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Resumo

A fibrose quistica (FQ) € uma doenca multissistémica causada por mutacdes no gene
regulador da condutancia transmembranar da fibrose quistica (CFTR), resultando em
defeitos no canal i6nico CFTR. A FQ esta associada a uma maior suscetibilidade a
infecbes pulmonares e a perturbacdes na homeostasia 6ssea. Considerando isso,
hipotetizamos que a resposta imune a colonizagdo pulmonar, principalmente por
Pseudomonas aeruginosa e Staphylococcus aureus (principais agentes colonizadores
nestes pacientes), aumenta a circulacdo de mediadores proteicos, alterando assim a
homeostasia 6ssea. O objetivo deste estudo foi procurar potenciais biomarcadores de
salude Ossea para monitorizar a saude 6ssea em pacientes com FQ e investigar o
impacto molecular da infecdo pulmonar bacteriana no osso destes pacientes. Para tal,
o proteoma de 28 amostras de plasma de pacientes com FQ foi caracterizado. Destes
28 pacientes, 15 apresentavam massa 6ssea normal, enquanto o0s outros 13
apresentavam massa 0ssea baixa. Estas amostras foram posteriormente analisadas por
cromatografia liquida em nanoescala acoplada a espetrometria de massa em tandem
para identificar proteinas diferencialmente presentes (DPP) entre doentes com FQ com
densidade mineral 6éssea baixa e normal. Apds uma analise funcional, a proteina 88A
contendo um dominio coiled-coil (CCDC88A), a proteina amiloide sérica A1 (SAAl) e a
proteina morfogenética 6ssea 4 (BMP4) foram as DPP selecionadas como potenciais
biomarcadores e foi analisada a sua correlacdo com a densidade mineral 6ssea e a
fung&o pulmonar em pacientes com FQ. Simultaneamente, macréfagos humanos foram
infetados com isolados clinicos de P. aeruginosa ou S. aureus suscetivel a meticilina
(MSSA) de pacientes com FQ para determinar se 0os potenciais biomarcadores eram
produzidos e/ou expressos neste tipo de células em resposta a infecao.

A CCDCB88A foi menos abundante nos pacientes com densidade mineral 6ssea baixa
em comparagdo com 0s pacientes com densidade mineral 6éssea normal. A SAAL
apresentou uma correlagédo negativa com a funcao pulmonar dos pacientes com FQ e
foi significativamente menos abundante em pacientes com densidade mineral 6ssea
normal tratados com ivacaftor/tezacaftor/elexacaftor (IVA/TEZ/ELE) em comparacao
com os ndo tratados. Verificou-se que o tratamento com IVA/TEZ/ELE aumenta a
abundéancia de BMP4 em pacientes com densidade mineral 6ssea baixa. Para além
disso, a densidade mineral 6ssea dos pacientes com FQ correlacionou-se positivamente
com a BMP4 em pacientes sob tratamento com IVA/TEZ/ELE, enquanto a densidade
mineral 6ssea se correlacionou negativamente com a CCDC88A em pacientes sem

tratamento. A CCDCB88A e a evolucdo da fungdo pulmonar registaram uma correlagéo
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negativa em pacientes com densidade mineral dssea baixa. Por outro lado, as
abundancias de SAA correlacionam-se negativamente com a funcao pulmonar em
pacientes com densidade mineral 6ssea normal.

A BMP4 e as SAA1/SAA2 ndo foram produzidas ou expressas em macréfagos humanos
infetados com isolados clinicos de P. aeruginosa e MSSA. No entanto, observdmos uma
regulacéo negativa da expressao de CCDCB88A nestas células apos a infe¢édo por P.
aeruginosa.

Os nossos resultados elucidaram sobre os diferentes proteomas em circulagcdo dos
pacientes de FQ osteopénicos em comparagdo com aqueles com massa 6ssea normal.
Estes dados realgaram o potencial da CCDC88A, SAA1 e BMP4 como biomarcadores
da saude 6ssea em pacientes com FQ. A CCDC88A demonstrou potencial para a perda
de massa 6ssea em pacientes com densidade mineral 6ssea baixa. Foi também
observado o potencial da BMP4 como biomarcador de recuperagédo de massa 6éssea em
pacientes com FQ com densidade mineral 6ssea baixa ap6s o tratamento com
modelador do CFTR. Além disso, observamos que a infe¢éo por P. aeruginosa provoca
uma regulagéo negativa da expressdo da CCDC88A em macréfagos humanos. O nosso
estudo foi o primeiro a focar-se especificamente na analise do proteoma do plasma de
pacientes com FQ com diferentes massas dsseas, com 0 proposito de identificar
biomarcadores indicativos da saude Ossea destes pacientes. A investigacdo de
potenciais biomarcadores da salde dssea € crucial, uma vez que Sao necessarios
métodos de diagndstico mais simples e praticos, para diagnosticar e monitorizar a

progressao da doenca 0ssea na FQ.

Palavras-chave: Doenca 06ssea associada a fibrose quistica, Colonizagdo pulmonar,

Biomarcadores, Densidade mineral 6ssea
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Abstract

Cystic fibrosis (CF) is a multisystemic disease caused by mutations in the cystic fibrosis
transmembrane conductance regulator (CFTR) gene, resulting in defects in the CFTR
ion channel. CF is associated with higher susceptibility to lung infections and hampered
bone homeostasis. Considering this, we hypothesise that the immune response to lung
colonisation, primarily by Pseudomonas aeruginosa and Staphylococcus aureus (main
pathogens in CF patients), increases circulating mediators, thereby altering bone
homeostasis. This study aimed to search for potential bone health biomarkers to monitor
bone health in CF patients and investigate the molecular impact of bacterial lung infection
on CF patients’ bone health. To achieve this, the proteome was characterised from 28
plasma samples of CF patients. Of these 28 patients, 15 had normal bone mass, and 13
were osteopenic. These samples were then analysed by nanoscale liquid
chromatography coupled to tandem mass spectrometry to identify differentially present
proteins (DPP) between CF patients with low and normal bone mineral density (BMD).
Following a functional analysis, the coiled-coil domain containing 88A (CCDCB88A),
serum amyloid Al (SAAL) and bone morphogenetic protein 4 (BMP4) were selected as
potential biomarkers, and their correlation with BMD and lung function in CF patients was
analysed. Simultaneously, human macrophages were infected with CF patients’ clinical
isolates of P. aeruginosa or methicillin-susceptible S. aureus (MSSA) to determine
whether the potential biomarkers were produced and/or expressed by this cell type in
response to infection.

CCDCB88A is less abundant in patients with low BMD compared to those with normal
BMD. SAA1 presented negative correlation with CF patients’ lung function and was
significantly less abundant in normal BMD patients treated with
ivacaftor/tezacaftor/elexacaftor (IVA/ITEZ/ELE) compared with the untreated ones.
IVA/ITEZ/IELE treatment increases BMP4 abundance in patients with low BMD.
Moreover, CF patients’ BMD correlates positively with BMP4 in patients under
IVA/TEZ/ELE treatment, whereas BMD correlated negatively with CCDC88A in patients
without treatment. CCDC88A and lung function progression had a negative correlation
in patients with low BMD. On the other hand, SAA abundances negatively correlate with
lung function in patients with normal BMD. BMP4 and SAA1/SAA2 were not produced or
expressed in macrophages infected with P. aeruginosa and MSSA. However, we
observed a downregulation of CCDC88A expression in these cells upon P. aeruginosa

infection.
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Our results elucidated the different circulating proteomes of normal and low BMD CF
patients compared to those with normal bone mass. These data highlighted the potential
of CCDC88A, SAAL, and BMP4 as bone health biomarkers in CF patients. CCDC88A
demonstrated potential as an indicator of bone mass loss in patients with low bone
mineral density. We also observed the potential of BMP4 as a biomarker for bone mass
recovery in CF patients with low BMD under CFTR modulation treatment. Additionally,
we found that P. aeruginosa infection induces a downregulation of CCDC88A expression
in human macrophages. Our study was the first to focus on the analysis of the circulating
proteome in CF patients with normal and low BMD to identify biomarkers for bone health
status in these patients. Therefore, the investigation of potential bone health biomarkers
is crucial, as simpler and more practical diagnostic methods are needed to diagnose and

monitor the progression of CF bone disease.

Keywords: Cystic fibrosis bone disease, Lung colonisation, Biomarkers, Bone mineral

density
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1. Introduction

1.1. Cystic fibrosis: a multisystemic disease

First identified in 1938 [1], cystic fibrosis (CF) is a worldwide disease, frequently
diagnosed in more developed countries due to the availability of more advanced
diagnostic tools and superior medical conditions [2]. However, this disease is also
recorded in other parts of the world, with an increasing incidence in Asia and Africa
continents [3-6]. Over the years, the number of CF patients has increased due to the
improved longevity of these individuals [7]. In 2023, Cystic Fibrosis Foundation
registered 33,288 individuals with CF, with Caucasian majority (over 90%) [8]. CF is an
autosomal recessive disorder caused by mutations in the cystic fibrosis transmembrane
conductance receptor (CFTR) gene. This gene encodes the CFTR [2, 5, 9], described
as an ATP-binding cassette transporter that functions as a chloride and bicarbonate ion
channel [10, 11]. CF presents a multisystemic profile due to CFTR expression in various
cells across different tissues, including the lungs, upper respiratory tract, pancreas, liver,
gallbladder, intestine, sweat glands, reproductive tract and bone [2]. In CF patients, the
deficiency of CFTR in the lungs and upper airways leads to the consequent formation of
thick secretions and impaired mucociliary clearance. Therefore, CF patients are
predisposed to chronic lung infection and recurrent acute pulmonary exacerbations [12].
Furthermore, these patients are also associated with dysregulation of the innate and
adaptive immune response [5, 13, 14], with an increase in immune cells such as
neutrophils and monocyte-derived macrophage accumulation in the lungs [5, 13]. This
leads to advanced, end-stage bronchiectasis and progressive respiratory failure [2]. This
phenomenon of hyperinflammation is related to the production of a large number of pro-
inflammatory cytokines (such as Tumour Necrosis Factor a (TNF-a), interleukin (IL)-6
and IL-1B) and low levels of IL-10 [5, 14, 15].

Currently, more than 2000 mutations are known in the CFTR gene, but most of these
mutations are extremely rare or have uncertain clinical significance. The mutations that
present a clinical phenotype impact the synthesis and functionality of the CFTR channel
according to the processes affected in protein production [5, 16]. CFTR mutations are
conventionally organised into six different classes (Figure 1) [16, 17]: 1) Class | mutations
result in early termination of transcription. These can be nonsense mutations, frameshift
mutations, or mRNA splice site mutations or deletions. 2) Class Il includes mutations
involving CFTR protein folding. These mutations lead to defective products during protein
processing in the endoplasmic reticulum (defective folding), resulting in a lower amount

of CFTR protein being targeted to the cell membrane and a decrease in the correct
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functionality of the protein. 3) Class Il mutations are described as gating mutations. The
defective regulation of the CFTR channel caused by mutations of this class leads to
defective ion transport across the cell surface. These mutations allow enough CFTR
protein to be present on the cell surface, even if this affects its functionality. 4) Similar to
Class Il mutations, Class IV mutations (called conduction mutations) result in reduced
ion transport even with the normal amount of CFTR channel in the cell membrane. 5)
Despite not altering the conformation of the CFTR channel, Class V mutations result in
significant changes in the abundance of the protein on the cell surface since they alter
the promoter regions, or splice sites, of the CFTR gene. 6) Finally, Class VI
encompasses mutations that impair the stability of the CFTR channel in post-ER
compartments and/or in the plasma membrane [2, 17]. This destabilisation contributes
to an increase in the turnover of the functional protein, influencing a significant decrease

in cellular ion transport.
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The phenylalanine deletion at the 508 position in the CFTR channel (F508del) is the
most common mutation in CF patients. In 2022, 85.4% of individuals in the Cystic
Fibrosis Foundation’s patient registry annual data report were genotyped with at least
one copy of this variant [6]. This Class Il mutation is associated with defects in CFTR

folding and impairing the correct assembly of the channel's cooperative domain [2, 17-
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20]. The severity of the disease is variable in CF patients since it depends on different
factors. Disease severity is mainly associated with the severity of the CFTR functional
defect, but is also influenced by mutations in the promoter, intronic and exonic regions,
modifier genes, the presence of two or more mutations in the same allele (which affect
the function or amount of the protein), and the environmental and socioeconomic status
of patients [2, 16, 17, 21, 22].

