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ABSTRACT 

Cystic fibrosis (CF) is the most common autosomal recessive disease in Caucasians caused by 

mutations in the CF transmembrane regulator (CFTR) gene. Patients are usually diagnosed in 

infancy and are burdened with extensive medical treatments throughout their lives.  

For a long time the mainstream therapies for CF were antibiotic treatments aimed at fighting 

bacterial infections and supportive therapies such as mucolytics and bronchodilators aimed at 

preserving lung function. Even though CFTR gene was cloned back in 1989, it was not until 

2012 when the first small molecule aimed at correcting defects in CFTR protein was approved 

for the use in clinic. Since then, many additional small molecules aimed at targeting the function 

and the stability of mutated CFTR protein have been tested with various degree of success. 

Unfortunately, none of these treatments are aimed at addressing the intrinsic pro-inflammatory 

phenotypes in CF that are independent of pathogens. Indeed, even though inflammation is 

normally a protective response of an organism aimed to eliminate pathogens, constitutively 

present inflammation in CF, which is a direct consequence of the lack of functional CFTR 

protein rather than the presence of pathogens, is weakening the ability of host to resolve the 

infection.  

Despite the decades of intensive research, all the elements of this sterile inflammation have not 

been elucidated, and even for those that have been established the mechanisms are still unclear. 

This thesis represents an effort to better understand some established pro-inflammatory defects 

of CF such as imbalance in certain lipid molecules (ceramides and polyunsaturated fatty acids) 

and to explore whether some effector molecules of the immune systems, such as a cytokine 

called B-cell Activating Factor (BAFF) contribute to the intrinsic inflammation as well. 

Therefore, the following chapters are addressing these aims in the following order: 

First, we discovered that BAFF cytokine is not an element of intrinsic inflammation in CF and as 

such cannot be targeted in order to improve the ability of host to resolve bacterial infections. 

Moreover, depleting levels of BAFF severely compromises immunological defense of lungs in 

mice, raising concerns for the lupus patients who are treated with anti-BAFF therapies. 
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Next, building further on the work from our own laboratory and revealing intricacies from the 

work of others, we discovered that a class of lipids called ceramides displays aberrant levels in 

CF: pro-inflammatory long-chain ceramides are increased whereas physiologically most 

abundant very-long-chain ceramides are depleted in CF mice, CF patients and CF cell line, 

therefore unambiguously establishing this pro-inflammatory imbalance of ceramides as an 

intrinsic defect of CF. The consequences of this defect on the stability of CFTR protein, which is 

known to localize in the areas of plasma membrane enriched in ceramides are also discussed. 

Importantly, this biochemical defect could be corrected with a small molecule called fenretinide, 

therefore raising prospects that the correction of aberrant membrane structure in CF in addition 

to the correction of protein folding could be used as a therapeutic approach in the future. 

Third, we re-examined a well known defect in the imbalance of polyunsaturated fatty acids 

(PUFAs), namely increased levels of arachidonic acid and decreased level of docosahexanoic 

acid in CF. The existence of this defect in cell culture, unambiguously corroborated a hypothesis 

that this defect is intrinsic to CF, rather than a consequence of malnutrition or pancreatic 

dysfunction of CF patients. Finally, due to the known ability of fenretinide to interfere with 

retinoid and pro-inflammatory pathways essential for the expression of mucin genes, we tested 

its ability to selectively inhibit the expression of the Muc5AC gene which codes for mucins 

known to cause pathological plugging of the airways without interfering with the expression of 

Muc5b gene which codes for mucins known to be essential for anti-bacterial lung defense. Our 

preliminary results suggest that fenretinide holds promise to be used as a safe mucoregulatory 

agent in the future. 
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RÉSUMÉ 

La fibrose kystique (FK) est la maladie autosomique récessive la plus répandue dans la 

population caucasienne, causée par des mutations du gène régulateur de conductance 

transmembranaire de la FK (CFTR). Les personnes atteintes en reçoivent souvent le diagnostic 

durant l’enfance et doivent se soumettre à des traitements médicaux exhaustifs durant toute leur 

vie. Pendant une longue période, les thérapies conventionnelles pour le traitement de la FK 

étaient la prise d’antibiotiques visant à prévenir les infections bactériennes et des traitements par 

inhalation de mucolytiques et de bronchodilatateurs aidant à faciliter la respiration et réduire les 

problèmes respiratoires. Malgré le fait que le clonage du gène CFTR date de 1989, ce n’est qu’en 

