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Summary

Cystic fibrosis (CF), resulting from a dysfunction in the cystic fibrosis transmembrane conductance
regulator (CFTR), affects multiple organs through mucus obstruction and differences in secretion. The
CFTR modulator drug combination elexacaftor/tezacaftor/ivacaftor (ELX/TEZ/IVA, ETI) has markedly
improved clinical symptoms, but its broader molecular and systemic effects remain to be fully
elucidated.

We employed mass spectrometry-based proteomics to compare the blood proteomes of CF patients
treated with the earlier, less effective lumacaftor/ivacaftor (LUM/IVA) combination against those
receiving the more potent ELX/TEZ/IVA therapy. Our analysis revealed both specific and common
pharmacodynamic signatures associated with inflammation and metabolic processes under each
treatment regimen. Notably, ELX/TEZ/IVA therapy exhibited more consistent alterations across
patients that were directed towards profiles observed in healthy individuals.

Furthermore, by comparing sputum and blood proteomes of ELX/TEZ/IVA treated patients we
identified counter-directional changes in the pulmonary surfactant-associated protein B, SFTPB, a
potential biomarker of lung tissue repair, which also correlated with lung function improvements.

This study provides a comprehensive resource that enhances our understanding of CFTR modulator-
driven proteome alterations, offering insights to both systemic and local protein regulation in CF. Our
findings indicate that ELX/TEZ/IVA promotes broader systemic health improvements, providing critical
insights that could shape future therapeutic strategies in CF.
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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 mutations in the
cystic fibrosis transmembrane conductance regulator (CFTR) gene. The CFTR gene encodes for a
chloride and bicarbonate channel on the apical membrane of various epithelial tissues. The most
common mutation, F508del, affects 85% of all CF patients 2 and leads to disruptions in ion
homeostasis, dehydration of epithelial surfaces, mucus thickening, chronic airway inflammation and
recurrent infections 2. Together, these factors contribute to the challenges faced by individuals with
CF. However, it is still unknown, if 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 accompanied by a progressive deterioration of lung function 3. Beyond that, CF also exerts
systemic effects by impairing the pancreatic, liver, and intestinal function, as well as affecting bone
health 2.

In the last decade, CFTR modulators have been developed to pharmacological restore CFTR function ¥
7. 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.

The dual combination therapy LUM/IVA was approved in 2015 for patients with two copies of the
F508del mutation (F508del/F508del), which constitutes approximately 50% of the CF population. This
combination has shown modest improvements 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 (FEV1% predicted) 1**3. The triple
combination therapy ELX/TEZ/IVA was approved recently for patients with at least one copy of the
F508del mutation, making CFTR modulator therapy accessible to a majority of CF patients. The
therapy has demonstrated significant positive outcomes, including a 40-50% reduction in sweat
chloride concentration, a 10-20% improvement in FEV1% predicted, and a notable 60% decrease in
pulmonary exacerbations **1¢. These benefits extend to various clinical parameters. Patients receiving
ELX/TEZ/IVA therapy exhibit better lung ventilation and reduction in mucus plugging detected by
magnetic resonance imaging (MRI) ¥7°. Analysis of sputum from patients with CF treated with
ELX/TEZ/IVA showed that these clinical findings are associated with positive changes in parameters
such as rheology, microbiome, and proteome 2722, These findings are also reflected in an increased
life expectancy and quality of life > 2324,

In recent years, proteomics has emerged as a powerful tool for investigating complex disease
mechanisms. Efficient protein extraction conditions employed in shotgun proteomics workflows and
the untargeted detection of proteins by mass spectrometry make this technology in particular
suitable for systems medicine studies 2> 2%. Multiple groups Thus, have used proteomics has been
frequently used to investigate the CF proteome in cell lines, primary cells, as well as blood and
sputum samples 292427731 Several studies have investigated changes in the blood proteome
longitudinally before and after pulmonary exacerbations (PEx), both with and without antibiotic
treatment 32, These studies have highlighted the importance of inflammatory proteins, such as
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those involved in the complement pathway, C-reactive protein (CRP), alpha-1-antitrypsin (SERPINA1),
and matrix metalloproteases 3¢ 373> which have also been described in other biomarker studies
alongside calprotectin (S100A8/9), serum amyloid A 1/2 protein (SAA1/2), and CD14 341,
Additionally, proteins 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-binding protein 4 (RBP4), were shown to be altered in CF 36423539 |n the context of CF, blood
proteomics is especially valuable as it provides an almost non-invasive means of assessing disease
progression and treatment efficacy. This is particularly 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 blood proteome
composition 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 between effects emerging from the lung, by including the corresponding
sputum proteome from our previous research %, and systemic effects observed in the blood. Our
integrated analysis provides a valuable resource for understanding the pharmacodynamics of CFTR
modulators, offering insights into the systemic and local protein regulation in CF (Fig. 1).
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Results
Study Population Characteristics and Clinical Effects of LUM/IVA and ELX/TEZ/IVA

