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ABSTRACT  

Cystic fibrosis is a genetic disease affecting mainly the lungs, causing chronic 
inflammation and recurrent infections. The lipid accrual directly contributes to 
the persistent damage in the cystic fibrosis airways; thus, the deregulated lipid 
metabolism can be targeted with pharmacological treatment. Here, we aim at 
demonstrating, in an in vitro model of cystic fibrosis, the role of inflammatory 
and bioactive lipids in the disease pathophysiology and its modulation by 
myriocin, which inhibits sphingolipids synthesis. The blended use of both 
targeted and untargeted mass spectrometry techniques unveiled an atypical 
lipid composition in broncho-epithelial cystic fibrosis cells and the derived 
extracellular vesicles. The airways cells in cystic fibrosis accumulate lipids, 
exacerbating inflammation that can be partly reversed by myriocin therapy, 
which acts directly on sphingolipid synthesis and indirectly on the accrual of 
other lipid classes. The CFTR dysfunction leads to an increased metabolism of 
sphingolipids, which in turn is connected to the release of ceramide-enriched 
extracellular vesicles that export a pro-inflammatory signal to the recipient 
cells. The accumulation of lipids may be the result of dysfunctional lipid traffic 
in the cell and may be responsible for blocking the ER-Golgi network, 
overproduction of reactive oxygen species and uncontrolled inflammatory 
stimuli. We proposed new insights on the role of lipid metabolism in the 
development of cystic fibrosis pathogenesis by using a validated mass 
spectrometry lipidomics approach. To conclude, we hypothesize that the 
metabolism of sphingolipids may be an effective pharmacological target to help 
the reduction of the intrinsic inflammatory state in the airways. 
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RIASSUNTO 

La fibrosi cistica è una malattia genetica che colpisce principalmente i polmoni, 
causando infiammazione cronica e infezioni ricorrenti. L’accumulo di lipidi 
nelle vie aeree in fibrosi cistica contribuisce direttamente a mantenere uno 
status infiammatorio cronico. Per questo il dismetabolismo lipidico può essere 
considerato un nuovo obiettivo farmacologico. In questo lavoro, ci siamo 
proposti di dimostrare in un modello cellulare il ruolo dei lipidi infiammatori e 
bioattivi nella fisiopatologia della fibrosi cistica e la sua modulazione attraverso 
l'inibizione della sintesi degli sfingolipidi. L'uso combinato di tecniche di 
spettrometria di massa sia mirate che non mirate ha rivelato nella malattia una 
composizione lipidica atipica nelle cellule bronco-epiteliali e delle derivanti 
vescicole extracellulari. Le cellule delle vie aeree nella fibrosi cistica 
accumulano lipidi che aggravano l'infiammazione. Questa può essere 
parzialmente ridotta dalla terapia con miriocina, che agisce direttamente sulla 
sintesi degli sfingolipidi e indirettamente sull’accumulo di altre classi lipidiche. 
La disfunzione del gene CFTR porta ad un aumento del metabolismo degli 
sfingolipidi, che a sua volta è collegato al rilascio di vescicole extracellulari 
arricchite di ceramidi che esportano un segnale pro-infiammatorio alle cellule 
circostanti. L'accumulo di lipidi può essere il risultato di un traffico 
disfunzionale di lipidi nella cellula, che a sua volta può essere responsabile del 
blocco del trasporto reticolo endoplasmatico-Golgi, di una  iper-produzione di 
ROS e di stimoli infiammatori incontrollati. Abbiamo esplorato nuove 
prospettive sul metabolismo lipidico nello sviluppo della  patogenesi della 
fibrosi cistica utilizzando un approccio lipidomico di spettrometria di massa per 
il rilevamento di possibili biomarcatori. Inoltre per concludere, ipotizziamo che 
il metabolismo degli sfingolipidi possa essere un obiettivo farmacologico 
efficace nel coadiuvare la riduzione dello status infiammatorio intrinseco  delle 
vie aeree. 
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1. INTRODUCTION

1. Cystic fibrosis 
Cystic fibrosis (CF) is a multi-system disease affecting the lungs, the pancreas, 
the gastrointestinal tract, the liver, and the reproductive tract, caused by 
different mutations on the CFTR gene, which encodes for a sodium/chloride 
transmembrane channel [1]. CFTR is crucial for electrolytic balance but also 
affects inflammatory responses, ion transport, and cell signalling by modulating 
the gene expression. 
The loss of CFTR physiological activity leads to electrolytic imbalances, in 
particular on bicarbonate/chloride balance, with the abnormal production and 
deposition of very thick and sticky mucus that can clog vessels and airways 
(Figure 1).  
The classic symptoms of CF are respiratory insufficiency, chronic pulmonary 
infections, exocrine pancreatic insufficiency, gastrointestinal disturbances, 
metabolic alkalosis,  and sterility [2,3]. Specifically, the lung disease is CF is 
always characterized by an exaggerated, sustained, and extended inflammatory 
response to bacteria, among which Pseudomonas aeruginosa, Staphylococcus 
aureus, Haemophilus influenzae, and Stenotrophomonas maltophilia [3,4].  

1.2 Genetics 
CF is an autosomal recessive disease and, currently, over 2000 variants of the 
CFTR gene have been reported (http:// genet.sickkids.on.ca) that can be 
classified as (1) CF-causing, (2) varied clinical consequence, (3) not-disease 
causing, and (4) unsure significance (https://cftr2.org).  
The prevalence was estimated in about 1 in 25 babies born with a defective 
CFTR. However, only 1 in 2000–3000 (Europe) or at least 1 in 30000 newborns 
(America) bring both the incorrect alleles and are diagnosed with CF [4,5].  
Different variants impact the amount and functionality of the CFTR protein with 
variable clinical consequences [2,6].  Boyle and De Boeck [6] classified the CFTR 
mutations into six classes reported here in Table.  
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Figure 1.  
Electrolytic alteration in CF 
due to mutations on CFTR 
channel in (A) broncho-
epithelial cell and (C) sweat, 
used for diagnosis purpose in 
comparison with healthy (B) 
broncho-epithelial cell and 
(D) sweat 

 

The most common mutation, about 70% of defective CFTR alleles in patients, is 
F508del, which consists of the deletion of three nucleotides causing the loss of 
phenylalanine at residue 508. Other frequent mutations are G542X (3.4%), 
G551D (2.4%), W1282X (2.1%) and 3905insT (2.1%) [1,2,6].   

1.3 Diagnosis 
Patients are typically diagnosed with CF as neonates or infants through genetic 
screening, family history, or symptomatic characteristics such as stunted 
growth, meconium ileus, rectal prolapse, malabsorption, cough, and persistent 
lung infections. 
Diagnosis is based on the presence of two disease-causing CFTR mutations, 
along with a positive sweat test and compatible clinical features.  
Sweat chloride levels are usually higher in CF than in healthy adult (Figure 1):  

1. >60mmol/L, usually 90–110mmol/L, is clearly considered CF; 
2. 40–60mmol/L is borderline; 
3. <40 is considered normal even though it can occur in CF. 

However, the diagnostic process can be more intricate, especially for milder or 
minimal phenotypes (5%). The initial diagnostic test findings are frequently 
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inconclusive in these patients: borderline concentration of sweat chloride and 
or less than 2 CF mutations found. Thus, specialized medical investigations are 
necessary in these cases, such as nasal potential difference measurements or 
intestinal current measurements [1,7]. 

Table 1. Classes of CFTR mutations according to the classification proposed by Boyle and De 
Boeck [6] 

Class CFTR alteration Type of 
mutations 

Relevant specific 
mutations 

I Complete absence of the CFTR 
protein that is not synthetized 

Nonsense; 
frameshift; 
canonical 
splice 

Gly542X 
Trp1282X 
Arg553X 
621+1G→T 

II Complete absence of the CFTR 
protein that is prematurely destroyed in the ER 

Missense; 
deletion 

Phe508del 
Asn1303Lys 
Ile507del 
Arg560Thr 

III Impaired gating of the CFTR channel Missense; 
substitution 

Gly551Asp 
Gly178Arg 
Gly551Ser 
Ser549Asn 

IV Presence of CFTR protein but decreased  
channel conductance 

Missense; 
substitution 

Arg117His 
Arg347Pro 
Arg117Cys 
Arg334Trp 

V Reduced level of normal and functional CFTR 
proteins 

Missense; 
Splicing 
defect 

3849+10kbC→T 
2789+5G→A 
3120+1G→A 
5T 

VI instability of the CFTR protein at 
the apical surface of the epithelial cells. 

Missense; 
substitution 

4326delTC 
Gln1412X 
4279insA 
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1.4 Management 
The primary aim of CF pharmacological care consists of the administration of 
various antibiotics to counteract chronic pulmonary sepsis and its 
complications, which account for much of the morbidity and mortality.  
Choice of antibiotics is based on clinical features or by sputum culture results, 
and treatment should be for 14 days with either oral or IV antibiotics depending 
on the severity of infection [1,3,8].  
The majority of patients with chronic P.aeruginosa infection are treated with 
colistin or tobramycin solution for inhalation. Prevention and eradication of 
Staphylococcus aureus infection should also be considered, even if the patient 
is asymptomatic. A minimum of 2 weeks of treatment in adults is deemed with 
either flucloxacillin, erythromycin, or clindamycin [9]. 
Some people with cystic fibrosis might receive treatment with 
immunomodulatory agents, such as corticosteroids, to reduce the intense 
neutrophil-dominated airway inflammation [3].  
The guideline also provides recommendations on the use of the mucolytic 
agents (i.e., dornase alfa, hypertonic sodium chloride, and mannitol) and airway 
clearance procedures with anti-inflammatory treatment with corticosteroids 
[1]. 
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2. Lipids 

2.1 Structures 
The scientific community still debates on what should be the correct definition 
for “lipid”, however the two most accredited were here reported: 

1. “lipids are fatty acids and their derivatives, and substances related 
biosynthetically or functionally to these compounds” [10] 

2. “lipids are hydrophobic or amphipathic small molecules that may 
originate entirely or in part by carbanion-based condensations of 
thioesters (fatty acids, polyketides, etc.) and/or by carbocation-based 
condensations of isoprene units (prenols, sterols, etc.)” [11] 

Lipids were categorized based on their chemically functional backbone into 
eight main classes: fatty acyls, plant-derived polyketides, glycerolipids, 
glycerophospholipids, sphingolipids, prenols, sterol, and saccharolipids (Figure 
2). There can be hundreds to thousands of individual molecular species for each 
of these lipid classes, particularly for those lipids that combine fatty acyl groups 
such as glycerolipids, glycerophospholipids, and sphingolipids. 

2.2 Functions 
Lipids are involved in structural compartmentalization of cell membranes, 
energy storage, and cell-signalling that affect cellular functions, including 
apoptosis, proliferation, response to stress, and inflammation [12,13]. 
Firstly, lipids are considered the building blocks of membranes providing the 
fluid lipid bilayer within membrane proteins fold, organize, and function. Their 
structural role is the direct consequence of their biochemical and biophysical 
properties, either deformable or very stable [13,14].  Lipids also made it 
possible for the cells to isolate their internal components from the external 
environment and create separate organelles. Through cell 
compartmentalization, they increased biochemical efficiency by segregating 
chemical reactions and products to a specific location. Furthermore, lipids are 
essential for cell division, biological reproduction, and intracellular membrane 
trafficking [12].  
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Figure 2. Exemplification of structures for each lipid category: (A) ceramide d18:1, 18:0, 
sphingolipids; (B) palmitic acid, fatty acyls; (C) alkyl catechol, polyketides; (D) trimyristin, 
acylglycerol; (E) cholesterol, sterol; (F) UDP-GlcNAc, saccharolipids; (G) alfa-tocopherol, 
prenols and (H) disteatorylglycerophoshocholine, glycerophospholipids. 
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The lipid composition in biological membranes strongly depends on the cell 
type and the subcellular location. Generally, in mammalian cells, the most 
abundant lipids are phosphatidylcholine, phosphatidylethanolamine and 
cholesterol, whereas some lipids are more abundant in specific organelles, such 
as cardiolipin in mitochondria.  
To note,  in cellular membranes lipids are distributed asymmetrically: 
glycolipids are located exclusively on the outer leaflet of plasma membranes, 
whereas phosphatidylserine is principally in the inner leaflet [15,16]. 
Secondly, lipids, packed in lipid droplets, are used for energy storage, 
principally as triacylglycerol and steryl esters. These adiposomes are necessary 
to store caloric resources and preserve membrane components such as fatty 
acid and sterol.  
Finally, lipids can actively participate in signal transduction and molecular 
recognition processes acting as first and second messengers [12,17]. The 
degradation of amphipathic lipids makes structured signaling: the hydrophobic 
parts of the molecule can be transmitted within the membrane, whereas the 
polar head can be distributed through the cytosol. In addition, some membrane 
lipids can also recruit proteins from the cytosol, which in turn can act as 
secondary signalling or effector complexes [12]. 

2.3 Lipids in inflammatory responses 
Lipids exert crucial physiological and pathological signalling activities in cells 
and tissues. Bioactive lipids are recognized as novel biomarkers that would 
contribute to innovative treatment methods, early intervention, and better 
patients' prognosis. In particular, a significant effort was made by decoding the 
role of lipid in mediating and resolving inflammation [16,18].  
Inflammation is an immune response that develops after infections, cellular 
stress, or tissue insults and may be spontaneously depleted after the damage 
has been removed. Lipids and other  preformed or newly synthesized mediators 
can be gathered to elicit specific inflammatory responses. In some cases, such 
as in autoimmune disorders, immune responses can evolve in the excessive and 
unregulated process leading to persistent inflammation, irreversible tissue 
damage, and chronic disease [19]. It is well known that endogenous bioactive 
lipids play a crucial role in inflammatory processes: they can initiate, 
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coordinate, resolve and confine inflammation by regulating hypervascular 
reactivity, pain, leukocyte trafficking, and clearance [20–23]. Based on their 
chemical composition or functional activity, bioactive lipids may be classified 
into various classes: eicosanoids, advanced pro-resolving mediators, 
lysoglycerophospholipids, sphingolipids, and endocannabinoids [22].  

2.3.1 Eicosanoids 
This bioactive lipid-family includes a wide range of 20-carbon derivatives such 
as arachidonic acid (AA), eicosapentaenoic acid (EPA), and docosahexaenoic 
acid (DHA). Eicosanoids are mainly derived from AA, which can be released 
from membrane phospholipids primarily by phospholipase A2 and secondary 
by phospholipase C. Eicosanoid biosynthesis is drove by three enzymes: 1) 
cyclooxygenase 1 and 2 (COX-1/2) generate prostanoid class consisting of 
prostaglandins (PGs), prostacyclines, and thromboxanes (TXs); 2) leukotriene 
(5/12/15-LOX) lipoxygenase (LTs), hydroxy-eicosatetraenoids, and lipoxins; 
and 3) P450 epoxygenase generates hydroxyeicosatetraenoic acids (HETEs) 
and epoxy-eicosatetraenoic acids (HETEs) [24,25]. 
Eicosanoids are classified into omega-6 and omega-3 families based on the 
unsaturation position in their precursors. The pro-inflammatory omega-6 
family is derived from AA, while the anti-inflammatory omega-3 family is 
derived from EPA and DHA. 
Eicosanoids are involved in inflammation and vascular tone, platelet 
aggregation, pain perception, ovulation, and embryonic development. In 
general, omega-6 eicosanoids are pro-inflammatory, while omega-3 
eicosanoids can be anti-inflammatory and pro-resolving [26,27].  
In particular, five mechanisms are related to PGs-induced inflammation: 1) 
expanding the release of pro-inflammatory cytokines [27,28]; 2) improving the 
innate immunity [29]; 3) activating the T-helper cells [30]; 4) supporting 
leukocyte enrolment [27]; and 5) stimulating the expression of pro-
inflammatory genes such as NF-κB [31].  
By acting as chemoattractants for neutrophils, macrophages, eosinophils, and 
TH17 lymphocytes, the primary roles of LTs in acute inflammation are to cause 
edema and promote a sustained inflammatory status. Vasoconstrictors and 
vasodilating agents are predominantly TXs and prostacyclines, respectively. 
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[20,22,32]. Epoxyeicosatrienoic acids (EETs) are synthesized from AA by 
cytochrome P450 epoxygenases. By blocking the activation of NF-kB, they 
regulate vasorelaxation, anti-inflammation and fibrinolysis. They can be 
converted to the less active dihydroxyeicosatrienoic acids (DHETs) by soluble 
epoxide hydrolase [33].  

2.3.2 Sphingolipids 
Sphingolipids chemically consist of an amino-alcohol backbone, that is 
sphingosine. They are synthesized by the de novo condensation of serine and 
acyl-CoA (Figure 3). They are involved in a multitude of pathophysiological 
functions [34], such as regulation of apoptosis [35,36], proliferation [37], 
differentiation [38], autophagy [39,40], invasiveness [41,42], modification of 
signaling cascade [43,44], and mediation of inflammatory responses by 
cytokines [45]. In particular, ceramide and sphingosine promote apoptosis via 
different pathways, which involve the catalytic activity of Bcl-2, protein kinase 
C, protein phosphatases 1-2, and proteases. In contrast with ceramide, which is 
predominantly pro-apoptotic [46], sphingosine-1-phosphate (S1P) is mainly an 
anti-apoptotic messenger [47] that can modulate mitogenesis, cell migration, 
cytoskeletal rearrangement, and angiogenesis [40,48]. The phosphate forms of 
sphingolipids are notably related to inflammation, where S1P acts on either 
COX-2 or NF-kB and ceramide-1P acts on phospholipases A2 [49,50].   
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Figure 3. Sphingolipids metabolism and related chemical structures. 

 

2.3.3 Endocannabinoids 
Endocannabinoids comprise amides, esters or long-chain polyunsaturated fatty 
acid ethers capable of binding and activating the G-protein-coupled 
cannabinoid receptors (CB1 and CB2) in the same way as the 
tetrahydrocannabinol (THC), the main psychoactive principle of Cannabis 
sativa. These endogen lipid mediators share cannabimetic activity, but with 
different chemical structures from phytocannabinoids. The most studied 
molecules in this class are anandamide (AEA), 2-arachidonoylglycerol (2-AG), 
2-AG-ether, O-arachidonoylethanolamine, arachidonoyldopamine, and 
palmitoylethanolamide (PEA). They modulate biological functions such as 
immunity, endocrine, and inflammatory responses [51,52]. In particular, AEA 
and PEA have anti-inflammatory properties [53,54], whereas 2-AG has both 
pro- and anti-inflammatory properties [55–57]. Alterations in the 
endocannabinoid system can cause a dysfunction in tissue homeostasis and 
chronic inflammatory status: in the concentration of endocannabinoids and the 
expression of their metabolic enzymes and receptors [58].  
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2.3.4 Lysoglycerophospholipids 
Lysoglycerophospholipids contain glycerol backbones linked to two long fatty 
acid chains and a polar head comprising a phosphate modified with 
ethanolamine, choline, inositol, or serine [14]. Lysoglycerophospholipids are 
produced as intermediate in the phospholipid synthesis or derived from their 
catabolism, which consists in the hydrolitic removal of one fatty acid. This 
hydrolysis process affords lysophosphatidylcholines (LPC), 
lysophosphatidylinositols (LPI), lysophosphatidylethanolamines (LPE), 
lysophosphatidylserines (LPS), and lysophosphatidic acid (LPA). 
Lysophospholipids were demonstrated to modulate inflammatory cascade, and 
in the cellular compartment proliferation, survival and morphological changes 
[59,60]. LPC and LPA modulate the immune response by controlling the 
distribution, trafficking, and activation of immune cells [59,61]. Therefore, they 
have been linked with different inflammatory diseases such as diabetes, obesity 
[62], atherosclerosis, cancer [63], and rheumatoid arthritis (RA) [64].  

3. Myriocin 
Myriocin (Myr) is a natural product derived from sugar fermentation of 
thermophilic Ascomycetes, such as Myriococcum Albomyces, Mycelia sterilia 
and Isaria sinclairii [65,66]. Myriocin is a complex amino acid having three 
successive asymmetric centers and was later recognized as a potent 
immunosuppressant [67,68].  
Myr exerts a powerful immunosuppressive activity, 10 to 100 times more 
potent than that of cyclosporin A, and exhibits a simple structure compared 
with other microbial immunosuppressive products. Several structural 
analogues are produced by other fungi, such as Mycelia sterilia ATC20349, 
Isaria sinclarii, although their biological activity is not fully characterized [69–
71]. This led to the development of an in vitro synthesis procedure to obtain 
Myr and its derivatives  [69,70,72]. Next, Myr was found to inactivate in vivo 
and in vitro serine‐palmitoyl‐transferase (Serine-Palmitoyl Transferase ) (EC 
2.3.1.50), the first and rate‐limiting enzyme in the de-novo biosynthesis of 
sphingolipids [73] (Figure 4) and to exert potent biological activity on cell 
growth inhibition [74]. Since then, Myr has been widely used as a sphingolipids 
synthesis inhibitor, but Myr itself can significantly modulates inflammation, 
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induces autophagy, and lipid oxidation [75]. Myr is currently evaluated in pre-
clinical studies for the treatment of different diseases, among which are retinitis 
pigmentosa [76,77], myocardial infarction [78–80], atherosclerosis [81], fatty 
liver disease [82], and cystic fibrosis [83–86].   
In CF Myr administration: (1) activates some transcriptions of genes (i.e. TFEB, 
FOXOs) involved in regulating lipid metabolism, anti-inflammatory, anti-
oxidants responses, and autophagy [87]; (2) decreases the overall lipid cell 
content [86] and (3) enhances mitochondrial lipid oxidation [75]. 

 

Figure 4. De-novo sphingolipids synthesis inhibition by Myriocin, which interfere with the 
first-rate enzyme that is serine-palmitoyl-transferase. 

4. Lipidomic  
Lipidomics is the most powerful quali-quantitative analytical tool to study 
lipids in biological specimens and their biochemical involvement in human 
diseases. The structure and the composition of lipids in cells and tissue can 
change in reaction to pathophysiological modifications: gene alterations, 
epigenetic changes, protein expression, and post-translational modifications. 
Thus, recognizing lipidomic biomarkers in various diseases may be relevant to 
diagnose purpose or test responses to therapies [88]. 
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Lipid imbalances are also closely associated with several outbreak diseases, 
namely atherosclerosis and cardiovascular diseases [89,90], diabetes [91,92], 
metabolic syndromes [93,94], autoimmune syndromes [19], cancers [95–98], 
Alzheimer’s disease [99,100], and infectious diseases [24,101]. 
Lipidomics has progressed tremendously in the last decade, but there are still 
challenges in extending a precise and comprehensive evaluation of the 
lipidome. Given their structural diversity, which also means different chemical 
properties, it is difficult to achieve a comprehensive lipid analysis method. 
Another difficulty lies in the wide-ranging concentrations of lipids in the same 
biological samples: from millimolar of cholesterol esters, triacylglycerols, and 
phospholipids to pico-femtomolar of ceramides and prostaglandins [102,103]. 
Liquid chromatography combined with mass spectrometry represents the most 
promising analytical technique to study the lipidome, as demonstrated by the 
latest scientific trends [102,104,105]. 
The whole human lipidome is a complex biological system, comprising 10 to 
100 thousand different chemical entities, that can be covered by this large-scale 
technique. For instance, it has been reported between 150 and 700 different 
lipids could be present within the human plasma. The most represent classes 
are CE (47%), PC (18%), cholesterol (12%), TAG (9%), SM (5%), free fatty 
acids (4%) and LCP (2%) [103]. 
Lipids can be studied by two approaches: targeted or untargeted lipidomics 
(Figure 5). A high-sensitive analysis dedicated to identify and quantify specific 
classes of lipids is a targeted method. On the other hand, the non-targeted 
method, typically using high-resolution mass spectrometry, aims to objectively 
identify and semi-quantify all potential lipid species in the samples that give an 
overall lipid fingerprint [106–108]. Different tasks can be performed using this 
technique: (1) characterization, detection, and quantification of lipid species 
reported to be correlated with pathological events, and (2) identification of new 
prognostic or diagnostic biomarkers, compared to a control group, with high 
levels of precision and sensitivity. The identification in LC-MS untargeted 
lipidomics can be accomplished by three independent levels of selection: (1) 
the chromatographic separation, (2) mass-to-charge (m/z) ratio of the 
precursor ion, and then fragmented to gain (3) product ions (MS/MS).  
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Figure 5. Workflow for targeted and untargeted lipidomics. 