2012 que fut approuvée l’utilisation clinique d’une première petite molécule développée dans le 

but de corriger les défauts de la protéine CFTR. Depuis ce temps, plusieurs nouvelles petites 

molécules tentant de cibler la fonction et la stabilité de la protéine CFTR mutée furent 

développées et testées mais avec succès mitigé. Malheureusement aucun de ces essais ne ciblait 

les phénotypes pro-inflammatoires intrinsèques de la FK, indépendants des pathogènes. En effet 

même si l’inflammation est la réponse normale du  système immunitaire du corps face aux 

agents pathogènes, l’inflammation présente et caractéristique de la FK est due à la protéine 

CFTR dysfonctionnelle plutôt qu’à la présence d’agents pathogènes et diminue la capacité de 

l’organisme à combattre l’infection. Malgré les recherches intensives faites depuis de 

nombreuses années, les éléments de cette inflammation stérile ne sont pas tous identifiés et les 

mécanismes de régulation des éléments connus demeurent incertains. 

Cette thèse est le résultat d’un travail entrepris afin de mieux comprendre certaines 

manifestations inflammatoires identifiées de la FK, par exemple un déséquilibre au niveau de 

certains lipides (céramides et acides gras polyinsaturés) et d’étudier le rôle possible de certaines 

molécules effectrices du système immunitaire, entre autres, la cytokine BAFF (B-cell activating 

factor), dans le développement de cette inflammation intrinsèque. 

Ces objectifs sont définis dans les chapitres attenants selon l’ordre suivant : 

En premier lieu, nous avons découvert que la cytokine BAFF n’est pas un facteur impliqué dans 

l’inflammation intrinsèque de la FK et ne peut donc être ciblée afin d’améliorer la réponse de 

l’organisme aux infections bactériennes. De plus, chez la souris, des niveaux diminués de BAFF 

ont sévèrement compromis la capacité de défense immunitaire de leurs  poumons. Cette 
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observation  a soulevé certaines inquiétudes face à l’utilisation de molécules anti-BAFF dans le 

traitement de personnes atteintes de lupus. 

Deuxièmement, poursuivant les travaux déjà effectués dans notre laboratoire et révélant les 

complexités  de travaux faits par d’autres équipes, nous avons découvert que les niveaux d’une 

classe de lipides, les céramides, sont anormaux en présence de FK : chez les souris et les 

personnes atteintes de FK ainsi que dans une lignée cellulaire de FK, les niveaux de céramides 

pro-inflammatoires à chaîne longue sont augmentés tandis que ceux des céramides à très longue 

chaîne, habituellement physiologiquement plus présents, y sont appauvris. Ce déséquilibre pro-

inflammatoire des céramides  démontre de façon claire leur rôle dans les troubles intrinsèques de 

la FK. Les conséquences de cette anormalité sur la stabilité de la protéine CFTR, présente dans 

les sites riches en céramides de la membrane cellulaire, sont également étudiées. Il est important 

de noter que cette anormalité biochimique pourrait être corrigée par l’utilisation d’une petite 

molécule, le fenrétinide ; la possibilité d’une correction de la structure anormale de la membrane 

cellulaire présente dans la FK et de la rectification du repliement de la protéine propose de 

futures avenues dans le traitement thérapeutique de la FK. 

Troisièmement, nous avons étudié de nouveau l’anormalité reconnue du déséquilibre des acides 

gras polyinsaturés (PUFA) présente chez les sujets atteints de FK avec des niveaux augmentés 

d’acide arachidonique et des niveaux  diminués d’acide docosahexaénoïque. L’existence de cette 

anomalie en culture cellulaire a clairement validé l’hypothèse émise que ce défaut est intrinsèque 

à la FK et non une conséquence d’une malnutrition ou d’un dysfonctionnement du pancréas chez 

les personnes atteintes. 