A total of 86 patients with CF and 11 healthy controls were analyzed in this study (Fig. 1). In the
LUM/IVA cohort, all 32 patients were homozygous for the F508del mutation and were modulator-
naive at baseline. The ELX/TEZ/IVA cohort included 54 patients, of whom 55.6% were homozygous for
the F508del mutation and 44.4% were heterozygous for the F508del mutation and a minimal function
mutation. In this cohort, 53.7% were modulator-naive, and 46.3% had received dual CFTR modulator

therapy (LUM/IVA or TEZ/IVA) at baseline (Table 1). Consistent with previous studies 3, the
LUM/IVA cohort did not exhibit a significant improvement in FEV1% predicted or a change in BMI
following initiation of this therapy. In contrast, the ELX/TEZ/IVA cohort showed a significant increase
in both parameters. Both cohorts exhibit a decrease in sweat chloride concentration with the
ELX/TEZ/IVA group showing a more pronounced effect (Supplemental Fig. 1B). Notably, 23 patients

who received ELX/TEZ/IVA were also included in a previously described sputum cohor
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Figure 1: Study overview

Overview of the two patient 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 patients from the ELX/TEZ/IVA
cohort (n = 23), comparing blood data with sputum data from Schaupp et al. (2023) 20,
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LUM/IVA Therapy Results in Moderate and Variable Changes in the Blood 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 CF
patients at baseline and 3 months after initiation of LUM/IVA therapy. Out of the 572 quantified
proteins, 78 (13.6%) showed significant differences (Fig. 2A, Supplemental Table 1). These proteins
were distributed over the entire intensity range (Supplemental Fig. 2C). Immunoglobulins were highly
enriched in the group of downregulated proteins (Cluster 1), while hydrolases such as pantetheinase
(VNN1) or mannan-binding lectin serine protease 2 (MASP2) were found among the upregulated
proteins upon treatment (Cluster 2) (Fig. 2B).

Although significant shifts in the plasma proteome were observed from baseline to treatment in
individual patients, there was no clear separation of the two groups on a global level, as shown by
principal component analysis (PCA) (Fig. 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, EGF-like domain),
contributed to the variance in PC1 and PC2 (Fig. 2C, Supplemental Table 2).

To relate the proteome changes the clinical characteristics, we performed correlation analysis of
significantly changed proteins and the clinical parameters sweat chloride concentration, a biomarker
of CFTR function, and FEV1% predicted, which serves as a marker of lung function. Two
immunoglobulins (IGKV2.30 and IGLV2.8) correlated with sweat chloride levels at baseline. Multiple
proteins correlated with lung function at baseline or after initiation of LUM/IVA, such as SFTPB and
lipocalin-2 (LCN2), whereas contactin-1 (CNTN1) and retinoic acid receptor responder protein 2
(RARRES2) correlated with the change in FEV1% predicted (Fig. 2D).
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Moderate response in blood proteomes after 3 months of LUM/IVA treatment
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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.
Heatmap of the 64 differential proteins (Fig. 2A). Hierarchical clustering was performed within the groups. Protein
clusters are described by chosen UniProt terms enriched in one of the clusters.
Induced blood proteome changes of patients from baseline to treated visualized in principal component analysis.
PCs are additionally described by 2 (top and bottom) of the most significantly enriched UniProt terms calculated by
ssGSEA of eigenvectors. Arrows point from baseline to treated time points for the same patients.