The strength of lipidomics is recognizing single species that reflect significant 
changes and providing an overview of an inherently complex process. 
Metabolites, and thus their concentrations, are constantly exposed to synthesis 
or degradation in this process. By highlighting important metabolic pathways 
and elucidating specific biological function, bioinformatics analysis is then 
aimed at understanding biological data [104]. It is possible to classify pathways 
and cell functions engaged in the studied condition or dysfunction by clustering 
metabolites that are at the same time involved in those changes. [109].  In this 
way, multivariate modelling methods were implemented to address limitations 
imposed by sample size and to unveil significant correlations in high-
throughput data. Further validations are needed in large cohorts and clinical 
trials before achieving clinical approval of possible prognostic or diagnostic 
biomarkers, established using lipidomics [104].  

5. Lipid abnormalities in Cystic fibrosis 
Along with therapeutic strategies improvement and life expectancy increase, 
the number of comorbidities affecting CF patients is enlarging, including less-
studied dyslipidemia.  CTFR interaction with lipid metabolism and cell 
membranes is still poorly understood. Interaction with membrane lipids also 
tends to play a role in CFTR stabilization and function, in addition to other 



29 
 

protein-mediated regulation. Interactions between CFTR and cholesterol have 
been described and these interactions somehow control CFTR distribution and 
dynamics on the plasma membrane [110]. The apical aberrant CFTR (F508del) 
was demonstrated to be stabilized by blocking endocytosis, inhibiting 
proteasomal degradation, and depriving the membrane of cholesterol, which in 
turn affects the properties and composition of lipid rafts [111]. The lateral 
mobility of CFTR is reliant on cholesterol and consistent with cholesterol-rich 
lipid drafts confinement [112]. Even if little is known, some studies recognized 
in CF an altered fatty acid, cholesterol, and sphingolipid metabolism [113].  
High triglycerides (TAG) and low LDL and cholesterol levels have been 
identified in the plasma of CF patients [114,115], as well as peripheral tissue fat 
accumulation [116–119], cholesterol malabsorption, and enhanced synthesis in 
the liver and in other tissues [120,121]. In particular, cystic fibrosis patients 
showed dyslipidemia with an increment in odd-chain and polyunsaturated fatty 
acids [122].  

5.1 Fatty acids metabolism in cystic fibrosis 
It is reported that in cftr-/cftr- mice and CF patients,  fatty acids metabolism is 
altered with increased levels of n-6 PUFAs, such as arachidonic and linoleic acid, 
along with a reduction of DHA levels [123]. Relevantly, the biologic effects of 
fatty acids depend not only on their absolute levels but especially on the ratio 
of n–6 to n–3 fatty acids, which appeared to be altered and directly related to 
CFTR dysfunction as well [124]. The supplementation of n-3 PUFAs as a 
pharmacological treatment in CF is controversial even if it was demonstrated 
beneficial on several inflammatory diseases [123]. As a whole, an overall fatty 
acids imbalance was found in CF and principally interested more saturated 
species [125].  
The potential causes of CF imbalance between high saturated fatty acids and 
low unsaturated fatty acids lipointoxication [123] were summarized as follows: 
(1) malabsorption of PUFAs due to systemic CFTR alteration such as Cystic 
Fibrosis-related Liver Disease (CFLD) and pancreatic insufficiency; (2) hypoxia, 
which prevents the oxygen-dependent desaturation steps needed to form 
unsaturated fatty acids from their saturated precursors; (3) an increased flux 
through the omega-6 pathway and (4) and increased activity of Phospholipase 
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A2. The increase in the activity of both the omega-6 pathway and Phospholipase 
A2 produce, in turn, an accumulation of pro-inflammatory arachidonic acid.  
The inflammation and several clinical outcomes can be related to the irregular 
metabolism of omega-6 fatty acids, particularly in increased arachidonic acid 
level and linoleic acid deficiency. Some recent findings advocate inflammation 
as the primary cause followed by infection, further enhancing the release of 
arachidonic acid and inflammatory eicosanoids [126,127]. Moreover, lung 
transplantation can lead to an increase in the essential fatty acids profile, and it 
was attributed to (1) the presence of functional CFTR ; (2) the elimination of 
compromised and inflamed CF lungs; (2) the removal of excess fatty acids 
oxidation, and  (4) the restoration in linoleic and arachidonic acids metabolism 
[128,129].  

5.2 Cholesterol and lipoprotein in cystic fibrosis 
CF patients with pancreatic insufficiency are more prompt to have reduced 
levels of total, LDL, and HDL cholesterol along with hypertriglyceridemia. In 
some cases, especially in those with pancreatic sufficiency, can also occur 
hypertriglyceridemia and hypercholesterolemia [130–134]. Decreased 
exogenous lipid absorption may be the explanation for lower lipid values 
observed in pancreatic insufficiency subjects. Along with chronic inflammation, 
this is also due to either inadequate intraluminal solubilization or diminished 
intestinal absorption of long-chain fatty acids [131].  
In the same way, in a CF pediatric population, a high-fat diet along with an 
inadequate intake of saturated fat showed a decrease in the overall cholesterol, 
HDL and LDL concentrations and an increase in the TAG levels. The increment 
in TAG levels and in the ratio TAG / HDL was related in those patients to an 
elevated risk of cardiovascular diseases [135]. The explanation for 
hypertriglyceridemia can lie in systemic inflammation and an accumulation of 
carbohydrates that successively contribute to hepatic glycogen overload [134]. 
Unesterified cholesterol deposition in lung and trachea parts derived from CF 
patients was demonstrated and indicated as an underlying deficiency in 
cholesterol metabolism. Moreover, in both cultured CF cells  [119,136] and 
nasal tissue excised from CFTR model mice was revealed an excess in plasma 
membrane cholesterol content. A disrupted intracellular cholesterol movement 
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could promote in turn, cholesterol synthesis, a hypothesis confirmed by the 
enhanced de novo cholesterol synthesis in cftr-/-mice in the lungs and liver 
[119]. 
Pancreatic insufficiency CF patients displayed lower cholesterol and 
phytosterol plasma levels and higher plasma lathosterol levels. The common 
cause that underlies to these abnormalities was found in reduced digestion and 
absorption of cholesterol itself. Different causes can contribute to altered 
synthesis and secretion of bile salts, intestinal inflammation, and decreased 
pancreatic secretion of cholesterol esterase [120,137].  
Other evidence comes from lipid fraction of broncho-alveolar fluid that was 
reduced but displayed a fraction cholesterol esters concentrations, which are 
likely to play a role in inflammation processes [138]. 

5.3 Sphingolipids in cystic fibrosis 
Sphingolipids and particularly the bioactive ceramide are recognised as one of 
the major regulators of inflammation in the initiation and propagation of severe 
lung complications associated with airway infection [75,139,140].  
As well, the properties of cell membranes and the expansion of lipid rafts have 
also been correlated with ceramides[141].  
The sensitivity of CF cells to apoptosis was examined to investigate the 
biological significance of the decline in ceramide expression. Ceramides acting 
as second messengers have also been involved in the activation of lung 
endothelial and epithelial cell apoptosis [142,143]. In this way, by lowering 
ceramide levels, the sensitivity of cells to apoptosis could be effectively reduced 
[141].  
The distribution of ceramide, sphingomyelin, and sphingosine in the host 
reaction to infection leads to the delicate balance of anti-inflammatory activity 
and antimicrobial effectiveness. The disruption of ceramide metabolism in P. 
aeruginosa infection was associated with increased TNF receptor 1 expression, 
NFkB activation, and overproduction of proinflammatory cytokines [144]. 
The sphingolipid composition of CF airway epithelial cells is substantially 
altered with a rise in ceramide and decreased sphingosine in the luminal 
membrane of tracheal and bronchial epithelial cells. Moreover, sphingosine was 
demonstrated to be necessary for the killing of bacterial in the airways of cystic 
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fibrosis. Thus, the reduction of sphingosine, due to reduced activity of acid 
ceramidase, in CF epithelial airway cells was linked with increased infection 
sensitivity [145–148]. Ceramide, its precursors, isoprostanes, and lysolipids 
were also associated with neutrophilic inflammation in the airways of CF 
infants [149,150].  Different experiments also determined the imbalance in the 
chain length of ceramide and its implication in CF that is marked by abnormally 
low levels of ceramide C24:0 and high concentration of C16:0 [151,152].  
However, not only ceramide but also its indirect catabolite sphingosine-1-
phosphate (S1P) may be essential regulators in CF. S1P effect in 
pathophysiology is still difficult to decipher since it can control diverse or even 
opposing cellular effects, including those that counteract ceramide ones [153]. 
In cross-talk with other signalling pathways, in particular ceramides, S1P has 
significant effects on cell differentiation and proliferation, plays a role in tissue 
repair [153] and immunomodulation [154].A possible feedback relation was 
proposed between S1P and CFTR that is also capable of amplifies S1P signals. 
In pathological settings, this mechanism can additionally worsen the reduction 
of CFTR activity. Therefore, pharmacological strategies such as CFTR 
correction/potentiation can be enhanced by inhibiting S1P/AMPK signalling for 
greater effectiveness [155].The anomalous myeloid invasion and delayed 
resolution of mediated inflammation in CF lung pathology were correlated with 
decreased lung tissue S1P levels, which can be partly reversed by chronic 
treatment with an S1P lyase inhibitor. Specifically, the recovery of lung S1P 
levels leads to increased mucus deposition [156], low basal lung inflammation, 
amplified reaction to bleomycin, and Pseudomonas aeruginosa infection[157]. 
This infection of the lung epithelium was demonstrated to stimulate the nuclear 
localization of SPHK2, which results in turn to increased nuclear production of 
S1P. Besides, the secretion of pro-inflammatory cytokines, which followed the 
infection, was epigenetically regulated by nuclear S1P via histone deacetylases 
and interleukin-6 promoter H3 and H4 histone acetylation [158]. 
A clinical study investigated total and unbound S1P levels in lung-transplanted 
CF patients. CF patients had lower unbound S1P plasma, which differs 
depending on the CFTR mutation and gastrointestinal clinical implications 
[159]. 
  



33 
 

2. AIMS OF THE STUDY 

This thesis aimed to unveil the relationship between alteration in bioactive 
lipids metabolism and the inflammatory phenotype of cystic fibrosis.  
Specifically: 

1. To correlate the sphingolipid profile of extracellular vesicles (Evs) from 
lung mesenchymal stem cell (MSCs) and their immunomodulatory 
function in CF 

2. To demonstrate a pervasive lipid dysmetabolism in both immortalized 
and primary cystic fibrosis bronchial epithelial cells 

3. To evaluate the effect of Myriocin, a suicide inhibitor of the first enzyme 
in the de-novo sphingolipids biosynthesis, in the modulation of this 
imbalance 

  



34 
 

3. MATERIALS AND METHODS 

3.1 Reagent and chemicals 
Pure synthetic lipids standards were purchased from Avanti Polar Lipids 
(Alabaster, AL, USA). The chemicals acetonitrile, 2-propanol, methanol, 
chloroform, formic acid, ammonium acetate, and ammonium formate were LC-
grade and purchased by Sigma-Aldrich (St. Louis, MO, USA). All aqueous 
solutions were prepared using purified water at a Milli-Q grade (Burlington, 
MA, USA). 
The tool used to inhibit the cystic fibrosis transmembrane conductance 
regulator was the CFTR(inh)-172 from Sigma-Aldrich (St. Louis, MO, USA). 

3.2 Human mesenchymal stem cells  
Human lung mesenchymal stem cells (MSCs) were extracted from lung biopsies 
from seven patients undergoing lung surgery either for suspected lung tumor 
or bullous emphysema. Tissues were retrieved after the approval of the Ethical 
Committee of the ASST Santi Paolo e Carlo, Milano, Area A (n. 2211, 
12/14/2016).  
Each lung biopsy (about 1 cm3), was divided with surgical scissors and 
maintained for ten days in DMEM medium containing 18% FBS, 1% 
penicillin/streptomycin at 37 °C and 5% CO2. On the last day, adherent cells 
were cultured regularly with bFGF (5 ng/mL, Peprotech LTD, Israel) until 
passage seven. MSCs were treated with 10 μg/mL of CFTR(inh)-172 inhibitor 
for 48h obtaining an in vitro model of CF (CF-MSCs) [160]. In the same way, 
control MSCs (CTR-MSCs) were treated with the same amount of dimethyl 
sulfoxide.  

3.3 Extracellular vesicles derived from human lung mesenchymal stem 
cells 

After 48–72h the cultured media of both CTR-MSCs and CF-MSCs was subjected 
to ultracentrifugation to recover extracellular vesicles (EVs), as previously 
described [161]. The protocol consisted of a series of normal centrifugations 
(1000, 2000, and 3000 g for 15 min at 4 °C), followed by ultracentrifugation at 
110,000 g (Beckman Coulter Optima L-90 K ultracentrifuge) for 75 min at 4 °C.  
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3.4 Cell culture 

3.4.1 Immortalized cell model 
Human bronchial epithelial cell line (IB3), derived from a CF patient 
(ΔF508/W1282X) provided by LGC Promochem (Teddington, UK), were grown 
in LHC-8 medium supplemented with 5% FBS, 1% penicillin/streptomycin at 
37 °C, and 5% CO2. Healthy (H) human lung bronchial epithelial cell line 
(16HBE14O, initially developed by Dieter C. Gruenert) were provided by Luis J. 
Galietta (Telethon Institute of Genetics and Medicine—TIGEM, Napoli, Italy). 
Originally HBE primary cells were grown in LHC-8, even though in the present 
study they were cultured as recommended (Merck Millipore SCC150 datasheet) 
in MEM Earle’s salt supplemented with 5% FBS, 1% penicillin/streptomycin at 
37 °C, and 5% CO2. For cell lipidomics, 1×105 cells/100-mm plate in 5 mL 
medium were plated, harvested when confluence has reached 90%, washed in 
PBS, and pelleted. 

3.4.2 Patient-derived primary cell lines 
Primary broncho-epithelial cells from three CF patients and three healthy 
donors were obtained from the Fondazione Fibrosi Cistica facility (Verona, 
Italy). CF cells were selected for bearing homozygous or compound 
heterozygous ΔF508. About 250×104 cells were seeded on collagen-coated 
flasks and grown in proliferative conditions with LHC9/RPM1 for at least two 
weeks. For lipidomics, cells were harvested when confluence has reached 90%, 
washed in PBS, and pelleted. 

3.5 In vitro pharmacological treatment  
Myriocin (Myr) treatments were performed at a concentration of 50 µM 
overnight in 100 mm dishes plated at 1×105 cells/each. At least triplicate 
samples for each experiment were performed. 

3.6 Protein quantification 
For normalization purpose, a small aliquot of the cell lysate was preserved for 
total protein quantification by following the manufacturer (Bio-Rad, Hercules, 
CA, US) instruction for the Bradford dye-binding method. The resultant blue 
colour was measured at 595 nm following a 5 min room temperature 
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incubation and compared to a standard curve of bovine serum albumin (BSA) 
in the range of 1-20 µg/mL.  

3.7 Untargeted lipidomics 

3.7.1 Total lipids extraction 
Lipid extraction was completed by a modified version of the Bligh & Dyer 
method [86]. Cells (about 1×106) were reconstituted in 100 µL of water + 0.1% 
proteases inhibitor cocktail (Roche, Basel, Switzerland) and extracted with 850 
µL of a methanol/chloroform mixture (2:1, v/v). The samples were sonicated 
for 30 min, and the organic phase was evaporated under a stream of nitrogen. 
The residues were dissolved in 100 µL of isopropanol/acetonitrile (2:1, v/v), 
centrifuged for 10 min at 13,400 RPM, and withdrawn in a glass vial. 

3.7.2 Sphingolipid extraction 
For the targeted sphingolipid analysis, cell pellets were incubated overnight in 
an oscillator bath at 48 °C after the addition of 100 µL of water and 850 µL of 
methanol/chloroform mixture (2:1, v/v). Then, alkaline methanolysis was 
carried out by incubation at 37 °C for 2 h with 75 μL of potassium hydroxide 1 
M in methanol to improve their recovery. Samples were evaporated after 
neutralization with 75 μL of 1 M acetic acid in methanol. The residues were 
dissolved in 100 μL of methanol, centrifuged at 13,400 RPM for 10 minutes, and 
transferred in a glass vial. 

3.7.3 LC-MS/MS Untargeted method 
The LC-MS/MS consisted of a Shimadzu UPLC coupled with a Triple TOF 6600 
Sciex (Concord, ON, CA) equipped with Turbo Spray IonDrive. All samples were 
analyzed in duplicate in both positive and negative mode with electrospray 
ionization. The instrument parameters were: CUR 35, GS1 55, GS2 65, capillary 
voltage 5.5 kV, and source temperature 350 °C. Spectra were contemporarily 
acquired by both full-mass scan from 200–1500 m/z (100 ms accumulation 
time) and data-dependent acquisition from 50–1500 m/z (40 ms accumulation 
time, top 18 spectra per cycle 0.8 s). Declustering potential and the collision 
energy were fixed to 50 eV and 35±15 eV, respectively. 



37 
 

The chromatographic separation on an Acquity BEH C18 column 1.7 μm, 2.1 × 
50 mm (Waters, Franklin, MA, USA), equipped with a precolumn [162], was 
realized gradually mixing mobile phase A, water/acetonitrile (60:40) and, 
mobile phase B, 2-propanol/acetonitrile (90:10), both containing 10-mM 
ammonium acetate and 0.1% of formic acid. The flow rate was 0.4 mL/min, and 
the column temperature was 45 °C. The elution gradient was set as below: 0–2 
min (45% B), 2–12 min (45%–97% B), 12–17 min (97% B), 17–17.10 min 
(97%–45% B), and 17.10–21 min (45% B). 
Additionally, another chromatographic separation was reached on an Acquity 
CSH C18 column 1.7 μm, 2.1 × 100 mm (Waters, Franklin, MA, USA) equipped 
with a precolumn by using, as mobile phase A, water/acetonitrile (60:40) and, 
as mobile phase B, 2-propanol/acetonitrile (90:10), both containing 10-mM 
ammonium acetate and 0.1% of formic acid. The flow rate was 0.4 mL/min, and 
the column temperature was 45 °C. The elution gradient (%B) was set as below: 
0–2.0 min (40%), 2.0–2.5 min (40%–50%), 2.5–12.5 min (50%–55%), 12.5–
13.0 min (55%–70%), 13.0–19.0 min (70%–99%), 19.0–24.0 min (99%), and 
24.0–24.2 (99%–40%) and kept constant until 30 min. Five microliters of clear 
supernatant were directly injected in the LC-MS/MS. 

3.7.4 Lipidomic data processing for the untargeted studies 
The correct identification and relative quantification were attained using MS-
DIAL (version 4.0) software [163–165]. Data raw files were aligned and 
retention time corrected. For the lipid identification, the experimental spectra 
were matched with those in the LipidBlast library [166], setting a total 
identification score >70% for both accurate mass and MS/MS fragmentation 
(Table 2).  
Prevalent adducts were previously investigated in our experimental conditions, 
and thus, the identification was restricted only to them. MS and MS/MS 
tolerance for peak profile were set to 0.01 and 0.05 Da, respectively. Data were 
then filtered for blank sample signals. During the batch, a quality control pooled 
sample (QC, a combination of all samples in the batch) was injected every four 
samples to assess the instrumental variability. Lipids with a coefficient of 
variation (CV%) in the QC of more than 30% were omitted for further 
investigation. [167]. Then, to restrict biological and analytical variances, 
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normalization was completed by correcting the peak intensities (Equation 1) of 
each lipid for both (1) the amount of protein in the extract injected (µg) 
measured by the Bradford method and (2) the variation in the response of QCs 
dispersed evenly throughout the batch (by the Lowess algorithm). Manually, 
lipids containing either a large number of unsaturations or odd-chain fatty acids 
were omitted. A description of the entire lipid metabolism was presented as the 
sum of the individual lipids per subclass after normalization (an example is 
shown in Equation 2).  Fold change was eventually calculated against the 
control group, and its SD was considered after scaling each variable for the 
mean of the same variable in the control group (Equation 3) 
 

AmountX=
Peak intensityX after normalization

μg protein injected  (1) 

AmountCer=AmountCer1+AmountCer2+..AmountCer n (2) 

Fold changeX=
(AmountX)SAMPLE 

(AmountX)CTR  (3) 
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Table 2. Characteristic MS/MS fragmentation pattern for the correct lipids identification 

Lipid subclasses Adducts MS/MS (m/z) Identification 

Ceramides M+H+ PI 264.26 or 282.27 sphingosine d18:1 

Dihydroceramides M+H+ PI 266.26 or 284.28 dihydrosphingosine d18:0 

Sphingomyelins M+H+ PI 184.07 phosphocholine head group 
Neutral glycosphingolipids 
(HexCer, LacCer, Gb3) M+H+ PI 264.26 or 282.27 sphingosine d18:1 

Acidic glycosphingolipids 
(GM3, aGM1..) M+H+ PI 520.5 or 548.5 or 

605.5 or 632.5 … 
Loss of water by ceramide 
residues  

Phosphatidylcholines M+H+ PI 184.07 phosphocholine head group 

Phosphatidyletanolamines M+H+ NL 141.01 phosphoethanolamine head 
group 

Cholesterol esters M+NH4+ PI 369.35 free cholesterol [M-H2O+H+] 

Free cholesterol M-
H2O+H+ PI 147.1 or 161.1  

Acylcarnitines M+ PI 85.0 CH2CH=CHCOOH cation 

Cardiolipins  M+NH4+ PI DAG moieties   

Triacylglycerols M+NH4+   

with FA 16:0  NL 273.2 FA 16:0 + NH3 

with FA 18:0  NL 301.2 FA 18:0 + NH3 

with FA 18:1  NL 299.2 FA 18:1 + NH3 

with FA 18:2  NL 297.2 FA 18:2 + NH3 

with FA 18:3  NL 295.2 FA 18:3 + NH3 

with FA 20:0  NL 329.2 FA 20:0 + NH3 

with FA 22:0  NL 357.2 FA 22:0 + NH3 

with FA 22:1  NL 355.2 FA 22:1 + NH3 

with FA 24:0  NL 385.2 FA 24:0 + NH3 

with FA 24:1  NL 383.2 FA 24:1 + NH3 

Phosphatidylinositoles M-H- PI 241.0 Rearrangement of inositol head 
group 

Phosphatidylserine M-H- NL 87.0 Serine head group 

Phosphatidylglycerols M-H- PI 171.0 Glycerols head group 

Phospatidic acid M-H- PI 152.9 Polar head 

NL, neutral loss; PI, product ions 
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3.8 Targeted sphingolipidomics 

3.8.1 Sphingolipid extraction 
Sphingolipids were extracted from both mesenchymal stem cells and EVs using 
a monophasic extraction with alkaline methanolysis [168–170]. Cell pellets 
were diluted with 100 µL of PBS + 0.1% protease inhibitor. A small aliquot was 
used to determine the total protein content by the Bradford method. The 
internal standard mix was added to the purified sample (10 µl, Cer C12, SM C12, 
and Sph d17:1 each at 20 µM) along with a mixture of methanol/chloroform 
(2:1, v/v), then sonicated for 30 min. Samples were then incubated overnight 
in an oscillator bath at 48 °C. Once at room temperature, 75 µl of KOH 1 M in 
MeOH were added to the samples, then subjected to 2 hours incubation at 37 
°C. The pH was adjusted at 7.0 by adding 75 µl acetic acid 1 M in MeOH. After 
evaporation with a gentle stream of nitrogen, samples were dissolved in 100 µl 
of methanol, then centrifuged for 10 min at 13000 rpm and withdrawn in a 
glass-vials. 

3.8.2 LC-MS/MS Targeted Method for ceramides, dihydroceramides and 
sphingomyelins analysis 

The LC-MS/MS consisted of a UPLC (Dionex 3000 UltiMate - Thermo Fisher 
Scientific, USA) connected to a 3200 QTRAP Sciex (Concord, ON, CA). The 
instrument parameters were: CUR 25, GS1 45, GS2 50, capillary voltage 5.5 kV, 
and source temperature 300 °C. The analytical data were processed using 
Analyst software (version 1.2). The dwell time was set at 0.1 s, and the MS scan 
was performed in positive ion modes (ESI+). Compound-dependent 
parameters were optimized via direct infusion. Multiple reaction monitoring 
(MRM) mode was used (Table 3).  
Separation was attained on an Acquity BEH C8 1.7 μm, 2.1 x 100 mm (Waters, 
Franklin, MA, USA),   equipped with a precolumn by mixing eluent A (water +2 
mM ammonium formate + 0.2% formic acid) and eluent B (methanol + 1 mM 
ammonium formate + 0.2% formic acid). The flow rate was 0.3 mL/min, and 
the column temperature was 30 °C. The elution gradient was set as below: 0-3 
min (80-90%), 3-6 min (90%),  6-15 min (90-99%), 15-18 min (99%), 18-20 
min (99-80%), 20-24 (80%).  
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Table 3. LC/MS-MS conditions for the analysis of ceramides, dihydroceramides and 
sphingomyelins. 