Finalement, suite au pouvoir d’interférence reconnu du fenrétinide dans les mécanismes d’action 

des rétinoïdes essentiels à l’expression des gènes des mucines, nous avons analysé la capacité du 

fenrétinide d’inhiber de façon sélective l’expression du gène Muc5AC, gène qui code des 

mucines responsables de l’obstruction pathologique des voies respiratoires sans effet sur 

l’expression du gène qui code pour Muc5b, produisant des mucines connues pour leur rôle 

essentiel dans le système de défense antibactérienne des poumons. Nos résultats démontrent que 

le fenrétinide pourrait s’avérer être un agent prometteur et d’utilisation sécuritaire  dans le 

contrôler de l’accumulation de mucus. 
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Chapter 5 contains a general discussion of the results and concepts presented in this thesis.  

Claims to originality  

• BAFF cytokine is not an intrinsic element of sterile inflammation in CF, but is strongly induced 

by Pseudomonas infection in the lungs of infected mice. 

• BAFF cytokine is essential for immunological defense of the lungs as its depletion leads to the 

increased bacterial load and increased lung resistance. 

• BAFF depletion leads to the significant decrease of Treg cells in the lungs, but not in the 

spleens of uninfected mice. 

• Long-chain ceramides (LCCs) are increased whereas very-long-chain ceramides (VLCCs) are 

decreased in CFTR-KO mice, CF patients and CF patient derived cell line. 



xxi 
 

• Fenretinide increases the levels of LCCs and increases the levels of VLCCs by downregulating 

Cers5 enzyme. 

• Fenretinide and Zn2+ ions cooperate in the modulation of ceramide levels. 

• Commercially available antibodies for ceramide detection (polyclonal S58-9 and monoclonal 

15B4) recognize lipids other than ceramides and do not distinguish between long-chain and very-

long-chain ceramides. 

• Fenretinide selectively blocks lipopolysaccharide-induced expression of Muc5AC gene, 

without significantly affecting the expression of Muc5B gene. 

• Fenretinide effectively mimics reintroduction of wild-type CFTR in correcting pro-

inflammatory lipid imbalance of CF by increasing the levels of VLCCs and docosahexanoic acid 

(DHA) and lowering the levels of LCCs and arachidonic acid (AA) 

• Fenretinide lowers the total enzymatic activity of cytosolic phospholipases (cPLA2) in lung 

epithelial cells 
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1.1 Preface 

Cystic fibrosis (CF) is the most common autosomal-recessive genetic disorder in Caucasians 

whose symptoms are manifested through the permanent dysfunction of the lungs and 

gastrointestinal system, which if left untreated inevitably leads to the death of the patient. It took 

more than 50 year after the first description of the disease back in 1936 by Fanconi (Fanconi et 

al., 1936) to elucidate the genetic basis of CF when a cystic fibrosis transmembrane conductance 

regulator (CFTR) gene was cloned in the laboratories of Francis Collins and Lap-Chee Tsui 

(Kerem et al., 1989; Riordan et al., 1989).  

CFTR gene, located at the locus 7q21-31, codes for a 1480 amino acid long protein which 

functions as a chloride (Cl-) channel in the apical membrane of many different epithelial cells, 

including lung airways, sweat ducts in the skin and the epithelium of pancreatic acini. Currently 

there are 2063 mutations (http://www.genet.sickkids.on.ca/cftr/StatisticsPage.html) in CFTR 

gene and the most frequent one that causes the disease (75% of diagnosed patients) is a deletion 

of phenylalanine at the position 508 (ΔF508) (Lemna et al., 1990). These mutations are divided 

into five classes based on their effects on CFTR production and the amount of residual CFTR 

function (O'Sullivan and Freedman, 2009; Rogan et al., 2011; Scriver, 1995) (Figure 1.1.1).  

 

 

 

 

 

 

 

 

 

 
Figure 1.1.1 Different classes of mutations in CFTR gene and their effects on CFTR protein, 
adapted and modified from (Scriver, 1995). 
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Interestingly, unlike frameshift mutations or large-scale deletions which entirely annihilate the 

presence of CFTR protein in the cell, ΔF508 mutation renders CFTR protein unstable and prone 

to degradation in the endoplasmic reticulum (Cheng et al., 1990; Lukacs et al., 1993). This 

discovery sparked the hope that pharmacological agents could be developed in order to rescue 

ΔF508 protein from degradation. Indeed, several small molecules with this activity have been 

recently described (Davies et al., 2018a; Pranke et al., 2017; Van Goor et al., 2011; Veit et al., 

2018b). 