Heatmap of spearman correlations between proteins at baseline, after treatment, or paired log2(fold changes)
with sweat chloride concentration (SC) level or FEV1% predicted (FEV;) at baseline, after treatment or with the
log2(fold changes) between baseline and treatment (change). Each row shows at least one significant correlation
(p.adjust < 0.05). Protein names highlighted in red are proteins significantly different (p.adjust < 0.05) between
Baseline and LUM/IVA. *** adj.p.val<0.001, ** adj.p.val<0.01, * adj.p.val< 0.05
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ELX/TEZ/IVA Induces Substantial Proteomic Shifts Towards a Healthier Blood Profile

To understand the systemic effect of ELX/TEZ/IVA therapy, we analyzed serum samples from 54 CF
patients before and after 3 months of treatment and compared them to serum samples from 11
healthy individuals. Of the 559 quantified proteins, 196 (35.1%) exhibited significant differences
between patients 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 (Fig. 3A). Despite
treatment, 101 proteins (18.1%) remained significantly different from healthy controls in the
ELX/TEZ/IVA cohort. These changes spanned the entire intensity range (Supplemental Fig. 2B). 170
proteins (30.4%) were significantly different across the three groups (Fig. 3B).

These proteins can be divided into two clusters. Cluster 1, representing proteins which were more

abundant in CF patients at baseline in comparison to 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), GC, APOA1, and APOB.

Remarkably, most patient blood proteomes evolved upon treatment in the same direction, which was
towards healthy blood proteomes (Fig. 3C). The primary contributors 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 FEV1% predicted
(Fig. 3D). Specifically, histidine-rich glycoprotein (HRG) levels at baseline were significantly negatively
correlated with sweat chloride levels in treated patients. Leukotriene-A4 hydrolase (LTA4H) levels
under ELX/TEZ/IVA correlated with sweat chloride concentration at baseline and after 3 months of
treatment, while metalloproteinase inhibitor 1 (TIMP1) levels in treated patients correlated with
baseline sweat chloride concentration. Notably, all three proteins (HRG, LTA4H, and TIMP1) are
involved in inflammatory processes 4.

Surfactant Protein B (SFTPB) exhibited negative correlations with FEV1% predicted both before and
after 3 months of ELX/TEZ/IVA treatment. Furthermore, the levels of SFTPB in treated patients and
the log2(fold change) of SFTPB also correlated with changes in FEV1% predicted. Additionally, the
post-treatment levels of LCN2 correlated negatively, and inter-alpha-trypsin inhibitor heavy chain H1
(ITIH1) correlated positively with FEV1% predicted levels at baseline and after ELX/TEZ/IVA treatment.


https://doi.org/10.1101/2024.10.18.619058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.18.619058; this version posted October 18, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Healthy vs Baseline Baseline vs ELX/TEZ/IVA Healthy vs ELX/TEZ/IVA
SRGN = 15 <SRGN
SERPINC1 ORM{
15 -
15 by SERPINCT °e
v SAA1 . . i
5 o MMP8| & CRP "+ 1R 510 MMP8
3 = S100A8 3
) SFTPB © ° 5 @
510 ® o > . AFM [ .
a ° d10 S100A9 Af 2 L °
=h 5 SAA2 cD14 RBP4 i
8 Lcng  s100A9 | 8 Serrned g : .'
8 & 8
2 s o  $100A8| 2 Lp APCS S SFTPB §100A9
8 3 MuPo 9 *e- . ALDOB gs e “umey
"5 . 5 LGN2 ' . % o
CRP Al APOS PRINS 810088
. MMPS8!
RNASE3 3d  SAA2 - RNASE3 pooft dRetgHes
Healthy Baseline Baseline NELXITEZIIVA Healthy _+ " "ELXITEZ/IVA
0 60 136 o 39 29 0 20 81
0 0 0
B log2(Fold Change) log2(Fold Change) log2(Fold Change)
Healthy Baseline ELX/TEZ/IVA
= - = : Z-score
= - :- . Transport
=== =7 - 3 4 Immunoglobulin & Immunity
o B = =7 g Complement pathway
1. e "2 Cluster
g | : 2 T pd E
. ! 2 6 >
™ R
2 < -8
255
= 2
15 Immunoglobulin domain E P
— Immunoglobulin 3 HRG 1
@ SFTPB I
@ SFTPB ]
10 LCN2 0
% S . IGHA2-1
2N CcTBS I'0~5
2 g E . ] TIMP1 L
5 o |=E] LTA4H
= u B [ cLu
© o VTN
© ° ITIH1
Q
g€ o 2 IGKV1-6
.1:: SFTPB
82833 3
5 gpooE =
P mm 0
£ 5 3 2 k g
i g S 2 2
© N E g r
<
> <
-10 \‘ Hydrolase >
Innate immunity
-10 0 10
PC114.2%
Lipoprotein Adaptive Immunity
Lipid transport Antimicrobial