1.2 Cystic fibrosis modulator treatment

Over the years, several efforts have been made to identify directed therapies for CF. The
most promising one was the modulation of CFTR channel. For that, small molecules
capable to bind directly to the CFTR protein with specific site affinity during or after CFTR
processing were developed. These pharmacological chaperones allowed to improve
and/or to restore the CFTR function [5, 16, 17, 23]. The existence of different mutations
and its combinations on CF patients led to the necessity of investigating the treatment of
CF with dual or even three modulators combination [16]. Recently, the most widely used
treatment is a triple combination of three modulators: ivacaftor, tezacaftor and
elexacaftor [6, 16]. Ivacaftor is a highly effective CFTR potentiator that binds to the CFTR
channel, allowing the mature protein to remain in an open configuration for an extended
period. Elexacaftor and tezacaftor are both CFTR correctors. Tezacaftor improves CFTR
protein trafficking to the epithelial cell and has the advantage of fewer drug-drug
interactions. The triple action of these three molecules has improved pulmonary function,
reduced the pulmonary exacerbation events and has made treatment possible for many
other non-homozygous F508del patients [16]. Although this therapeutical approach has
shown promising effects on the lung function and overall health of these patients, its

effects on other CF related disorders are still not very clear.

1.3 Mechanism of bone homeostasis

The bone is a specialised connective tissue characterized by its strength and rigidity,
which is crucial to support the body and permit its locomotion [24-26]. This tissue is very
dynamic, with a high cell content and highly vascularized. The bone is capable to store
cytokines and growth factors, but also calcium and phosphate, which are essential for
mineral homeostasis [24, 25]. Altogether, these features are crucial to maintain an
adequate bone mass, adapt to changing mechanical loads, and regenerate itself upon

injury [24, 26]. The bone homeostasis is achieved by the bone remodelling, which
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consists in complex processes involving a balanced forming and destruction of bone
matrix by osteoblasts and osteoclasts, respectively. In the bone marrow, the
mesenchymal stem cells differentiate into osteoblasts [27-29]. The osteoblasts, in turn,
release essential components for bone mineralization and formation (namely collagen
fibres, osteocalcin and osteonectin). Osteoblasts also produce the receptor activator of
nuclear factor kappa-B ligand (RANKL) which binds to the receptor activator of nuclear
factor kappa-B (RANK) on the surface of osteoclasts [29]. Additionally, osteoblasts
produce a decoy receptor for RANKL named osteoprotegerin (OPG), to control
osteoclast differentiation and activity. After stimulation by macrophage colony-
stimulating factor (excreted by osteoblasts) and RANKL, the osteoclast progenitors
formed previously from hematopoietic stem cells, differentiate into osteoclasts through
fusion events and enhanced stimulation with RANKL. Osteoclasts in turn destroy the
mineral matrix, through acid phosphatases-rich lysosomes and the release of cathepsin
K and collagenase [24, 29, 30].

1.4 Cystic fibrosis impact on bone health

CF is associated with an imbalance in the deposition and dissolution of bone matrix that
changes the bone structure in the patients, leading to bone mass loss [5, 29, 31-33]. The
loss of bone mass in CF is multifactorial. Plausible causes for this phenotype include the
pro-inflammatory status, long-term therapeutical therapies, chronic organ involvement,
and the direct impact of CFTR dysfunction, amongst other factors (Figure 2) [5].
Moreover, the progression of osteoporosis in CF patients coincides with a worsening
clinical condition [5, 34]. The worsening of the CF patients’ conditions is related to the
deterioration of the CF lung disease, which is associated with reduced bone mass,
altered microarchitecture, imbalanced remodelling and increased microdamage in these
patients [5, 35].
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The dysregulation of bone homeostasis significantly affects the lives and longevity of CF
patients [5, 7, 36]. This dysregulation has been reported even in CF patients with normal
nutritional status and without acute pulmonary disease [37]. In bone tissue, both
osteoblasts and osteoclasts express the CFTR channel. The CFTR dysfunction
compromises the osteoblasts and osteoclasts development and, consequentially, the
bone remodelling [5, 38-41]. Additionally, previous studies observed that CFTR
deficiency is closely involved in bone mass loss in mice [38, 42]. This bone mass loss is
associated with increased bone resorption due to a higher number of osteoclasts.
Additionally, bone mass formation is impaired due to decreased osteoblast formation
and maturation, contributing to bone mass loss. [38, 42]. There is a correlation between
the F508del mutation and low bone mass in CF patients [39, 43, 44] due to increased
bone resorption and decreased new bone formation. Patients carrying the CFTR’s
F508del mutation exhibited a reduced expression of pro-osteoblastogenic factors (e.g.,
OPG) and produced increased amounts of RANKL compared with osteoblasts with a
fully functional CFTR [5, 40, 45, 46]. These alterations affect various signalling pathways
and protein production, correlated with decreased bone mineral density (BMD) [5, 47-
51]. In CF patients with CFTR’s F508del mutation, the osteoblasts present an overactive
nuclear factor kappa B (NF-kB) transcriptional activity that alters the expression of Wnt/3-
catenin target genes, which are essential to osteoblast maturation [47]. Additionally,
TNF-a stimulation (highly produced upon infection and consequent immune response),

the decreased OPG production and the CFTR function inhibition cause a decrease in
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interleukin (IL) 8 secretion in osteoblasts [48]. This decrease is correlated with CF
patients’ femoral bone mineral density [49]. Previous studies have demonstrated that
TNF-a and IL-17 stimulate the production of RANKL via osteoblasts from CF patients,
which is essential for osteoclasts survival and differentiation [50]. Additionally, higher
levels of macrophage colony-stimulating factor (M-CSF) receptors are expressed in
monocytes from CF adults and pediatric patients [51]. The M-CSF interaction with
monocytes increases their differentiation into pro-inflammatory macrophages [51] that
may later differentiate in osteoclasts [29]. Although limited, some information has been
observed relating to the use of CFTR modulators and their contribution to the
improvement in CF bone disease. Recent studies observed the improvement in the
microarchitecture of cortical bone and in BMD of CF patients when treated with ivacaftor
[52, 53]. Also, the production of TNF-a and IL-17-induced RANKL was reverted upon
treatment with CFTR modulator in CF patients’ osteoblasts [50, 53] and the treatment
with miglustat (a drug which improves F508del-CFTR function) showed to improve the
bone mass in the lumbar spine and femur’s microarchitecture of homozygous F508del-
CFTR mice [54].

1.5. Chronical bacterial lung infection impact in cystic fibrosis patients

The CF patients defective mucociliary clearance of the airways increases the likelihood
of chronic lung colonization by S. aureus and P. aeruginosa [12]. These bacteria are the
most common bacterial pathogens associated with chronic lung disease in CF patients
[5, 12, 55]. P. aeruginosa is an opportunistic, rod-shaped gram-negative bacterium that
is particularly alarming due to its high mortality and morbidity rates in CF patients [56,
57]. The chronic infection with P. aeruginosa is associated with worsening lung function,
an abnormal and persistent immune response, and significant structural changes in the
lungs [12, 56-58]. Additionally, it is recommended to eradicate P. aeruginosa colonization
in CF patients as soon as possible to preserve lung function [57]. These bacteria can
penetrate into the thickened mucus plaques and produce biofilms in the hypoxic mucus
zones just above the epithelial cell layer. The formation of biofilms allows the bacteria
slow proliferation and creates favourable conditions for persistent infections.
Furthermore, biofilm formation hinders the neutrophils’ ability to penetrate the thickened
mucus plaques and engulf P. aeruginosa, as well as impairs the diffusion of antimicrobial
agents into these plaques [57, 58].

S. aureus is a gram-positive coccus bacteria that frequently colonizes the lungs of CF
patients [6, 8, 59]. Like P. aeruginosa, this bacterium produces biofilms that are difficult

to destroy once established [60]. Another worrying factor for infections with these
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bacteria is the high frequency observed in patients. This is especially important for
methicillin-susceptible S. aureus (MSSA) strain as it is the most frequently observed
strain in the patients' first years of life [6, 59]. Both chronic lung infections caused by P.
aeruginosa and S. aureus [12] trigger a dysregulated immune response in CF patients,
characterized by the accumulation of neutrophils and macrophages in the lungs [61-63],
and the excessive production of pro-inflammatory cytokines [5, 13, 61, 64]. CF patients
infected with P. aeruginosa exhibit higher concentrations of IL-13, TNF-a, and IL-8 in
their bronchoalveolar lavage fluid [65]. Higher levels of TNF-a have been observed in CF
patients with low bone density [66]. This induces osteoclast formation, influencing bone
resorption and prevents osteoblast formation [5, 29, 67]. These observations suggest
that the inflammatory response resulting from P. aeruginosa and S. aureus lung
infections is closely associated with the production of various pro-inflammatory
cytokines, leading to systemic and local bone loss [68-70]. Besides these common
infectious strains, some studies have previously shown the role of other bacteria in bone
degradation, associated with the inflammatory response
[69, 71-74]. Mycobacterial infections have shown to influence bone loss [71]. In vivo
experiments in mice infected with Mycobacterium avium have demonstrated the bone
fragility in these animals compared to healthy mice [72]. Cordeiro Gomes and colleagues
have reported that infection with M. avium is associated with increasing bone resorption
and decreasing bone formation by the IFNy- production and TNF-a secretion, which
increases serum amyloid A (SAA) 3 in mice. In humans, the SAA3 gene is described as
a pseudo-gene. However, previous studies indicated that the murine Saa3 gene and the
human SAA1 gene have evolved into functionally analogous genes, exhibiting high
protein sequence homology [75]. Additionally, SAA1 and SAA2 (human homologue for
SAA3) [72, 75] were shown to reduce the calcium deposits in the mice osteoblastic

cultures and to increase osteoblastogenesis and osteoclast activity [72].

1.6 Proteomic analysis as a tool for biomarkers searching

Currently, various techniques for proteome analysis and quantification are widely used
for various purposes, such as detecting various diagnostic markers and interpreting
functional protein pathways in different diseases [76]. The first studies exploring the CF
patient's proteome used “classical” techniques dependent on two-dimensional
electrophoresis (2-DE) analysis to separate the proteins, followed by different possible
staining methods. Then, a bioinformatic analysis and identification by Edman sequencing

or mass spectrometry (MS) of the spots of interest were performed [77]. Previous studies
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have already explored the use of these methods in patients with CF, to analyse the total
protein expression profiles of CF versus non-CF cells [77], to search for biomarkers of
CF lung disease [78], and to identify differentially expressed proteins as biomarkers of
inflammation relating to pulmonary exacerbations [79]. Also, previous studies have
explored technigues such as multidimensional protein identification technology, to study
various aspects and mechanisms of the CFTR channel and its mechanisms [77, 80] and
the protein expression profile in CF bronchial tissue comparing the CF patients with
control subjects, resulting in 300 differentially regulated proteins identified, with a few of
them involved in inflammation, infection and the cellular stress response [80, 81]. With
technological advances, it has become possible to use more effective technigues to
analyse CF proteome and protein interactions according to their biological significance
and function (interactomics). These techniques permitted further studies regarding other
biological perspectives such as lung proteome mapping [82], searching for treatment
response blood biomarkers in CF patients with pulmonary exacerbations [83], and faecal
proteome of CF patients with intestinal dysbiosis and inflammation [84]. Proteomic
techniques permit proteome characterisation (both qualitatively and quantitatively) due
to its unmatched ability to identify and quantify thousands of proteins [80, 85]. The
versatility of proteomic analysis based on mass spectrometry to study practically any
aspect of the proteome [86] constitutes an excellent approach for the study of CF to
identify new disease markers with the potential to predict CF’s bone mass loss. Despite
these technological advances, there is still much to explore regarding the proteome of

patients with cystic fibrosis.