Why such a detrimental allele like ΔF508 continues to linger in human population through its 

long evolutionary history remains a puzzle. A part of the answer seems to be in a phenomenon 

called heterosis, when heterozygous carriers of an otherwise detrimental allele experience a 

certain evolutionary advantage over wild-type carriers. In the case of ΔF508 allele, stringent 

epidemiological analysis demonstrated that the evolutionary advantage might have been an 

increased resistance to tuberculosis that arose during the pandemic at the beginning of the 17th 

century in Europe (Poolman and Galvani, 2007). Importantly, these results are consistent with 

the recent epidemiological study done in Brazil (Bosch et al., 2017). 

The epithelium of the sweat ducts and other serous ducts are normally re-absorbing salt. 

However, in the sweat ducts of CF patients, chloride (Cl-) is not reabsorbed, because the function 

of CFTR is compromised. Therefore, excessive amounts of salt are lost in the sweat, and this 

elevated concentration of Cl- in sweat (>60 mM) was used as the earliest test to confirm the 

diagnosis of CF (Cutting, 2013). The secretion of chloride, and secondarily of sodium and water 

onto the surface of the lung epithelium is a physiologic mechanism that maintains the hydration 

of the airways. However, in CF, this physiologic mechanism is compromised, leading to 

abnormally viscous mucus due to the decreased water volume and altered content of salts. This 

viscous mucus serves as the fertile ground for the growth of the microbes from the environment 

that would otherwise be cleared, leading to the downward spiral in lung function.  The recurrent 

episodes of infection and inflammation ensue, followed by the ill-fated attempts of the body to 

heal the lung injury, ultimately leading to the scarring or the fibrosis of the lungs. The thickened 

lung tissue that accumulates over time compromises normal lung function, resulting in the 

progressive respiratory disease which is the primary cause of mortality and morbidity of CF 

patients. The acute inflammation induced by infection is normally a transient and protective 
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biological response aimed to eliminate the invading pathogen. However, in patients with CF, 

release of the large amounts of reactive oxygen species and proteases (particularly elastase) by 

neutrophils after repeated rounds of infection and inflammation lead to the permanent and 

incurable structural damage of the airways also known as bronchiectasis (Cantin et al., 2015). 

For a long time this excessive inflammatory response was thought to be the major process that 

leads to the bronchiectasis. However, studies with miscarried or aborted CF fetuses (Hubeau et 

al., 2001; Khan et al., 1995; Verhaeghe et al., 2007) demonstrated increased concentration of 

inflammatory markers in the lungs, which strongly suggests the presence of inflammation even 

in the aseptic conditions. Similarly, the lungs of CFTR-deficient mice display higher levels of 

pro-inflammatory keratinocyte chemoattractant (KC) cytokine (homologue of human IL-8), 

S100A8 and most importantly IL-1β  (Guilbault et al., 2006; Inoue et al., 1994; Tabary et al., 

2001; Thomas et al., 2000). Most recent reports revealed that unlike inflammation resulting from 

the infection which is driven by Toll-like receptor network, sterile inflammation seen in aborted 

CF fetuses, young uninfected children with CF and non-infected CFTR-KO mice is mediated 

through the activation of interleukin-1 receptor (IL1-R) (Chen et al., 2007; Fritzsching et al., 

2015) (Figure 1.1.2).  

 

 

 

 

 

 

 

 

 

Figure 1.1.2 Activation of IL-1α pro-

inflammatory cascade in CF.                                    
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It seems that the increased viscosity of the airway surface liquid that arises as the consequence of 

reduced epithelial Cl- transport, leads to the hypoxia unique to the CF airways (Montgomery et 

al., 2017). In turn, the lack of oxygen leads to the necrosis of epithelial cells, which release IL-1α 

(Fritzsching et al., 2015), that activates IL1-R thereby initiating the pro-inflammatory cascade 

under sterile conditions (Figure 1.1.2). Additionally, hypoxia alone can activate NF-κB pathway 

independently from IL-1α cytokine (Culver et al., 2010; Fitzpatrick et al., 2011), which suggests 

that there are multiple pathways, some of which remain uncharacterized, that may lead to the 

inflammation even in the absence of pathogens. 

Whatever the mechanism, this sterile inflammation is not protective (Montgomery et al., 2017) 

and in fact it impedes the ability of an organism to combat the infection (Cohen-Cymberknoh et 

al., 2013). Therefore, the inflammation (sterile and pathogen-induced) is the central topic of my 

doctoral thesis around which the themes presented in the forthcoming chapters are revolving.  