Figure 3: Strong and uniform response in blood proteomes after 3 months of ELX/TEZ/IVA treatment.

(A) Volcano plots of proteins 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 to after 3 months of ELX/TEZ/IVA treatment (middle panel) and 3 months of ELX/TEZ/IVA
treatment compared to healthy (right panel).

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.
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(C) Proteome regulation of patients from baseline to treated in comparison to healthy individuals visualized in
principal component analysis. PCs are additionally described by 2 (top and bottom) of the most significantly
enriched UniProt terms calculated by ssGSEA of eigenvectors. Arrows point from baseline to treated time points
for the same patients.

(D) Heatmap of spearman correlations between proteins at baseline, after treatment, paired log2(fold changes) with
sweat chloride concentration (SC) level or FEV1% predicted (FEV1) at baseline, after treatment or with the log2(fold
changes) between baseline and treatment (change). Each row shows at least one significant correlation (p.adjust <
0.05). Protein names highlighted in red are proteins significantly different (p.adjust < 0.05) between Baseline and
ELX/TEZ/IVA. *** adj.p.val<0.001, ** adj.p.val<0.01, * adj.p.val< 0.05

Stronger and Distinctive Response in ELX/TEZ/IVA than LUM/IVA Treated Patients

Since ELX/TEZ/IVA elicits a more robust response and improve patients' clinical parameters and blood
proteome, we sought to determine whether the differences were due to a larger effect size exceeding
a critical threshold to induce a clinical response or if the response pattern was fundamentally distinct
between both therapies.

Comparison of significantly different proteins between baseline and treated conditions in the two
cohorts revealed that that the LUM/IVA cohort therapy led to a higher number of significantly
different proteins (Fig. 4A), despite the larger effect size in ELX/TEZ/IVA treated patients (Fig. 4B).
Interestingly, the difference between the two cohorts extended beyond the fold change. The majority
of significantly different proteins did not overlap (Fig. 4), and some are proteins were regulated in the
opposite direction (Fig. 4A, B).

Among the 471 proteins identified in both cohorts, 66 (14.0%) showed significant differences
between the two groups (Supplemental Fig. 3E). 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) (Fig. 4B). These differences were further reflected in the normalized enrichment scores
(NES) of UniProt terms (Fig. 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.

Next, we compared the changes of proteins representative for lung damage (SFTPB), lipid metabolism
(APOA1, APOB), and vitamin transport (GC, RBP4, and TTR), which are key pathological pathways in
CF, between the two treatment cohorts. Interestingly, none of the proteins, except for TTR, showed
significant changes in the LUM/IVA cohort. Proteins related to lipid metabolism (APOA1, APOB) and
vitamin transport (RBP4, and TTR), which were higher in healthy individuals compared to CF patients
at baseline, exhibited significant increases with ELX/TEZ/IVA treatment but not with LUM/IVA (Fig.
4D).
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Figure 4: Innate immunity, lipid metabolism and vitamin transport are differentially affected by LUM/IVA and ELX/TEZ/IVA
treatment.

(A)

(B)

Venn Diagram comparing proteins significantly up and down between 3 months of treatment and baseline in
LUM/IVA and ELX/TEZ/IVA after correcting for differences in age.

Scatterplot of log2(fold changes) in commonly identified proteins between paired treated and baseline patients 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 are highlighted in purple.

Scatterplot of normalized enrichment scores (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. Terms with a difference in NES below 1 are shown in
grey.