1.7 Thesis’ rational and Aims

The American Cystic Fibrosis Foundation and the European Cystic Fibrosis Society
recommend the frequent monitorization of bone mineral density via a bone density scan
(dual X- ray absorptiometry (DXA)) in all individuals with the disease [87-90]. Although
this is a non-invasive method, the monetary cost and the patients’ exposure to X-
radiation [5] have some disadvantages, reducing its suitability as the primary method for
frequent monitoring of these patients. This is particularly important since the decreased
incidence of bone disease reported in the 2019 Cystic Fibrosis Foundation Patient
Registry report [91] may be explained by the missed screening and may result in an
underdiagnosis of cystic fibrosis bone disease [5]. In addition to this issue, even with no
alteration in bone turnover markers levels, some studies have reported alterations in the

microstructure and mineral density observed by high resolution peripheral computed
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tomography and DXA, respectively [72, 92-94]. Therefore, there’s a need for simpler,
non-invasive and practical bone health diagnostic methods besides the common
diagnosis by DXA scans [95]. This could be accomplished through soluble biomarker
analysis of blood samples to verify bone condition, to predict osteopenia and low impact
fractures risk. Blood samples are an excellent option due to its minimal invasive sampling
nature and the blood products, such as plasma and serum, could be ideal fluids for the
identification of the bone condition of these patients. Furthermore, the frequent state of
lung inflammation and lungs’ bacterial colonization in CF patients are key factors for the
disease's severity and the various consequences it brings to patients' lives [2, 5, 12].
These observations led us to hypothesize that the bacterial infection in CF patients’ lungs
leads to the production and release of molecules into the circulation, potentially reaching

the bone and impacting its structures and homeostasis.

In order to search for potential bone loss biomarkers, and analyse whether its production

is due to bacterial lung infection, we defined the following specific aims:

1. Search for potential soluble biomarkers of bone loss in CF patients. For this
purpose, the differentially present proteins (DPP) will be identified by proteomic
analysis of CF patients’ plasma with low BMD in comparison to those with a normal
BMD. Then, resorting to functional enrichment, we will identify the association
between the DPP and bone health. Finally, DPP will be correlated with different
clinical parameters and BMD, to further investigate its association with the BMD and
its potential as bone health biomarkers.

2. Determine whether the bone-related DPP are produced by macrophages in
response to bacterial infection. For this purpose, we will enclose the establishment
of in vitro cultures of human macrophages and their infection with CF patients’ clinical
isolates of P. aeruginosa, and S. aureus. Then, the production of the DPP selected
as potential bone health biomarkers, will be determined at the RNA and protein

levels.
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2. Material and Methods
2.1. Study population

Cystic fibrosis (CF) patients with at least 18 years of age were recruited amongst the
adult CF patients followed in the specialised center at Centro Hospitalar Universitario de
S&o0 Joado (CHUSJ, Porto, Portugal), according to the study protocol approved by the
Comissédo Etica para a Saiude do CHUSJ (Ref. CES CHUSJ 407/21). We enrolled
twenty-eight adult CF patients between February and December 2022. Patients received
an information pamphlet explaining the aim of the study. They were also informed of the
voluntary character of the recruitment and the minimal risks related to the venipuncture
procedure. The patients signed an informed consent after agreement to take part in the
study. Enrolled patients had blood samples taken and medical records reviewed. The
most recent clinical information was collected by the clinician responsible for the patient
enrolment and introduced in an anonymous database. The clinical data gathered
included the percentage of the forced expiratory volume in the first second (%FEV1)
values, and the mineral bone density obtained of the lumbar spine (LS) and the femoral
(F) neck bone according to the most recent bone densitometry, amongst others. The
%FEV; variation (A%FEV1) was obtained from the difference in %FEV; values measured
over an interval of time between medical consultations. The patients were grouped based
on the Z-score value of the most recent bone densitometry, and whether these patients
were treated or not with CFTR modulators, Ivacaftor/Tezacaftor/Elexacaftor

(IVA/TEZ/ELE). Patients under infective exacerbation were not recruited.

2.2. Blood samples

Upon patients’ informed consent, blood samples were drawn by venipuncture to EDTA
coated tubes (Becton Dickson, San Jose, CA). Plasma and peripheral blood cells were
separated by density gradient (Histopaque®-1077, Sigma, USA), using SepMate tubes
(Stem Cell Technologies, Canada). Briefly, the blood was diluted 1:2 in PBS/2%FBS
(BIOWEST, France) and transferred to a SepMate tube containing 15 ml of HistoPaque.
The SepMate tubes were centrifuged at 1200 revolutions per minute (rpm) at room
temperature for 10 minutes. The top layer (enriched in mononuclear cells) was poured
into a new conic tube. After another centrifugation (1200 rpm for 6 minutes at 4°C), the

plasma was collected and stored at -80°C until further use.
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2.3. Proteomic analysis

2.3.1. Plasma sample processing for proteomic analysis

The High Select™ Depletion Spin Columns kit (Thermo Scientific, San Jose, CA) was
used according to the manufacturer's instructions to exclude most abundant proteins in
the plasma (e.g. albumin, 1gG, IgA, IgM, IgD, IgE, kappa and lambda light chains, alpha-
1-acidglycoprotein, alpha-1-antitrypsin, alpha-2-macroglobulin, apolipoprotein Al,
fibrinogen, haptoglobin, and transferrin) allowing the detection the low-abundance
proteins. Each sample was processed for proteomic analysis following the solid-phase-
enhanced sample-preparation protocol and enzymatically digested with Trypsin/LysC as
previously described [96].

2.3.2. Proteomic data acquisition

Proteomic analysis was performed by nanoscale liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS) equipped with a Field Asymmetric lon Mobility
Spectrometry - FAIMS interface. This equipment is composed of a Vanquish Neo liquid
chromatography system coupled to an Eclipse Tribrid Quadrupole, Orbitrap, lon Trap
mass spectrometer (Thermo Scientific, San Jose, CA). For each analysed sample, 250
nanograms of peptides were loaded onto a trapping cartridge (PepMap Neo C18, 300
Mm x 5 mm i.d., 174500, Thermo Scientific, Bremen, Germany). Next, the trap column
was switched in-line to a yPAC Neo 50 cm column (COL-nano050NeoB) coupled to an
EASY-Spray nano flow emitter (ES993, Thermo Scientific, Bremen, Germany). A 130
minute separation was achieved by gradient phase by mixing the A component (0.1%
FA) and the B component (80% ACN, 0.1% FA) at a flow of 750 pL/min, increasing the
concentration of B component from 1% to 4% for 0.1 minutes, and then to 7% for 1.9
minutes. Then, the flow was reduced to 250 yL/min with increasing the concentration of
component B: from 7.0 to 7.1% for 0.1 minutes, followed by an increase to 22.5% for 80
minutes. For the next 30 minutes, the component B was increased from 22.5% to 40%,
and lastly, the concentration of component B was 40% to 99% for 8 minutes and
maintained at that concentration for 9.9 minutes more. Next, the column was equilibrated
with 1% of component B. Data acquisition was obtained using Xcalibur 4.6 and Tune
4.0.4091 software (Thermo Scientific, Germany).

Mass Spectrometry (MS) results were obtained following a Data Dependent Acquisition
procedure. MS acquisition was performed with the Orbitrap detector with specific
configurations: 120 000 resolution in positive mode; quadrupole isolation; scan range

(m/z) 375-1500; RF Lens 30%; standard AGC target; automatic maximum injection time;
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1 microscan; data type profile and without source fragmentation. FAIMS was employed
with a standard resolution, at a total carrier gas flow (static 4L/min), and compensation
voltage as -45, -60 and -75 (with a cycle time of one second). The Internal Mass
calibration was performed as Run-Start Easy-IC. MIPS filters were used to determine the
monoisotopic peak of peptides with the following parameters: charge state from 2 to 7,
a dynamic exclusion of 30s, and an intensity threshold of 5.0e3. Finally, for MS/MS data
acquisition, the following parameters were set: quadrupole isolation window 1.8 (m/z);
higher-energy collisional dissociation (30% collision energy) as activation type; ion trap
detector (IT scan rate) was used with a normal rapid mass range; scan range mode was
set to auto; AGC target 100% was normalised, with a maximum injection time of 35

milliseconds, and a centroid data type.

2.3.3. Proteome data analysis

The raw data was processed using the Proteome Discoverer 3.0.1.27 software (Thermo
Scientific, San Jose, CA). For protein identification, the UniProt protein sequence
database for the Homo sapiens reviewed Proteome (2022_05 with 20,389 entries)
together with human spectral library (NIST Human Orbitrap HCD 20160923) were used.
A common protein contaminant list from MaxQuant was also included in our analysis.
MSPepSearch and Sequest HT search engines were used to identify tryptic peptides.
The ion mass tolerance used was 10 ppm for precursor ions and 0.5 Da for fragment
ions. The maximum allowed missing cleavage sites was set to two. The constant
modification defined was cysteine carbamidomethylation and the variable modifications
defined were methionine oxidation, deamidation of glutamine and asparagine, peptide
terminus glutamine to pyroglutamate, and protein N-terminus acetylation, Met-loss, and
Met-loss+acetyl. Peptide confidence was set to high. The analysis also considered the
enabled processing node Percolator with the following settings: maximum delta Cn 0.05;
target False Discovery Rate (FDR) (strict) set to 0.01 and target FDR (relaxed) set to
0.05, with validation based on g-value. At the processing step, Minora feature detector
node was used for protein label-free quantitation.

At the consensus step, precursor ions quantification was performed considering the
unique plus razor peptides. The precursor abundance was based on intensity, and the
normalization was based on total peptide amount. For hypothesis testing, a pairwise
protein ratio was calculated, and a t-test (background based) hypothesis was performed.

The differentially present proteins (DPP) were identified with the following settings:
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adjusted p-value lesser than 0.05 and Log, Abundance ratios greater than 1.3, or lesser
than -1.3.

2.3.4. Functional analysis

The previously mentioned DPP data were subjected to functional enrichment analysis
using the functional enrichment analysis web tool WEB-based GEne SeT AnalLysis
Toolkit [97] to obtain the DPP functional annotation. Then, the different patients’ group
DPP were inserted on the platform with their Uniprot Swiss-Prot ID and the gene ontology
database was used for DPP’s Over-Representative Analysis. The analysis considered

the best-matched and non-contaminant proteins identified as reference.