This chapter is an introduction into different approaches undertaken during my doctoral studies 

with an aim to control inflammation, and these include diverse disciplines ranging from 

immunology of B-cells to the biochemistry of ceramides and fatty acids. However, major focus 

will be on ceramide imbalance in CF which is for the first time defined in this thesis. Finally, 

this thesis concludes with the effects of fenretinide on the expression of two major mucin genes 

in the lungs (MUC5AC and MUC5B) and on the imbalance of polyunsaturated fatty acids, 

another major biochemical hallmark of CF. 

1.2 Immunological Defense of Lungs  

With a large surface area, roughly the size of a tennis court (Salvi and Holgate, 1999), that 

interacts extensively with the environment outside the body; the respiratory system represents the 

most challenging immunological dilemma for an organism. Unlike skin or gastrointestinal 

system whose epithelial structures present a solid natural barrier and whose microbiomes 

efficiently prevent the outgrowth of pathogenic organisms from the environment, the mostly 

sterile environment of the lungs and their role as the organs of gas exchange makes their normal 

functioning critical for the survival and intolerant of collateral damage. 

The nose filters many bacteria, viruses and fungi, preventing their incursion into the lower parts 

of the respiratory tract. Passive mechanisms such as formation of mucus blanket, mucociliary 
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removal of the inhaled particles and defense molecules secreted by epithelial cells provide a 

robust defense against all but the most aggressive pathogens. The particles and microorganisms 

that evaded these mechanical defenses are usually eliminated by alveolar macrophages which 

serve as the front line of cellular defense against respiratory pathogens (Lloyd and Marsland, 

2017). Only after these primeval mechanisms fail to prevent the advances of the most aggressive 

pathogens, the adaptive immune responses as the final and usually most efficient line of defense 

must be marshaled in order to maintain the integrity of airway function and ensure the survival of 

the host. 

Adaptive immune responses are mediated by lymphocytes which execute two broad classes of 

responses against pathogens: antibody responses and cell-mediated responses carried out by B- 

and T-cells respectively. In antibody responses, B-cells are activated to secrete proteins called 

antibodies that bind directly to the pathogens thereby marking them for destruction by 

phagocytic cells, mainly macrophages. In cell-mediated responses, T-cells react directly against 

an antigen that is presented to them on the surface of infected cells, by secreting the molecules 

that kill the infected cell and by producing signal molecules that activate macrophages (Abbas et 

al., 2018). 

Clearance of pathogens by one of these mechanisms ensures the return of respiratory system to 

homeostasis and its normal functioning. However, in the lungs of CF patients, the clearance of 

pathogens is hindered by the viscous layer of mucus that entraps the pathogens, thereby 

precluding the very first line of respiratory defense. This initial defect, together with sterile 

inflammation due to the necrotic death of epithelial cells in this hypoxic environment, initiates a 

vicious circle of infection and inflammation which after many repeated cycles leaves permanent 

scars in the lung tissue (Fritzsching et al., 2015). 

Antibiotic treatments that are used to prevent the outgrowth of pathogenic bacteria provide only 

a temporary relief, and during the lifetime of a CF patient the continuous use of antibiotics may 

lead to the development of resistance of pathogens with which they are continuously being 

infected. 

The major damage during pathogen-induced inflammation is inflicted by neutrophils, the cells of 

innate immune system that are recruited to clear the pathogens, but which in doing so release 
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enormous amounts of reactive oxygen species and proteolytic enzyme (Cantin et al., 2015). 

These substances are toxic not only to the pathogens but also to the host tissue, and following 

prolonged exposure lung tissue becomes irreversibly fibrotic and dysfunctional. 

While the role of neutrophils in this process has been firmly established for a long time 

(Muhlebach et al., 1999; Tabary et al., 2006; Ulrich et al., 2010) the role of B and T-cells, the 

two major arms of the adaptive immune system, continues to be explored. 