Within and between cohort comparison of paired log2(fold changes) in LUM/IVA (triangles) and ELX/TEZ/IVA (dots)
patients of representative proteins for different CF disease processes including the lung protein SFTPB, lipid
metabolism related proteins (APOA1, APOB), and vitamin transport related proteins (GC, RPB4, TTR). Triangles and
dots represent the paired log2(fold changes) between baseline and treated patients, red lines represent the
log2(fold change) between CF baseline and healthy in the ELX/TEZ/IVA cohort. *** adj.p.val<0.001, **
adj.p.val<0.01, * adj.p.val< 0.05
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Differential Responses in Sputum and Blood 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 to determine the relationship between local treatment response in the lung
with systemic changes. Additionally, we compared sputum and blood proteome data of the cohort
including all patients (Supplemental Fig. 5).

Out of the 2541 proteins identified in the sputum samples and 558 proteins in the serum samples,
275 proteins overlapped (Supplemental Fig. 4A). Noteworthy, ELX/TEZ/IVA treatment induced more
significant changes in protein abundance in serum than in sputum samples (Fig. 5A).

Several inflammatory proteins, including CRP, serum amyloid P-component (APCS), SERPINA1, and
alpha-1-antichymotrypsin (SERPINA3), showed significant differences and co-directional changes in
both sputum and blood samples (Fig. 5A, B). In contrast, other proteins, including CD14, SFTPB,
complement factor H (CFH), polymeric immunoglobulin receptor (PIGR), intercellular adhesion
molecule 1 (ICAM1), and cystatin-F (CST7), displayed significant differences with opposite
directionality (Fig. 5 A, B). 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 responses observed in sputum and blood datasets (highlighted proteins in Fig. 5B).

It is worth noting that while some inflammatory proteins, such as CRP and SERPINA3, were lower
abundant in the sputum and blood of healthy individuals compared to CF patients at baseline and
decreased upon ELX/TEZ/IVA treatment in both compartments. Others, such as CFH and SFTPB, were
higher abundant in healthy sputum but lower abundant in the blood, and developed in opposite
directions upon treatment (Fig. 5C). This development is particularly pronounced for SFTPB (Fig. 5B,
C), which showed a significant correlation with lung function in the ELX/TEZ/IVA cohort (Fig. 5D). The
peptide coverage of SFTPB is shown in Supplemental Fig. 6.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 (Fig. 5C).


https://doi.org/10.1101/2024.10.18.619058
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.10.18.619058; this version posted October 18, 2024. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

(9]

log2 (Fold Change)
Treated vs Baseline

Figure 5:
(A)

(B)

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

4
£
5 2
=8
@ .
g v
c .
5] -
5 o
© o
Blood Down 2o o ITR
35 =
=
2 A
A
f .
2 .
0 2 4
log2(Fold Change) Blood
ns ns s 6 e
| —— 2 [ —— | 1
4 . -, - . . s
104
. A 4 a
. A . a A
o . el ., |0 e e o a|a N
[ F -
[ T |1 g s T
o a 4 ey ™ oz s
By L 8| 0 | Ll
a v, L .
4 ."4 . " —
A ol L . {
* 0 a
-8 . -4 A a A —— 2l A
Sputum Blood Sputum Blood Sputum Blood Sputum Blood

— Healthy vs Baseline

Differences in systemic (blood) and local (sputum) changes after treatment with ELX/TEZ/IVA.

Venn Diagram of overlapping proteins that are significantly up or down in the sputum and blood samples of
ELX/TEZ/IVA treated patients (one sample moderated t-test, Benjamini-Hochberg adjusted p < 0.05).

Scatterplot of log2(fold changes) between treated and baseline patients in commonly identified proteins in plasma
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 (blood). Significant proteins overlapping in the Venn diagram are
highlighted in purple.

Within and between cohort comparison of log2(fold changes) in sputum (triangles) and plasma (dots) of
representative proteins developing in the same direction (inflammation marker (CRP, SERPINA3)) and opposite
direction (lung protein SFTPB, and complement regulator CFH). Triangles and dots represent the paired log2(fold
changes) between baseline and treated patients, red lines represent the log2(fold change) between baseline and
healthy in the sputum or blood cohort. *** adj.p.val<0.001, ** adj.p.val<0.01, * adj.p.val< 0.05
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Discussion

Here we applied a robust and highly scalable MS-based proteomics workflow to analyze blood
samples from patients 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 specific
blood proteins or conducting 2D-GE MS or MRM-MS, mostly comparing CF patients to healthy
controls or PEx 3> 36394648 - T our knowledge, this is the first study assessing the blood proteome in
CF patients treated with LUM/IVA and ELX/TEZ/IVA.