2.4. Bacterial axenic cultures

Clinical isolates of P. aeruginosa, and MSSA from the CF patients were generously
provided by the Microbiology laboratory of CHUSJ. From previously prepared aliquots,
the bacteria were plated on LB agar (NZYTech, Portugal) and incubated overnight at
37°C. The next day, bacteria from one single isolated colony were cultured in complete
RPMI medium (RPMI-GlutaMax medium supplemented with 1% HEPES 1M, 1% Non-
Essential Amino Acids, 1% Sodium Pyruvate (Gibco™, Thermo Scientific, USA) and
10% FBS (BIOWEST, France)), in Erlenmeyer flasks at 37°C, 110 rpm for 18 hours. The
axenic cultures of P. aeruginosa and MSSA were grown to exponential phase and then
diluted in complete RPMI medium to reach an optical density of approximately 0.05 at
600 nm. All work with P. aeruginosa, and MSSA was performed inside Biosafety Level —
2 facilities (BSL2).

2.5. THP-1 cell line culture and maintenance

An aliquot of human monocyte THP-1 cells (obtained from American Type Culture
Collection, Manassas, VA) was thawed under agitation in a 37°C water bath. The vial
was removed from the water bath when a small frozen cell pellet remained. After
decontaminating the vial with 70% ethanol, the cell suspension was transferred to a conic
tube containing 14.0 mL of complete RPMI medium, supplemented with 1%
Penicillin/Streptomycin (Gibco™, Thermo Scientific, USA). The tube was spun at 1200
rom for 10 minutes. Cell pellet was resuspended in complete RPMI medium
supplemented with 1% Penicillin/Streptomycin, and cells were incubated at 37°C/7%

CO, air atmosphere at a density of 2-4 x10° viable cells/mL. THP-1 cells were
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subcultured when 8x10° cells/mL concentration was reached. All THP-1 cell

manipulations were performed under BSL2 conditions.

2.6. THP-1 macrophages differentiation

THP-1 cells were cultured in 48 well-plate at a cell density of 1.5x10° cells per well in a
complete RPMI medium supplemented with 1% Penicillin/Streptomycin and 200 nM of
phorbol 12-myristate 13-acetate (PMA, Sigma Merck Life Science, USA) to stimulate
macrophage differentiation and incubated at 37°C/7% CO. air atmosphere. After three
days of stimulation, the cells media were renewed with complete RPMI media
supplemented with 1% Penicillin/Streptomycin. After three days of resting, the cells were

ready for in vitro infection.

2.7. THP-1 in vitro infection

Macrophages were incubated with the axenic culture (previously described) of P.
aeruginosa and MSSA for 1 hour at 37°C, 7% CO; atmosphere. Then, cells were washed
four times with RPMI complete medium and further incubated for 30 min with 300 pug/mL
of gentamycin (Duchefa Biochemie®, Netherlands) to control extracellular bacterial
growth. Conditioned cell culture media of non-infected and infected cells were collected,
filtrated with 0.2 pm pore size filters and stored at -80°C. RNA extraction and intracellular
bacterial load quantification were performed right after ending the infection (T0), two (T2)

and four (T4) hours post-infection (described in further sections).

2.8. Quantification of bacterial load
For each time point (TO, T2, T4), three replicates of infected THP-1 derived macrophages

were prepared for quantification of intracellular bacterial load. To each well, 1 mL of
saline solution containing 0.05% Tween-80 (Sigma, USA) and 0.01% of saponin (Sigma,
USA) was added. The wells were scraped to lyse the cells, releasing intracellular
bacteria. Afterwards, the bacterial suspension was serially diluted 1:10 in a saline
solution containing 0.05% Tween-80. The dilutions were plated in LB agar (NZYTech,
Portugal). The plates were incubated in 37°C for 24h. Then, colony forming units (CFUSs)

were counted.
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2.9. ELISA

Human BMP4 and SAA1 levels were measured in the macrophage-conditioned media
using human Enzyme-linked immunosorbent assays (BMP4 Human ELISA Kit, cat. no.
EHBMP4 and SAA Human ELISA Kit, cat. no. EHSAAL, Invitrogen, Thermo Scientific,
USA), according to the manufacturer’s instructions. The same procedure was also

performed to quantify the BMP4 in cystic fibrosis patients’ plasma with the same kit.

2.10. RNA isolation and quantitative real time PCR

Total RNA from non-infected and infected THP-1 macrophages from TO, T2 and T4
timepoints was isolated using RNA Mini Kit (Invitrogen), according to manufacturer’s
instructions. RNA was converted to cDNA using NZY First-Strand cDNA synthesis kit
(NZYTech, Portugal).

The quantitative real-time PCR reactions were performed in CFX384 Touch Real-Time
PCR Detection System (BioRad, USA). RT-qPCR data were analysed using BioRad CFX
ManagerTM Software (BioRad, USA). Relative expression of each gene was calculated
by the 2°T method normalized to the expression of HPRT gene. Primers sequences are
in Table 1.
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Gene Forward Primer Sequence Reverse Primer Sequence
CCDCS88A 5 - TCGTGCAAGCAGCGTGAT -3 5 -TTGTTGCTCCCTAGACCTGC -3
BMP4 5 — GGGATTCCCGTCCAAGCTAT -3 | 5 — ATGGCACTACGGAATGGCTC -3
SAAL/2 5- GCTACAGCACAGATCAGCAC -3 5- TCCCCCGAGCATGGAAGTAT - &
TNF-a 5 — CACAGTGAAGTGCTGGCAAC -3’ | 5 — AGGAAGGCCTAAGGTCCACT - &
HPRT 5 —-TGACCAGTCAACAGGGGACA-3 | 5 —ATCCAACACTTCGTGGGGTC-73

2.11. Statistics

Data was tested for normality using the Anderson-Darling test, D'Agostino & Pearson

test, Shapiro-Wilk test, and Kolmogorov-Smirnov test. When data followed a normal

distribution, t-test or ANOVA were used to compare the experimental groups. For non-

parametric data, Mann-Whitney and Kruskal-Wallis tests were used. Statistical analysis

was performed using GraphPad Prism 8 (GraphPad Software, CA, USA). Spearman

correlations were performed using IBM SPSS Statistics 29.0.0.0 software. A p-value

<0.05 was considered significant.
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3. Results and Discussion

3.1. The plasma proteome of CF patients differs according to BMD

status

To monitor and predict bone mass loss in CF patients, we hypothesised that the
identification of a protein or a set of proteins differentially present in the bloodstream of
CF patients could serve as a biomarker of bone health. Thus, we used a cohort of 28
adult individuals with CF. The patients were stratified according to their BMD into 1)
patients with normal BMD and 2) patients with low BMD. Then, these two groups were
further stratified regarding CFTR modulator therapy: 1.1) patients with normal BMD and
treated with lvacaftor/Tezacaftor/Elexacaftor (IVA/TEZ/ELE); 1.2) patients with normal
BMD and untreated with IVA/TEZ/ELE; 2.1) patients with low BMD and treated with
IVA/ITEZ/ELE; and 2.2) patients with low BMD untreated with IVA/TEZ/ELE (Scheme 1).
The Z-score is a statistical measure that compares an individual's BMD with the average
BMD of healthy people of the same age, gender, and ethnic background [98]. Fifteen
patients with a Z-score value higher than -1 were grouped as normal BMD patients [88].
The remaining thirteen patients who had a Z-score value lower than -1 were grouped as
low BMD patients [88] (Scheme 1). Among the twenty-eight patients, twelve were not
treated with IVA/ITEZ/ELE, while sixteen were under IVA/TEZ/ELE treatment. The
median age of the CF patients was 28 years.

Adult CF patients that accepted
to participate (n=28)
144 ;14 2
Median age: 28 years old

y
Normal Bone Mineral Density Low Bone Mineral Density
Patients with BMD Z-score in the Patients with BMD Z-score in the
lumbar spine or in the femur > -1 lumbar spine or in the femur s -1
n=15 (563,6%) n=13 (46,4%)
10452 43:90
Median age: 28 years old Median age: 34 years old
] ]
¥ . 4
Patients treated Patients untreated Patients treated Patients untreated
with IVA/TEZ/ELE with IVA/ITEZ/ELE with IVA/TEZ/ELE with IVAITEZ/ELE
n=6 (40%) n=9 (60%) n=10 (76,9%) n=3 (23,1%)
54;1¢2 5J4;49 44 ;62 32
Median age: 19.5 Median age: 31 Median age: 34 Median age: 26 years
years old years old years old old

Scheme 1 - CF patients were grouped according to their bone mineral density (BMD) and IVA/TEZ/ELE treatment. The
figure shows the number of patients per group, their respective percentage within the patient cohort or within the group

and the median age of the individuals within each group.
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After stratification for BMD and treatment, patient groups were not completely equivalent
in terms of age and sex (Scheme 1). Among the normal BMD patients, there were twice
as many male as female patients. In contrast, among the low BMD patients, there were
twice as many female as male patients. Low BMD patients tended to be older than
normal BMD patients. The proportion of patients that were under treatment was higher
among those that had low BMD, as compared to those with normal BMD.

The circulating plasma proteome of the cohort was determined by nano LC-MS/MS. A
total of 3112 proteins were identified amongst the 28 samples analysed. Upon removal
of contaminants, the number of identified proteins was reduced to 2318. We found that
32 DPP were significantly depleted and 29 DPP were significantly enriched in low BMD
patients compared to normal BMD patients (Figure 3A, Table 2). In the normal BMD
group, 80 DPP were depleted and 39 DPP were enriched in IVA/ITEZ/ELE treated
patients compared to the untreated ones (Figure 3B, Table 3). In the low BMD group,
126 DPP were enriched and 47 DPP were depleted in IVA/ITEZ/ELE treated patients
(Figure 3C, Table 4). Additionally, we also compared DPP between low and normal BMD
patients that were under IVA/TEZ/ELE treatment, 30 DPP were less and 73 DPP were
more abundant in low BMD patients (Figure 3D, Table 5). Amongst non-treated patients,
130 DPP were more present in patients with normal BMD and 59 DPP were more present
in the patients with low BMD (Figure 3E, Table 6). Overall, these results indicate that CF
patients’ plasma proteome differs between the patients with normal and low BMD.
Additionally, we also identified that IVA/TEZ/ELE treatment alters the plasma proteome
of CF patients.
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Figure 3 - Volcano Plots representing the differentially present proteins (DPP) between CF patients’ groups. (A) DPP
between low and normal bone mineral density (BMD) CF patients. (B) DPP between IVA/TEZ/ELE-treated and untreated
patients with normal BMD. (C) DPP between IVA/TEZ/ELE-treated and untreated patients with low BMD. (D) DPP
between low BMD and normal BMD patients, among the patients treated with IVA/TEZ/ELE (E) DPP between low BMD
and normal BMD among the untreated patients. The red areas correspond to the DPP that have a Log, Abundance ratio
greater than 1.3 (enriched) and have a p-value lesser than 0.05. The green areas correspond to the DPP that have a Log,
Abundance ratio lesser than -1.3 (depleted) and have a p-value lesser than 0.05. The number of depleted and enriched

DPP in each comparison are indicated.