Over the last two decades, a growing body of evidence has emerged to support a physiologically 

important role for the low levels of CFTR protein expressed in B and T-cells. Central to the 

phenotype of CF with regards to T-cells appear to be a predilection to mount a type 2 helper T-

cell (Th2) response (Hartl et al., 2006), which is pro-allergic and appropriate for fighting 

parasites, but not bacterial pathogens such as P. aeruginosa. Moss and colleagues showed that 

helper T cells (Th) from patients with CF produce lower levels of IFN-γ, a Th cytokine crucial 

for mounting anti-bacterial response (Moss et al., 2000). On the other hand, the expression of IL-

10 was shown to be upregulated in CF patients (Casaulta et al., 2003; Moss et al., 2000) from 

Ratner) and recently in uninfected CFTR-KO mice as well (Garić et al., 2018). Additionally, it 

was demonstrated that CFTR-KO mice that are infected with P. aeruginosa can recover from the 

acute infection, but unlike their wild-type littermates still develop chronic infection despite 

having higher antibody titers against P. aeruginosa (Coleman et al., 2003; Moser et al., 2002).  

One emerging explanation for the phenomenon of Th2 skewing seen in CF is that mutant CFTR 

protein causes increased flux of Ca2+ ions across T-cell membrane which shifts T-cells towards 

Th2 phenotype. It has been known that the absence of the functional CFTR protein in the plasma 

membrane is associated with hyperactivity of TRPC6 Ca2+ channel (Antigny et al., 2011). 

Therefore, according to this hypothesis, the influx of Ca2+ ions leads to the increased 

translocation of NFAT transcription factor from the cytoplasm into the nucleus, which drives the 

expression of IL-4, IL-13 and IL-6 cytokines, which further lead to the expression of IgE 

antibodies and allergic inflammation (Hodge et al., 1996; Ranger et al., 1998; Yoshida et al., 

1998). Indeed, the findings that CFTR-KO mice have disproportionate Th2 response upon A. 

fumigatus infection compared to wild-type mice have been supporting this hypothesis whereas 

CFTR-KO deficiency was characterized with diminished Th1 response (Allard et al., 2006). 
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Different isoforms of NFAT promote different cytokine expression profiles and determine the 

type of Th differentiation. In particular, unrestrained NFATc1 activity promotes Th2 

differentiation and production of IL-4, IL-5 and IL-6, all of whom lead to the production of high 

levels of IgE in B cells(Abbas et al., 2018). Therefore, an aberrant Th2 profile present in patients 

with CF may lead to another abnormality: dysfunction and potentially pathological activation of 

B-cells. 

1.2.1 The role of BAFF in B-cell development  

Millions of B lymphocytes that are generated in the adult bone marrow (BM) every day are 

continuously exported to the periphery where they provide protection to the organism mostly by 

secreting antibodies. B-cell development begins in the specialized environment of the bone 

marrow with the asymmetric division of an hematopoietic stem cell (HSC) and continues 

through a series of progressively more differentiated progenitor stages to the production of 

common lymphoid progenitors (CLPs), which can give rise to B cells, T cells, or some of the 

innate lymphoid cells like natural killer (NK) cells (Abbas et al., 2018). CLPs destined to 

become T cells migrate to the thymus, where they complete their maturation, while those that 

remain in the BM will enter the B-cell development pathway. 

First, HSCs differentiate into multipotent progenitor cells (MPPs), which can produce both 

lymphoid and myeloid cells but are no longer self-renewing stem cells. MPPs express on their 

surface a receptor tyrosine kinase called FLT3 that is activated by the membrane-bound FLT3 

ligand displayed by stromal cells of the BM and several transcription factors that determine the 

fate of this lineage. Detailed discussion of these transcription factors and their actions is beyond 

the scope of this review, but suffice it to say that the levels of PU.1 (Purine box factor 1) 

transcription factor determine lymphoid versus myeloid differentiation: low levels of PU.1 

promote lymphoid whereas high levels of PU.1 promote myeloid differentiation (Anderson et al., 

2002; Nerlov and Graf, 1998). 

The E2A, EBF1, and Pax-5 transcription factors induce the expression of genes encoding the 

recombinases Rag-1 and Rag-2 and components of B-cell receptor (BCR). As a CLP destined to 

become B-cell matures, the chromatin containing the immunoglobulin heavy-chain locus 
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becomes increasingly accessible, Rag-1 and Rag-2 proteins initiate their recombination and the 

developing cell is irrevocably committed to the B-cell lineage (Nutt and Kee, 2007).  