Analytes MS/MS (m/z) DP (eV) CE (eV) 
Cer 12:0 (Cer IS)1 482.7 > 264.4 40 29 
Cer 14:0 510.7 > 264.4 40 29 
Cer 16:0 538.8 > 264.4 40 32 
Cer 18:1 566.8 > 264.4 40 34 
Cer 18:0 564.8 > 264.4 40 35 
Cer 20:0 594.8 > 264.4 40 36 
Cer 22:0 622.9 > 264.4 40 37 
Cer 24:1 650.9 > 264.4 40 41 
Cer 24:0 648.9 > 264.4 40 38 
DHCer 16:0 540.4 > 266.4 40 33 
DHCer 18:1 568.5 > 266.4 40 35 
DHCer 18:0 566.5 > 266.4 40 35 
DHCer 24:1 652.5 > 266.4 40 40 
DHCer 24:0 650.5 > 266.4 40 38 
Sm 12:0 (SM IS)2 649.6 > 184.1 40 50 
Sm 16:0 705.6 > 184.1 40 50 
Sm 18:0 733.6 > 184.1 40 50 
Sm 18:1 731.6 > 184.1 40 50 
Sm 24:0 817.6 > 184.1 40 50 
Sm 24:1 815.6 > 184.1 40 50 

1Cer 12:0 was used as internal standard to counterbalance the variations of ceramides and dihydroceramides 
2Sm 12:0 was used as internal standard to counterbalance the variations of sphingomyelins 

3.8.3 LC-MS/MS Targeted Method for S1P analysis 
The LC-MS/MS consisted of a UPLC (Dionex 3000 UltiMate - Thermo Fisher 
Scientific, USA) connected to a 3200 QTRAP Sciex (Concord, ON, CA). The 
instrument parameters were: CUR 25, GS1 45, GS2 50, capillary voltage 5.5 kV, 
and source temperature 300 °C. The analytical data were processed using 
Analyst software (version 1.2). The dwell time was set at 0.1 s, and the MS scan 
was performed in positive ion modes (ESI+). Compound-dependent 
parameters were optimized via direct infusion. Multiple reaction monitoring 
(MRM) mode was used (Table 4).  
Separation was attained on an Restek Raptor C18 2.7 μm, 2.1 x 100 mm 
(Cernusco sul Naviglio, Milan, Italy), equipped with a precolumn by mixing 
eluent A (water +2 mM ammonium formate + 0.2% formic acid) and eluent B 
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(methanol + 1 mM ammonium formate + 0.2% formic acid). The flow rate was 
0.3 mL/min, and the column temperature was 30 °C. The elution gradient was 
set as below: 0-2 min (20%), 2-4 min (20-99%), 4-7 min (99%), 7-7.5 min (99-
20%), 7.5-10 min (20%).  

Table 4. LC/MS-MS conditions for the analysis of S1P 

Analytes MS/MS (m/z) DP (eV) CE (eV) 
Sphinganine d17:0 (Sph IS)1 288.4 > 252.0 21 20 
Sphingosine-1-phosphate (S1P) 380.2 > 264.3  26 21 

1Sphinganine d17:0 was used as internal standard to counterbalance the variations of sphingoid bases 

3.8.4 Sphingolipid absolute quantification: analytical performances  
Quantitative analysis was performed interpolating the ratio area of 
analyte/area of the appropriate IS (Cer 12:0 for ceramides and 
dihydroceramides, SM 12:0 for sphingomyelins and Sphinganine d17:0 for S1P) 
against the calibration curve of each sphingolipid (Table 5). The sphingolipids 
amount was normalized by total protein content, expressed in milligram, in 
each sample (Equation 4). 
 

�
pmol

mg protein�
X

= 
Peak AreaX 

Peak AreaIS ∙ mstd curve∙mg protein  
(4) 
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Table 5. Calibration curves for each sphingolipid  

Analytes Slope  R2 LOQ1 (pmolvial) Range (pmol) 
Cer 14:0 0.0058 0.998 1 4-400 
Cer 16:0 0.0041 0.997 1 4-400 
Cer 18:1 0.0063 0.991 1 4-400 
Cer 18:0 0.0080 0.995 1 4-400 
Cer 20:0 0.0092 0.990 1 4-400 
Cer 22:0 0.0136 0.985 1 4-400 
Cer 24:1 0.0118 0.972 1 4-400 
Cer 24:0 0.0089 0.977 1 4-400 
DHCer 16:0 0.0053 0.996 1 4-400 
DHCer 18:1 0.0019 0.991 1 4-400 
DHCer 18:0 0.0079 0.992 1 4-400 
DHCer 24:1 0.0051 0.961 1 4-400 
DHCer 24:0 0.0046 0.975 1 4-400 
Sm 16:0 0.0095 0.983 0.3 5-1000 
Sm 18:0 0.0104 0.974 0.3 5-1000 
Sm 18:1 0.0112 0.985 0.3 5-1000 
Sm 24:0 0.0080 0.977 0.3 5-1000 
Sm 24:1 0.0115 0.963 0.3 5-1000 
S1P 0.0329 0.997 0.2 4-400 

1LOQ limit of quantification was calculated as the concentration that presented a signal-to-noise > 10  

3.9 Cytokines determination 
Pro-inflammatory cytokines levels were determined in IB3 culture media by 
biomarker multiplex immunoassays on Luminex Platform [171]. Cell protein 
concentration was determined by Bradford assay and used for normalization.  

3.10 Confocal analysis 
Cells were seeded on glass slides and grown for 24 hours (70% confluency). To 
label lipid biosynthesis products, BODIPY™ 558/568 C12 (4,4-Difluoro-5-(2-
Thienyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoic Acid) was added to the 
culture medium, according to the manufacturer’s instruction, and cells were 
labelled overnight. For neutral lipid staining, BODIPY 493/503 (4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene) was added to the 
culture medium, according to manufactures instruction, and cells were labelled 
for 30 minutes. Next, the slides were washed and dried for 3 minutes at room 
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temperature, fixed in 4% buffered formalin for 30 minutes, rinsed twice in PBS. 
Sections on a glass slide were inverted and mounted onto glass slides using anti-
fading and DAPI (4′,6-diamidino-2-phenylindole) containing mounting reagent 
for nuclei counterstaining. Confocal images were acquired using Nikon A1 Laser 
Scanning Confocal microscope (60x oil immersion objective). Image 
quantitation was performed using Fiji analysis software. All values were 
normalized onto nuclei count. 

3.11 Statistical and Data Analysis 

3.11.1 Statistical analysis for targeted approach 
Statistical analysis for the targeted approach was investigated by the software 
GraphPad Prism 7.0 (GraphPad Software, Inc, La Jolla, CA, USA). Normally was 
tested by the Kolmogorov-Smirnow-Lilliefors test. Continuous variables were 
presented as mean ± standard deviation (SD), whereas categorical variables as 
absolute numbers and percentages. Comparisons between two groups were 
performed using either paired t-test or unpaired t-test, accordingly. Categorical 
variables were compared using the chi-square test or Fisher's exact test, as 
appropriate. Comparisons between more than two groups were performed by 
one-way ANOVA with Bonferroni post-hoc test for multiple comparisons. All 
tests were two-sided, and statistical significance was set to p-value < 0.05. 

3.11.2 Statistical analysis for untargeted approach 
The different lipid groups (sum of species concentrations) were compared by 
t-test with GraphPad Prism 7.0 (GraphPad Software, Inc, La Jolla, CA, USA) to 
prove differences in lipid metabolisms between cell phenotypes. Then for 
biomarker discovery, data tables with lipids detected were uploaded to the 
MetaboAnalyst server. (version 4.0) [172,173]. Data were checked for integrity, 
filtered by interquartile range, log-transformed (generalized logarithmic 
transformation), and auto-scaled. The sum of their abundances will be further 
considered if multiple isomeric lipid species were found because the exact 
position and stereochemistry of the unsaturations could not be deduced from 
this experiment. The comparison between CF and healthy cells was performed 
by both univariate and multivariate methods. The volcano plot showed the 
statistical significance and the fold change of each lipid identified by selecting 
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only those with a p-value < 0.05 (corrected for false discovery rate) and a fold 
change (FC) >2. Partial least squares discriminant analysis (PLS-DA) was 
performed in order to increase the group separation and investigate the 
variables with a Variance Importance in Projection (VIP) score >1. These 
features could be considered as a potential biomarker of CF [174]. The quality 
of the PLS-DA models was assessed by cross-validation: R2 and Q2 (i.e. cross-
validated R2). In order to prevent overfitting or inaccurate estimations, they 
should be above 0.8 [175]. Visualization by hierarchical clustering heatmaps 
was performed by Ward clustering and setting distance as Euclidean. 
Enrichment analysis was performed on normalized data from MetaboAnalyst, 
using LION/web by the ranking mode, with a one-tailed Welch 2-sample t-test 
as the local statistics [109]. The LION ontology and, specifically, lipid structure, 
cellular components, and physical-chemical properties were related to changes 
in lipid patterns between CF and healthy phenotypes. The chi-square or 
binomial tests were used to compare observed with expected data 
distributions. 
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4. RESULTS 

4.1 Sphingolipid profile and function of EVs derived from MSC 

4.1.1 The profile of sphingolipids in ctr EVs and CF-EVs is differently 
expressed 

To investigate the possible mediators that underlie the various anti-
inflammatory activities of ctr- and inh-Evs (model of CF), the composition of 
bioactive sphingolipids has been determined [171]. In CF-EVs, we obtained a 
substantial increase in the content of total Cer and dhCer (Figure 6), its 
precursor along the de-novo biosynthesis pathway, with values ranging from 
991.1 ± 401.4 against  790.9 ± 229 (mean ± SD, CTR) and to 25.75 ± 10.4 
against 18.17 ± 5.1 (CTR) pmoles/mg protein, respectively.  
Moving to the single ceramide species, we found that the Cer with C16:0 fatty 
acid accumulated 15% more in CF-EVs than in ctr EVs, and it is the most 
representative one (Figure 7, panel B). In addition, ceramides with longer 
saturated and unsaturated fatty acid chains, namely C20:0, C22:0, C24:0, and 
C24:1, increased significantly in CF-EVs by 25%, 60%, 100%, and 25%, 
respectively.  
EVs levels of sphingosine-1-phosphate, one of the most bioactive catabolites of 
ceramide, were slightly elevated in CF-Evs (5.0±1.7 vs. 4.0±0.7), and this 
behaviour will be further investigated with a higher number of patients. 
The same sphingolipid profile was established in CF mesenchymal stem cells 
(MSC-inh), from which Evs derived, with a significant 30% increase in the levels 
of total Cer (3387±1111 vs. 2605 ±1032 pmoles/mg protein, p<0.05) and 
specifically an accumulation of  35% in the most representative Cer species, 
namely C16:0, C22:0, and C24:0 (Figure 7, panel A). Moreover, we observer 
40% decrease in the class of sphingomyelins (13680±2072 vs. 9585±1696 
pmoles/mg protein, p<0.05) were observed. 
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Figure 6. Sphingolipids profile of healthy (CTR) and cystic fibrosis induced (INH) 
mesenchymal stem cells (MSC) and extracellular vesicles (EVs). Data are expressed as mean 
± SD of five to seven independent experiments. The statistical significance was evaluated by 
two-tailed, paired, Student t-test (*, p < 0.05). 

 
 

 

Figure 7. Ceramide species with saturated fatty acids from C14 to C24 and the monounsaturated 
(UNS) C18:1, C24:1 in healthy (CTR) and cystic fibrosis induced (INH) (A) mesenchymal stem 
cells and (B) extracellular vesicles. Ceramide concentrations are expressed as pmol/mg protein. 
Data are expressed as mean ± SD of five to seven independent experiments. The statistical 
significance was evaluated by two-tailed, paired, Student t-test (*, p < 0.05).  
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4.1.2 The role of EVs in modulating inflammation in CF 
We investigate the hypothesis that lung MSCs and their EVs may be implicated 
in immunity and inflammatory responses in CF [171]. Basal cultured IB3 cells 
were treated with 30 μL of EVs released from either I-172-treated or untreated 
MSCs (namely CF-EVs or ctr EVs) for 24 hours.  
Treatment with CF-EVs did not affect cell viability, and neither signs of early 
apoptosis nor autophagy were noted. 
With regard to the expression of pro-inflammatory cytokines in IB3-1 cells after 
supplementation with ctr-EVs, we obtained a significant decrease in mRNA and 
protein expression of IL-1β and IL-6 (Figure 8). IL-1β tends to be the most 
receptive, showing a substantial reduction of 35% in protein levels, while the 
amount of IL-6 showed a global reduction of 40%. As a whole, CF-EVs seem less 
effective in attenuating the pro-inflammatory profile of IB3-1 cells than ctr EVs, 
demonstrated by no significant variations in cytokines levels. 

 

 

Figure 8. Effect of CF-EVs media supplementation on cytokynes expression in IB3 cell 
culture. The cytokines were expressed as pmoles/mg protein by ELISA. Statistical 
significance was evaluated by one-way ANOVA (*p<0.05; ** p<0.01), followed by Newman-
Keuls post-test against basal IB3. Data, expressed as mean ± SEM, are obtained from seven 
individual MSCs - derived EVs populations. 
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4.2 Characterization of the lipidomic profile in CF phenotype 

4.2.1 Optimization of the pre-analytical procedures 
The gold-standard for sphingolipid quantification is methanol/chloroform 
extraction supplemented with alkaline methanolysis [169,176]. This unique 
extraction protocol warranties a higher rate of extraction of sphingolipids 
species, especially sphingomyelins, by reducing pre-eminent interference of 
phospholipids [170,177]. It was verified that the samples treated with alkaline 
methanolysis showed higher sphingolipid intensity (Figure 9, panel A). 
Curiously, the total lipid approach yielded a greater number of correctly labeled 
sphingolipids (84 vs. 104, taking into account the major subclasses: ceramides, 
hexosylceramides, and sphingomyelins). When using the two extraction 
protocols, the profile of sphingolipids, calculated as fold changes between the 
two cell lines, not significantly differed each other (Figure 9, panels B-D). 
Taking these findings overall, in the untargeted lipidomics method, we chose to 
avoid methanolysis, limiting this particular treatment to those experiments 
which need to study specifically sphingolipids [178]. 
 

 

Figure 9. Sphingolipidomics: comparison between the specific extraction of sphingolipid with 
alkaline methanolysis (Ext sph) and total lipid extraction (Ext tot). (A) Fold-change (FC) of the 
main sub-classes of sphingolipids (ceramides, hexosylceramides and sphingomyelins) within 
the two extraction protocols: the alkaline methanolysis logically increases the intensity (about 
2-fold) of the species due to the removal of the interferences of phospholipids in the extract. 
Fold-change of the concentration of (B) ceramides, (C) hexosylceramides and (D) 
sphingomyelins in cystic fibrosis (CF) and healthy phenotypes (H) as the function of the 
extraction protocols. Taking into account these results, the extraction methods appear to be 
comparable. 
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4.1.2 Optimization of the analytical conditions 
To optimize chromatographic separation, two distinct mobile-phase modifiers 
and two separate columns were tested using a mixture of 14 chemically pure 
lipids (Differential ion mobility system suitability package, synthetic lipid mix, 
Avanti Polar, Alabaster, AL, USA) covering all the subclasses. The maximum 
peak intensity (Tables 6-7) and the best lipidome coverage (Figure 10) were 
provided by ammonium acetate and the Acquity CSH column. In the runs with 
the ammonium acetate, as a buffer, it was assessed a fold-change in the 
measured lipids of 1.5 (mean) in respect to ammonium formate, whereas 1.9 
(mean) was achieved in CSH in respect to BEH. 
In biological QC pools (n=5), the CSH column was confirmed at +34 % in lipids 
coverage (995 vs. 741, Figure S2). This was possibly due to the improved 
separation of the multiple lipids. The number of IDA experiments in a cycle 
period was also taken into account: not surprisingly, using the 20 spectra/cycle 
configuration, the number of total spectra acquired was around double 
compared to the top 10 (Figure S3). 

Table 6. Performance comparison between buffers selection (10 mM ammonium acetate vs. 10 
mM ammonium formate) in HPLC mobile phases. A mixture of different lipids (10 ng injected for 
each lipid, except 25 ng injected for PI) was used to monitor shift in retention times and peak 
intensities.  

Analytes m/z RT acetate RT formate FC in peak height acetate vs formate 
Cholesterol 369.3515 14.06 13.96 1.05 
SM 18:1 729.5905 14.59 14.55 1.32 
Cer 18:1 564.5350 15.47 15.48 1.34 
LPC 18:1 522.3554 3.36 3.19 1.52 
CE 19:0 689.6207 18.26 18.33 3.59 
DAG 28:2 526.4466 13.7 13.35 2.11 
CL 56:6 1233.7917 16.16 16.25 1.66 
PC 28:2 674.4755 7.66 7.43 1.27 
TAG 54:3 902.8171 18.9 18.98 1.15 
PS 28:2 676.41841 6.11 6.00 1.37 
PE 28:2 632.4285 8.25 7.99 1.21 
PI 28:2 768.4657 6.32 6.21 0.74 
PG 28:2 680.4497 6.51 6.36 1.34 
PA 28:2 606.4129 7.43 7.25 1.21 
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Table 7. Performance comparison between analytical columns (Acquity CSH 1.7 µm 2.1x100 mm 
vs Acquity BEH 1.7 µm 2.1x50 mm) using appropriate LC conditions1 and the same MS methods.  
A mixture of different lipids (10 ng injected for each lipid, except 25 ng injected for PI) was used 
to monitor shift in retention times and peak intensities.  

Analytes m/z RT CSH RT BEH FC in peak height CSH vs BEH 
Cholesterol 369.3515 14.14 6.73 1.03 
SM 18:1 729.5905 14.63 7.38 2.28 
Cer 18:1 564.5350 15.50 8.08 3.01 
LPC 18:1 522.3554 3.47 1.52 1.83 
CE 19:0 689.6207 15.90 8.24 1.57 
DAG 28:2 526.4466 13.85 6.41 1.34 
CL 56:6 1233.7917 16.16 9.13 3.91 
PC 28:2 674.4755 7.83 4.82 1.27 
TAG 54:3 902.8171 18.90 11.52 7.76 
PS 28:2 676.41841 6.18 4.15 0.90 
PE 28:2 632.4285 8.42 5.06 0.92 
PI 28:2 768.4657 6.32 4.08 0.10 
PG 28:2 680.4497 6.57 4.38 1.00 
PA 28:2 606.4129 7.44 4.69 0.26 

 
In the whole dataset (Figure 11), MS-DIAL recorded, considering data from 
both polarities n.15845, which after blank filtration, account for n.13375 mass 
spectra. The essential MS/MS information was presented by only n.7787 
(49.1%), and the species annotated as lipids were n.1159 (7.3%), grouped into 
various classes and subclasses (Figure 12). 
 

 

Figure 10. Lipids coverage between different chemical stationary phases in the analytical 
column: BEH and CSH 
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Figure 11. Workflow for the spectra data cleaning: the mass spectra acquired (1) were filtered 
for (2) the blank impurities, (3) spectra without MS/MS information, and (4) spectra with 
MS/MS information but not referable to lipid structures.  

 

Figure 12. Distribution of the lipids recognized by lipidomics analysis on the whole set of samples divided 
by sub-class. ACar, Acylcarnitines; CE, cholesterol esters; Cer, ceramides; DAG, diacylglycerols; DHCer, 
dihydroceramides; FA, fatty acids; Gb3, globotriaosylceramide; GM3, gangliosides; HexCer, 
hexosylceramides; LacCer, lactosylceramides; LPC, lysophosphatidylcholines;  
LPG, lysophosphatidylglicerols; LPE, lysophosphatidylethanolamines; LPI, lysophosphatidylinositole; LPS, 
lysophosphatidylserines; MAG, monoacylglycerols; PC, phosphatidylcholines; PCe, ether linked 
phosphatidylcholines; PG, phosphatidylglicerols; PE, phosphatidylethanolamines; PI, 
phosphatidylinositoles;  PS, phosphatidylserines; SM, sphingomyelins; TAG, triacylglycerols. 



53 
 

4.2.2 Performances of the untargeted approach 
Running standard samples containing a mixture of chemically pure lipids 
(Differential ion mobility system suitability package, synthetic lipid mix, Avanti 
Polar, Alabaster, AL, USA) with a concentration of 1 μg/mL (10 ng injected), MS-
DIAL correctly identified 65% of the lipids contained.  
To balance differences and eradicate experimental or biological biases, the 
normalization approach is of utmost importance. The gold-standard for 
targeted analysis is internal standard-based normalisation, but it has been 
shown for untargeted analysis that the process is outperformed by other 
approaches. The use of a small number of internal standards is not appropriate 
for an unbiased study of complex biological mixtures, because various chemical 
structures (e.g. the fatty acid chain) and chromatographic behaviours have 
been displayed in lipids, which also belong to the same class. The alternative of 
internal standardisation was avoided for the above reasons. 
The use of total ion count (TIC) [179,180] may be an alternate approach to 
reducing analytical and biological variability. In our experiment, the TIC was 
measured (ochre curve in Figure 13), producing satisfactory results for both 
cell lines and also displaying a linearity response with the total amount of 
protein in each sample (R2 0.70). 
To calibrate symmetric biases, we used the weighted scatterplot smoothing 
(Lowess) on QC sample for analytical signal correction [163,181,182]. With the 
goal of minimising variance not only in QC but also in experimental groups, the 
option of normalization should be carried out  [183,184]. Therefore by 
normalising data on total protein content of the samples, we minimise 
biological variability. Lowess, combined with biological normalisation, is shown 
in Figure 13  as a single curve (green). The latter showed the same TIC 
efficiency, with approximately 70-90 % of acceptable features (CV %< 30%), 
and was thus finally chosen for our intent. The raw, non-normalized data were 
contrasted with these normalisation techniques (red curve in Figure 13). The 
various methods of normalisation showed minimal experimental differences 
between them in this restricted context, specifically in the comparison between 
two phenotypes, and so we suggested choosing the Lowless coupled with 
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biological normalisation (green in Figure 1). Results on the HBE cell line were 
significantly affected by the lack of normalisation (Figure 1B). 
The variability of the intra-batch, which is the variance coefficient (CV%) of the 
QC sample distributed in the batch, was around 16 percent. 
 

 
Figure 13. Cumulative frequency distribution of CVs % in (A) QC samples, (B) healthy HBE and 
(C) CF cells collected from both polarities for the evaluation of the various normalization 
protocols. The dotted line shows the separation within 30% of the CV between features, which 
is intended to be the maximum permissible for the validation purpose. The white area 
indicates features with acceptable CV%, and the gray area designates those above the 
maximum permitted. (D) Graphs display the mean ± SD of the percentage of validated features 
between the different normalization techniques. No statistical differences was found between 
TIC and Lowess.  