To the best of our knowledge, no previous proteomic comparative analysis between CF
patients with different bone health status has been conducted. Moreover, although
previous studies have aimed to identify biomarkers in CF patients [78, 80, 83, 99-102],
this is the first study focusing on identifying biomarkers of bone health. Over the years,
advancements in mass spectrometry technologies have allowed the generation of
significantly more information in a faster and more efficient manner. Previous studies
have undertaken various approaches to investigate the proteomic profile of different
types of samples from CF patients (e.g., CF patients' nasal cells, sputum, serum,
bronchoalveolar lavage fluid, bronchial epithelial cells, and plasma) compared to non-CF
patients [78, 82, 83, 103-106]. Using a nano LC-MS/MS approach (the same technique
we used), a previous study by Braccia and colleagues observed an upregulation of the
protein COPE and a downregulation of the protein PPP1R12C using the SWATH method
in bronchial epithelium of CF individuals compared to non-CF [106]. Our analyses also
detected differential abundance of COPE (Tables 2-6) and PPP1R12B (a family member
of PPP1R12C) [107] among CF patients, depending on BMD and treatment (Tables 2,
4, 5). The identification of these proteins in our analysis suggests that the differential
expression of these proteins and/or their release to the bloodstream may be related with
bone health status. Nevertheless, it is not possible to exclude that they are released into
the bloodstream by cell lysis or increased necrosis, thus reflecting non-specific
pathological alterations [108, 109]. C reactive protein (CRP) was also found to be
differentially expressed through LC-MS/MS in CF patients’ plasma throughout
intravenous antibiotic therapy for pulmonary exacerbation treatment [83]. These data are
consistent with what is observed in the literature, as CRP is viewed as a marker of
inflammation [101], which is equally applicable to patients with CF due to their recurrent
states of inflammation and infection [110]. In our study, among CF patients with normal
BMD, CRP was less abundant in the plasma of those treated with IVA/TEZ/ELE,
compared with those that were untreated (Table 3), suggesting that treatment decreases
the inflammatory status. However, among untreated patients, CRP was less abundant in

patients with low BMD than those with normal BMD, which was not expected (Table 6).

20



FCUP | 21
Results and Discussion

Table 2 - DPP in the plasma of CF patients with low BMD compared to CF patients with normal BMD.

{ DPP 1 DPP

AGPS ARAP1

ATP6V1H CST6

CCDC51 GTF2E1

COPE IGHV4-4

DST KRTS8
EIF4B MTTP
FARP1 MYH11
FKBP4 ‘ OPHN1
HMBS ‘ PPP1R12B

|
Keratin-8-like protein 1 RASA1
PRDX3 ‘ SEMG2
SAA1 SPRR4
SH3PXD2A ‘ STXBP5
SPRR3 ‘ ZSWIM9

|

USP15
XPNPEP2 ‘

DPP depleted ({ DPP) and DPP enriched (T DPP) in low BMD CF patients compared with normal BMD patients. The

proteins in bold were studied as potential bone health biomarkers.
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Table 3 - DPP in the plasma of CF patients with normal BMD under IVA/TEZ/ELE treatment compared to untreated normal
BMD patients.

{ DPP 1 DPP
ABCC2 MRPS34 ANKRD22
ACTBL2 MTTP APOAS5
ALPL MYH11 ATP13A1
ARMT1 NAA15 CABIN1
AXL NAMPT CUL5
BPTF NCOA6 CYGB
BRK1 NELFCD DLG5
CAB39L NT5C2 DTNB
COPE NUCB2 EEF1A2
CRNN PCMTD1 EIF3B
CRP PDS5A ETFA
CSTA PKMYT1 FREM2
DCHS2 POF1B GYG1
DIPK2A PRDX3 H2BC20P
DLG2 PRKCSH HNRNPA1
DSC3 RBM39 KALRN
DST RNASE7 MCM6
DYNLL2 RPL4 MTHFR
EMP2 RRP12 NOL9
EPHX2 S100A14 NUMA1
ERO1A SAA1l NUP188
FBP1 SBSN PALD1
FKBP4 SCGB1D2 PCBP1
FLNB SERPINA12 PHB2
FN3KRP SERPINB2 PPM1A
GALK2 SERPINI2 PPP1R9B
GLUD1 SH3PXD2A PRORP
HDGF SLC25A1 RAB5C
HMBS SLC44A2 RAD23B
IFI30 SPRR3 SDK1
IGHV3-20 TMEM41A SMPD4
IGKV1-12 TMX2 SPCS1
IGKV1-16 TNRC6B SRPRB
IGKV1D-13 TRIM28 STBD1
IGKV2-29 Uncharacterized protein FLJ45252 STXBP5
Ig heavy chain constant e USP15 THNSL1
Keratin-8-like protein 1 VSIG4 WRAP73
KLK3 XPNPEP2 ZC3H18
KRT3 XPOT ZMPSTE24
LGALS7; LGALS7B ZNF446

DPP depleted (¥ DPP) and DPP enriched (T DPP) in IVA/TEZ/ELE-treated compared to untreated normal BMD patients.

The proteins in bold were studied as potential bone health biomarkers.
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Table 4 - DPP in the plasma of CF patients with low BMD under IVA/TEZ/ELE treatment compared to untreated low BMD

patients.
{ DPP 1 DPP
ABCC2 PIWILA1 ABTB3 DDX6 ‘ IGLV3-16 OGFOD1 SSR3
ACAA1 PPM1A ACTN3 DIPK2A IGSF1 OPHN1 STBD1
Ig heavy
AGR3 PPP1R9B ADGRF5 DST chain OXCTH1 STXBP5
constant e
AHNAK PRKCSH ADGRG6 DTNB IMPA2 PALD1 TANGO2
ARAP1 PRKDC AGPS EBP ‘ INTS4 PDKA1 TBC1D2
ARMC9 RAD23B AGTRAP EIF3F ITGA1 PHB2 THNSLA
ARMT1 RNASE7 APOA5 EPHA1 ‘ KALRN PIAS1 TMX2
CA13 RRP12 APOBEC3G ETFA KCNAB2 PKMYT1 UBR4
CAB39L SCGB1D2 ATP13A1 EXT2 ‘ KIF13B PPP1R12B UGT2A3
Uncharacterized
CCDC88A  SERPINB12 B4GALT1 F2RL3 KRT8 PRKACA protein
FLJ45252
CST6 SERPINB13 C19orf47 FAM83B ‘ L2HGDH PRKAR2B UPF2
EIF3B SERPINH1 C1orf131 FARP1 LGMN PTPN4 VIM
EMP2 SERPINI2 CABIN1 FH ‘ LHFPL2 PTPRC VPS29
FOLR2 SETMAR CAMSAP2 FKBP4 MANBA PWP2 2773
GTF2E1 SNRNP200 CBLN1 GOLGA2 ‘ ME1 PYCR2
GYG1 TMEM41A CDH1 GPT2 MEMO1 QSER1
HDHD2 UGT1A1 CEMIP2 H2BC20P ‘ MRM2 RCN1
IFI30 ZG16B CENPB HDGF MRPS34 RECK
IGHV3-20 ZNF446 CLEC4M HMBS ‘ MTTP REP15
IGLV10-
54 CMTR2 HMCN2 MYH6 RPA1
ITIH5 COL14A1 HNRNPA1 ‘ NAMPT RPL4
LEG1 COPE ICOSLG NCOA6 SEMG2
LGALS7;
CPT2 IGHV1-58 NDRG2 SERPINB4
LGALS7B
IGHV2-
MAP1A CTSS NELFCD SF3B1
70D
MCM6 CTSz IGHV4-39 ‘ NEO1 SH3PXD2A
NDFIP1 CUL5 IGKV1-16 NNT SLC38A7
PCLO DCAF1 IGKV2-29 ‘ NUDC SPCS1
PDS5A DCHS2 IGLV1-44 NUMAA1 SPRR4

DPP depleted (¥ DPP) and DPP enriched (T DPP) in treated with IVA/TEZ/ELE low BMD CF patients compared to

untreated low BMD patients. The proteins in bold were studied as potential bone health biomarkers.
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Table 5 - DPP in the plasma of CF patients with low BMD IVA/TEZ/ELE-treated compared to normal BMD IVA/TEZ/ELE-

treated patients.

{ DPP 1 DPP
ACAA1 ACTN3 IGKV2-29 SERPINI2
AHNAK ALPL Ig heavy chain constant e SH3PXD2A
AP2B1 ARMT1 KRT3 SLC44A2
ATP6V1H AXL KRT8 SMPD4
CA13 BPTF LGALS7; LGALS7B SPRR3
CABIN1 C19orf47 MAP1A SPRR4
CCDC51 COPE MRPS34 TMX2
CCDC88A CPT2 MTTP TNRC6B
Uncharacterized
EIF4B CRNN MYDGF protein FLJ45252
FARP1 CSN2 MYH11 VSIG4
FH CST6 NAA15 XPNPEP2
FOLR2 DBN1 NAMPT XPOT
GYG1 DCHS2 NCOA6 ZNRD2
HAPLN3 DIPK2A NELFCD
HDHD2 DLG2 NT5C2
MCM6 DSC3 NUCB2
NKRF DST OPHN!1
PITPNB EIF3D PCMTD1
PPP1R9B EMP2 PKMYT1
PRKACB EPHX2 POF1B
PRORP ERO1A PPP1R12B
PRRC2A FKBP4 PRKCSH
PTPRC FLNB RBM39
RAD23B FN3KRP RPL4
SDK1 GALK2 S100A14
SERPINB13 HDGF SAA1
SLC38A7 HMBS SCGB1D2
STBD1 IFI30 SEMG2
USP15 IGKV1-12 SERPINA12
ZNF446 IGKV1-16 SERPINB2

DPP were less (Y DPP) and more abundant (T DPP) in treated with IVA/TEZ/ELE low BMD CF patients compared to

treated normal BMD patients. The proteins in bold were studied as potential bone health biomarkers.
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Table 6 - DPP in the plasma of CF patients with low BMD and untreated with IVA/TEZ/ELE compared to patients with

normal BMD patients and untreated with IVA/ITEZ/ELE

{ DPP 1 DPP
ABTB3 DCAF1 ICOSLG MTTP PYCR2 ACAA1 LEG1 SRPRB
ACTN3 DCHS2 IGHV1-58 MYH6 QSER1 ADH1B LGALST, TTC27
LGALS7B
ADGRF5 DDX6 IGHV2-70D NAMPT RCN1 ADH4 MAP1A UGT1A1
ADGRG6 DIPK2A IGHV4-39 NDRG2 RECK ARAP1 MCM6 ZG16B
AGPS DST IGHV5-10-1 NELFCD REP15 ARHGAP18 MTHFR ZMPSTE24
AGTRAP DYNLL2 IGKV1-16 NEO1 RPA1 ARMC9 MYDGF ZNF446
APOBEC3G EBP IGKV1D-13 NKRF SAA1 ARMT1 PCBP1 ZYX
ATP6V1H EIF3F IGKV2-29 NNT SERPINB4 CALM3 PCLO
AXL EIF4B IGLV1-44 NT5C2 SF3B1 CBR1 PDAP1
B4GALT1 EPHA1 IGLV3-16 NUDC SH3PXD2A CRYZLA1 PIP
BRK1 ERO1A IL36A OGFOD1 SLC25A1 CST6 PIWIL1
C1orf131 ETFA 'g heavy OSMR SLC38A7 DBN1 POF1B
constant A
CA3 EXT2 'g heavy chain OXCT1 SLC44A2 DDX10 PPM1A
constant e
CABIN1 FAM83B IMPA2 PALD1 SPCS1 DOK3 PPP1R9B
CAMSAP2 | FARP1 ITGA1 PDK1 SSR3 EEF1A2 PRKDC
CBLN1 FGL1 ITGAL PHB2 STBD1 EIF3B QARS1
CCDC51 FH Keratin-8-{ike PIAS1 TACC1 EIF3D RAB5C
protein 1
CCDC88A | FKBP4 KIF13B PITPNB TANGO2 EPHX2 RNPEP
CDH1 FN3KRP KLK3 PKMYT1 TMX2 GTF2E1 RPN2
CEMIP2 GLUD1 LGMN PLXNB2 TRMT11 GYG1 RRP12
Uncharacteriz
CENPB GOLGA2 LHFPL2 PRDX3 ed protein IFI130 SAG
FLJ45252
COL14A1 GPT2 MANBA PRKACB USP15 IGHV3-20 SCGB1D2
COPE HDGF ME1 PRKAR2B VIM IGHV4-4 SETMAR
CPA4 HMBS MEMO1 PTPN4 VPS29 IGKV3D-7 SMPD4
CRP HMCN2 MRM2 PTPRC XPNPEP2 KLC4 SNRNP200
CTSZ ICAM1 MRPS34 PWP2 7773 KRT3 SPP2

DPP were less present ( DPP) and DPP were more present (T DPP) in untreated with IVA/TEZ/ELE low BMD CF patients

compared to untreated normal BMD patients. The proteins in bold were studied as potential bone health biomarkers.
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3.2. Functional enrichment analysis of the differently present proteins
in CF patients did not reveal biological functions directly related to

bone loss.