We observed moderate effects in the LUM/IVA treated cohort (Fig. 2) and demonstrated that the
proteome of patients in the ELX/TEZ/IVA cohort changes more uniformly its composition towards a
healthier state upon treatment (Fig. 3). Notably, ELX/TEZ/IVA was more effective in modulating innate
immune responses, leading to reduced airway and systemic inflammation (Fig. 4).

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

Effects of CFTR Modulator Therapy on Inflammation

A central challenge for CF patients is the persistent inflammation 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 pulmonary exacerbation (PEx) and monitoring disease progression. 339 46,47,49-51
Despite the reduction in some immune related proteins with LUM/IVA, especially in immunoglobins,
the overall impact on the proteome and clinical parameters remains limited. This is likely due to a
sustained innate immunity response and a continuous activation of the complement pathway,
alongside a lack of significant reduction in CRP levels.

However, our data shows decreased levels of the inflammation marker SI00A8/9 after LUM/IVA and
ETI treatment, which has been previously linked to a decreased risk of PEx 2, suggesting a protective
function against further decline of lung function. In contrast, treatment with ELX/TEZ/IVA reduces
proteins involved in both innate and adaptive immunity, which is also represented in serum proteome
biomarkers such as CRP .

HRG, a protein involved in various inflammatory processes, is reduced in idiopathic pulmonary fibrosis
> and sepsis ** and has been shown to be capable of reducing systemic inflammation >>°¢. In the
ELX/TEZ/IVA cohort, HRG levels were positively correlated with lung function and negatively
correlated with sweat chloride concentration. HRG levels were increased in both cohorts after
treatment, indicating a reduction in overall inflammation with both modulator treatments.

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 %4 and Phase 2 >’ trials, resulting in
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moderate improvements in the risk for PEx in patients with better lung function or modulator-treated
CF patients. These moderate improvements may be due to its additional capacity to limit chronic
neutrophilic airway inflammation 8,

The observed differences in inflammation markers between LUM/IVA and ELX/TEZ/IVA may be
attributed to ongoing disease progression despite treatment in the LUM/IVA group. This could also
account for the correlation between baseline inflammatory proteins and lung function (Fig. 2D).

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 CF patients. This leads to malabsorption of nutrients due to
decreased secretion of digestive enzymes from the pancreas in pancreatic insufficient patients .
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 absorption. This may
explain why pancreatic enzyme replacement therapy does not completely restore lipid absorption in
CF patients .

Consistent with previous research 3% we observed a reduction in APOA1 and APOB levels in CF
patients compared to healthy controls, which was partially restored in patients 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.

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 blood of
patients with CF 6. Although RBP4 is expressed in various tissues, studies suggested that circulating
RBP4 is mostly derived from the liver and its level is highly regulated but dependent on liver retinol
(vitamin A) levels 673 The 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 for the severity of pulmonary exacerbations in chronic obstructive pulmonary disease (COPD)
due to its association with the nutritional status of patients, affecting patient survival ®. In line with
previous studies, RBP4 and TTR showed reduced abundance in CF at baseline compared to healthy 3
and increase upon treatment with ELX/TEZ/IVA but not LUM/IVA. The change in levels of RBP4 and
TTR is 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 continuous supplementation and regular monitoring of vitamin D levels in CF patients.
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Local vs Systemic Changes of Inflammation Markers upon ELX/TEZ/IVA treatment

The patients in this ELX/TEZ/IVA cohort partially overlap with those in a previously published cohort
that described changes in sputum of CF patients after ELX/TEZ/IVA treatment ?°. To distinguish
between systemic effects and local changes in the lung, we compared the changes in overlapping
patients and proteins. Proteins that were regulated in the same direction in both sputum and serum
samples mainly belonged to inflammatory and immune pathways, such as CRP, APCS, and SERPINA3,
AGT, AHSG, GSN, and SERPINF1. However, we observed that many inflammatory proteins exhibited
changes that were different in magnitude and even in opposite direction between blood and sputum.
This suggests that inflammation markers in the blood are at least partially independent of lung
inflammation. Many of the blood inflammation markers observed here are not solely spill-over effects
from the lung but 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
patients with idiopathic pulmonary fibrosis. This reduction in CFH may be due to reduced systemic
inflammation, also highlighted by the decrease in complement pathway enrichment in ELX/TEZ/IVA
treated patients, which contrasts with its potential role in lung inflammation modulation. This
comparison highlights that although lung inflammation may contribute to systemic inflammation and
blood markers, many blood inflammation markers change independently of lung inflammation. This
provides a potential explanation for the challenge in finding reproducible blood biomarkers for lung
infection.

