA buffer. The columns were then equilibrated by adding 3x 3 mL 0.1% TFA.
After loading the samples, the columns were washed 3 times with 3 mL 0.1% TFA and once with 3 mL 1% FA. Peptides were eluted
by adding twice 1.5 mL 50% ACN/0.1% FA buffer. The samples were then dried and stored at -20°C until measurement.

Depletion of Plasma for Library Generation

In order to increase library coverage, immunoaffinity depletion of 14 most abundant proteins, followed by the next ~50 moderately
abundant proteins, using IgY14 LC5, and Supermix LC2 columns (Sigma-Aldrich, St. Louis, MO) was performed as described.”*
Briefly, six rounds of tandem depletion of 400 pl patient plasma, as well as commercial human plasma samples, were performed
on an Agilent 1260 Infinity Il HPLC (Agilent, Santa Clara, CA) system using Dilution, Stripping, and Neutralization buffers provided
by the manufacturer and following manufacturer’s instructions (Sigma-Aldrich). Flow throughs of the Supermix column from each
round representing depleted plasma were combined, concentrated, and buffer exchanged to 50 mM Ammonium Bicarbonate
to the original volume (400 pl) using Amicon 3K concentrators (Millipore, Billerica, MA). The final protein sample was digested and
fractionated as described above.

Data-Dependent Acquisition Analyses of Library Samples

1 ng peptide of depleted and non-depleted library peptide fractions was measured on an Orbitrap HF-X mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) running in data-dependent acquisition mode, using the same LC and gradient parameters
as described for DIA measurements. The MS parameters were the following: MS1 scan at 60K resolution with AGC target of
3x10° and maximum injection time of 10 ms, followed by twenty MS2 scans at 15K resolution with AGC target of 1x10° and maximum
injection time of 22 ms. Dynamic exclusion was set to 20 seconds.

Comparison of Serum and Plasma Samples
Matching serum and plasma samples from three baseline people with CF were digested as described above and measured on an
Orbitrap HF-X mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) running in data-dependent acquisition mode, as
described in Meier et al. (2018).”°

The Q Exactive HF-X mass spectrometer was operated with the instrument control software Tune v2.6 (Build 2640, Thermo Fisher
Scientific). The ‘text method interface’ of Xcalibur (v3.1.66.10, Thermo Fisher Scientific) was used to build customized MS acquisition
methods and was accessed through ‘XmlIMode’ (provided by Thermo Fisher Scientific). Full scan resolution was set to 120K, AGC
target 3e06, maximum injection time 200ms, and mass range was 300-1650 m/z. Boxcar mode was set to 2 scans, 18 boxes, 8K
resolution, an AGC target of 1e5, with a maximum injection time of 250 ms.
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Raw data of patient and plasma library fractions were processed using the MaxQuant software package (v1.6.0.1) using the
UniProt database including isoforms (downloaded 2019-07, UP000005640, including isoforms, 74 468 entries). The search
included variable modifications of oxidation (M), N-terminal acetylation, deamidation (N and Q), and fixed modification of
carbamidomethyl cysteine. The FDR was set to 1% for peptide and protein identifications. Unique and razor peptides were
considered for quantification. MS2 identifications were transferred from library runs to patient samples with the “Match Between
Runs” option. The integrated LFQ (label-free) quantitation algorithm was applied. Reverse hits, contaminants, and proteins only
identified by site were filtered out. Downstream analysis was done as described above.

QUANTIFICATION AND STATISTICAL ANALYSIS

RAW Data Analyses

A combined spectral library with the two cohorts and a depleted library were created using Spectronaut (version 18.2), using
the UniProt database including isoforms (downloaded 2022-03, UP000005640, including isoforms, 101 732 entries) and a universal
protein contaminants list (downloaded 08-2022, 381 entries’®). Modifications were set to Carbamidomethyl (C) as fixed and Acetyl
(Protein N-term), Deamidation (NQ), and Oxidation (M) as variable modifications. For the analysis of DIA data, precursor filtering
was done using the Q value setting.

Raw files from the Astral were analyzed using Spectronaut (version 19.7) in directDIA mode. Other settings, such as the UniProt
database including isoforms (downloaded 2022-03, UP000005640, 101 732 entries), contaminants list, and modifications were
kept the same as in the library-based analysis of Q-Exactive HF-X files. MaxLFQ was used for quantification.

Proteins were exported with and without background imputation, log2-transformed, and data was filtered to contain at least
50% valid values in patient samples in the non-imputed data frame of each cohort (LUM/IVA, ELX/TEZ/IVA (original and validation))
independently. Remaining missing values were imputed using down-shift imputation by random draw from the Gaussian distribu-
tion with 0.3x standard deviation and downshift of 1.8x standard deviation of the observed values per sample.”’

DDA data from sputum samples were analyzed as described before.?® In summary, the MaxQuant software package (ver. 2.0.3.0;
Max Planck Institute of Biochemistry, Martinsried, Germany)’® was used to analyze raw data from included patient samples.
A UniProt database including isoforms (2023-03, UP000005640, reviewed, 42 405 entries) was included in the search. Modifications
were defined as follows: oxidation (M), N-terminal acetylation, and deamidation (N, Q) as variable modifications, and carbamido-
methyl cysteine as a fixed modification. Proteins with only one peptide were allowed. The search employed the “Match Between
Runs” and label-free quantitation (LFQ) algorithm.

Statistical Analysis

Further downstream analysis was performed in R (v. 4.2.2.). MaxQuant output was filtered for “Reverse”, “Potential Contami-
nant”, and “Only Identified by Site”. Proteins identified with only one peptide were filtered for at least 5 identifications by
MS/MS and a minimum Andromeda score of 20. In the Spectronaut output contaminants were removed. For significance calling,
moderated t-test (imma package’®) was used. If Student’s or Welch t-test were applied, it was highlighted in the figure legend.
Benjamini-Hochberg method was used to adjust p-values for multiple comparisons. For the different comparisons, the cut-offs
are described in the figure legend. For single-sample gene-set enrichment analysis (ssGSEA®?), a curated gmt file with UniProt
keywords (2021-04) was used. Because of the differences in sample collection between the two cohorts, and the differences
in age, we used a linear model in the limma package to adjust for age, and compared log2(fold changes) of proteins identified
in both cohorts.
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