Rearrangement between D(diversity) and J(joining) segments of the H(heavy)-chain locus takes 

place at the early pro-B cell stage driven by the actions of Rag-1 and Rag-2 proteins. V-gene 

segment rearrangement follows in the early pre-B cell stage (Bassing et al., 2002; Hozumi and 

Tonegawa, 1976).  

In pre-B cells, functional H-chains (VDJ-Cµ) pair with V-preB and λ-like to form the pre-BCR, 

which is expressed inside the cell but not on the surface. Signals induced by pre-BCR 

downregulate the expression of RAG genes, preventing the rearrangement of the second H-chain 

allele and also induce proliferation. These events ensure that only one of the two heavy-chain 

alleles can be expressed in a single B-cells, resulting in a phenomenon called allelic exclusion 

(Bassing et al., 2002). The allelic exclusion ensures that each B-cell expresses only one type of 

antigen-binding site, because an antibody binding site is determined by the combination of a 

particular H and L chain. B-cells that displays BCRs of a single, defined specificity, can be 

efficiently activated by corresponding antigen, whereas single B-cell that expresses several 

combinations of the two different H and L chains (thus expressing a variety of antigen-binding 

specificities), would not be able to mediate a specific immune response (Bassing et al., 2002). 

Next, RAG genes are re-expressed to initiate V-J rearrangement of L-chains. Rearranged L-

chains pair with H chains and form IgM. Antigen binding by surface IgM expressed on immature 

B cells initiates signaling cascade which changes the expression pattern of many genes and 

ultimately leads to the egress of immature B-cells into the circulation. Immature B cells (called 

transitional 1 B-cells at this point) travel to the spleen by following higher gradient of 

sphingosine 1-phosphate (S1P) which they sense through S1P receptor expressed on their surface 

(Matloubian et al., 2004).  

Once they enter the spleen, immature B cells (called at this point transitional or T1 cells) will 

encounter for the first time a cytokine called B-cell activating factor belonging to the TNF 

family (BAFF), which is produced in the spleen mostly by follicular dendritic cells (FDCs). 

However, outside the spleen BAFF is produced by neutrophils (Scapini et al., 2008), activated T-

cells (Huard et al., 2001), lung epithelial cell (Kato et al., 2006), cytotrophoblasts of placenta 
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(Langat et al., 2008), fibroblast-like synoviocytes in the synovium of patients with rheumatoid 

arthritis (Alsaleh et al., 2007), osteoclasts in patients with multiple myeloma (Abe et al., 2006; 

Geffroy-Luseau et al., 2008), and even salivary gland epithelial cells in patients with Sjögren’s 

syndrome (Ittah et al., 2008). The production of BAFF by non-haematopoietic cells may provide 

local niches to modulate the survival and function of B cells and plasma cells that are patrolling 

through these tissues. 

BAFF and its paralogous cousin APRIL (A Proliferation-Inducing Ligand) are the two ligands 

that together with the three corresponding receptors form a “BAFF system” crucial for the 

homeostasis of B-cells in an adult organism. BAFF is an evolutionary conserved gene and the 

presence of its homologue in some of the most primitive Vertebrates like lampreys substantiates 

its essential role in the hematopoiesis of B-cells in all Vertebrates (Das et al., 2016). On the other 

hand, APRIL is present in amphibians, reptiles and mammals but is absent in birds (Das et al., 

2016), which is consistent with its non-essential role in the hematopoiesis of B-cells 

(Varfolomeev et al., 2004). 

By the time they reach spleen, immature B-cells will start expressing BAFF-R on their surface. 

The receptors of the BAFF system are: BAFF receptor (BAFF-R), transmembrane activator and 

calcium-modulating cyclophilin ligand interactor (TACI) and B-cell maturation antigen 

(BCMA). BAFF binds very strongly to BAFF-R and with a much lower affinity to BCMA and 

TACI, whereas APRIL binds both BCMA and TACI (Day et al., 2005). Of all these interactions, 

the most relevant one for the homeostasis of B-cells is the one between BAFF and its receptor 

BAFF-R, since mice with a deletion in both BAFF-R and BAFF gene show a profound reduction 

in B-cell numbers and a developmental block at the transitional T2 stage. In contrast, the 

deficiency of APRIL does not lead to significant abnormalities in the B-cell development 

(Varfolomeev et al., 2004) and therefore will not be discussed further here, but it is important to 

mention that in April-deficient mice class switching to IgA is compromised (Castigli et al., 

2004).  