4.2.3 Lipids abnormalities in Cystic Fibrosis cell model 
A substantial general accumulation of all lipid species, in particular ceramides, 
hexosylceramides, lactosylceramides, GM3, and cholesterol esters, has been 
found in CF (Figure 14) [86,178]. Furthermore, it was found that ether-linked 
phospholipids (etherPL) were highly modulated by the disease. Specifically, the 
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most abundant class recognised in our cell model is ether-linked 
phosphatidylcholine (fold-change CF/H: 14.56), followed by ether-linked 
phosphatidylethanolamine (fold-change CF/H: 4.75). The concentrations of 
free fatty acids, dihydroceramides, sphingomyelins, phosphatidylcholines, 
phosphatidylinositols, sphingosine, free cholesterol, acylglycerols, cardiolipins, 
and acylcarnitines did not show any statistical differences. 
In order to select relevant lipids for cellular phenotype discrimination, 
univariate and multivariate statistical approaches were employed. Volcano Plot 
Analysis highlighted n. 632 lipids (81.3% elevated and 18.7 % decreased in CF 
vs healthy) with a fold-change > 2 and a corrected p-value < 0.05 at the same 
time (Figure 15).Chemometric analysis by supervised PLS-DA (Figure 17, panel 
A) was then used to enhance the group separation and to evaluate significant 
lipids that change, with a VIP value of >1, in CF phenotype, which were n.709. 
Since PLS-DA tends to overfit results, the Leave-one-out cross-validation 
method (LOOCV) was used to estimate R2 and Q2 that assessed at 0.96 and 
0.94, respectively [185]. 
Among the discriminating lipids, there was a high prevalence of etherPL, 
cholesterol esters, and sphingolipids (particularly hexosyl and lactosyl 
ceramides). Future validation of the identified biomarkers is highly suggested, 
likely with a high number of primary cells coming from different patients.  The 
altered lipid composition was also reflected in the different lipid ontologies, 
which are lipid structure, cellular compartment, chemical, and physical 
properties (Figure 16). The enrichment analysis revealed a highly important 
modification in the lipids involved in the composition of cell membranes. In CF 
versus healthy cells, the lipids in the endoplasmic reticulum and mitochondrial 
compartments are greatly modified. Finally, changes in chemical and 
biophysical properties reflect these lipid alterations, specifically affecting chain 
lengths, saturation, and ether-bound glycerol structure- and sphingo- lipids. We 
observed a quantitative rise in CF levels of saturated and monounsaturated 
fatty acids (SFAs and MUFAs), while the polyunsaturated species (PUFAs) were 
unchanged (Figure 14). Otherwise, the percentual prevalence of PUFAs was 
found elevated in the subgroup of the top-100 discriminant lipids (Figure 5B) 
as well as the prevalence of ether-PL over ester-bound phospholipids (Figure 
5C). 
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Figure 14. Heatmap shows the alteration in lipid profile in CF immortalized cell model (HBE 
vs. IB3). The color scale differentiates values from low (blue) to high (red) per each row, 
passing through the baseline (white). Values are normalized against the control mean. 
Statistical differences were evaluated by unpaired t-test. 
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Figure 15. Volcano Plot Analysis highlighted n. 632 lipids correlated with CF with a fold-change 
> 2 and a corrected p-value < 0.05 at the same time. The 81.3% of lipids are elevated (red) 
and 18.7 % decreased (blue) in CF vs healthy. 
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Figure 16. (A) Enrichment analysis (top-40) of CF phenotype against control. The cut-off value 
of essential enrichments (q < 0.05) is shown by the dotted line. Bar length is correlated with 
enrichment (-log q-values corrected for false discovery rate, FDR), while colors suggest lipid 
function, physical-chemical properties, and cellular components. (B) The distributions, in top-
100 discriminant lipid group, of (B) the acyl chain unsaturation from all lipid fraction (%) and 
(C) the ester and ether linkages in phospholipids in CF vs. H. In (B) Chi-square test and in (C) 
binomial test revealed a p-value<0.05. 
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4.2.4 Lipids abnormalities in Cystic Fibrosis patients derived cells 
The general lipid accumulation found in immortalized cell models was not 
totally reflected in the patient-derived primary broncho-epithelial cells, for the 
intrinsic inter-individual biological differences. The lipidome differences in the 
immortalized cell model were visualized by PLS-DA and estimated on the first 
component 74% and also in patient-derived primary cells at about 34% (Figure 
17, panel B). 
In particular, we evidenced a significant increase (Figure 18) in the content of 
pro-inflammatory ceramides (fold-change 1.64) and in the cholesterol esters 
(fold-change 7). 
The lipid profile of apical membrane fractions from human primary bronchial 
epithelial cells was investigated. By radioactivity assays, the authors found a 
rise in ceramides, glucosylceramides, gangliosides, but no change was verified 
in the content of sphingomyelins and phosphatidylethanolamine [140]. 
 

 

Figure 17. Partial least squares discriminant analysis (PLS-DA) significantly differentiate the 
CF and healthy phenotypes in both immortalized cell model (A) and also in patient-derived 
primary cells (B) at about 75%  and 34%, respectively. 
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Figure 18. Heatmap shows the alteration in lipid profile in patients derived broncho-epithelial 
cells (healthy vs. CF). The color scale differentiates values from low (blue) to high (red) per 
each row, passing through the baseline (white). Values are normalized against the control 
mean. Statistical differences were evaluated by unpaired t-test. 
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4.3 In-vitro myriocin treatment for restoring lipid imbalances  

4.3.1 Myriocin effect on immortalized CF cell model 
Myr blocks ceramide and sphingolipid de novo biosynthesis acting on serine 
palmitoyltransferase. We compared the effect of Myr administration on the 
content of different lipid species in healthy and CF cells. As already mentioned, 
sphingolipids - including ceramides (Cer), glycosphingolipids (HexCer), and 
sphingomyelins (SM)- glycerophospholipids - especially phosphatidylcholine 
(PC)- triacylglycerols (TAG) and cholesterol esters (CE) are significantly higher 
in CF cells (Figures 19-21). We found that Myr not only directly decreases the 
content of sphingolipids, but it also decreases the phospholipids (PC, and 
phosphatidylethanolamine, PE), lysophosphatidylcholine (LPC), TAG, and 
cholesterol esters (CE). Therefore, the inhibition of the biosynthesis of 
sphingolipids induces a generalized depletion of various groups of cellular 
lipids. CF shows a substantial increase (+70%) in the total amount of lipids that 
can be diminished by the treatment with Myriocin (-60%), which attempts to 
restore physiological conditions (Figure 22). 
 

 

Figure 19. Myriocin by the inhibition of serine-palmitoyl transferase diminish de-novo 
sphingolipids synthesis and their levels. Statistical differences were evaluated by one-way 
ANOVA coupled with Bonferroni post-hoc test. Cer: ceramide, HexCer: hexosylceramide and 
SM: sphingomyelin.  
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Figure 20. Myriocin effect on phospholipids levels. Statistical differences were evaluated by 
one-way ANOVA coupled with Bonferroni post-hoc test. LPC: lyso-phosphatidylcholine; LPE: 
lyso-phosphatidylethanolamine; PC: phosphatidylcholine; PC: phosphatidylethanolamine; 
PLe: ether-linked phospholipids. 

 

 

Figure 21. Myriocin effect on storage lipids levels. Statistical differences were evaluated by 
one-way ANOVA coupled with Bonferroni post-hoc test. CF: cholesterol free; CE: cholesteryl 
ester; TAG: triacylglycerol. 
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Figure 22. (A) Heatmap of the entire lipidome in immortalized cell models (n=625 species) 
divided per lipid class. Features were log-transformed and auto-scaled for visualization. The 
color-scale differentiates values as high (red), mid (white), and low (blue). (B) Relative 
quantification of all the lipids identified in cell pellets (n=6 for each class). Boxplots are 
defined with the first and third quartiles (25th and 75th percentile) for lower and upper 
hinges, mix-max for the length of the whiskers, and median for the middle-line. Statistical 
significance was investigated by unpaired one-way ANOVA with Bonferroni post-hoc test.  

It was evidenced that there is an accumulation of diffuse lipids in the CF cells 
and a diminished capacity to form compartmentalized lipid droplets. We 
labelled neutral lipids in CF and healthy cells in order to understand the role of 
Myr in lipid mobilization and catabolism. Myr was able to significantly reduce 
lipids in CF but not in control cells (Figure 23). Myr is a well-known 
sphingolipid synthesis inhibitor and is also capable of decreasing the content of 
several lipid species in CF epithelial cells.  Moreover, we investigated the effects 
of Myr on de novo lipid biosynthesis. In this way, cells were labelled with a 
fluorescent derivate of lauric acid, which is integrated into lipid, especially into 
phospholipids (Figure 23).  
In relation to healthy cells, we found an elevated amount of new synthesized 
fatty acids in CF. Second, we found that treatment with Myr induced a foremost 
reduction in fluorescence in CF cells. The evidence mentioned above indicates 
that Myr effects may be mediated by its ability to restrain lipid synthesis while 
increasing lipid catabolism and oxidation. 

 

  



65 
 

 

 

Figure 23. (A) Confocal immunofluorescent images displaying intracellular lipid aggregate 
(green) in CF (IB3) and healthy (H, HBE) broncho epithelial cells, either treated or not with 
50 μM Myriocin 24 hours. (B) Confocal immunofluorescent images displaying de novo 
synthesized fatty acids (red) in CF (IB3) and healthy (H, HBE) broncho epithelial cells, 
either treated or not with 50 μM Myriocin 24 hours  In both panel A and B DAPI (blue) was 
used for nuclear counterstaining. The fluorescence intensity was recorded and depicted as 
histograms for intracellular  neutral lipids aggregate (C) and de novo synthesized fatty acids 
(D). Data are presented as means ± SEM (* p<0.05; ** p<0.01); one way ANOVA test 
followed by Bonferroni correction was used. 
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4.3.1 Myriocin effect on patient-derived primary CF cell 
The effect of Myr in patient-derived broncho-epithelial cells is principally 
relegated to its direct activity against sphingolipids (Figures 24-26). Some 
tendencies can be found, even if not significant, on the reduction of neutral 
storage lipids such as TAG (-20%) and CE (-82%). The whole lipidome seems 
to be not modified by myriocin but is quantitatively altered in the sphingolipids 
levels (Figure 27).  
 

 

Figure 24. Myriocin by the inhibition of serine-palmitoyl transferase diminish de-novo 
sphingolipids synthesis and their levels in patient-derived primary cells. Statistical differences 
were evaluated by one-way ANOVA coupled with Bonferroni post-hoc test. Cer: ceramide, 
HexCer: hexosylceramide and SM: sphingomyelin.  
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Figure 25. Myriocin effect on phospholipids levels in patient-derived primary cells. Statistical 
differences were evaluated by one-way ANOVA coupled with Bonferroni post-hoc test. LPC: 
lyso-phosphatidylcholine; LPE: lyso-phosphatidylethanolamine; PC: phosphatidylcholine; PC: 
phosphatidylethanolamine; PLe: ether-linked phospholipids. 

 

 

 

Figure 26. Myriocin effect on storage lipids levels in patient-derived primary cells. Statistical 
differences were evaluated by one-way ANOVA coupled with Bonferroni post-hoc test. CF: 
cholesterol free; CE: cholesteryl ester; TAG: triacylglycerol. 
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Figure 27. (A) Heatmap of the entire lipidome in patient-derived primary cells (n=893 
species) divided per lipid class. Features were log-transformed and auto-scaled for 
visualization. The color-scale differentiates values as high (red), mid (white), and low (blue). 
(B) Relative quantification of all the lipids identified in cell pellets (n=6 for each class). 
Boxplots are defined with the first and third quartiles (25th and 75th percentile) for lower and 
upper hinges, mix-max for the length of the whiskers, and median for the middle-line. No 
statistical significance was found by unpaired one-way ANOVA with Bonferroni post-hoc test.  
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5. DISCUSSION 

The effect of lipid deposition may reflect an important insight into CFTR 
pathophysiology and therapeutic outcomes by current modulator therapy 
[144]. 

Firstly, our research focuses on assessing whether the inflammatory 
chronic state that characterizes CF can be affected by MSCs and their secreted 
EVs. We obtain an in vitro cellular model of CF-MSC by treating control human 
lung MSCs with a particular CFTR inhibitor (I-172) to obtain CF-EVs that imitate 
those physiologically released in the lung of the CF patient.  
IB3, immortalized human bronchial epithelial cell line from a CF patient 
(ΔF508/W1282X), was used to acquire the basal inflammatory CF phenotype 
and compared the anti-inflammatory ability of CF-EVs with the control EVs. The 
persistent chronic inflammatory status in CF is uncontested, even if the 
scientific community keep asking themselves if inflammation is part of the 
disease or a reaction to the genetic defect in CF [186,187].  
It was demonstrated that EVs from control MSCs discharged the pro-
inflammatory profile of IB3 cells by reducing the expression of cytokines and 
relieving the transcription of PPARΔ, which is highly inflammatory in anti-
inflammatory pathways (data not shown). On the other hand, CF-EVs 
supplementation is less effective on both cytokines and PPARΔ expression, 
providing a rationale for the basal physiological inflammatory phenotype [171]. 
MSCs were previously recognized as an effective candidate for the treatment of 
chronic infection and inflammation-related diseases by secrete anti-
inflammatory (i.e, increase in IL-6 and CCL2 expression, while decreasing IL-8 
expression) and antimicrobial (i.e, chemokine CCL20) mediators. These 
mediators could redefine the function of the tissue, improving the recruitment 
of macrophages that can be involved in immunosurveillance [188,189].  
In addition, MSCs secretoma could confine lung injury and prevent fibrosis 
[190]. In our model, the substantial accumulation of both Cer and dhCer species 
in CF-EVs suggests an active secretion of signalling lipids.  Moreover, Cer-
enriched exosomes have been reported to mediate cytotoxic effects in recipient 
cells by stimulating cytokine-induced cell death [191]. Thus, we speculate that 
inflammation could trigger Cer de novo synthesis and accumulation  [84,85] 
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that can be released during the exocytosis of new generated vesicles, which 
disperse a paracrine inflammatory signal. 

Altered lipid homeostasis, consisting of inflammatory ceramide 
accumulation in the lung, sterol accumulation in the airways, hepatic steatosis 
and plasma dyslipidemia, is associated with CFTR deficiency [120,192–196].  
We aimed to validate the untargeted lipidomics approach by the application to 
an immortalized CF cell line (IB3). Secondly, the mentioned lipid modifications 
are confirmed and potentially associated with CF signatures. This is a 
challenging task that can be accomplished only by combining multidisciplinary 
research branches such as proteomics, transcriptomics, and metabolomics 
[192].  
The first evidence is that ceramide and glycosphingolipids accumulate in CF 
epithelial cells such as hexosylceramides, lactosylceramides, and GM3. 
Ceramides are involved in inflammation [197,198], and their levels accrual has 
been seen previously by us and others in CF models [85,139,147,199]. The 
importance of Cer in the pathophysiological alterations found in CF also lies on 
the evidence, that even without lung infection, its concentrations are increased 
and mediate inflammation and cell death [200].  
Notably, we establish a substantial rise in hexosylceramides, while poorly 
characterized so far, hexosylceramide accretion has been shown to worsen 
inflammation [34,201], and its synthesis was demonstrated to be increased in 
damaged tissues [202]. Glycosylated ceramides induce the release of mediators 
of inflammation such as MIP-1β, TNF-α, MCP-1 and IL-6 in atherosclerosis 
plaque and vascular smooth muscle apoptosis [203]. In addition, oxidative 
stress and inflammatory pathway promotion could be driven by 
hexosylceramides, which can bind either glucose or galactose to ceramide, and 
lactosylceramides [204]. 
In order to reduce its accrual and associated inflammatory responses, we 
speculate that CF cells could increase ceramide glycosylation, which is  also 
improved in tumour metabolism [205].  
Another lipid marker of inflammation are LPC, which is augmented in CF 
broncho-epithelial cells and were seen to increase during chronic inflammation 
[21,22,206]. This accumulation can be associated with the increased activity of 
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Phospholipase A2, that catalyses the hydrolysis of fatty acid from the glycerol 
of PC generating LPC [206]. 
Besides, we measure a substantial increase in lipid storage, such as cholesterol 
esters. This may be linked, as previously described, to the inflammatory status 
associated with intracellular lipids clumping and to altered lipids intracellular 
traffic. These data are consistent with documented evidence of cholesterol 
accumulation in CF bronchi [119,121,207] and, most prominently, with 
elevated cholesterol esters concentrations in bronchoalveolar lavage fluid in 
pediatric CF patients [138,208]. Cholesterol synthesis aberrations are related 
to mutated CFTR cells and consisted of a defective in endosomal/lysosomal 
storage, high cholesterol content in the plasma membrane [119]. Such 
biochemical changes could maintain chronic inflammation and inadequate 
infection response [84,209].  
It was also noted a large rise in etherPL, which are characterized by ether bond 
between glycerol and the fatty acid in position sn-1. They are important 
regulators of membrane fluidity, and their modification can be somehow linked 
to the abnormal CFTR membrane composition [210,211]. Their incremented 
deposition was also evidenced in human CF bronchoalveolar lavage fluid [206] 
and could be a reaction to boost membrane stability [212]. 
Our theories raise new concerns regarding the pathophysiological function of 
lipids and calls for more studies to establish novel biomarkers for inflammatory 
disorders and possible therapeutic targets. We firmly agree that our results 
require further validation, using numerous patients-derived primary cell or 
directly lung biopsies. The first set of patient-derived primary cells - here 
presented - displayed an accumulation of ceramide and storage lipids. However, 
it can be considered just a preliminary experiment, and we need to investigate 
further. 

Myr has been widely used as therapeutic agent by inhibiting the 
sphingolipids synthesisand thus their abnormal accrual. Currently, it is tested 
in pre-clinical trials for the treatment of multiple diseases, including retinitis 
pigmentosa [76,77], myocardial infarction [78–80], atherosclerosis [81], fatty 
liver disease [82] and cystic fibrosis [83–86]. Our group previously 
demonstrated the benefits of Myr treatment in CF murine and cell models, 
which decreased systemic inflammation and promoted the removal of  fungi 
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and bacteria in the lungs [75,84,85]. In line with the literature documenting 
peripheral tissue lipid aggregation in CF, we shown that CF bronchial epithelial 
cells are enriched in most systemic lipid species and also their metabolism and 
organisation are disrupted [86,178]. The accumulation of lipids can be the 
result of impaired lipid trafficking in the cell and might be responsible for 
blocking the ER-Golgi network, exacerbating the ROS production and 
inflammation in CF [86]. In CF cell line, the intracellular lipid concentrations 
were greatly decreased by Myr treatment. A clear decline was evidenced in the 
class of storage lipid, such as cholesterol esters and triacylglycerols, and in 
ceramides, which drive inflammatory responses. Another evidence was that 
healthy cells were only modestly affected by the Myr treatment. It suggests that 
Myr works mainly on CF specific lipid alterations.  
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6. CONCLUSION 

The CFTR dysfunction leads to increased lipid metabolism and subsequent 
deposition of a broad span of lipids, especially the pro-inflammatory 
sphingolipids. This thesis suggests, more specifically, that: 
 
1. The substantial accumulation of both Cer and DhCer species in CF-EVs 

suggests an active secretion of signalling lipids.  We speculate that cells 
inflammation could trigger Cer de novo synthesis and accumulation that 
can be released during the exocytosis of newly generated vesicles, which 
disperse a paracrine inflammatory signal.  

2. We validate an untargeted lipidomics approach based on high-resolution 
mass spectrometry by applying it to an immortalized CF cell line. This way, 
we demonstrate the involvement of bioactive lipids in CF pathophysiology. 
Specifically, we evidence a substantial general accumulation of all lipid 
species: ceramides, hexosylceramides, lactosylceramides, GM3, and 
cholesterol esters.  

3. In a cell model of CF the intracellular lipid concentrations were significantly 
decreased by the treatment with Myr, a well-known sphingolipid inhibitor. 
An evident decline was evidenced in the class of storage lipid, such as 
cholesterol esters and triacylglycerols, and obviously in ceramides, which 
drive inflammatory responses. This suggests a possible pharmacological 
application of Myr thanks to its ability to restrain lipid synthesis while 
increasing lipids catabolism and oxidation.  
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A B S T R A C T

Ceramide is emerging as one of the players of inflammation in lung diseases. However, data on its inflammatory
role in Cystic Fibrosis (CF) as part of the extracellular machinery driven by lung mesenchymal stem cells (MSCs)-
derived extracellular vesicles (EVs) are missing.

We obtained an in vitromodel of CF-MSC by treating control human lung MSCs with a specific CFTR inhibitor.
We characterized EVs populations derived from MSCs (ctr EVs) and CF-MSCs (CF-EVs) and analyzed their
sphingolipid profile by LC–MS/MS. To evaluate their immunomodulatory function, we treated an in vitro human
model of CF, with both EVs populations.

Our data show that the two EVs populations differ for the average size, amount, and rate of uptake. CF-EVs
display higher ceramide and dihydroceramide accumulation as compared to control EVs, suggesting the in-
volvement of the de novo biosynthesis pathway in the parental CF-MSCs. Higher sphingomyelinase activity in CF-
MSCs, driven by inflammation-induced ceramide accumulation, sustains the exocytosis of vesicles that export
new formed pro-inflammatory ceramide.

Our results suggest that CFTR dysfunction associates with an enhanced sphingolipid metabolism leading to
the release of EVs that export the excess of pro-inflammatory Cer to the recipient cells, thus contributing to
maintain the unresolved inflammatory status of CF.

1. Introduction

Long considered structural and metabolic molecules, sphingolipids
(SPLs) have been recognized as signaling mediators. SPLs are localized
in the plasma and in intracellular organelle membranes, with ceramide
(Cer) being the structural unit of membrane-forming SPLs and the main
modulator of cellular processes such as cell growth, cell death and in-
flammation (Hannun and Obeid, 2008; Chiricozzi et al., 2018). Cer can
derive from the de novo biosynthesis pathway or from the so-called
salvage pathway via degradation of complex SPLs, such as sphingo-
myelin (SM), the most abundant membrane lipid (Gault et al., 2010;

Marchesini and Hannun, 2004). Among sphingolipids, Cer is emerging
as one of the players of the pulmonary dysfunction in inflammatory
lung diseases, such as Chronic Obstructive Pulmonary Disease (COPD)
and Cystic Fibrosis (CF) (Petrache and Petrusca, 2013; Grassme et al.,
2013). Its accumulation in the airways of CFTR-deficient mice, is re-
lated to pulmonary inflammation, death of epithelial cells, and sus-
ceptibility to severe P. aeruginosa infections in mice and in human
(Teichgraber et al., 2008; Riethmuller et al., 2009; Becker et al., 2010).
We previously demonstrated that the de novo ceramide synthesis con-
tributes to lung inflammation and P. aeruginosa infection in a murine CF
model (Caretti et al., 2014). Moreover, we observed that reducing
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ceramide accumulation in CF airways, correlates with an up-regulation
of the anti-oxidative response of the transcriptional factor NRF2, even
under infection by A. fumigatus (Caretti et al., 2016) and with a down-
regulation of the pro-inflammatory cytokine release (Caretti et al.,
2014).

Mesenchymal stem cells (MSCs) are multipotent non-hematopoietic
stem cells residing in many tissues, including the lung, with an emer-
gent role in the attenuation of inflammation mainly due to the release
of extracellular vesicles (EVs). EVs are membrane-derived particles that
comprise both exosomes and microvesicles (MVs). Exosomes are gen-
erated inside multivesicular bodies (MVB) and are generally 30–100 nm
in diameter. Microvesicles are derived from the plasma membrane and
are generally larger than exosomes, ranging from 100 to 300 nm. They
are involved in intercellular communication since they carry a large
array of bioactive molecules including proteins, mRNA, miRNA and
bioactive lipids to distant cells (Fatima et al., 2017; Dostert et al.,
2017). We have recently demonstrated the role of EVs produced by
human lung MSCs in controlling inflammation process. In an in vitro CF
bronchial epithelial cellular model, EVs treatment reduces transcription
and protein expression of pro-inflammatory cytokines such as IL-1β, IL-
8, IL-6, under basal and TNFα stimulated conditions. This effect could
be mediated by up-regulation of the PPARγ axis, whose down-stream
effectors (NF-kB and HO-1) are well-known modulators of in-
flammatory and oxidative stress pathways (Zulueta et al., 2018).

SPLs participate in EVs biogenesis and in EVs activity towards target
cells, as reviewed by Verderio C. and colleagues (Verderio et al., 2018).
Cer derived from SM hydrolysis, promoted by neutral sphingomyelinase
2 (n-SMase2), drives exosomes formation and transport via an ESCRT-
independent pathway (Trajkovic et al., 2008). Secretion of neuron-de-
rived exosomes was modulated by the activities of sphingolipid-meta-
bolizing enzymes, including nSMase2, in Alzheimer disease models
(Yuyama et al., 2012; Dinkins et al., 2014). As for MVs, the acid
sphingomyelinase generates Cer that in turn triggers MVs budding from
the plasma membrane (Bianco et al., 2009). SM to Cer conversion alters
membrane curvature and fluidity, driving membrane evagination of
MVs by means of redistribution of inverted cone-shaped Cer molecules
(Subra et al., 2007). Several lines of evidence indicate Cer-enriched
exosomes as mediators of cytotoxic effects in target cells. Primary cul-
tured astrocytes secrete prostate apoptosis response 4 (PAR-4)/cer-
amide-enriched exosomes that represent a novel mechanism of Aβ-de-
pendent apoptosis in Alzheimer disease (Wang et al., 2012). More
recently, Podbielska M. and colleagues, demonstrated the pro-apoptotic
potential of Cer-enriched exosomes released by a human oligoden-
droglioma cell line previously stimulated with inflammatory cytokines
(Podbielska et al., 2016).

In the present manuscript, we investigated the hypothesis that lung
MSCs and MSCs-derived EVs could be immunologically impaired in CF,
partially because of altered SPLs content. By means of an in vitro model
of CF-MSCs, we found higher ceramide and dihydroceramide (dhCer)
content in EVs shed from CF-MSCs (CF-EVs) than in control MSCs-de-
rived EVs (ctr EVs), with C16:0 and the long acyl chain ceramides
(C22:0; C24:0; C24:1) being the most representative. Moreover, the two
EV populations are different in term of average size, amount, and rate
of uptake by the recipient cells. As for parental MSCs, total Cer and
sphingomyelin content significantly increased and decreased, respec-
tively. By treating IB3-1, a bronchial epithelial cell line derived from a
CF patient, with CF-EVs or ctr EVs, we observed that CF-EVs are less
efficient in decreasing pro-inflammatory cytokines expression. Overall,
we observed an inverse correlation between the anti-inflammatory ef-
ficacy of EVs and their Cer content.