After the proteome analyses of the different patient groups, we investigated whether the
identified differently present proteins had functions related to bone health. For this
purpose, a functional enrichment analysis was performed to investigate the biological
functions of DPP between the different CF patients’ groups using the WEB-based GEne
SeT AnalLysis Toolkit. Interestingly, no enriched biological functions were directly related
to bone metabolism or homeostasis. The enriched biological functions were globally
related to intracellular functions, namely remodelling/organisation of the cytoskeleton,
protein modification and transport (Figures 4 and 5). Compared to normal BMD patients,
the depleted proteins (Figure 4A) and the enriched proteins in low BMD patients (Figure
4B) have similar intracellular functions, including remodelling/organisation of the
cytoskeleton content, protein modification and transport, nervous system regulating
processes, and DNA related processes. However, the detection of these proteins in the
bloodstream is puzzling and might be explained by the cell lysis or increased necrosis
[108, 109]. Nevertheless, the plasma of low BMD patients” proteome shows a depletion
of proteins involved in metabolic functions (Figure 4A) and an enrichment for proteins
involved in the regulation of GTPase activity (Figure 4B). Several metabolic processes
are diminished in patients with low BMD, particularly the tricarboxylic acid and
tetrapyrrole metabolic processes (Figure 4A). Although no direct relation between these
processes and bone mass loss in CF patients has been reported, the depletion of the
identified DPP (GLUD1, FH, HMBS, ABCB6) (Figure 4A) may indicate a reduction of
these metabolic processes in those CF patients. These potentially affected processes
may lead to an imbalanced redox homeostasis, an altered Krebs tricarboxylic acid cycle
in the mitochondria [111-113], a reduced heme biosynthetic pathway [114], and ATP
transport in cells [115]. Although there is no apparent direct link between these factors
and bone mass loss, it has been previously reported that CF patients have a deficit of
antioxidant molecules and an increase in oxidative stress [116]. In turn, these lead to a
sustained imbalance between oxidant and antioxidant species, sustaining chronic
inflammation [116]. This is in line with the literature, as chronic inflammation in CF
patients is significantly related to bone mass loss through the production of pro-
inflammatory cytokines that alter bone homeostasis [5].

The differential presence of the GTPase-activating proteins OPHN1, RASA1, and

ARAP1 (Figure 4B) demonstrates an enrichment in pathways involved in the control Rho
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GTPases activity [117-120]. Small GTPases are associated with the stimulation of
osteoclast differentiation and function, promoting bone mass loss in these patients [121,
122]. Therefore, the enrichment of GTPase activity regulation in low BMD CF patients
may represent a mechanism to prevent further bone mass loss in these patients. Of note,
IVA/ITEZ/ELE treatment depletes proteins related to cell cycle arrest, protein alkylation
and the somatic diversification of immune receptors (Figure 4C) in low BMD patients. On
the other hand, IVA/TEZ/ELE treatment increases proteins related to hormone-mediated
signalling pathways and leukocyte activation during inflammatory response (Figure 4D),
which may be related to the improvement on the overall health status of CF patients
under IVA/TEZ/ELE treatment [16, 110].

Low BMD versus normal BMD patients

A ! DPP B T DPP

regulation of neuron projection development VIM_FKBP4_CCDCB8A_SDK1
DNA replication

cytoskeleton-dependent intracellular transport
transition metal ion transport

intermediate filament-based process
tricarboxylic acid metabolic process
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cytoplasmic microtubule organization
peptidyl-cysteine modification

actin filament organization RASA1_ZYX_DEN1_ARAP1
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synaptic vesicle cycle

CCOCS8A_BARD1
OFHN1_MAP1A_DEN1

DST_CCDCH#8A_DYNLL2
OPHN1_RASAT_ARAPT

FKBP4_ATPEVIH
OPHN1_RASA1_STXBPS_ARAP1

VIM_DST
MYH11_ZYX_ARAPY

GLUD1_FH

OPHN1_DBN1_NMD3
HMBS _ABCB6
OPHNY_STXBPS
DST_CCDC88A

neuron projection organization MAP1A_DBN1
HMBS_PRDX3

0 5 10 15 20 tzaeim
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C D
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Figure 4 - Functional analysis of DPP in low BMD CF patients. The most significant biological processes of the depleted
(A) and enriched (B) DPP in low BMD patients compared with normal BMD patients; and the depleted (C) and enriched
(D) DPP in low BMD patients treated with IVA/TEZ/ELE compared with those without treatment. Each column represents
a significant biological process with their respective enrichment ratio and the proteins that contribute to these processes.
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Then, we aimed to determine whether the functions of DPP were different between low
and normal BMD patients after restoring CFTR function (i.e, patients under IVA/TEZ/ELE
treatment). Again, DPP were not directly related to bone metabolism and/or homeostasis
(Figure 5A and 5B). The enriched DPP in low BMD IVA/TEZ/ELE-treated patients
contribute to protein-containing complex localization and negative regulation of
proteolysis (Figure 5B). However, in untreated patients, low BMD was associated with a
depletion in proteins related with cytoplasmic microtubule organization, leukocyte
activation in inflammatory response and RNA modification (Figure 5C). Low BMD and
reduced CFTR function were also associated with an increase in proteins related to
hormone metabolism (Figure 5D). The DPP associated with hormone metabolism
process (ZMPSTE24, ADH4, ACAAL, and UGT1A1l) are not reported to have a direct
relationship with bone metabolism. However, previous studies have shown that
Zmpste24-deficient mice exhibit increased activation of autophagic processes linked to
alterations in lipid and glucose metabolic pathways and changes in blood parameters
such as leptin, insulin, glucose, and adiponectin [123]. Zmpste24-deficient mice also
showed alterations in genes regulating the somatotroph axis, alongside elevated
circulating levels of growth hormone (GH) and reduced plasma levels of insulin-like
growth factor 1 (IGF-1) [124]. GH and IGF-1 were reported to enhance bone turnover
and formation by stimulating the proliferation, differentiation, and activity of osteoblasts
and osteoclasts [125]. Thus, there may be a relationship between the function of
ZMPSTE24 and the IGF/GH balance [124], which could impact bone turnover [125].
Other matched DPP were ADH4, ACAA1l, and UGT1A1l that are involved in alcohol
metabolism [126, 127], the beta-oxidation system of peroxisomes [128, 129], and the
glucuronidation of numerous endobiotics, xenobiotics, and drugs for excretion [130, 131].
Thus, these proteins may be potentially linked to other clinical aspects of the
multisystemic nature of the disease besides the CF bone disease [2]. Another curious
biological function performed by these differentially present proteins is protein alkylation
(Figure 5D). This function may be associated with an attempt by these patients to rescue
CFTR activity, even without treatment. Previous studies found that some C-alkyl
azepanes show significant rescue of F508del-CFTR activity despite being less efficient
than miglustat [132], an a-glucosidase inhibitor has previously shown to rescue the
defective F508delCFTR function significantly [133].
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Figure 5 - Functional analysis of DPP in low versus normal BMD patients, stratified according to treatment. The most
significant biological processes of the depleted (A) and enriched (B) DPP in low BMD patients with IVA/TEZ/ELE treatment
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Throughout the analysis of DPPs and their biological functions among the patient groups,
it was observed that different proteins were significantly enriched or depleted in various
CF groups’ proteomic comparisons. Thus, three proteins raised our interest: the coiled-
coil domain containing 88A (CCDC88A), serum amyloid A1 (SAA1), bone morphogenetic

protein 4 (BMP4), which will be explored in the next section.
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3.3. CCDC88A, BMP4 and SAAl were identified as potential

biomarkers of bone health

We selected potential bone health biomarkers based on the following criteria: their
association with low bone mass patients, their relevance to bone-related processes, their
biological functions, and their frequent appearance in the proteomic and functional
enrichment analysis. CCDC88A stood out for being involved in several biological
processes among different CF patients’ groups (Figures 4 and 5, Table 2, Table 4, Table
5 and Table 6). CCDCB88A is essential for the integrity of the actin cytoskeleton and cell
migration, and it is identified as a critical regulator of both physiological and pathological
processes [134, 135]. Despite its physiological roles, such as regulating the migration of
various cells by modifying the actin-binding protein Akt [136], its significant frequency in
our analyses underscores its potential importance as a biomarker. Firstly, CCDC88A is
depleted in low BMD CF patients compared to normal BMD patients (Figure 3A, Table
2). This protein participates in different biological pathways, such as regulation of neuron
projection development, DNA replication, cytoskeleton-dependent intracellular transport,
and cytoplasmic microtubule organisation (Figure 4A). These biological functions
presented enrichment ratios of 3.38, 5.49, 5.92, and 11.83, respectively. Moreover,
CCDCB88A was also depleted in low BMD patients treated with IVA/TEZ/ELE compared
to untreated patients (Figure 3C, Table 4), which was associated with regulation of the
DNA metabolic process and DNA replication with enrichment ratios of 3.54 and 7.72,
respectively (Figure 4C). The depletion of CCDC88A was also observed in the low BMD
patients treated with IVA/TEZ/ELE (Figure 5A) compared with normal BMD treated
patients. Overall, these results suggest that CCDC88A depletion correlates with bone
health status of CF patients independently of IVA/TEZ/ELE treatment. In the patients
with low BMD and under IVA/TEZ/ELE treatment, CCDC88A associated with activation
of protein kinase activity and DNA replication, having enrichment values of 3.97 and 5.95,
respectively (Figure 5A). Finally, CCDC88A was grouped in the organization of
cytoplasmic microtubule (enrichment ratio 4.44) in low BMD untreated patients
compared with normal untreated patients (Figure 5C). CCDCB88A is involved in multiple
cellular vesicular trafficking, especially in endosomes and autophagosomes [137].
Previous studies reported the contribution of CCDC88A on Akt-mTOR signalling
pathway [138, 139], which has been shown to contribute to bone regeneration and
angiogenesis [140]. Taking this relationship into account, this suggests that reduced
levels of CCDCB88A lead to a decrease of this pathway, and therefore contribute to
osteopenia [141]. Furthermore, the relative abundance of CCDC88A was reduced in CF

patients with low BMD (Figure 6A). Further stratification by treatment revealed that the
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relative abundance of CCDC88A in normal BMD patients treated with IVA/TEZ/ELE were
reduced compared to untreated normal BMD patients (Figure 6B). Of note, CCDC88A
was not detected in the low BMD and IVA/TEZ/ELE treatment group. The data suggest
that CCDCB88A has potential as a biomarker of bone loss, since it is reduced in low BMD
patients, and its abundance levels do not seem to be restored in patients treated with
IVAITEZ/ELE (Figure 6B).
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Figure 6 - Low bone mineral density (BMD) cystic fibrosis (CF) patients have less CCDC88A than normal BMD patients.
(A) Columns represent the CCDCB88A relative abundance (r.a) average in normal BMD CF patients (light grey column)
and in low BMD CF patients (dark grey column). (B) Columns represent the CCDC88A r.a. average in normal and low
BMD patients with or without CFTR modulator treatment. Darker grey columns represent the untreated patients in each
normal and low BMD group. White columns represent the treated patients in each normal and low BMD group. Bars
indicate the standard error of the mean. Abbreviations: w/o IVA/ITEZ/ELE = patients without IVA/TEZ/ELE treatment; w/
IVA/TEZ/ELE = patients with IVA/TEZ/ELE treatment.