Signs of lung repair

Pro-SFTPB has been discussed as a blood marker for lung damage, particularly in the context of lung
cancer %79 One potential explanation for this association is the increased lung permeability resulting

71-73

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 .

Interestingly, in our study, SFTPB was not only one of the two proteins (SFTPB, LCN2) that correlated
in multiple lung function comparisons in both blood cohorts, and especially also with the change in
lung function in the ELX/TEZ/IVA cohort. Additionally, it was one of the proteins that changed in
opposite direction when comparing changes in the blood and sputum proteome.

Within the ELX/TEZ/IVA cohort, decreased SFTPB levels in serum alongside increased levels in sputum,
coupled with an improvement in lung function, could represent a potential indication of reduced lung
permeability and, consequently, lung repair. This phenomenon was not observed in the LUM/IVA
cohort. These findings suggests that SFTPB in blood samples may serve as a marker for evaluating lung
damage and potentially repair, warranting further validation in future studies.
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This study demonstrates that the superior efficacy of ELX/TEZ/IVA over LUM/IVA treatment is clearly
reflected in the blood proteome, even though 46% of the patients in the ELX/TEZ/IVA cohort received
modulator treatment at baseline. The findings highlighted that ELX/TEZ/IVA resulted in a greater
improvement in blood inflammation markers than LUM/IVA. Moreover, the study showed that local
changes in the lung only partially aligned with systemic changes, emphasizing the challenge of
identifying suitable blood biomarkers for lung diseases. In addition, the study provides a
comprehensive proteomic analysis of longitudinally collected blood samples from treated CF patients,
offering a valuable reference for future research. It also serves as a resource for understanding how
effective treatment may influence patient health, 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 blood proteomes of treated CF patients and healthy
individuals, particularly in inflammatory proteins and potential lung injury markers such as SFTPB.
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Resource Availability

Lead contact

Requests for further information and resources should be directed to the lead contact, Philipp
Mertins (Philipp.Mertins@mdc-berlin.de)

Materials Availibility
This study did not generate new unique reagents.

Data and Code Availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium
via the PRIDE 7® partner repository. Data are available via ProteomeXchange with identifier
PXD056648.
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Figure legends

Table 1: Baseline characteristics of the study population. Patients with cystic fibrosis (CF) in the ELX/TEZ/IVA sputum cohort

are a subset of patients in the ELX/TEZ/IVA blood cohort.

CF patients at CF patients at CF patients at
baseline Healthy baseline Healthy baseline
LUM/IVA Controls ELX/TEZ/IVA Controls ELX/TEZ/IVA
(blood) (blood) (blood) (sputum) (sputum)
Clinical mean (+ SD) mean (+ SD) mean (+ SD) mean (+ SD) mean (+ SD)
characteristic orn (%) orn (%) orn (%) orn (%) orn (%)
I 1
Number of 32 11 54 7 23
patients (n)
Age (years) | 19.4 (£ 8.7) 34.2 (£ 6.5) 32.4(£12.4) 34.0 (£6.7) 30.1 (£ 10)
Female 14 (43.8%) 7 (63.6%) 0 (55.6%) 4 (57.1%) 15 (65.2%)
participants
Genotype |
F508del/F508del | 32 (100%) - 0 (55.6%) - 10 (43.5%)
F508del/MF | 0 (0%) - 4 (44.4%) - 13 (56.5%)
No prior CFTR 32 (100%) - 9 (53.7%) - 14 (60.9%)
modulator
TEZ/IVA therapy | - — 19 (35.2%) — 6 (26.1%)
LUM/IVA therapy | - — 6 (11.1%) — 3(13%)
Sweat chloride 88.3 (£8.1) — 94.3 (£16.4) — 96.8 (£14)
(mmol/L)
FEV1% predicted | 65.3 (+18.3) — 39.6 (£16.6) — 35.3 (£14.3)
BMI (kg/m?) | 19.1 (+3.0) — 19.6 (£2.9) — 19.1 (+2.6)
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Methods