In conclusion, our data suggest that lung MSCs compartment may be
immunologically altered in CF thus contributing to maintain the
chronic, unresolved pulmonary inflammation.

2. Materials and methods

2.1. Reagents and antibodies

The following materials were purchased: bFGF and TNFα from
Peprotech LTD (Israel); LHC Basal, LHC-8 w/o gentamicin culture
media from Gibco (US); FBS and DMEM from Euro Clone Life Science
Division (Italy); protease inhibitors (Roche Italia, Italy); CellBrite Green
Cytoplasmic Membrane Dye (Biotium, US); SYBR Green system
(Qiagen, Italy); synthetic oligonucleotides from M-Medical (Italy), I-
172 CFTR inhibitor (Sigma Aldrich, DE). Methanol, acetonitrile, am-
monium formate, acetic acid, potassium hydroxide and formic acid (all
analytical grade) were supplied from Merck (Darmstadt, Germany).
Water was MilliQ grade. Sphingolipids standards were purchased by
Avanti Polar Lipids (Alabaster, USA). Primary antibodies: anti- PPARγ
(ElabScience, US), anti-H3 (Cell Signaling, US), anti-β-actin (Sigma,
US), anti-CFTR Type A4 (596) (University of North Carolina – Chapel
Hill, UNC-CH, on behalf of Cystic Fibrosis Foundation, USA), anti-HO-1
(Abcam, UK), anti-caspase 9 (Cell Signaling, US), anti-LC3 (Cell
Signaling, US). The secondary antibodies were from Jackson
Laboratories (Bar Harbor, ME, US). All reagents were of the maximal
available purity degree.

2.2. Ethic statements

Human lung mesenchymal stem cells (MSCs) were isolated from
lung biopsies obtained from seven patients that underwent lung surgery
for suspected bullous emphysema or lung tumor. Tissues were obtained
under appropriate approval by the Ethical Committee of the ASST Santi
Paolo e Carlo, Milano, Area A (n°2211, 12/14/2016). All participants
signed informed consent forms approved by the Ethical Committee
before surgery and specimen collection. All the procedures followed the
Declaration of Helsinki protocols.

2.3. Isolation and treatment of human lung MSCs

Human lung MSCs were isolated and cultured as previously de-
scribed (Zulueta et al., 2018). Briefly, lung samples were recovered
after planned surgery for non infectious diseases (bullous and tumor
lesions). Each lung biopsy of about 1 cm3, was minced with surgical
scissors and maintained in DMEM medium containing 18% FBS and 1%
penicillin/streptomycin at 37 °C in a humid atmosphere containing 5%
CO2 for ten days. At day tenth, the adherent cells were cultured con-
tinuously in the presence of bFGF (5 ng/mL) until the passage seven. To
obtain an in vitro model of Cystic Fibrosis MSCs (CF-MSCs), control
MSCs (ctr MSCs) were treated with 10 μg/ml of I-172 CFTR inhibitor for
48 h, as reported by Mattoscio et al (Mattoscio et al., 2010). Control
MSCs are intended as treated with dimethyl sulfoxide (DMSO), the I-
172 CFTR inhibitor’s solvent.

2.4. Isolation of Extracellular vesicles (EVs) derived from human lung
MSCs

EVs were obtained from the supernatants of both ctr- and CF-MSCs
cultures (ctr EVs and CF-EVs, respectively) after 48–72 hours, by ul-
tracentrifugation as previously described (Bonzini et al., 2017). After
serial centrifugations (1000, 2000 and 3000 g for 15min at 4 °C), su-
pernatants were centrifuged at 110,000 g (Beckman Coulter Optima L-
90 K ultracentrifuge) for 75min at 4 °C. EVs were resuspended ac-
cording to the final MSCs number (10 μl per 1× 106 cells).

2.5. Cell line and treatments

IB3-1 cells, an adeno-associated virus-transformed human bronchial
epithelial cell line derived from a CF patient (ΔF508/W1282X) pro-
vided by LGC Promochem (US), were grown in LHC-8 medium
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supplemented with 5% FBS, 1% penicillin/streptomycin at 37 °C and
5% CO2. For the treatments, 2.5× 105 cells/well in 3mL medium were
plated in 6-well tissue culture dishes for twenty-four hours. Then, the
medium was replaced with fresh one (control group), or supplemented
with 30 μL of EVs derived from either control or CF-MSCs (ctr EVs and
CF-EVs group, respectively) for 24 h. Cells were then harvested to
perform different assays. Cell viability was evaluated by Trypan blue
exclusion test as previously reported (Fabiani et al., 2017).

2.6. EV uptake

Five millions ctr MSCs and CF-MSCs were labeled with CellBrite
Green Cytoplasmic Membrane Dye (Biotium) according to the manu-
facturer’s instructions and supernatants were collected after 72 h and
used to isolate EVs’ populations by ultracentrifugation. IB3-1 cells were
seeded in 24-well culture plates and treated for 16 h with 100 μL of
either ctr- or CF-EVs suspension obtained by resuspension in 500 μL of
IB3-1 cell medium. Then, the cells were trypsinized and analyzed by
flow cytometry.

2.7. Nanoparticle tracking analysis (NTA) of EVs

The size and total number of EVs were calculated with the tech-
nology of Nanoparticle Tracking Analysis (NTA) that allows measuring
the Brownian motion of suspended vesicles (Pergoli et al., 2017). By
using the NanoSight NS300 system (Amesbury, UK), five 30-s record-
ings were made for each sample and the data were analyzed with NTA
software. In order to eliminate the presence of vesicles derived from
FBS in the medium, EVs samples were obtained from ctr- and CF-MSCs
cultured in FBS free medium for 24 h. The results are provided as high-
resolution particle-size distribution and particles concentration.

2.8. Laser light scattering analysis of EVs

Parallel Dynamic and Static Laser Light Scattering (DLS and SLS)
experiments were performed on a home-made apparatus equipped with

four optical channels, to reach high sensitivity (Lago and Rovati, 1993).
Samples were inserted in a quartz cell kept at 25 °C or 37 °C. Light
scattering measurements gave information on molecular mass of the
particles in solution and on their translational diffusion coefficient,
related to their hydrodynamic radius. DLS data were analyzed by both
the cumulants method, to detect the weight-average hydrodynamic size
of particles, and the non-negative least-squares (NNLS) method
(Lawson and Hanson, 1995), suitable to determine the size distribution
of EVs. EVs samples were prepared as described for NTA analysis and
observed by light scattering to verify the presence/absence of particles
in the same size range of EVs. All samples were diluted 1:10 with fil-
tered PBS to avoid multiple scattering.

2.9. Sphingolipid profile of EVs and MSCs

Sphingolipid extraction and LC–MS/MS evaluation were performed
according to the procedure already published elsewhere (Platania et al.,
2019). Briefly, in order to increase the recovery of low-abundance
sphingolipids, samples were extracted by a monophasic Bligh-Dyer
method with alkaline methanolysis. Purified samples (10 μL) were di-
rectly injected to LC–MS/MS instrumentation (UPLC Dionex 3000 Ul-
tiMate - Thermo Fisher Scientific, USA) connected to an ABSciex 3200
QTRAP - AB Sciex S.r.l., Milano, Italy) for quantitative analysis. Se-
paration was attained on a reversed-phase BEH C-8 10×2.1 x 1.7 μm
analytical column with a linear gradient obtained by mixing eluent A
(water +2mM ammonium formate + 0.2% formic acid) and eluent B
(methanol + μ ammonium formate + 0.2% formic acid). Multiple re-
action monitoring (MRM) mode was used. For ceramides and dihy-
droceramides quantitative analysis was performed interpolating each
peak area of analyte/area IS (200 pmol Cer C12) with a calibration
curve of each sphingolipid. For sphingomyelins, since the standards
were not available, relative quantification was achieved by the ratio of
the analyte/area IS (200 pmol SM C12). Then, sphingolipids amount
was normalized by total protein content, expressed in milligram, in
each sample.

Fig. 1. Effects of EVs derived from ctr and CF-MSCs on cytokines mRNA expression and protein release in IB3-1 cells. The mRNA expression was evaluated by RT-PCR
and the results reported as fold change over the control untreated IB3-1 cells. The cytokines content, expressed as picograms per mg of protein (pg/mg), was
measured by ELISA in culture media of IB3-1 cells. Panel A and B refer to IL-1β mRNA and protein; panel C and D, to IL-8 mRNA and protein; panel E and F, to IL-6
mRNA and protein, respectively. Control refers to untreated IB3-1 cells at basal condition; ctr EVs refers to cells treated for 24 h with EVs from control MSCs; CF-EVs
refers to cells treated for 24 h with EVs from CF-MSCs, meaning MSCs supplemented with 10 μg/ml of CFTR inhibitor, I-172, for 48 h. Data, expressed as
mean ± SEM, are obtained from seven individual MSCs - derived EVs populations. The samples were run in triplicate for RT-PCR or in duplicate for ELISA analysis.
Significance was evaluated by one-way ANOVA, followed by Newman-Keuls post-test. **, p < 0.01; *, p < 0.05.
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2.10. RNA extraction and quantitative RT-PCR

Real-time PCR was performed on RNA from control and ctr EVs and
CF-EVs-treated IB3-1 (2,5× 105 cells/well). RNA extraction and re-
verse transcription were performed as previously reported (Zulueta
et al., 2018). Human gene primer sequences for SPTLC 1, SPTLC 2,
SPTLC 3, nSMase2, PPARγ, IL-1β, IL-8, IL-6 and GAPDH were pre-
viously published (Zulueta et al., 2018; Hornemann et al., 2006; Kubota
et al., 2015; Dechecchi et al., 2011). RT-PCRs were performed on a
StepOnePlus Real-Time PCR Systems (Thermofisher). Results were
normalized on GAPDH and the 2-ΔΔCt method was used to calculate
the relative value of gene expression vs control cells (Arocho et al.,
2006). Determinations were done in triplicate.

2.11. Protein extraction and western blotting

Nuclear and cytoplasmic extracts from 5×105 IB3-1 cells, either
treated or not with EVs, were obtained with the NE-PER Nuclear and
Cytoplasmic Extraction Reagents kit (Thermo scientific) according to
the manufacturer's instructions, for PPARγ evaluation. To characterize
CFTR channel expression, whole cell lysates were prepared by trypsi-
nization of treated and control MSCs, washed in cold PBS containing
protease inhibitors, centrifuged at 800 g for 5min at 4 °C, and finally
resuspended in the same PBS solution. Equal amounts of nuclear (10 μg)
or cytoplasmic (20 μg) protein’s extracts were resuspended in Laemmli
solution, separated by electrophoresis and immunoblotted as previously

described (Fabiani et al., 2017). Anti-PPARγ (1:500 in TBS-T), anti HO-
1 (1:1000 in TBS-T), anti-caspase 9 (1:1000 in TBS-T), anti-LC3 (1:1000
in TBS-T), anti-β-Actin (1:5000 in TBS-T), and anti-H3 (1:500 in TBS-T)
antibodies were used. H3 and β-Actin contents were quantified for data
normalization of nuclear and cytoplasmic markers, respectively. Spe-
cific bands intensity, as revealed by chemiluminescence, was quantified
by Alliance UVITEC Cambridge.

2.12. ELISA determinations

The protein expression of the cytokines IL-1β, IL-6 and IL-8 was
determined in treated IB3-1 culture media by biomarker multiplex
immunoassays on Luminex® Platform. Cell protein concentration, was
calculated by Bradford assay and used for data normalization.
Determinations have been performed in duplicate.

2.13. Ferric reducing antioxidant power (FRAP) assay

The ferric reducing antioxidant power (FRAP) assay was performed
according to previously published method (Benzie and Strain, 1999)
with minor modifications (Zulueta et al., 2017).

2.14. Statistical analysis

Data significance was evaluated by paired two-tailed Student t-test
and by one-way ANOVA followed by the Newman-Keul post-test when
significant (P < 0.05). The results are the mean value (mean ± SEM)
from five to seven individual experiments, depending on the assay.
Either duplicate or triplicate samples for each treatment were per-
formed. Western blotting, light scattering and flow cytometry images
are the most representative. Statistical analysis was performed by
GraphPad Instat software (La Jolla, CA, USA) and graph illustrations by
GraphPad Prism software (La Jolla, CA, USA).

3. Results

3.1. EVs released from ctr- and CF-MSCs differently attenuate the pro-
inflammatory profile of IB3-1 cells

In order to investigate the hypothesis that lung MSCs and MSC-de-
rived EVs could be immunologically impaired in CF, we obtained an in
vitro model of CF-MSCs, by treating control MSCs with the specific
CFTR inhibitor, I-172 (Mattoscio et al., 2010). At first, we confirmed by
Western Blotting analysis that lung MSCs express CFTR protein as it is
shown in Supplementary Fig. 1. IB3-1 cells cultured in basal condition,
were treated for 24 h with 30 μL of EVs released from either I-172-
treated or untreated MSCs (namely CF-EVs or ctr EVs). The cell viability
was unaffected by the treatment with CF-EVs and neither signs of early
apoptosis nor of autophagy were increased as compared to the ctr EVs-
treated cells (Supplementary Fig. 2). Concerning the expression of pro-
inflammatory cytokines, following ctr EVs supplementation we ob-
served a trend toward a decrease in the mRNA and protein expression of
IL-1β, IL-8 and IL-6 vs control IB3-1 cells not supplemented (Fig. 1). IL-
1β seems the most responsive, showing a significant 35% reduction at
both the transcriptional and the protein level (Fig. 1, panel A;B) though
IL-6 protein amount moves from 95.4 ± 11.4 to 56.6 ± 2.5 pg/mg
protein, with a global 40% reduction (Fig. 1, panel F).

As a whole, CF-EVs seem less effective then ctr EVs in attenuating
the pro-inflammatory profile of IB3-1 cells. Both the mRNAs and the
proteins of the three cytokines slightly increased in the CF-EVs group as
compared to the ctr EVs group, though not significantly exceeding the
control basal level (Fig. 1). Notably, we observed significant differences
in IL-1 βmRNA (Fig. 1, panel A) and IL-6 protein (Fig. 1, panel F) which
are significantly higher in the CF-EVs treated group than in the ctr EVs
one. In fact, IL-1β mRNA rises by about 45% and IL-6 protein by 60%,
moving from 56.6 ± 2.5 to 90.49 ± 8.28 pg/mg protein.

Fig. 2. Morphological features of ctr and CF-EVs populations. Panel A shows an
example of Nanoparticle Tracking Analysis (NTA) representing the overall
distribution of the particles in ctr and CF-EV populations, according to their
mean size. On the cumulative plot, data are reported as percentage of particles
distributed within a mean size value, expressed as nm. Panel B reports an ex-
ample of Dynamic Light Scattering analysis showing the intensity weighted
distribution of hydrodynamic diameters for ctr EVs and CF-EVs. The black bars
and the corresponding black plotting curve refer to CF-EV. The gray bars and
the corresponding plotting curve refer to EVs from control MSCs. The graphs
are the most representative of four different analysis.
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We have recently demonstrated that PPARγ, which has an estab-
lished anti-inflammatory role, is up-regulated in the IB3-1 cell line upon
treatment with ctr MSCs-derived EVs (Zulueta et al., 2018). Conversely,
here we show that PPARγ transcript is unaffected by CF-EVs treatment,
being expressed as in the untreated control IB3-1 cells (Supplementary
Fig. 3), supporting the hypothesis of CF-EVs immunological impair-
ment. The EV treatment could interfere with the redox homeostasis of
IB3-1 cells, thus indirectly modulating the inflammation status (Sup-
plementary Fig. 4). Control-EVs increase the intrinsic antioxidant
power of IB3-1 cells, as shown by the rise in the Fe ions level in the
reduced form and by the up-regulation of HO-1 that is a master reg-
ulator of the redox-homeostasis. Conversely, CF-EVs treatment fails in
improving this protective response, as evidenced by the content of Fe
ions in the reduced form and HO-1 that are pretty near to the control
value.

3.2. EVs from ctr- and CF-MSCs show different features

We have already specified the composition of the EV population
released by human lung MSCs by the classical exosome and micro-
vesicle markers (Zulueta et al., 2018). In this project, we aimed at
characterizing ctr EV and CF-EVs in order to understand whether they
possess distinct features that might partially account for their different
anti-inflammatory potential.

We evaluated the amount of EVs and their size distribution by both
Nanoparticles Tracking Analysis (NTA) and Light Scattering. Fig. 2 re-
ports structural result of ctr EVs and CF-EVs prepared in serum-free
medium, as described in “material and methods” section, to better
characterize the differences among the two particle populations. The
cumulative frequency plot (Fig. 2, panel A) shows that ctr EVs exhibit a
wide regular distribution with approximately 80% particles distributed
within 340 nm in size (as indicated by the blue arrow). Conversely, CF-
EVs rather follow a Gaussian distribution that peaks at 150 nm, with
approximately 80% particles within 200 nm (as indicated by the red
arrow). Those results are in agreement with the mean hydrodynamic
size, as assessed by Dynamic Light Scattering (Fig. 2, panel B). As

shown, CF-EVs have a hydrodynamic size 20% smaller than the ctr EVs,
corresponding to about a 60% smaller volume per EV. Moreover, both
NTA and light scattering experiments determined that the number of
CF-EVs was approximately 1.5 times higher than the number of ctr EVs,
moving from 4.27×109±5.5×108 to 2.99× 109± 8.0× 108/ml
(NTA data, not shown). The combined results suggest that EVs released
by ctr MSCs and CF-MSCs, have a different supramolecular organiza-
tion, resulting in more numerous, but smaller CF-EVs.

To study the internalization rate of MSCs-derived EVs by IB3-1 cells,
we designed a quantitative flow cytometric assay, as reported in the
“Materials and methods” section. Control and CF-MSCs were labeled
with the CellBrite Cytoplasmic Membrane Dye, EVs were isolated and
used to treat IB3-1 cells and the uptake was assessed by flow cytometry
16 h later. Fig. 3 shows that CF-EVs are more efficiently internalized by
IB3-1 cells than ctr EVs, as indicated by the value of the fluorescence
intensity, normalized on the number of particles, with an increase of
almost 50% (from 531.3 ± 84.63–795.8 ± 177.3 ΔGeoMFI/EVs
number).

3.3. Sphingolipid profile is differently characterized in ctr EVs and CF-EVs

In an attempt to gain insights in the potential mediators underlying
the different anti-inflammatory behavior of ctr- and CF-EVs, we de-
termined the composition of SPLs that play a well-known role in
modulating inflammation. By means of LC–MS/MS analysis, we ob-
served a significant rise in the content of total Cer and dhCer, its pre-
cursor along the neo synthesis pathway, in CF-EVs vs ctr EVs, with value
ranging from 790.9 ± 76.3 to 991.1 ± 133.8 and from 18.17 ± 1.8
to 25.75 ± 3.7 pmoles/mg protein, respectively (Table 1).

When considering the single Cer species (Fig. 4, panel D), we found
that the most representative fatty acid containing Cer is the C16:0
which accumulates in CF-EVs 15% more than in ctr EVs. Moreover, the
ceramides bearing longer saturated and unsaturated fatty acid chains,
namely C20:0, C22:0, C24:0, and C24:1, significantly increased in CF-
EVs by 25%, 60%, 100%, and 25%, respectively. We observed the same
trend in the corresponding dhCer species. As shown in panel E, dhC16-

Fig. 3. Labeled EVs incorporation by IB3-1 cells. IB3-1 cells were seeded in 24-well culture plates and treated for 16 h with 100 μL of EVs derived from CellBrite
Green Cytoplasmic Membrane Dye-labeled MSCs. Panel A: representative graph of the fluorescence intensity values indicating the uptake rate of EVs. The black curve
represents the untreated cells; the blue curve represents cells incubated with ctr EVs and the red curve represents cells incubated with CF-EVs. Panel B: quantitative
determination of EVs uptake by IB3- 1 cells following 16 h of incubation. The gray and black bars represent the internalization value of EVs released from control and
CF-MSCs, meaning MSCs added with 10 μg/ml of CFTR inhibitor, I-172, for 48 h. Data are expressed as mean ± SEM of five independent experiments. The statistical
significance was evaluated by two-tailed, paired, Student t-test (*, P < 0.05) performed on the value of geometric mean fluorescent intensity subtracted of the
control untreated cells (ΔGeoMFI) and normalized on the number of particles (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.).
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Cer rises by almost 30%, dhC24:0-Cer by more than twofold and
dhC24:1-Cer by 40%. As for SM, we found no significant differences in
the total (Table 1) and the single species expression (Fig. 4, panel F) but
only a trend toward a decrease in their level was apparent. As compared
to EVs, parental MSCs cells display a similar SPLs pattern. We observed
a significant 30% increase in the total Cer content (from
2605 ± 461.4–3387 ± 496.8 pmoles/mg protein; Table 1) and about
35% accumulation of the most representative fatty acid containing Cer,
namely C16:0, C22:0, and C24:0 (Fig. 4, panel A). On the contrary, total
(Table 1) and single dhCer species (Fig. 4, panel B) were similarly ex-
pressed in both MSC populations. Finally, we found a reduction in the

relative abundance of total and single SM species (Table 1; Fig. 4, panel
C).

Next, we checked whether the ctr and the CF-MSCs, could differ-
ently express the Serine palmitoyl transferase (SPT), the rate limiting
enzyme of the de novo ceramide biosynthesis pathway, and the neutral
sphingomyelinase 2 (n-SMase 2), highly involved in the biogenesis of
EVs. SPTLC-2 mRNA (panel A), one of the two catalytic subunits of SPT,
as well as n-SMase 2 (panel B) were significantly upregulated (*,
p= 0.04 and *, p= 0.02, respectively) in CF-MSCs as compared to ctr
MSCs (Fig. 5).

Fig. 4. Sphingolipid profile of ctr and CF-EVs and parental MSCs. Sphingolipid profile of EVs and parental MSCs was obtained by LC/MS analysis. Panel A and D
represent single Cer species content, expressed as pmoles/mg protein, in MSCs and EVs populations, respectively. Panel B and E show single dhCer species content,
reported as pmoles/mg protein, in MSCs and EVs populations, respectively. Panel C and F represent single SM species content, expressed as relative abundance, in
MSCs and EVs populations, respectively. The gray bars correspond to ctr MSCs and ctr EVs while the black bars refer to CF-MSCs and CF-EVs. Data are expressed as
mean ± SEM of five to seven independent experiments. The statistical significance was evaluated by two-tailed, paired, Student t-test (*, P < 0.05).
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4. Discussion

Our study focuses on determining whether MSCs could impact the
inflammatory chronic condition that characterizes Cystic Fibrosis. We
took advantage of an in vitro cellular model of CF-MSC by treating
control human lung MSCs with a specific CFTR inhibitor (I-172) in
order to obtain CF-EVs that mimic those particles physiologically re-
leased in the lung of CF patient. We used IB3-1, a transformed human
bronchial epithelial cell line from a CF patient (ΔF508/W1282X), to
gain the basal inflammatory CF phenotype (Armstrong et al., 1997;
Tirouvanziam et al., 2000) and we compared the anti-inflammatory
potential of CF-EVs with control EVs. As we previously published
(Zulueta et al., 2018), here we show that EVs from control MSCs at-
tenuate the pro-inflammatory profile of IB3-1 cell by reducing the cy-
tokines expression and rescuing the transcription of PPARγ, highly in-
volved in anti-inflammatory mechanisms. On the contrary, CF-EVs
treatment is less effective on cytokines and PPARγ expression, pro-
viding an explanation for the basal physiological inflammatory phe-
notype. Accordingly, Sutton and colleagues (Sutton et al., 2017) re-
cently showed that deficient CFTR function, achieved by the same CFTR
inhibitor (I-172), alters human MSCs ability to control the in-
flammatory response to pathogenic organisms. They indicate that CF-
MSCs do not behave similarly to control MSCs, due to the expression of
different amounts of IL-6, CCL2 and IL-8. Moreover, they observed that
by blocking CFTR activity in wild type bone marrow derived macro-
phages, PPARγ levels decrease.