Secondly, we identified the SAA1 protein as a DPP in CF patients (Figure 3A, 3B, 3D,
Table 2, Table 3, Table 5). SAA1 were depleted in low BMD patients compared with the
normal BMD patients (Figure 3A, Table 2). However, when patients were stratified by
IVA/TEZ/ELE treatment, this protein was enriched in normal BMD patients untreated with
IVA/ITEZ/ELE compared to treated patients (Figure 3B, Table 3). Additionally, among
patients receiving IVA/TEZ/ELE treatment, low BMD patients exhibited enriched SAAl
compared to normal BMD patients (Figure 3D, Table 4). SAA proteins are acute phase
proteins that are expressed mostly by macrophages in the liver [142], but also in other
tissues and cell types, like human monocytes and macrophages, chondrocytes,

adipocytes, and osteoblasts in response to inflammatory stimuli [72]. Human SAA1 and
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SAA2 are homologous to mouse SAA3, which was previously shown to interfere with
bone homeostasis, impairing osteoblast differentiation and increasing osteoclast activity
[72, 75, 143]. Cordeiro Gomes and colleagues demonstrated that the production of SAA3
in response to M. avium infection, dependent on the cytokines IFN-y and TNF-q,
increases osteoclast activity and decreases osteoblastogenesis [72]. Considering the
relationship between SAA, inflammatory cytokines and infection, SAA proteins may
serve as biomarkers of bone loss in CF patients, who often experience chronic lung
infections and subsequent bone mass loss [12, 61, 72]. The relative abundances of
SAAL in the normal BMD group were higher than low BMD patients (Figure 7A). Then,
considering IVA/TEZ/ELE treatment in low and normal BMD patients, the SAAL relative
abundance in patients with normal BMD and under treatment with IVA/TEZ/ELE was
significantly lower (Figure 7B). In addition, treated and untreated low BMD patients
showed very low SAAL relative abundance values (Figure 7B). These results indicated
that IVA/ITEZ/ELE treatment reduces the SAA1 levels in normal BMD. However, this
effect is not observed in the low BMD group (Figure 7B). Recent studies have reported
that inflammatory stimuli increase the response to CFTR modulators in vitro and in vivo
[144, 145]. Also, combinations of CFTR modulators have potent anti-inflammatory
properties [146], which greatly improve the lung function of CF patients [16, 146]. SAAL
not only is an inducible acute phase protein in response to injury, infection, and
inflammation, but also stimulates the production of proinflammatory cytokines [147]. It
has also been reported to be elevated in serum during inflammation and interacts with
immune cells through inflammatory chemokines [148, 149]. The reduction of SAAL1 was
expected with the IVA/TEZ/ELE treatment due to its anti-inflammatory effect, which
decreases SAA1 levels by reducing inflammation. Additionally, these results show that
monitoring the inflammatory state may be a relevant tool to predict the loss of bone mass

in these patients.
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Figure 7 - Normal bone mineral density (BMD) CF patients present higher SAA1 relative abundance than low BMD
patients. (A) Columns represent the SAAL relative abundance (r.a) average in normal BMD patients (light grey column)
and low BMD patients (dark grey column). (B) Columns represent the SAA1 r.a. average in normal and low BMD patients
with or without CFTR modulator treatment. Darker grey columns represent the untreated patients in each normal and low
BMD group. White columns represent the treated patients in each normal and low BMD group. Bars indicate the standard

error of the mean. *p<0.05 by two-way ANOVA, followed by Kruskal-Wallis multiple comparison test. Abbreviations: w/o
IVA/ITEZ/ELE = patients without IVA/TEZ/ELE treatment; w/ IVA/TEZ/ELE = patients with IVA/TEZ/ELE treatment.

BMP4 raised our interest due to its role in the bone development and enrichment in low
BMD treated with IVA/YEZ/ELE (Figure 3C). BMP4 is a multifunctional cytokine [150,
151] highly related to bone due to its role as an osteogenic factor [152, 153] and its
requirement for osteoblastogenesis [154, 155]. The relative abundance of BMP4 was
slightly and not significantly increased in the low BMD group (Figure 8A). When stratified
by IVA/ITEZ/ELE treatment, the normal BMD patients who received treatment exhibited
a slight but not statistically significant increase in the relative abundance of BMP4
compared to untreated normal BMD patients (Figure 8B). Interestingly, amongst the CF
individuals with low BMD, those under IVA/TEZ/ELE treatment had higher abundance of
BMP4 (Figure 8B). Previous studies have reported the positive effects of ivacaftor
treatment on bone mineral density by improving the microarchitecture of cortical bone [5,
52, 53]. Despite not statistically significant, normal BMD patients under IVA/TEZ/ELE
treatment had slightly increased levels of BMP4 (Figure 8B) compared with the untreated
patients. Therefore, the increase in BMP4 abundances in IVA/TEZ/ELE treated patients
support the potential use of BMP4 as a response biomarker, after restoring CFTR

modulation in the CF patients with low BMD. Then, we directly quantified the BMP4
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circulating levels using an ELISA assay and no significant differences were observed
between CF patient groups (Figures 8C and 8D). This may be attributed to the insufficient
sensitivity of the ELISA assay kit used, as the absorbance readings of the samples were

below the detectable range defined by the absorbance of the first standard provided in

the kit (data not shown).
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Figure 8 - Normal and low bone mineral density (BMD) CF patients present differences in BMP4 relative abundance. (A)
Columns represent the BMP4 relative abundance (r.a.) average in normal BMD patients (light grey column) and low BMD
patients (dark grey column). (B) Columns represent the BMP4 r.a average in normal and low BMD patients with or without
CFTR modulator treatment. Darker grey columns represent the untreated patients in each normal and low BMD group.
White columns represent the treated patients in each normal and low BMD group. (C) Columns represent the average
BMP4 circulating levels in normal BMD patients (light grey column) and low BMD patients (dark grey column) measured
by ELISA assay. (D) Columns represent the average BMP4 circulating levels in normal and low BMD patients with or
without CFTR modulator treatment. Darker grey columns represent the untreated patients in each normal and low BMD
group. White columns represent the treated patients in each normal and low BMD group. Bars indicate the standard error
of the mean. *p<0.05 by two-way ANOVA, followed by Kruskal-Wallis multiple comparison test. Abbreviations: w/o
IVA/ITEZ/ELE = patients without IVA/TEZ/ELE treatment; w/ IVA/TEZ/ELE = patients with IVA/ITEZ/ELE treatment.
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3.4. CCDCS88A, SAA1 and BMP4 correlate with bone mineral density

and lung function in CF patients.

We investigated whether the relative abundances of CCDC88A, SAA1 and BMP4
correlated with BMD in lumbar spine and femoral neck of CF patients. For this purpose,
Spearman’s rho correlation analysis was performed for the different patients’ groups.
BMP4 relative abundances positively correlated with BMD values in the lumbar spine of
patients with normal BMD (Figure 9). This finding was expected as BMP4 is highly
associated with bone development in several studies throughout the literature [152-157].
On the other hand, CCDCB88A negatively albeit weakly correlated with BMD both in the
lumbar spine and femur neck of both group of patients (Figure 9). This relationship
indicates that patients with poorer bone mass have higher abundance of CCDC88A. We
initially expected a positive correlation between the CCDC88A abundance and CF
patients’ BMD, since CCDCB88A could contribute to the Akt-mTOR signalling pathway
[138, 139], which could increase bone regeneration [141]. However, this inverse
correlation between the abundance of CCDC88A and BMD leads us to think that this
relationship does not contribute to the improvement of bone health, and therefore,
patients with low BMD exhibit less CCDC88A. This can be explained by the fact that
previous studies have demonstrated that targeting the PI3K/AK/mTOR signalling
pathway increases CFTR stability and expression by restoring autophagy through the
inhibition of MTOR [158]. This might indicate that the reduction of CCDC88A is part of a
mechanism to stabilize CFTR through mTOR inhibition. Therefore, the relationship
between CCDC88A and BMD remains unclear. Interestingly, other DPP (CAB39L, PDK1
and PPM1A (Tables 3, 4 and 6)) were also related indirectly with mTOR signalling
pathway [159-162]. Based on this, it seems that the relationship between CCDC88A and
BMD of CF patients is not based on a direct association with the CCDC88A protein, but
rather on its contribution to the mTOR signalling pathway. This reinforces the relevance
of this pathway to the understanding and complexity of CF disease [158, 163-165].

Interestingly, SAAL relative abundances positively correlated with BMD in the femur neck
of normal BMD patients and with BMD in the lumbar spine of low BMD patients (Figure
9). These results were opposite from what we expected. Previous studies demonstrated
that human SAA proteins impair bone matrix deposition and increase osteoclastogenesis

in vitro [72], resulting in bone mass loss.
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Normal BMD Low BMD

Figure 9 - Non-parametric Spearman’s rho correlations between bone mineral density (BMD) in lumbar spine (LS) and
femur neck (F) and CCDC88A, SAA1 and BMP4 abundances in normal and low BMD CF patients’ groups. Spearman’s
rho was converted in color from blue to red and significance within positive or negative correlations were shown as *,
p<0.05.

In addition to the loss of bone mass, one of the major clinical problems of CF is the
decline in lung function due to recurrent or chronic bacterial and fungal infections [2, 12,
166]. The bone mass loss and the decline of the lung function are closely related as low
BMD patients present a more severe disease [167]. The forced expiratory volume in the
first second (FEV1) is an index of airway obstruction, used as the primary spirometric
result of interest in both clinical care and research in CF [168]. To understand whether
the relative abundance of CCDC88A, SAAL and BMP4 correlated with the lung function
progression, we correlated the relative abundance of these proteins with the variation of
the percentage of FEV1 (A%FEV1,). The A%FEV: in low BMD patients had a positive
but weak correlation with BMP4 abundances. We observed a significant moderate
negative correlation between A%FEV: and CCDC88A abundances in low BMD patients.
SAA1 abundances had a moderate but significant negative correlation with lung function
progression in the patients with normal BMD but weakly correlated in the low BMD

patients (Figure 10).
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Figure 10 - Non-parametric Spearman’s rho correlations between lung function and CCDC88A, SAAl and BMP4
abundances in normal and low BMD CF patients’ groups. The lung function is observed through the variation of the
percentage of forced expiratory volume in 1 second (A%FEV1). Spearman’s rho was converted in colour from blue to red

and significance within positive or negative correlations were shown as *, p<0.05.

It is known that the treatment improves lung function in patients with CF [16]. Therefore,
we conducted a second correlation analysis to investigate the relationship between the
improvement in lung function and the abundances of BMP4 and CCDC88A in patients
stratified by IVA/TEZ/ELE treatment (Figure 11). We observed a significant strong
positive correlation between BMP4 abundances and lung function progression in low
BMD untreated CF patients (Figure 11). The positive correlations of BMP4 with lung
function indicated a positive relationship between this protein and the improvement of
pulmonary function in CF patients with low BMD (Figures 10 and 11). This is further
reinforced by the fact that BMP4-mediated modelling of the SMAD signalling pathway
has already been reported to enhance lung cell differentiation [169], which in turn may
relate to the recovery of lung function through those cells.