Study design and participants

The patients included in this study are part of two prospective longitudinal observational studies in
patients with CF followed at the CF Centers at University Hospital Heidelberg, Germany (LUM/IVA
cohort, °) and at Charité - Universitdtsmedizin Berlin, Germany (ELX/TEZ/IVA cohort, ’®). The studies
were approved by the ethics committee of the University of Heidelberg (S-370/2011) and the Charité
- Universitatsmedizin Berlin (EA2/220/18). Written informed consent was obtained from all patients,
their parents or guardians. Patients 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
patient label. In the ELX/TEZ/IVA study, patients 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 medication 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 baseline. In both studies, blood samples were collected at baseline and 3 months
after initiation of therapy. Due to limited amounts of samples, the cohorts were measured in different
types of blood derived samples (serum and plasma). Additionally, 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.

Proteomic measurements

Sample preparation

Serum and plasma samples were processed separately. Samples were diluted 1:10 in HPLC grade
water for further processing. 10 ul 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 7.

DIA analyses

Peptides were eluted from stage tips using 80 ul Buffer B (90% Acetonitrile, 0.1% FA), dried,
resuspended in 10 ul Buffer A. 2 ul of each sample were injected. Peptides were separated on an 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 on data-
independent acquisition mode (DIA) as described with some adjustments 8. Briefly, 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%.
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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, Agilent; XBridge
C18 4.6 mm x 250 mm column [Waters, 3.5 um bead size]) into 196 fractions, which were
concatenate into 52 analytical fractions. The fractions were dried and resuspended in Buffer A.

Depletion of plasma library

In order to increase library coverage, immunoaffinity depletion of 14 most abundant proteins
followed by the next ~50 moderately abundant proteins using IgY14 LC20 and Supermix LC10
columns (Sigma-Aldrich, St.Louis, MO) was performed as described 7°. Briefly, six rounds of tandem
depletion of 400 pul patient plasma as well as commercial human plasma samples were performed on
an Agilent 1260 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.

DDA analyses of library samples

One pg 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 on data-dependent
acquisition mode, using the same LC 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 scan at 15K resolution with AGC target of 1x10° and
maximum injection time of 22 ms. Dynamic exclusion was set to 20 seconds.

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 (2022-03) and a universal
protein contaminants list. Modifications were set to Carbamidomethyl (C) as fixed and Acetyl (Protein
N-term), Deamidation (NQ), and Oxidation (M) as variable modification. For the analysis of DIA data,
precursor filtering was done using the Q value setting. Proteins were exported with and without
background imputation, log2-transformed and data was filtered to contain at least 50% valid values in
the non-imputed data frame. Remaining missing values were imputed using down-shift imputation by
random draw from the Gaussian distribution with 0.3x standard deviation and downshift of 1.8x
standard deviation of the observed values per sample &. MaxLFQ was used for quantification.

DDA data from sputum samples were analyzed as described before 2°. 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 (2023-03) was included
in the search. Modifications were defined as follows: oxidation (M), N-terminal acetylation, and
deamidation (N,Q) as variable modifications, and carbamidomethyl cysteine as a fixed modification.
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Proteins with only one peptide were allowed. The search employed the “Match between runs” and
label-free quantitation (LFQ) algorithm.

Further downstream analysis was performed in R (V 4.2.2.). MaxQuant output was filtered for
“Reverse”, “Potential Contaminant”, 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
(limma package #) was applied. 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 to adjust for age and compared log2(fold changes) of

proteins identified in both cohorts.
Comparison of serum and plasma samples

Matching serum and plasma samples from three baseline CF patient samples were digested as
described above and measured on an Orbitrap HF-X mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA) running on data-dependent acquisition mode, using the same parameters as
described for library sample analyses. Raw data of patient and plasma library fractions were
processed using MaxQuant software package (v1.6.0.1) and a human UniProt database (2019) was
used for the search. 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
guantification. 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.
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