Our results suggest that the two EVs populations released by the
parental MSCs, exhibit quite different features. CF-EVs are more
abundant and smaller than the ctr EVs and they are more efficiently up-
taken by the recipient IB3-1 cells. Growing evidence indicates that in-
flammatory conditions might trigger the release of EVs that in turn
maintain such condition. As reviewed by Cypryk and colleagues
(Cypryk et al., 2018), inflammasome activity correlates with enhanced
secretion of EVs and modulation of their mediators content. Murine
microglial cell line challenged with LPS, acquires an activated pro-in-
flammatory status that greatly increases the release of EVs. In contrast,
EV secretion was completely attenuated to control levels using a TNFα
inhibitor (Yang et al., 2018). In our experimental model, we did not
directly challenge MSCs with pro-inflammatory stimuli, but CF-MSCs
seem to be immunological impaired since CFTR activity inhibition is per
se correlated to inflammation (Sutton et al., 2017), thus enhancing EVs
secretion. Though the ESCRT machinery represents the general process
of exosomes release, in 2008 a Cer-mediated mechanism has been first
described (Trajkovic et al., 2008). The authors proposed SM hydrolysis
by n-SMase 2, the enzyme which mostly resides in the Golgi and ER,
and the consequent Cer generation as important players in exosomes
biogenesis. In fact, the cone-shaped structure of Cer spontaneously
drives the negative curvature of the membrane, favouring vesicles
formation. Consistently, the block of n-SMase reduces exosomes release
in various cell lines (Kosaka et al., 2010; Asai et al., 2015; Xu et al.,
2016). However, the same enzyme differentially controls the secretion
of larger EV population, such as MVs (Menck et al., 2017). We found a
significant decrease in the relative abundance of total SM in CF-MSCs
versus ctr MSCs, together with a transcriptional activation of n-SMase 2,
suggesting that this pathway could be involved in EVs production.

Therefore, the accumulation of Cer observed in both CF-EVs and
parental MSCs, could contribute to the abundancy of CF-EVs as com-
pared to ctr EVs. Ceramide formation upon SM hydrolysis, allows those
membrane changes required for the release of exosomes that are on
average smaller than MVs, thus accounting for the majority of CF-EVs
distributed within 150 nm in size, as compared to ctr EVs. In our model,
the significant accumulation of both Cer and dhCer species in CF-EVs
points to the involvement of the de novo Cer synthesis in the parental
CF-MSCs. This finding is further supported by the transcriptional up-
regulation of SPLTC-2, one of the two catalytic subunits of the SPT that
regulates the rate limiting step of the de novo pathway. Though CF-
MSCs exhibit unchanged dhCer levels, specific mechanisms of lipid
sorting into EVs that export out of the cells the SPLs generated could
occur (Podbielska et al., 2016). The higher content in dihydroceramides
of EVs in comparison to MSCs, suggests that the Cer biosynthesis up-
regulation is tightly linked to the extrusion of signaling lipids, deriving
from ER and including Cer precursor. Whereas this latter is rapidly

Table 1
Total sphingolipid content in ctr and CF-EVs and parental MSCs. Total Cer and
dhCer content was assessed by LC–MS/MS. The results are expressed as pmoles/
mg protein. For total SM content, relative quantification was achieved by the
ratio of the analyte/area IS (200 pmol SM C12). Data, reported as
mean ± SEM, are obtained from five to seven independent experiments. The
statistical significance was evaluated by two-tailed, paired, Student t-test.

Total Cer dhCer SM
pmoles/mg protein pmoles/mg protein relative abundance

Ctr MSCs 2605 ± 461.4
(n=5)

55.68 ± 13.1
(n= 5)

195.1 ± 30.7
(n= 5)

CF-MSCs 3387 ± 496.8
(n=5)

57.36 ± 15.9
(n= 5)

168 ± 30.2
(n= 5)

P=0.02 P=ns P=0.03
Ctr EVs 790.9 ± 76.3

(n=7)
18.17 ± 1.8
(n= 7)

98.24 ± 11.7
(n= 7)

CF-EVs 991.1 ± 133.8
(n=7)

25.75 ± 3.7
(n= 7)

90.87 ± 11.5
(n= 7)

P=0.04 P=0.01 P=ns

Fig. 5. mRNA expression of Serine palmitoyl transferase (SPT) and neutral sphingomyelinase 2 (n-SMase 2) in ctr and CF-MSCs. Control MSCs (ctr MSCs, gray bar)
refer to untreated MSCs while CF-MSCs (black bar), refer to control MSCs treated for 48 h with 10 μg/ml of CFTR inhibitor, I-172. The results are expressed as fold
change over the control MSCs. Data, reported as mean ± SEM, are obtained from five independent experiments. For each treatment, the samples were run in
triplicate. The statistical significance was evaluated by two-tailed, paired, Student t-test.
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dehydrogenated along with ER reactions, its early compartmentaliza-
tion in multi-vesicular bodies may fuel extracellular lipid signaling in
the effort of controlling lipid cellular homeostasis. Our results indicate
that the inflammation activated Cer de novo synthesis and accumulation
(Caretti et al., 2014; Caretti et al., 2016) trigger a transcriptionally
driven response that requires higher sphingomyelinase activity to sus-
tain the release of new formed ceramide throughout the exocytosis of
vesicles that spread their originating inflammatory-alarm signal.

It has been reported that Cer-enriched exosomes mediate cytotoxic
effects in recipient cells. Podbielska and colleagues (Podbielska et al.,
2016) demonstrated that HOG, an oligodendroglioma cell line, re-
sponds to cytotoxic cytokines by eliciting the release of Cer-enriched
exosomes. They support the idea that vesicular Cer contributes per se to
the toxic effects elicited by the cytokines. This is consistent with pre-
vious studies illustrating that many dangerous effects of TNFα on dif-
ferent subsets of cells are mediated by Cer generation (Osawa et al.,
2005; White-Gilbertson et al., 2009). Similarly, we have previously
published that Cer from de novo biosynthesis pathway contributes to
lung inflammation in CF murine models, upon infection with P. aeru-
ginosa and A. fumigatus (Caretti et al., 2014; Caretti et al., 2016). Our
present results corroborate these data since we found an inverse cor-
relation between the anti-inflammatory efficacy of EVs and their Cer
content.

5. Conclusion

In conclusion, our findings support the hypothesis that CFTR dys-
function, obtained by treating control MSCs with a specific CFTR in-
hibitor, associates with an enhanced sphingolipid metabolism leading
to an increase in the content of ceramide. This in turn promotes the
release of CF-EVs that export the excess of pro-inflammatory ceramide
to the recipient cells, thus contributing to maintain the chronic, un-
resolved inflammatory status of Cystic Fibrosis. These results contribute
to better elucidate the role of Cer-enriched EVs in Cystic Fibrosis,
providing the rationale for novel therapeutic approaches.
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Abstract: Altered lipid metabolism has been associated to cystic fibrosis disease, which is characterized
by chronic lung inflammation and various organs dysfunction. Here, we present the validation of an
untargeted lipidomics approach based on high-resolution mass spectrometry aimed at identifying
those lipid species that unequivocally sign CF pathophysiology. Of n.13375 mass spectra recorded on
cystic fibrosis bronchial epithelial airways epithelial cells IB3, n.7787 presented the MS/MS data, and,
after software and manual validation, the final number of annotated lipids was restricted to n.1159.
On these lipids, univariate and multivariate statistical approaches were employed in order to select
relevant lipids for cellular phenotype discrimination between cystic fibrosis and HBE healthy cells.
In cystic fibrosis IB3 cells, a pervasive alteration in the lipid metabolism revealed changes in the classes
of ether-linked phospholipids, cholesterol esters, and glycosylated sphingolipids. Through functions
association, it was evidenced that lipids variation involves the moiety implicated in membrane
composition, endoplasmic reticulum, mitochondria compartments, and chemical and biophysical
lipids properties. This study provides a new perspective in understanding the pathogenesis of cystic
fibrosis and strengthens the need to use a validated mass spectrometry-based lipidomics approach
for the discovery of potential biomarkers and perturbed metabolism.

Keywords: lipidomics; OMICS; untargeted analysis; cystic fibrosis; biomarker; sphingolipid;
membrane composition; cell structure

1. Introduction

Lipids are a fundamental component of cellular membranes and signaling molecules regulating
cellular functions that include energy storage, cell proliferation and death, stress response, and
inflammation. Alterations in lipids metabolism are associated and suggested as causative for the
pathophysiology of inflammation-related diseases such as neurodegenerative diseases (i.e., Alzheimer’s
and Parkinson’s), diabetes, obesity, atherosclerosis and cardiovascular diseases, non-alcoholic fatty
liver disease, cancer, obstructive sleep apnea, and respiratory diseases [1,2]. Thus, lipids are not only
modulated by diseases but also recognized as therapeutic targets. Lipidomics is the most powerful
tool to approach the study of lipids-related diseases. The increasing popularity of the lipidomics
approach is strictly connected to the progress in the related analytical techniques, especially mass
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spectrometry. This large-scale technique can cover the whole human lipidome, comprising from 10
to 100-thousand different chemical entities in a complex biological system. Lipids can be studied by
two approaches: targeted or untargeted lipidomics. Targeted methods are a high-sensitive analysis
dedicated to the identification and quantification of known classes of lipids, whereas nontargeted
methods, usually employing high-resolution mass spectrometry, aim to identify and semi-quantify
every likely lipid species contained in the samples [3–5]. Employing this technique, different tasks can
be performed: (1) characterization, identification, and quantification of specific lipid species known to
be related to pathological events, and (2) identification of new prognostic or diagnostic biomarkers
able to discriminate with higher specificity and sensitivity the healthy phenotype from the pathological
ones. The strength of lipidomic is to identify single species that stand for significant changes and offers
broad-spectrum information on the inherently dynamic process. In this process, metabolites and, thus,
their concentrations are continuously exposed to synthesis or degradation. By clustering metabolites
that are simultaneously interested in changes, it is possible to identify pathways and cell functions
involved in the studied stimulus or dysfunction [6]. Among chronic inflammatory and lipids-related
diseases, cystic fibrosis (CF) is a significant and well-characterized fatal illness. CF is a pulmonary
disease caused by different mutations in the gene for the chloride/carbonate channel CFTR. These
mutations are responsible for dysregulation in the electrolytic equilibrium within the protective mucus
of respiratory airways, leading to lung chronic inflammation and infections, together with pancreatic
insufficiency and multiple organs dysfunction [7]. Pharmacological treatment aimed at CFTR function
recovery failed in the clinical practice, and CF has no effective cure at present [8]. Lipid alterations
in CF patients have been extensively reported. In particular, abnormalities in blood fatty acid (FA)
composition have been described, showing a high level of saturated (SFA) and monounsaturated
(MUFA) together with low levels of omega-3 and omega-6 polyunsaturated fatty acids (PUFA) in respect
to a healthy control [9,10]. Alteration in the human CF plasma lipid profile comprises a modification in
the levels of phospholipids and lysophospholipids (e.g., PC and LPC), cholesterol, cholesterol esters,
and hypertriglyceridemia [11–13]. In addition, peripheral cholesterol accumulation was evidenced
in the respiratory airways [14]. The cause of lipids altered homeostasis in CF is still debated, and it
has been attributed to enhanced lipid synthesis that can derive from intestinal malabsorption [12], as
well as from peripheral and systemic inflammation [15]. At a cellular level, it was demonstrated that
CF cells exhibit increased lipid synthesis, possibly due to altered proteostasis [16,17], which can be
counteracted by the sphingolipid synthesis inhibitor myriocin [18,19].

In this manuscript, we present a novel lipidomics approach aimed at identifying those lipid species
that unequivocally sign CF pathophysiology. We evaluated the lipid tract of the CF broncho epithelial cell
line, being the airways of the first body district involved in chronic inflammation and infection in these
patients. Our data strengthen and specify previous reports, demonstrating that CF broncho epithelial
cells exhibit a significant increase of all lipid species analyzed in comparison to the normal broncho
epithelial cell line. Most importantly, we unequivocally indicate the ether-glycerophospholipids,
cholesterol esters, and glycosylated sphingolipids as classes of molecules accurately representative of
CF and not well-characterized yet as pathological markers. Our findings open a new bursting and
crucial research field for the development of innovative CF therapeutic approaches.

2. Materials and Methods

2.1. Reagent and Chemicals

Lipids standard were purchased from Avanti Polar Lipids (Alabaster, AL, USA). The chemicals
acetonitrile, 2-propanol, methanol, chloroform, formic acid, ammonium acetate, and ammonium
formate were purchased by Sigma-Aldrich (St. Louis, MO, USA). All aqueous solutions were prepared
using purified water at a Milli-Q grade (Burlington, MA, USA).
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2.2. Cell Culture

Human bronchial epithelial cell line (IB3), derived from a CF patient (∆F508/W1282X) provided
by LGC Promochem (Teddington, UK), were grown in LHC-8 medium supplemented with 5% FBS, 1%
penicillin/streptomycin at 37 ◦C, and 5% CO2. Healthy (H) human lung bronchial epithelial cell line
(16HBE14O, initially developed by Dieter C. Gruenert) were provided by Luis J. Galietta (Telethon
Institute of Genetics and Medicine—TIGEM, Napoli, Italy). Originally HBE primary cells were grown
in LHC-8, although in the present study they were cultured as recommended (Merck Millipore SCC150
datasheet) in MEM Earle’s salt supplemented with 5% FBS, 1% penicillin/streptomycin at 37 ◦C, and
5% CO2. For cell lipidomics, 1 × 105 cells/100-mm plate in 5 mL medium were plated, harvested when
confluence has reached 90%, washed in PBS, and pelleted.

2.3. Lipids Extraction

Lipid extraction was completed by a modified version of the Folch method [18].
Cells (about 1 × 106) were reconstituted in 100 µL of water + 0.1% proteases inhibitor cocktail,
and a small aliquot was used for total protein quantification by the Bradford dye-binding method. For
lipid extraction, 100 µL of aqueous samples were added with 850 µL of a methanol/chloroform mixture
(2:1, v/v), then sonicated for 30 min. The organic phase was evaporated under a stream of nitrogen.
The residues were dissolved in 100 µL of isopropanol/acetonitrile (2:1, v/v), centrifuged for 10 min at
13,400 RPM, and withdrawn in a glass vial.

For a targeted sphingolipids analysis, after the addition of the methanol/chloroform mixture (2:1
v/v), samples were incubated overnight in an oscillator bath at 48 ◦C. Then, to enhance their recovery,
alkaline methanolysis was performed by incubation at 37 ◦C for 2 h with 75 µL of potassium hydroxide
1 M in methanol. After neutralization with 75 µL of acetic acid 1 M in methanol, samples were
evaporated. The residues were dissolved in 100 µL of methanol, centrifuged for 10 min at 13,400 RPM,
and withdrawn in a glass vial.

2.4. LC-MS/MS Untargeted Method

The LC-MS/MS consisted of a Shimadzu UPLC coupled with a Triple TOF 6600 Sciex (Concord,
ON, CA) equipped with Turbo Spray IonDrive. All samples were analyzed in duplicate in both positive
and negative mode with electrospray ionization. The instrument parameters were: CUR 35, GS1 55,
GS2 65, capillary voltage 5.5 kV, and source temperature 350 ◦C. Spectra were contemporarily acquired
by both full-mass scan from 200–1500 m/z (100 ms accumulation time) and data-dependent acquisition
from 50–1500 m/z (40 ms accumulation time, top 18 spectra per cycle 0.8 s). Declustering potential was
fixed to 50 eV, and the collision energy was 35 eV, with a collision energy spread of 15 eV.

The chromatographic separation on an Acquity BEH C18 column 1.7 µm 2.1 × 50 mm (Waters,
Franklin, MA, USA), equipped with a precolumn [20], was achieved using, as mobile phase A,
water/acetonitrile (60:40) and, as mobile phase B, 2-propanol/acetonitrile (90:10), both containing
10-mM ammonium acetate and 0.1% of formic acid. The flow rate was 0.4 mL/min, and the column
temperature was 45 ◦C. The elution gradient was set as below: 0–2 min (45% B), 2–12 min (45–97% B),
12–17 min (97% B), 17–17.10 min (97–45% B), and 17.10–21 min (45% B).

Additionally, another chromatographic separation was reached on an Acquity CSH C18 column
1.7 µm 2.1 × 100 mm (Waters, Franklin, MA, USA) equipped with a precolumn by using, as mobile
phase A, water/acetonitrile (60:40) and, as mobile phase B, 2-propanol/acetonitrile (90:10), both
containing 10-mM ammonium acetate and 0.1% of formic acid. The flow rate was 0.4 mL/min, and the
column temperature was 45 ◦C. The elution gradient (%B) was set as below: 0–2.0 min (40%), 2.0–2.5 min
(40–50%), 2.5–12.5 min (50–55%), 12.5–13.0 min (55–70%), 13.0–19.0 min (70–99%), 19.0–24.0 min (99%),
and 24.0–24.2 (99–40%) and kept constant until 30 min. Five microliters of clear supernatant were
directly injected in the LC-MS/MS.



Cells 2020, 9, 1197 4 of 17

2.5. Lipidomic Data Processing

The correct identification and relative quantification were attained using MS-DIAL (version
4.0) software [21–23]. Data raw files (.wiff) were converted into .abf format in order to perform
retention time correction, peak alignment, and identification. The latter was achieved by comparison
of experimental spectra with those in the LipidBlast library [24], using both accurate mass and MS/MS
fragmentation (Table S1) data (total identification score >70%). Prevalent adducts were previously
investigated in our experimental conditions, and thus, the identification was restricted only on them.
MS and MS/MS tolerance for peak profile were set to 0.01 and 0.05 Da, respectively. Data were then
filtered for blank samples signals with a fold change >10. A quality control pooled sample (QC, a
mix of all samples in the batch) was prepared and injected several times (every four samples) during
the batch analysis to test the instrumental variability. Lipids that presented a coefficient of variation
(CV%) ≥30% in the QC were excluded for further investigation [25]. Then, to restrict biological and
analytical variances, normalization was completed by correcting the peak intensities (Equation (1)) of
each lipid for both (1) the amount of protein in the extract injected (µg) measured by the Bradford
method and (2) the variation in the response of QCs dispersed evenly throughout the batch (by
the Lowess algorithm). Lipids containing either a high number of unsaturations or odd-chain fatty
acids were manually excluded. An overview of the entire lipid metabolism was represented as the
summed amounts, after normalization, of the individual lipids per subclass (an example is shown in
Equation (2)).

AmountX =
Peak intensity × after normalization

µg protein injected
(1)

AmountCer= AmountCer1 +AmountCer2+AmountCer n (2)

2.6. Statistical and Data Analysis

As a first approach to evidence differences in lipid metabolisms between healthy and CF, the
different classes (sum of the concentrations of the species) were compared by t-test with GraphPad
Prism 7.0 (GraphPad Software, Inc, La Jolla, CA, USA). Then, for biomarker discovery, data tables with
the lipids identified under both healthy and pathological conditions were formatted as .csv files and
uploaded to the MetaboAnalyst server (version 4.0) [26,27]. Data were checked for integrity, filtered
by interquartile range, log-transformed (generalized logarithmic transformation), and auto-scaled. If
multiple isomeric lipid species were detected, the sum of their abundances would be further considered.
This operation is driven by the fact that the exact position and stereochemistry of the unsaturations
could not be deduced from this kind of experiment. The comparison between CF and healthy cells
was performed by both univariate and multivariate methods. The volcano plot showed the statistical
significance and the fold change of each lipid identified by selecting only those with a p-value < 0.05
(corrected for false discovery rate) and a fold change (FC) >2. Partial least squares discriminant analysis
(PLS-DA) was performed in order to increase the group separation and investigate the variables with a
Variance Importance in Projection (VIP) score >1. These features could be considered as a potential
biomarker of CF [28]. The quality of the PLS-DA models was assessed by cross-validation: R2 and
Q2 (i.e., cross-validated R2) should be >0.8 in order to avoid overfitting or unreliable estimations [29].
The potential lipids biomarkers were finally determined, combining uni- and multivariate analysis by
the combination of the VIP score in the PLS-DA model together with corrected p-value and fold change
both derived from the Volcano plot. Specifically, it was taken into consideration the products of the VIP
score (>1), −log10 p-value (>1.3), and |log2FC| (>1), here named as the impact factor (IF; Equation (3)).
Enrichment analysis was performed, on normalized data from MetaboAnalyst, using LION/web by
the ranking mode, with a one-tailed Welch 2-sample t-test as the local statistics [6]. Changes in lipid
patterns between CF and healthy phenotypes were connected to the main branches of LION ontology
and, especially, lipid function, cellular component, and physical-chemical properties. The chi-square
or binomial tests were used to compare observed with expected data distributions.
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3. Results

3.1. Pre-Analytical Optimization

Folch extraction followed by alkaline methanolysis is the gold-standard for sphingolipids
quantification [30,31]. This specific extraction protocol warrants a higher extraction rate of sphingolipids
species by suppressing the interferences of preeminent phospholipids [32,33]. Hereby, as expected,
it was confirmed that the samples treated with alkaline methanolysis displayed a higher intensity
of sphingolipids (Figure S1). Curiously, the procedure used for total lipid analysis yielded a higher
number of sphingolipids species correctly identified (84 vs. 104, considering the main subclasses:
ceramides, hexosylceramides, and sphingomyelins). The sphingolipids profile, measured as fold
changes between the two cell lines, fairly differed when using the two extraction protocols (Figure S1).
Taking these results altogether, we decided to avoid the methanolysis in the untargeted lipidomics
approach, limiting this specific treatment to the target sphingolipids analysis.

3.2. Optimization of the Analytical Conditions for Lipidomics Analysis

Using a mixture of 14 chemically pure lipids (differential ion mobility system suitability kit,
synthetic lipid mix, Avanti Polar, Alabaster, AL, USA) covering all the subclasses, two distinct
mobile-phase modifiers, and two different columns were tested. Ammonium acetate and an Acquity
CSH column gave the maximum peak intensities (Tables S2 and S3) and the best lipidome coverage
(Figure S2). CSH column was verified in +34% in lipids identified correctly (995 vs. 741, Figure S2).
This was probably related to a better separation of different lipid classes. The number of IDA
experiments in a cycle-time was also taken into consideration: using the configuration with 20
spectra/cycle, not surprisingly, the number of total spectra acquired was about two-fold in respect to
the top 10 (Figure S3).

3.3. Performances of the Untargeted Lipidomics Analysis

MS-DIAL performances were evaluated by running standard samples containing a mixture of
chemically pure lipids with a concentration of 1 µg/mL (10 ng injected): 10/14 (65%) lipids were
identified correctly matching for both MS and MS/MS data, 3/14 (21%) were identified only by accurate
mass, and 1/14 (7%) was not recognized at all (Table S4). The normalization method is critical to balance
variations and eliminate experimental or biological biases. Internal standard-based normalization is the
gold standard for targeted analysis of metabolites, but for untargeted analysis, it has been demonstrated
that the method is out-performed by other approaches. The use of a few selected internal standards is
not reasonable for the untargeted analysis of complex biological mixtures, since lipids, also comprising
in the same class, displayed different chemical structures (e.g., fatty acid chains) and chromatographic
behaviors. The choice of internal standards normalization was for the above reasons avoided.

An alternative approach to reduce the analytical and biological variabilities could be the use of
the total ion count (TIC) [34,35]. The TIC was tested in our experiment (ochre curve in Figure 1) and
gave satisfactory results with both cell lines, but we noted a limited linearity range in dependence on
the amount of proteins in each sample (data not shown).

QC sample (see Methods) was used to calibrate the symmetric biases using weighted scatterplot
smoothing (Lowess algorithm on MS-DIAL) for analytical signal correction [21,36,37]. The choice of
normalization should be executed with the aim of decreasing variation not only in QC but also in
experimental groups [38,39]. Therefore, we lessen the biological variability by normalizing data on the
total protein content of the sample. Lowess coupled with biological normalization is presented as a
single curve (green) in Figure 1. The latter showed the same performance of TIC, with about 70%–90%
acceptable features (CV% < 30%) and, thus, was finally selected for our purpose. These normalization
techniques were compared to the raw, not normalized data (red curve in Figure 1). In this limited
context, specifically in the comparison between two phenotypes, the different normalization methods
demonstrated minimal experimental variations among them, and so we proposed to choose the Lowess
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coupled with biological normalization (green in Figure 1). Lack of normalization significantly affected
the results on the HBE cell line (Figure 1B).

The intra-batch variability, which is the coefficient of variation (CV%) of the QC sample dispersed
throughout the batch, was about 16%.

Cells 2020, 9, x FOR PEER REVIEW 6 of 16 

 

proposed to choose the Lowess coupled with biological normalization (green in Figure 1). Lack of 
normalization significantly affected the results on the HBE cell line (Figure 1B). 

The intra-batch variability, which is the coefficient of variation (CV%) of the QC sample 
dispersed throughout the batch, was about 16%. 