Interestingly, the negative correlation between CCDC88A and low BMD patients’ lung
function was maintained after stratification by treatment (Figure 11). A perfect negative
correlation was observed between CCDC88A abundances and lung function in low BMD
untreated CF patients. This result may be due to a previous observation that reported
that an inhibition of the mTOR pathway improved CFTR channel stability in patients with
the CFTR’ F508del mutation [158]. In addition, previous studies have shown that
inhibiting the mTOR signalling pathway reduces pulmonary complications during
injurious ventilation [170]. Furthermore, the mTOR signalling pathway has also been
associated with pulmonary alterations in chronic obstructive pulmonary disease and lung
cell senescence [171]. Therefore, this may suggest an indirect relationship between
CCDC88A and BMD through the mTOR signalling pathway. Overall, we found that low
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CCDCB8B8A levels are associated with low BMD patients, and higher levels are associated
with worse pulmonary function (Figures 5, 6, 10 and 11). To our knowledge, this is the
first study that associates CCDC88A with BMD and lung function in patients with CF.
Further studies are required to understand the mechanisms behind these associations.
A moderate negative correlation between SAAl abundances in low BMD untreated
patients and lung function was found. The negative correlation between SAAl
abundance levels and lung function (Figures 10 and 11) is consistent with previous
findings, indicating that elevated SAA1 levels associated with inflammation lead to a
decline in CF patients’ lung function. [5, 148, 149]. Overall, the results of the proteomic
analysis and the Spearman correlations (Figures 3, 7, 10, and 11) indicated that SAA1
could serve as a lung function biomarker in CF patients with normal BMD. This could be
particularly beneficial by reducing the need for patients to undergo spirometry, saving
both time and resources since these patients are already subjected to blood tests
analysis [6]. Instead, lung function could be assessed through the analysis of circulating

SAAL levels through blood analysis.
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Figure 11 - Non-parametric Spearman’s rho correlations between lung function and CCDC88A, SAAl1 and BMP4
abundances in normal and low BMD CF patients’ groups stratified by IVA/TEZ/ELE treatment. The lung function is
observed through the variation of the percentage of forced expiratory volume in 1 second (A%FEV1). Spearman’s rho
was converted in colour from blue to red and significance within positive or negative correlations were shown as *, p<0.05
and **, p<0.01. Abbreviations: w/o IVA/ITEZ/ELE = patients without IVA/TEZ/ELE; w/ IVA/TEZ/ELE = patients with
IVA/ITEZ/ELE treatment.
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3.5. CCDCB88A is downregulated in THP-1 macrophages infected with

P. aeruginosa in vitro

CF patients are predisposed to chronic lung infections caused by P. aeruginosa and S.
aureus [12], which leads to the accumulation of macrophages in their lungs [61]. We
hypothesized that the chronic lung colonization by these bacterial pathogens in CF
patients leads to the production of soluble mediators by alveolar macrophages and
impact bone homeostasis [5]. To test this hypothesis, THP-1 monocytes were
differentiated in vitro into macrophages [172] and infected with CF clinical isolates of P.
aeruginosa and MSSA [173]. The initial bacterial load (T0) and the intracellular bacterial
load two hours (T2) and four hours (T4) post infection were quantified. In P. aeruginosa,
5.9% of the initial bacterial load was internalized by the THP-1 derived macrophages
(Figure 12A). The macrophages remained infected with the bacteria throughout the
procedure, demonstrating that we established an effective infection model. The
intracellular bacterial load was very similar between TO and T2 time points. The bacterial
load increased slightly from T2 to T4 time points (Figure 12A) although there was no
statistical significance. In the S. aureus in vitro infection, 6.3% of the bacteria were
internalized after infection, with no increase observed from the time immediately after
infection (TO) to the subsequent hours (T2 and T4) (Figure 12B). In both infection models,
it was not possible to test beyond four hours of infection time as the cells lost their viability

due to the bacterial growth.
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Figure 12- Quantification of P. aeruginosa and MSSA load in THP-1 derived macrophages by Colony-Forming Units
(CFUs). P. aeruginosa (A) and MSSA (B) initial bacterial load (PSA Inoc and MSSA Inoc, respectively), and intracellular
bacterial load right after THP-1 infection (T0), and two (T2) and four (T4) hours after infection. Columns represent the
experimental conditions values average (n=4 for macrophage infection with P. aeruginosa, n=3 for macrophage infection

with methicillin-susceptible S. aureus). Bars indicate the standard deviation.
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Then, we collected culture’s supernatant and RNA to determine whether CCDC88A,
BMP4 and SAAL were produced in response to infection. We were unable to quantify
the levels of BMP4 and SAAL by ELISA in the supernatants of infected and non-infected
cultures due to values below the detection limit. Then, we analysed the expression of
SAA1/SAA2, BMP4, CCDC88A and TNFa by RT-gPCR. The expression of TNFa was
measured as a positive control since this gene is known to be expressed upon bacterial
infection [174, 175] and downregulated over time after infection [176]. The expected
downregulation of TNFa in THP-1 derived macrophages was observed (Figures 13A and
14A). This is consistent with previous data of our group, where TNFa levels were
increased in the circulating peripheral blood mononuclear cells (PBMCs) and plasma of
CF patients with low BMD (Cosme et al, in preparation).

P. aeruginosa and MSSA infection in THP-1 derived macrophages did not lead to
significant expression of BMP4 (data not shown). These results were expected, since
BMP4 is expressed mainly in mesenchymal stem cells and chondrocytic cells [177, 178].
P. aeruginosa infection did not induce SAA1/SAA2 expression in THP-1 derived
macrophages (Figure 13B).
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Figure 13 - SAA1/SAA2, CCDC88A and TNFa expression in non-infected THP-1 derived macrophages and after P.
aeruginosa in vitro infection. (A) TNFa expression relative to HPRT in THP-1 derived macrophages. (B) SAA1/SAA2
expression relative to HPRT in THP-1 derived macrophages (C) CCDCB88A expression relative to HPRT in THP-1 derived
macrophages. Columns represent the experimental conditions values average (n=4 for macrophage infection with P.
aeruginosa). RNA extraction was performed in non-infected THP-1 derived macrophages (NI) and in infected
macrophages right after infection (T0), two (T2) and four (T4) hours after infection with P. aeruginosa. Bars indicate the
standard deviation. *p<0.05 by one-way ANOVA, **p<0.01 by one-way ANOVA.
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Figure 14 - SAA1/SAA2, CCDCB88A and TNFa expression in non-infected THP-1 derived macrophages and after MSSA
in vitro infection. (A) TNFa expression relative to HPRT in THP-1 derived macrophages. (B) SAA1/SAA2 expression
relative to HPRT in THP-1 derived macrophages (C) CCDCB88A expression relative to HPRT in THP-1 derived
macrophages. Columns represent the experimental group’s average (n=3 for macrophage infection with methicillin-
susceptible S. aureus). RNA extraction was performed in non-infected THP-1 derived macrophages (NI) and in infected
macrophages right after infection (T0), two (T2) and four (T4) hours after infection with MSSA. Bars indicate the standard
deviation. *p<0.05 by one-way ANOVA, followed by Kruskal-Wallis multiple comparison test.

S. aureus infection slightly but not significantly increased SAAL/SAA2 expression at four
hours after infection (Figure 14B). This is an unexpected result, since previous studies
found an increased expression of the SAA gene in human monocytes and macrophages
after stimulation by LPS treatment [148], and in bone marrow-derived macrophages, five
days after M. avium infection in mice [72]. However, our results showed that SAAL/SAA2
are not upregulated in response to P. aeruginosa and only slightly upregulated in MSSA
infection in human macrophages over the four hours after infection. Nevertheless,
considering these results, it will be worth investigating in the future whether the
expression of SAA proteins are increased in response to mycobacterial infections in
human macrophages, since this type of bacteria also affects the CF patients [6, 8].

CCDCB88A expression was significantly downregulated in the following hours after P.
aeruginosa infection (from TO to T4) (Figure 13C). This differential gene expression was
not observed when the cells were infected with MSSA (Figure 14C). This protein showed
a downregulation pattern similar to that observed in TNFa (Figure 13A and 13C). To our
knowledge, no differences in CCDC88A expression with P. aeruginosa infections have
been reported to date. This is the first time that expression of this protein was studied in
human macrophages post infection. It is known that CFTR loss in macrophages impacts
their ability to resolve P. aeruginosa infection [13, 179]. In addition to the higher
production of pro-inflammatory cytokines/chemokines in response to bacterial infection
[13, 15, 180], macrophages with CFTR loss exhibit altered biological processes and
pathways [179, 181]. Despite the complexity of the mTOR signalling pathway in

41



FCUP
Results and Discussion

macrophages, it is established that this pathway can exert context-dependent effects on
the regulation of macrophage activation [182]. Another significant aspect is the effect of
MTOR signalling pathway inhibition to increase the CFTR stability and expression in CF
bronchial epithelial cells expressing AF508 CFTR mutation [158]. Thus, a hypothesis can
be formulated regarding the decrease of CCDC88A in macrophages upon P. aeruginosa
infection. Considering the increased cytokine production and impaired infection
resolution by CFTR-deficient macrophages [15], restoring CFTR stability and expression
through mTOR signalling pathway inhibition, via CCDC88A downregulation, might
mitigate the negative impacts observed in CFTR-deficient macrophages in response to
infection. This could lead to better infection resolution and reduce excessive cytokine
production. Consequently, this might decrease bone mass loss in CF patients by
reducing the hyperinflammatory state frequently observed in these patients [5]. However,
it is uncertain the effects of mTOR signalling pathway inhibition given the complex role
of this pathway in macrophages [182]. Nevertheless, it would be worthwhile to further
investigate the impact of CCDC88A downregulation in CFTR-deficient macrophages, its
implications for the inflammatory state of these patients, and its effect on bone health.
Moreover, prior analyses showed a downregulation of CCDC88A in PBMCs of CF
patients compared to non-CF patients (Cosme et al, in preparation). However, the same
experiment would need to be conducted in CFTR-deficient cells. This could be achieved
by using a cell line with these characteristics, as we previously tried to differentiate
PBMCs from CF patients into macrophages, but we have not been successful. It would
be particularly interesting to perform CCDCB88A analysis by stratifying CF patients by P.

aeruginosa colonisation.
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4. Final Remarks

This study provided extensive and novel data regarding the proteome of CF patients with
low BMD. Subsequent functional analysis of this data revealed that DPP perform various
biological functions, essentially related to intracellular processes. Based on their
biological functions and differing abundances among CF patients, CCDC88A, SAA1, and
BMP4 were identified as potential biomarkers of bone health. CCDC88A abundance was
reduced in CF patients with low BMD, independently of CFTR modulation (Scheme 2A).
From our analyses, a decrease in CCDC88A may alert for bone mass loss. SAAL is less
abundant in normal BMD patients treated with IVA/TEZ/ELE compared with the
untreated ones (Scheme 2A). Additionally, this protein was correlated with patients’
A%FEV1, suggesting its utility as a pulmonary function biomarker in these patients. We
then observed higher levels of BMP4 in low BMD patients treated with IVA/TEZ/ELE
(Scheme 2A). Our analysis suggests that BMP4 has potential as a biomarker to monitor
bone formation in CF patients with low BMD following IVA/TEZ/ELE treatment. Overall,
our results reveal these proteins’ potential as biomarkers for BMD loss and formation, as
well as for the worsening of lung function in CF patients.

Additionally, we found that in vitro infection of human macrophages by P. aeruginosa or
MSSA did not significantly induce the production or expression of SAA1/SAA2 and BMP4
(Scheme 2B). However, P. aeruginosa infection downregulates CCDC88A expression
(Scheme 2B). This finding suggests that the effects of CCDC88A downregulation could
be further investigated, particularly in relation to CF disease.
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Pathogen CCDC88A SAA1/2 BMP4
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PSA ‘ = x

Scheme 2 —Summary schematic representation of the results. (A) Potential biomarkers of bone health and their presence
in the different CF patient groups. (B) CCDC88A, SAA1/2 and BMP4 expression in THP-1 derived macrophages after
infection with methicillin-susceptible S. aureus (MSSA) or Pseudomonas aeruginosa (PSA).
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