 
Figure 1. Cumulative frequency distribution of the coefficient of variations (CVs) (%) in (A) pool 
samples, (B) healthy HBE, and (C) cystic fibrosis (CF) cell extracts obtained for the precision 
evaluation of different normalization protocols comprehensive of results from both polarities. The 
dotted line indicates the separation between features within 30% of the CV, which is intended as the 
maximum permitted for the validation. The graphs showed the better performance of Lowess coupled 
to µg proteins as the normalization technique, reaching (A) 89%, (B) 64%, and (C) 68% in acceptable 
features (with a CV% inferior to 30%). (D) Graphs show the mean ± SD of the percentage of acceptable 
features (with a CV% inferior to 30%) between the different normalization techniques.  

3.4. Untargeted Lipidomics of Cystic Fibrosis 

MS-DIAL recorded, considering data from both polarities and after blank filtration, n.13375 
mass spectra in the whole set of samples, of which, n. 7787 (58%) presented the MS/MS data. The 
software revealed n.1863-annotated lipids (MS2-matched, 14%), and, after a manual validation, the 
final number was restricted to n.1159 (8.4%), which were grouped in the different classes and 
subclasses (Figure S4). 

The distribution profile of lipid classes in healthy (H, HBE) and cystic fibrosis cells (CF, IB3) was 
achieved by summing all the normalized intensities of the lipids identified within the single classes 
(an example is shown in Equation (2)). As expected, in CF, we found a significant general 
accumulation of all lipid species, in particular ceramides, hexosylceramides, lactosylceramides, GM3, 
and cholesterol esters (Figure 2). In addition, ether-linked phospholipids (etherPL) were found to be 
highly modulated by the disease. Specifically, ether-linked phosphatidylcholine (fold change CF/H: 
14.56) are the most abundant class recognized in our cell model, followed by ether-linked 
phosphatidylethanolamine (fold change CF/H: 4.75). No statistical differences were found in the 
concentrations of free fatty acids, dihydroceramides, sphingomyelins, phosphatidylcholines, 

Figure 1. Cumulative frequency distribution of the coefficient of variations (CVs) (%) in (A) pool
samples, (B) healthy HBE, and (C) cystic fibrosis (CF) cell extracts obtained for the precision evaluation
of different normalization protocols comprehensive of results from both polarities. The dotted line
indicates the separation between features within 30% of the CV, which is intended as the maximum
permitted for the validation. The graphs showed the better performance of Lowess coupled to µg
proteins as the normalization technique, reaching (A) 89%, (B) 64%, and (C) 68% in acceptable features
(with a CV% inferior to 30%). (D) Graphs show the mean ± SD of the percentage of acceptable features
(with a CV% inferior to 30%) between the different normalization techniques.

3.4. Untargeted Lipidomics of Cystic Fibrosis

MS-DIAL recorded, considering data from both polarities and after blank filtration, n.13375 mass
spectra in the whole set of samples, of which, n. 7787 (58%) presented the MS/MS data. The software
revealed n.1863-annotated lipids (MS2-matched, 14%), and, after a manual validation, the final number
was restricted to n.1159 (8.4%), which were grouped in the different classes and subclasses (Figure S4).

The distribution profile of lipid classes in healthy (H, HBE) and cystic fibrosis cells (CF, IB3) was
achieved by summing all the normalized intensities of the lipids identified within the single classes (an
example is shown in Equation (2)). As expected, in CF, we found a significant general accumulation of
all lipid species, in particular ceramides, hexosylceramides, lactosylceramides, GM3, and cholesterol
esters (Figure 2). In addition, ether-linked phospholipids (etherPL) were found to be highly modulated
by the disease. Specifically, ether-linked phosphatidylcholine (fold change CF/H: 14.56) are the most
abundant class recognized in our cell model, followed by ether-linked phosphatidylethanolamine
(fold change CF/H: 4.75). No statistical differences were found in the concentrations of free fatty acids,
dihydroceramides, sphingomyelins, phosphatidylcholines, phosphatidylinositols, sphingosine, free
cholesterol, acylglycerols, cardiolipins (data not shown), and acylcarnitines (data not shown).
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class after normalization (see Equation (1)). Two-tailed unpaired t-tests were performed in each lipid
class to establish a statistical difference (* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001).
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Univariate and multivariate statistical approaches were employed in order to select relevant lipids
for cellular phenotype discrimination. Volcano plot analysis selected n. 632 lipids (81.3% elevated and
18.7% reduced in CF vs. healthy), which contemporarily presented a fold change > 2 and a corrected
p-value < 0.05 (Figure 3).

Chemometric analysis by supervised PLS-DA (Figure 4A) was then used to maximize the
separation between groups and to determine important features of CF by VIP value >1, which were
n. 709. Since PLS-DA tends to overfit data, the model was validated [40] by the Leave-one-out
cross-validation method, displaying an R2 and Q2 of 0.96 and 0.94, respectively.
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whiskers plots (line at median, and box stretched from the 25–75th percentiles; whiskers indicated the
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Biomarker selection was finally performed combining the data obtained with the different scores
from the Volcano plot and PLS-DA. The uni- and multivariate analyses were combined, by restricting
features to n.624, in order to increase the discrimination power between the two phenotypes. To achieve
this goal, for each identified feature, the IF score (data not shown) was calculated using the VIP score,
p-value, and FC (see Equation (3)). From the n. 624 lipids, the top 100 discriminant lipids, which
distinguished the pathological phenotype of CF from healthy bronchial cells significantly, are listed in
Table S5.

IF =| log2 FC| ·(− log 10 p value)·VIP score (3)

The high presence of lipids bringing an ether-linked acyl chain is shown within this group.
In order to have an overview of the main alterations of the lipid CF phenotype, we added a further
discriminating analysis that increases the screening of the feature and focuses the attention only on the
most significant changes between CF vs. healthy. We proposed the use of the median IF for each lipid
class (Table S6), which was graphed as box and whiskers plot (Figure 4B). All the classes were then
compared with an arbitrary cut-off (6.5), that we chose to be the lower confidence limit of the median
calculated from all the features (n.624). The classes represented by white boxes demonstrated an IF
median superior to the cut-off, and therefore, were considered as the most significantly modulated:
etherPL, cholesterol esters, and sphingolipids (especially hexosyl- and lactosylceramides).

Future validations on the identified biomarkers are highly suggested, possibly on patient-derived
primary cells, since this preliminary study analyzed an immortalized cell line. Altered lipid composition,
showed in Figure 2, was reflected in different lipid ontologies, indicating lipid function, cellular
component, and chemical and physical properties (Figure 5A). The enrichment analysis showed
a highly significant modification in the lipids implicated in cell membrane compositions (lipid
function ontology). When looking at lipid components, the endoplasmic reticulum and mitochondria
compartments are significantly modified in CF vs. healthy cells. Finally, these lipid alterations are also
reflected in modifications on chemical and biophysical properties: specifically, affecting chain lengths,
saturation, and ether-bound composition of glycerol- and sphingolipids. We noted a quantitative
increase in the levels of saturated and monounsaturated fatty acids (SFAs and MUFAs) in CF vs.
healthy, whereas the polyunsaturated (PUFAs) species resulted unchanged (Figure 2). Otherwise, in
the subgroup of the top 100 discriminant lipids, we observed a prevalence % of PUFAs (Figure 5B).
In the same way, we noted a prevalence % of ether-PL over ester-bound phospholipids (Figure 5C).
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Figure 5. (A) Enrichment analysis (top 40) of CF vs. H phenotypes. The dotted line indicates the cut-off

value of significant enrichments (q < 0.05). Bar length is related with the enrichment (−log q-values
corrected for false discovery rate, FDR), whereas colors are dependent to the type of the enrichment:
lipid function, cellular component, and physical-chemical properties. (B) Distribution of the acyl chain
unsaturation from all lipid fraction (%) in CF vs. H discriminant lipid group (top 100). (C) Distribution
of the ester and ether linkages in phospholipids (%) in CF vs. H in the discriminant lipid group (top
100). In (B) the chi-square test and in (C) binomial test, revealed a p-value < 0.05.

4. Discussion

In this study, we investigated the unusual lipid composition in CF epithelial bronchial cells using
an untargeted LC-MS/MS approach. Before each experiment, to ensure that our study produced
clinically valid results, we felt the need to carry out a comprehensive optimization study of each step
of the method used. We tested two different modified Folch extraction protocols, and we chose the
one with the higher number of species identified. We have also highlighted that the use of longer
column (10 vs. 5 cm) and with peculiar silica charged surface allows improving the separation between
phosphor- and sphingolipids compared to inert silica (BEH). Furthermore, we highlighted the strength
of a conservative data-dependent approach in untargeted lipidomics to uncover pathophysiological
mechanisms implicated in a disease and, in particular, in CF. It took dedicated time and attention to
find the most suitable method for normalizing data before statistical processing, highlighting how this
step is particularly critical in biological samples. We propose the use of an innovative statistical index
(impact factor) able to combine data from different tests, augmenting the robustness of the discovery
results and the consequent biological implications.

CFTR misfunction in CF is associated with altered lipid homeostasis, consisting in inflammatory
ceramide accumulation in the lung, sterol accumulation in the airways, hepatic steatosis, and plasma
dyslipidemia [11,12,17,41–43].

In this preliminary study, we aimed to validate the untargeted lipidomics by the application on
the IB3 immortalized CF cell line. Secondly, we accrue to confirm the described lipid alterations and
identify the potentially related signatures of the disease (in Figure 6). We strongly feel that our findings
on CF lipidomic deregulation need additional confirmation, possibly using patient-derived primary
cells or lung biopsies. These data do not attempt to give conclusive findings on the lipid profile in CF
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but rather to show the importance of a reliable, large-scale analytical method to shed light on biological
mechanisms. Despite the use of a single cell line, our results confirm many of the literature findings
and disclose interesting topics that deserve further investigations.
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The first observation is that, in CF epithelial cells, ceramide and glycosylated sphingolipids
accumulate (Figure 2), such as hexosylceramides, lactosylceramides, and GM3 (monosialogangliosides).
Ceramides are implicated in inflammation [44,45], and their accumulation, in CF cells, was previously
demonstrated by us and others [15,46–48]. Studies from our group already demonstrated, through
in vivo and in vitro CF models, the therapeutic role of reducing ceramide synthesis [46,49].

Besides, a reduced pool of luminal surface sphingosine, derived from apical membrane ceramide
hydrolysis, has been previously reported in CF airways from Grassmé et al. [48], but when looking at
the total bulk of cellular sphingosine, we did not observe any significant reduction.

Notably, in this study, using the untargeted lipidomics approach, we observed a significant
increase in hexosylceramides (Figure 2). Although poorly characterized up to now, the accumulation
of hexosylceramides was demonstrated to exacerbate the inflammation [50,51]; moreover, its synthesis
was increased in damaged tissues [52]. In addition, hexosylceramides, which may link either glucose or
galactose to ceramide, and lactosylceramides have been associated with oxidative stress and promotion
of the inflammatory pathway [53]. The gangliosides (see GM3 in Figure 2) at the membrane were
significantly increased. However, the high-ranked discrimination score (IF) found in hexosylceramides
(Figure 4B) was not paralleled by polyglycosylated species such as GM3. We speculate that CF cells
can enhance ceramide glycosylation to reduce its accrual and related inflammatory stress. The process
of glycosylation is also enhanced in tumor metabolism [54]. This hypothesis opens new questions
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on the physiologic role of this lipid metabolism, and it requires further investigations at the aim of
identifying innovative biomarkers in inflammatory diseases and potential therapeutic targets.

Furthermore, we observed an increase in lysophospholipids (Figure 2), specifically in LPC, which
was shown to increase during chronic inflammation [55,56]. Mainly, it was found to be incremented in
CF bronco epithelial cells, and, for that reason, it can be considered as a possible marker for the chronic
inflammatory status [57].

We measured a significant increase in storage lipids, such as cholesterol esters (Figure 2).
As previously mentioned, this might be related to the inflammatory status associated with lipid
accumulation and to altered lipid intracellular traffic. These data are in-line with reported evidence of
cholesterol accumulation in CF bronchi [14,16,58] and, most importantly, with increased concentration of
cholesterol esters in pediatric CF patients with bronchoalveolar lavage fluid vs. control subjects [59,60].
Mutated CFTR cells may display an altered lipid synthesis, along with lipid-defective storage,
mobilization, and structural usage. These biochemical alterations could sustain chronic inflammation
and an inadequate response to infection [19,61].

To note, we also observed a significant increase in etherPL (Figure 2). This finding was
also supported by the increased presence of ether-linked fatty acids in lipids extracted from CF
bronchoalveolar lavage [56]. Ether lipids, characterized by an ether bond between glycerol and the fatty
acid in the sn-1 position, are essential membrane regulators of fluidity and fusion. Our results suggest
that CFTR alteration and disturbance of the membrane composition are somehow linked [62,63].
The increase in ether-link-bearing lipids may be a response to enhanced membrane stability [64].
In addition, it was suggested that ether lipids are involved in regulating cell differentiation, cellular
signaling, and reducing oxidative stress by acting as endogenous antioxidants [65].

High levels of SFAs and MUFAs, along with low levels of omega-3 and omega-6 PUFAs, have
been reported in CF plasma [9,10,66]. In our CF cell model, we confirmed the quantitative increase of
SFAs and MUFAs as compared to control cells (Figure 2). Looking at the top 100 discriminant lipids,
however, PUFA species are more represented (Figure 5B) with respect to healthy cells. The observed
lipid modifications could impact the biophysical properties of cell membranes, mainly modulating
the membrane stability and membrane protein’s function [67,68]. Considering that, in the literature,
plasma levels of PUFAs in CF were found to be reduced [9,10,66], however, the link between CF
pathophysiology and this abnormality remains unclear [69].

5. Conclusions

In this study, we developed an untargeted high-throughput lipidomics workflow and applied
it to the study of the unusual lipid composition in a CF epithelial bronchial cell line. We propose
the innovative use of the impact factor statistical index to augment the robustness of the discovery,
along with the biological and clinical significance. The tested model of the CF bronchial cell line (IB3)
displayed a pervasive alteration in the lipid metabolism that, in turn, modified the lipid storage, cell
membrane composition, and proinflammatory lipids. Future studies, possibly on patients’ primary cell
lines, are required to elucidate our experimental findings further and uncover the pathophysiological
mechanisms implicated in CF.
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H healthy phenotype
CF cystic fibrosis
Cer ceramides
DHCer dihydroceramides
HexCer glucosylceramides
LacCer lactosylceramides
GM3 gangliosides
Gb3 globotriaosylceramide
SM sphingomyelins
Chol free cholesterol
CE cholesterol esters
LPE lysophosphatidyletanolamines
PC phosphatidylcholines
PG phosphatidylglicerols
PI phosphatidylinositoles
LPI lysophosphatidylinositoles
PG phosphatidylglicerols
LPG lysophosphatidylglicerols
FA free fatty acids
ACar acylcarnitines
CL cardiolipins
etherPL ether-linked phospholipids
SFA saturated fatty acids
MUFA monounsaturated fatty acids
PUFA polyunsaturated fatty acids
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Abstract
Background/Aims: Cystic Fibrosis (CF) is an inherited disease associated with a variety of 
mutations affecting the CFTR gene. A deletion of phenylalanine 508 (F508) affects more than 
70% of patients and results in unfolded proteins accumulation, originating a proteinopathy 
responsible for inflammation, impaired trafficking, altered metabolism, cholesterol and lipids 
accumulation, impaired autophagy at the cellular level. Lung inflammation has been extensively 
related to the accumulation of the lipotoxin ceramide. We recently proved that inhibition of 
ceramide synthesis by Myriocin reduces inflammation and ameliorates the defence response 
against pathogens infection, which is downregulated in CF. Here, we aim at demonstrating the 
mechanisms of Myriocin therapeutic effects in Cystic Fibrosis broncho-epithelial cells. Methods: 
The effect of Myriocin treatment, on F508-CFTR bronchial epithelial cell line IB3-1 cells, was 
studied by evaluating the expression of key proteins and genes involved in autophagy and 
lipid metabolism, by western blotting and real time PCR. Moreover, the amount of glycerol-
phospholipids, triglycerides, and cholesterols, sphingomyelins and ceramides were measured 
in treated and untreated cells by LC-MS. Finally, Sptlc1 was transiently silenced and the 
effect on ceramide content, autophagy and transcriptional activities was evaluated as above 
mentioned. Results: We demonstrate that Myriocin tightly regulates metabolic function and 
cell resilience to stress. Myriocin moves a transcriptional program that activates TFEB, major 
lipid metabolism and autophagy regulator, and FOXOs, central lipid metabolism and anti-
inflammatory/anti-oxidant regulators. The activity of these transcriptional factors is associated 
with the induction of PPARs nuclear receptors activity, whose targets are genes involved in lipid 
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transport compartmentalization and oxidation. Transient silencing of SPTCL1 recapitulates the 
effects induced by Myriocin. Conclusion: Cystic Fibrosis bronchial epithelia accumulate lipids, 
exacerbating inflammation. Myriocin administration: i) activates the transcriptions of genes 
involved in enhancing autophagy-mediated stress clearance; ii) reduces the content of several 
lipid species and, at the same time, iii) enhances mitochondrial lipid oxidation. Silencing the 
expression of Sptlc1 reproduces Myriocin induced autophagy and transcriptional activities, 
demonstrating that the inhibition of sphingolipid synthesis drives a transcriptional program 
aimed at addressing cell metabolism towards lipid oxidation and at exploiting autophagy 
mediated clearance of stress. We speculate that regulating sphingolipid de novo synthesis 
can relieve from chronic inflammation, improving energy supply and anti-oxidant responses, 
indicating an innovative therapeutic strategy for CF.

Introduction

Cystic fibrosis (CF) is a hereditary disease related to six different classes of mutations, 
affecting the chloride/carbonate channel CFTR [1]. CFTR dysfunction has a devastating effect 
primarily on the lungs and pancreas physiology and function. Although CF causes life threat 
because of pulmonary inflammation and infections, the improved therapeutic management 
of the last decades significantly increased life expectancy up to late adulthood.  The disease, 
along with aging, is characterized by chronic inflammation and progressive manifestation and 
deterioration of comorbidities. Among comorbidities, dyslipidemia with high triglycerides 
and low LDL and cholesterol levels were identified in plasma of CF patients [2, 3], together 
with peripheral tissue fat accumulation [2, 4-8]. CF-related malabsorption of cholesterol 
is thought to enhance its synthesis, thus contributing to cholesterol accumulation, in the 
liver but also in other tissues [9, 10]. The most common CF mutations belong to class II 
and include the 508-phenylalanine deletion, which is encoded in 70% of mutant alleles in 
Caucasian patients. This mutation originates a proteinopathy due to DF508-CFTR unfolded 
protein accumulation, which saturates the clearance ability of the ER-associated degradation 
(ERAD), even when enhanced by the UPR system [11, 12]. The UPR modulates the expression 
of a variety of genes, that are involved in ER-related activities such as proteasome-lysosomal 
degradation, protein synthesis, sphingo- and glycerol-lipids and cholesterols metabolism, 
efficaciously adapting cell activities to a survival response to stress [13, 14]. Aggregates 
accrual, formed by misfolded mutant CFTR and a miscellaneous of sequestered proteins 
within, induces inflammation and oxidative stress, impairing proteins and lipids transport 
[1, 15]. Autophagy is a major supportive harm evoked under stress conditions and aimed to 
the degradation of unnecessary or un-wanted materials. Due to such aggregate-formation 
prone phenotype of DF508-CFTR expressing cells, autophagy is impaired by the segregation 
and degradation of key autophagic proteins, thus exacerbating the proteinopathy induced 
stress [12]. Intracellular organized lipid storages are a source for autophagosome membrane 
formation [16]. Consequently, an upregulated lipid synthesis or deregulated transport and 
metabolism was demonstrated to impair autophagy and to trigger ER stress [16-18]. TFEB 
is a master regulator of stress response insuring energy refueling via autophagy induction 
and lipid oxidation [19]. Autophagy sustains the clearance of proteins, lipids (lipophagy) 
[20] and infective pathogens (xenophagy) [21, 22]. A TFEB target is p62-sequestosome, a 
key component of autophagy vesicles that  connects TFEB activation to lipophagy, in support 
of mitochondrial b-oxidation of fatty acids; interestingly, p62-sequestosome loss is also 
associated with diabetes and obesity [23]. Moreover, TFEB activates a set of genes involved 
in lipid mobilization and oxidation, mostly by the induction of the transcriptional activities 
of PPARs, their co-activator PGC-1α and FOXOs [20, 24].

FOXOs and PPARs transcriptional activity regulates lipid metabolism and inflammatory 
reaction. CF epithelial cells have reduced the level of FOXO1 [25], and CF models have a 
profound deficiency in the function of the lipid-activated PPAR-g [26], possibly due to 
its sequestration into aggregates [27]. Overall, these observations suggest that protein 

© 2020 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG



Cell Physiol Biochem 2020;54:110-125
DOI: 10.33594/000000208
Published online: 31 January 2020 112

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2020 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Mingione et al.: Myriocin Therapeutic Effect in Cystic Fibrosis

misfolding in the ER leads to global effects on lipid homeostasis [28]. Importantly, such 
cellular deregulation of lipid homeostasis is somewhat mirrored in CF patients by altered 
plasma lipid profile [3, 8, 9, 29-33]. Cholesterol increased synthesis was associated to DF508-
CFTR expression, independently from CFTR channel function, but caused by late endosomal/
lipid vesicle traffic impairment, in response to the proteinopathy stress. Moreover, the 
accumulation of esterified cholesterol in endosomal vesicles is accompanied by defects in the 
traffic of glycosphingolipids [7, 10, 34, 35]. These outcomes recall the Niemann-Pick disease 
type C (NPC) deficiency of cholesterol transport [36], responsible for membrane equilibrium 
alteration and impaired lipid trafficking [7]. The altered cholesterol transport and metabolism 
are sensed by the ER leading to the activation of SREBP (sterol regulatory element-binding 
protein) and endogenous cholesterol synthesis, in CFTR deficient cells [7] and mice [37]. 
Accordingly, CF patients present increased cholesterol in the lung and trachea sections [38]. 
Sphingomyelin, phosphatidylcholine, and cholesterol are the major components of cellular 
membranes. Their synthesis occurs at ER and it requires the coordinated activity of all the 
involved enzymes insuring that the modulation of one lipid class is related to the modulation 
of the other two classes [39], following  the overall design of feeding the membranes [40-43]. 
Thus, triggering cholesterol synthesis may cause an increased synthesis of sphingolipids 
[14, 44]. Sphingolipid and glycerolipid metabolisms overlap at the enzymatic step where 
ceramide competes with diacylglycerol for the phosphocholine (deriving from CDP-choline). 
The ratio between the key enzymes of the two pathways, Serine Palmitoyl Transferase over 
Glycerol 3-phosphate Acyl Transferase, is significantly higher in the microsomal lung (and 
pancreas) than in most other adult rat tissues; accordingly, the percentage of sphingomyelin 
is higher in the total phospholipid content in these fractions [45, 46]. Sphingomyelin is 
formed, at Golgi or plasma membrane, by the addition of phosphocholine to ceramide. 
Ceramide is the core molecule of all sphingolipids metabolites, synthesized in the ER and 
translocated by vesicles or protein-mediated transport to the Golgi apparatus. Ceramide 
accumulation is involved in a variety of proteinopathies, that share with CF an inflammatory 
and ER stress condition, due to altered proteostasis, such as Retinitis Pigmentosa, 
Parkinson’s, Alzheimer’s, and Hungtinton’s diseases [47, 48]. We and others previously 
demonstrated that ceramide content is pathologically increased in CF lungs and pulmonary 
epithelia, and that pharmacological impairment of ceramide accumulation reduces chronic 
inflammation and bacterial/fungal infections in CF [49-54]. Gulbins and his research group 
demonstrated that ceramide increases in CF lungs via enhanced sphingomyelin hydrolysis 
and they evaluated, in a clinical trial, the therapeutic effect of the sphingomyelinase 
inhibitor amitriptyline, a tricyclic antidepressant, which is already known for its action on 
lipid membranes and related signaling in neuropharmacology [49]. We proved, in different 
models, that de novo sphingolipid synthesis is an inflammation responsive pathway. It is 
enhanced by inflammatory mediators, both at transcriptional and at enzyme activity level 
and the accumulation of its metabolite ceramide potentiates inflammation in a vicious circle 
[52, 53, 55]. In this manuscript, we provide evidences that Myriocin (Myr), by inhibiting 
the first and rate-limiting reaction in the sphingolipid de novo synthesis pathway, is able to 
promote lipid oxidation and overall reduction and to induce autophagy, thus driving energy 
fueling and stress removal in DF508-CFTR bronchial epithelial cells.

Materials and Methods

Reagents and antibodies
The following materials were purchased: LHC Basal, LHC-8 w/o gentamicin culture media from Gibco 

(US); Fetal Bovine Serum and Minimum Essential Medium Earle’s salt from EuroClone Life Science Italy; 
penicillin/streptomycin and RIPA buffer were purchased from Sigma-Aldrich; OA/BSA cell colture mix 
(Sigma); protease inhibitors cocktail (Roche); Quick Start™ Bradford Dye Reagent and Clarity™ Western 
ECL Blotting Substrates, iScriptTM cDNA synthesis, retro-transcription  kit (BioRad); BODIPY 493/503 (4, 
4-difluoro-1, 3,5, 7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene), catalogue number D3922, and BODIPY™ 
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558/568 C12 (4, 4-Difluoro-5-(2-Thienyl)-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoic Acid), catalogue 
number D3835, Prolong® Gold antifade reagent, were purchased from ThermoFisher Scientific, Molecular 
Probes™; NE-PER™ Nuclear and Cytoplasmic Extraction Reagents from ThermoFisher Scientific; ReliaPrep™ 
Miniprep RNA extraction System and GoTaq qPCR Master Mix (Promega); SYBR Green system (Qiagen); 
synthetic oligonucleotides from M-Medical Italy. The chemicals acetonitrile (ACN), 2-propanol (IPA), 
methanol, chloroform, formic acid (FA) and ammonium formate were purchased by Sigma-Aldrich (Milan, 
Italy). Cholesterol d7 (cod. 700041P), C15 ceramide d7 (cod. 860681P), 15:0-18:1-d7-phosphatidylcholine 
(cod. 791637C) and 16:0-18:0-16:0 d5 triglyceride (cod. 860902P), used as internal standards were 
purchased by Avanti Polar Lipids (Alabaster, AL). All aqueous solutions were prepared using purified water 
at a Milli-Q grade (Millipore, Milan, Italy). Primary antibodies: anti- PPAR-g, Foxo1A and anti-Laminin A/C 
(ElabScience, US), SQSTM1/p62 (D1Q5S), anti b-actin (Sigma, US), anti-TFEB (ab2636, Abcam), anti-LC3 
(Cell Signaling, US). The secondary antibodies were purchased from Jackson Laboratories (Bar Harbor, ME, 
US).

Cell lines and treatments
IB3-1 cells (named CF cells), an adeno-associated virus-transformed human bronchial epithelial cell 

line derived from a CF patient (DF508/W1282X) and provided by LGC Promochem (US), were grown in 
LHC-8 medium supplemented with 10% FBS, 1% penicillin/streptomycin at 37°C and 5% CO2. Human lung 
bronchial epithelial cells 16HBE14o- (named healthy), originally developed by Dieter C. Gruenert, were 
provided by Luis J. Galietta, (Telethon Institute of Genetics and Medicine - TIGEM, Napoli) and cultured, 
as recommended, in Minimum Essential Medium (MEM) Earle’s salt, supplemented with 10% FBS, 1% 
penicillin/streptomycin at 37°C and 5% CO2. Myriocin (Myr) treatments were performed at a concentration 
of 50 µM, for the indicated time lengths, in 100 mm dishes plated at 1x105 cells/each.

Protein extraction and western blotting
For transcriptional factors western blottings, nuclear and cytoplasmic extracts from cells were 

obtained with the NE-PER Nuclear and Cytoplasmic Extraction Reagents kit (ThermoFisher Scientific) 
according to the manufacturer’s instructions. Total cell proteins were extracted from cells in RIPA buffer. 
The concentration of proteins in lysates was measured by Quick Start™ Bradford Dye Reagent (595 nm OD 
read). 50mg of proteins per sample were separated on SDS-PAGE gel and electro-blotted onto an either PVDF 
membrane for LC3 protein detection or nitrocellulose membrane for other protein targets. After washing in 
Tris-buffered saline containing 0.1% Tween-20 (TBS-T) and blocking with 5% non-fat dry milk for 1 hour 
at room temperature, membranes were probed overnight at 4°C with the primary antibodies. After three 
washes in TBS-T, the blot was incubated with the horseradish peroxidase-conjugated secondary antibodies. 
After the final washings, proteins were detected using an enhanced chemo-luminescent horseradish 
peroxidase substrate and the relative bands were captured and quantified by Alliance UVITEC Cambridge.

qRT-PCR
Cells were harvested, washed in PBS and total RNA was isolated from cell pellet with the ReliaPrep™ 

Miniprep RNA extraction System, according to the manufacturer’s instructions. 1 mg of purified RNA was 
reverse transcribed and the obtained cDNA was stored at -20°C. The amplification of target genes was 
performed for the following targets: TFEB (TFEB), LAMP 2a, 2b and 2c (LAMP2a,2b,2c), PGC-1a (PPARGC1A), 
PPAR-a (PPARA), PPAR-g (PPARG), FOXO 1a and 3a (FOXO 1a, 3a), FATP1 (SLC27A1), CPT-1a (CPT1A), CPT-
1b (CPT1B), SCAD (ACADS), MCAD (ACADM), LCAD (ACADL). Relative mRNA expression of target genes 
was normalized to the endogenous GAPDH control gene and represented as fold change versus control, 
calculated by the comparative CT method (∆∆CT Method). All the primer sequences are reported in the 
Supplementary Table 1 (for all supplemental material see www.cellphysiolbiochem.com).

Lipidomic analysis
Lipids extraction from cell pellets was performed using a monophasic extraction method with water: 

chloroform: methanol (1:3:6 v/v/v) [56]. Then a small aliquot (2 µl) of the extracts was analysed by LC-
HRMS (Shimadzu UPLC coupled with a Triple Tof 6600 Sciex). All samples were analysed in duplicate in 
positive mode with electrospray ionization for the identification and semi-quantification of sphingolipids, 
cholesterol and its esters, phospholipids and triacylglycerols. MS/MS spectra were acquired by data 
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dependent acquisition. Separation was achieved by an Acquity BEH C18 column 1.7 μm 2.1x50 mm (Waters, 
MA, USA) using as mobile phase A water/acetonitrile (60:40) and as mobile phase B 2-propanol/acetonitrile 
(90:10) both containing 10 mM ammonium formate and 0.1% of formic acid. The identification and semi-
quantification were attained using MS-DIAL (ver. 3.82) [57]. Peak intensities of each lipid were normalized 
(Intensity norm.) by correcting for both total amount of protein (mg) measured by Bradford method and 
total-ion count. Results were presented as the sum of the normalized intensity for each lipid within a class. 
Absolute sphingolipid determination was achieved using a targeted analysis by a LC-MS/MS system (Dionex 
3000 UltiMate coupled to a tandem mass spectrometer AB Sciex 3200 QTRAP) as already described [58].

Sptlc1 silencing by siRNA
CF cells were seeded in 6 wells plates and grown for 24 hours (70% confluency). For each well, 20pmol 

of Sptlc1 siRNA (or Scrambled sequence as negative control, Thermofisher) were diluted into 250 μl of Opti-
MEM (w/o FCS); 5ul of Lipofectamine RNAiMAX (Thermofisher) was diluted into 250 μl of Opti-MEM LHC8 
(w/o FCS); diluted oligomers and lipofectamine were gently mixed and incubated at RT for 15 minutes, 
then added to each cell colture well in a total volume of 2ml/well of serum free medium (LHC8). Cells were 
incubated at 37°C in a CO2 incubator for 5 hours, than fresh medium, containing 10% FCS, was replaced, 
either with or without 30 μM of oleic acid/BSA. Cells were additionally incubated up to 24-48 hours before 
collecting for analytical procedures.

Statistical analysis
All the experiments were performed in a minimum of 3 separate experiments. In some cases, the 

reported data derive from 5 independent experiments. Data are expressed as mean ± SD, calculated from 
experimental replicates. For western blotting analysis, the images are the most representative whereas 
the quantification of protein signals is calculated on the average of all the experiments performed.  Data 
significance was evaluated by two-tailed Student T-test or ANOVA test followed by Bonferroni post test 
(p<0.05), as indicated in figure legends. Statistical analysis was performed by GraphPad Instat software (La 
Jolla, CA, USA) and graph illustrations generated by GraphPad Prism software (La Jolla, CA, USA).

Results

Myriocin induces autophagy in CF epithelial cells
Proteinopathies, in particular, DF508CFTR induced CF, are characterized by impaired 

cellular transports, ER stress, and deficiency in proteasomal and autophagic clearance of 
accumulated material. Therefore, we evaluated the effect of Myr treatment on autophagy 
induction in DF508CFTR and in a healthy broncho epithelial cell line as control. CF cells 
exhibit a reduced basal amount of lipidated form of LC3 (LC3II) in respect to healthy broncho 
epithelial cells (Fig. 1 A and B), as previously shown [12]. We demonstrated that Myr (50 
mM) was effectively inducing the accumulation of the lipidated form of LC3 (LC3II) within 5 
hours of treatment (Fig. 1A). In addition, we observed that Myr (50 mM) induced a significant 
reduction of p62-sequestosome in CF cells (Fig. 1B). These observations indicate that the 
treatment with Myr induced an increase in autophagic flux in CF cells.

Myriocin induces TFEB, PPARγ and FOXO1A nuclear translocation in CF epithelial cells
In order to understand why Myr is able to enhance autophagy, we investigated the 

activation of TFEB, a key inducer of autophagy and a regulator of energy homeostasis. TFEB 
nuclear migration and activation is significantly increased in CF cells treated with Myr (50 mM) 
versus untreated cells, already after 5 hours of treatment (Fig. 2A). By promoting autophagy, 
TFEB enhances lipid catabolism at the aim of conveying cell resources to energy production 
and to organize a survival stress response. To do so, TFEB promotes the activation of PPARs 
and FOXOs family of transcriptional factors involved in lipid homeostasis and inflammatory 
responses. We demonstrated that a slightly longer treatment with Myr (50 mM, 12 hours)  
stimulates nuclear translocation of PPAR-g and FOXO1A (Fig. 2A, 2B).
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Myriocin activates a stress response transcriptional program
TFEB is a master regulator of the transcription of genes involved in autophagy and 

lysosome formation. First of all, the same TFEB expression resulted increased upon Myr 
treatment (50 mM, 12 hours; Fig. 3A) in CF cells versus healthy cells, indicating that initial 
activation of this critical regulatory factor is sustained, in the time, by the activation of a 
transcriptional program underlining TFEB induced effect. Next, we evaluated the expression 
of Myr nuclear translocation-activated transcriptional factors PPARγ and FOXO1A. We 
observed that their activation is sustained by their increased expression (Fig. 3B, 3E), 
together with the increased expression of PPAR-a, PGC1a and FOXO3A (Fig. 3C, 3D, 3F). 
Therefore, Myr drives the expression of a set of genes that are aimed at sustaining lipid 
catabolism and energy production inhibition. To note that Myr induced transcriptional 
activities is significantly regulated in CF cells but only to a minor extent in healthy cells. 

Fig. 1. Myriocin induces autophagy in CF cells. CF cells and healthy cells, treated with Myriocin for 12 hours. 
Detection of LC3 I and II protein expression by western blot in absence or in presence of 1 hour treatment 
with chloroquine and normalized on β-actin (A). Quantification of LC3II/I ratio obtained from triplicate 
samples and normalized onto β Actin and represented in the bars graph.  Quantification of P62 protein 
expression by western blot analysis on whole lysates and normalized on β-actin (B); two-tailed unpaired 
Student’s T-test.
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Fig. 2. Myriocin induces transcriptional factors activation. CF bronchoepithelial cells were treated or not with 
Myr (5 hours for TFEB evaluation and 12 hours for PPARγ; C, FOXO1A). Quantification of the transcriptional 
factor nuclear translocation by western blot on nuclear extracts and normalized on Lamin A/C: A, TFEB; 
B, PPARγ; C, FOXO1A. Protein signals were quantified by densitometry analysis and the normalized values 
reported in the graphs; two-tailed unpaired Student’s T-test.
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Then, we evaluated the expression of TFEB targets, involved in sustain of autophagy flux, 
Lamp2a, Lamp2b, and Lamp2c. We observed that overnight (24 hours) treatment with Myr 
(50 mM) increased the expression of all these genes in CF cells versus healthy cells (Fig. 4A). 
In order to verify the effect of PPARs and FOXOs activation, we evaluated the expression of 
their target genes involved in lipid transport and catabolism. We proved that a 24 hours Myr 
treatment significantly increases the expression of the plasma membrane lipid transporter 
FATP1 (Slcl27a1), which mediates the uptake of long-chain FA, and the expression of the 
transporters Ctp1a and Cpt1b, which instead control the mitochondrial entry of FA for 
oxidation, as compared to untreated cells (Fig. 4B and 4C). In order to prove that fat entry 
and mobilization was finalized at oxidation and energy production, we evaluated the Myr-
induced transcriptional response of enzymes involved in mitochondrial fatty acid oxidation 
(FAO). SCAD (ACADS), MCAD (ACADM) and LCAD (ACADL), which are the mitochondrial 
dehydrogenases primarily responsible for b-oxidation of small, medium and long chains of 
FAs respectively, are upregulated by 24 hours Myr treatment, reaching statistical significance 
for ACADL (Fig. 4C). To note that Myr significantly upregulated the transcription of the above 
mentioned genes in CF cells but only to a minor extent in healthy cells.

Fig. 3. Myriocin activates the transcription of TFEB-induced transcriptional factors. Quantification of the 
expression of genes encoding for transcriptional factors activated by TFEB: A, TFEB; B, Ppar-g; C, Ppar-a;D, 
Pgc1a; E, Foxo1A; F, Foxo3A by qRT-PCR, in CF cells and healthy cells, treated and untreated with Myr (12 
hours). All data are normalized on the housekeeping gene GAPDH and expressed as mean±SE (* p<0.05; ** 
p<0.01; *** p<0.001); two-tailed unpaired Student’s T-test. Figure 3
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Myriocin reduces lipid content in CF epithelial cells
Myr inhibits ceramide and related sphingolipids synthesis and, according to our 

results, it also promotes the expression of genes involved in lipid oxidation. We compared 
the amount of different lipid species in Myr treated healthy and CF cells, versus untreated 
ones. CF cells have a significantly higher content in sphingolipids (namely ceramides CER 
and sphingomyelins SM), glycerophospholipids (namely phosphatidylcholine PC and 
phosphatidylserine, PS), triacylglycerols (TAG) and cholesterol esters (CE) (Fig. 5 A, B, C, 
E, H, I). We observed that Myr not only reduces ceramide and sphingomyelin content (Fig. 
5A-4C), but it also reduces glycerolipids (PC, PS and phosphatidylethanolamine, PE), Lyso-
phosphatidylcholine (LPC), TAG, and cholesterol esters (CE), with a particular significance 
for the decrease of PC, PS, and CE (Fig. 5). Thus, the inhibition of sphingolipids biosynthesis 
causes an overall depletion of cellular lipids from different classes.

Fig. 4. Myriocin activates the 
transcription of TFEB-induced 
autophagy and lipid metabolism 
related genes in CF and healthy 
broncho epithelial cells. 
Quantification of the expression of 
genes involved in autophagy and 
cell lipid transport/metabolism: A, 
Lamp alternative splicing derived 
mRNA levels (Lamp2a, Lamp2b, 
Lamp2c);B, Fatp1; C, CPT1a, 
CPT1b and; D, AcadL, AcadM and 
AcadS  by qRT-PCR in CF cells and 
healthy cells, treated and untreated 
with Myr (24 hours). All data are 
expressed as mean±SE (* p<0.05; 
** p<0.01; *** p<0.001; **** 
p<0.0001); two-tailed unpaired 
Student’s T-test for Fig. 4B and 
Anova followed by Bonferroni 
post-test for all other Figures.

Figure 4
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Fig. 5. LCMS measurement 
of different lipid species and 
Myriocin effects in CF cells and 
in healthy (H) broncho epithelial 
cells. The content of different lipid 
species was analyzed by LC-MS. 
CF cells lipid content is higher 
than healthy in all the observed 
species; 24 hours Myr reduced the 
content of all the evaluated lipid 
species in CF cells: A, Ceramide 
(Cer); B, Sphingomyelin (SM); 
C, phosphatidylcholine (PC); D, 
phosphatidylethanolamine (PE); 
E, phosphatidylserine (PS); F, 
Lysophosphatidylcholine (LPC); 
G, lysophosphatidylethanolamine 
(LPE); H, triacylglycerols (TE); 
I, cholesterol esters (CE); L, 
free cholesterols (CF). Data are 
expressed as mean ± SE (* p<0.05; 
** p<0.01); Anova followed by 
Bonferroni post-test.
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Reduced expression of SPT1 recapitulates Myr effects
To better prove that the control of sphingolipid synthesis is tightly linked to the overall 

cell metabolism and it can be used to switch on stress response and total lipid consume 
in CF model, we transiently silenced the expression of Sptlc1 gene, by specific targeting of 
its mRNA, siRNA, in CF cells. We observed a reduction of 83% gene expression within 24 
hours, that was still stable at 48 hours (Fig. 6A), paralleled by a reduced protein expression 
of more than 50% (6B). After 48 hours, Cer and SM were significantly reduced, indicating 
the efficacy of gene expression silencing in counteracting sphingolipid de novo synthesis 
(Fig. 6C and D). In order to prove that Sptlc1 downregulation reproduces the effects of Myr 
treatment, we evaluated the induction of autophagy by LC3 lipidation analysis via western 
blotting. We observed that Sptlc1 silencing significantly enhances autophagic flux, either in 
the presence or in the absence of chloroquine for lysosomal activity inhibition (24 hours). 
Since nucleotide oligomers may activate autophagy, we added scrambled siRNA as a control, 
showing a slight and not significant increase of LC3II/LC3I ratio in respect to control (w/o 
scrambled siRNA) (Fig. 6E). Next, we compared the expression of the key genes activated 
by Myr in Sptlc1-silenced cells versus control. We investigated the expression of TFEB, 
master regulator of autophagy and energy metabolism, and we observed that 24 hours 
Sptlc1-silenced CF cells exhibit an increased expression of TFEB (Fig. 6F), and of one of its 
target genes involved in autophagic flux, LAMP2a (Fig. 6H). Similarly to Myr, Sptlc1 silencing 
increased the expression of PPARα (Fig. 6G), CPT1a (Fig. 6I), involved in fatty acids entry into 
mitochondria, and of ACADs (Fig. 6L), the dehydrogenases involved in fatty acids β oxidation 
(especially the enzyme which preferentially recognizes long chain fatty acids). From these 
data we conclude that the effects of Myr are entirely due to its inhibitory activity on SPT 
enzyme and that reducing the synthesis of sphingolipids triggers the TFEB mediated stress 
response of autophagy and lipid consume.

Discussion

We previously showed the therapeutic potential of Myr, a fungal-derived molecule 
known to be a specific inhibitor of the Serine Palmitoyl Transferase, rate-limiting enzyme 
of the sphingolipid synthesis. We proved that intra-trachea administration of this molecule 
reduces chronic inflammation and ameliorates endogenous rejection of bacterial and fungal 
infections in CF murine models [52, 53]. We also demonstrated that Myr corrects the defective 
ability of CF epithelial cells to kill internalized pathogens [53]. We here investigated the 
mechanisms underlying the therapeutic actions of Myr. CF proteinopathy is characterized 
by defective autophagy response to stress and altered lipid metabolism, as previously 
elucidated. In this manuscript, we demonstrate that Myr treatment of DF508CFTR broncho-
epithelial cells is able to recover and stimulate autophagy, leading to LC3II accumulation 
and p62-sequestosome consume, thus counteracting the CF defective mechanism. In order 
to understand how an inhibitor of the sphingolipids’ synthesis can be related to autophagy 
induction, we investigated the activation of TFEB, one of the master regulator of stress 
response. TFEB activation allows energy gain from the oxidation of lipid storage and the 
recycle of dispensable material via autophagy, inducing, at the same time, anti-oxidant 
response and sustaining mitochondrial activity [24, 59]. In doing so, TFEB stimulates the 
activation of other transcriptional factors such as PPARs and FOXOs, which regulate the lipid 
oxidation and the anti-inflammatory response [22, 24, 60, 61] We previously demonstrated 
that Myr induces TFEB transcriptional activation and its down stream pathway which is aimed 
at enhancing lipid oxidation and ATP production in myocardium [62]. We here observed 
that Myr promotes TFEB nuclear translocation and, subsequently, the nuclear translocation 
of PPAR-g and Foxo1A, demonstrating that a transcriptional program is triggered by this 
molecule, aimed at enhancing cellular energy metabolism and reducing inflammation. In 
line with the activation of these transcriptional factors, we previously showed that Myr 
significantly reduces inflammatory cytokines transcription and release and favours the anti-
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oxidant response by inducing the HO-1 transcription in DF508CFTR CF epithelial cells [53]. We 
now demonstrate that the transcription of genes involved in lipid transport (cellular import 
and mitochondrial import of FA) and their mitochondrial oxidation (FA dehydrogenases), 
known to be stimulated by the TFEB/PPARs-axis, are significantly increased, indicating that, 
effectively, Myr enhances lipid consume. Consequently, we performed a lipidomic analysis 
of CF cells and healthy cells treated with Myr and observed an overall increased content of 

Fig. 6. Transient silencing of Sptlc1 
expression recapitulates Myr 
effects in CF cells. A) Quantification 
of the expression of the gene 
encoding for Sptlc1 was obtained 
by qRT-PCR in CF cells treated with 
Sptlc1-directed siRNA for 24 and 
48 hours. All data are normalized 
on the housekeeping gene GAPDH 
and expressed as mean±SE (* 
p<0.05; ** p<0.01; *** p<0.001); 
two-tailed unpaired Student’s T-
test. B). Detection of SPT1 protein 
expression by western blotting 
in cells treated with Sptlc1-
directed siRNA for 24 hours. LCMS 
quantification of Ceramides (C) and 
Sphingomyelins (D) in cells treated 
with Sptlc1-directed siRNA for 48 
hours. E) Detection of LC3 I and 
II protein expression by western 
blot, in absence or in presence of 1 
hour treatment with chloroquine. 
Quantification of LC3II/I ratio 
obtained from triplicate samples 
of Sptlc1-siRNA or Scrambled-
siRNa or vehicle was normalized 
onto β Actin and represented in 
the bars graph. Quantification 
by qRT-PCR of the expression of 
genes encoding for transcriptional 
factors activated by TFEB after 24 
hours of Sptlc1 directed siRNA: F), 
TFEB; G), Ppar-a; quantification by 
qRT-PCR of the expression of genes 
encoding for TFEB- induced genes 
after 24 hours of Sptlc1 directed 
siRNA: H) Lamp2a; I) Cpt1a; L) 
AcadL, AcadM, AcadS. All data are 
normalized on the housekeeping 
gene GAPDH and expressed as 
mean±SE (* p<0.05; ** p<0.01; 
*** p<0.001); Anova followed by 
Bonferroni post-test for Fig. L and 
two-tailed unpaired Student’s T-
test for the other Figures.
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glycerophospholipids, sphingolipids and cholesterols in CF cells versus healthy cells. To the 
best of our knowledge, this is the first report of increased lipids content in CF pulmonary 
epithelia and it is in line with reported cholesterol accumulation in peripheral tissues in 
CF patients. Lipids accumulation can derive from impaired membrane trafficking, and it is 
responsible for clogging the ER-Golgi network, exacerbating ROS and inflammation in CF.  
Lipids content was significantly reduced by Myr treatment in CF. The reduction is particularly 
evident for phosphatidylcholine and cholesterol esters. Moreover, lyso- glycerophospholipids, 
considered pro-inflammatory molecules [63, 64], were significantly reduced, indicating a 
decreased inflammation-driven metabolism of the lipid moiety. To note, healthy cells were 
poorly affected, indicating that Myr is acting on a CF specific defective mechanisms of lipid 
altered homeostasis.

Conclusion

Thus, lipids homeostasis is intrinsically deranged in DF508CFTR proteinopathy of CF, 
and lipid metabolism stands for an important therapeutic target that can be envisaged in 
sustain of pharmacological efficiency of correctors. Based on our results, we can envision that 
Myr treatment has the potential of partially restoring CF cellular dysmetabolism, releasing 
cells from the excessive stress which is deemed an important cause of correctors failure in 
CF patients. We can also speculate that this molecule may exert favourable systemic effects 
to reduce dyslipidemia occurring in CF patients. The limitation in this present study is the 
overall difference between a CF cell line and a patient’s derived broncho epithelium. We are 
aware that molecular signaling might be affected by peculiarities of the specific cell line and 
this is the reason why we intend to investigate the mechanism of Myr induced autophagy 
and relief from proteinopathy stress, as well as lipid accumulation in CF primary cells. The 
comparison between primary broncho epithelial cells derived from CF patients and from 
control donors will furtherly shed light on lipid dysmetabolism in CF.
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