A role for BAFF and BAFF-R in the survival of B cells during B cell maturation was shown in 

BAFF- and BAFF-R-deficient animals, in which maturation of marginal zone and B2 type of B- 

cells is impaired beyond the T1 stage (Mackay et al., 2003)  (Table 1.2.1). However, B1 type of 
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B cells, memory B cells and a small population of mature splenic B cells do not require BAFF or 

APRIL for survival (Benson et al., 2008; Gorelik et al., 2003; Scholz et al., 2008).  

 

 

 

 

 

 

 

 

 

In addition to the studies with genetically engineered mouse models, Rauch et al demonstrated 

central role for BAFF-BAFF-R signaling in the survival and maintenance of both follicular and 

marginal zone B cell pools of B-cells in vivo by injecting mice with anti-BAFF antibody (Rauch 

et al., 2009). 

BAFF is synthesized as a membrane-bound protein that can be released as a soluble cytokine by 

proteolytic cleavage. Membrane-bound form of BAFF is cleaved by furin convertase (Schneider 

et al., 1999) to generate soluble form of BAFF.  Like most ligands of TNF family, processed and 

soluble BAFF molecules usually form homotrimers. However, BAFF is the only member of TNF 

family that can form multimers as large as a capsid-like assembly of 20 trimers (60-mer). 

Trimeric form of BAFF activates BAFF-R, while BAFF 60-mers but not BAFF trimers signal 

through TACI (Bossen et al., 2008). 

Binding of the trimeric form of BAFF to BAFF-R leads to the recruitment of TNF receptor-

associated factor 3 (TRAF3) to the trimeric BAFF-R. This leads to the degradation of TRAF3 

and release of the inhibition imposed by unbound TRAF3 on the alternative nuclear factor-κB2 

Table 1.2.1 Phenotypes of BAFF and BAFF-R knockout mice and BAFF transgenic mice. 

Courtesy of Ms. Juhi Shah 
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pathway. On the other hand, recruitment of TRAF2  or TRAF6 to the trimeric TACI receptor 

results in a positive signal (classical NF-κB1 pathway) only when at least two trimeric TRAFs 

are recruited in response to higher order oligomers of ligand, such as BAFF 60-mers (Mackay 

and Schneider, 2009). 

The mechanistic details of the early BAFF-R signaling have long remained elusive because 

BAFF-R binds only TRAF3 which does not activate neither classical nor alternative NF-κB 

pathway. TRAF3 directly interacts with NF-κB Inducing Kinase (NIK) kinase and this 

interaction recruits TRAF2 to NIK. TRAF2 further recruits cellular Inhibitor of Apoptosis 

Protein 1 (cIAP), which acts as an E3 ubiquitin ligase for NIK, thereby tagging it for 

degradation. Upon binding of BAFF trimer to BAFF-R, TRAF3 is recruited to BAFF-R and is 

degraded in TRAF2-dependent manner. This liberates NIK kinase from degradation, and now 

NIK is free to activate alternative NF-κB2 pathway. NIK activates IκB Kinase α (IKKα) which 

phosphorylates p100, leading to its partial proteolysis to generate p52 (Xiao et al., 2001). This 

creates transcriptionally competent NF-κB complex RelB/p52 that translocates to the nucleus 

and induces activation of NF-κB target genes (Mackay and Schneider, 2009). 

On the other hand, TRAF2 and TRAF6 engaged by TACI receptor induce K63-linked 

polyubiquitination of receptor-interacting protein 1 (RIP1) and this noncanonical polyubiquitin 

chain recruits both the TGF-β–activated kinase 1 (TAK1) complex (consisting of TAK1, TAB2, 

and TAB3) and the IKK complex (consisting of IKKα, β, and γ), by binding directly to the 

ubiquitin-binding domains present on TAB2 and IKKγ, respectively. Once hooked by 

polyubiquitinated RIP1, TAK1 directly activates IKKβ through proximity-mediated 

phosphorylation (Chen, 2005; Ea et al., 2006; Wu et al., 2006). IKKβ eventually phosphorylates 

an inhibitory subunit of NF-κB called IκBα. IκBα is then polyubiquitinated through Lys48-

linked polyubiquitin chains by the β-TrCP E3 ubiquitin ligase, leading to its degradation by the 

proteasome and to nuclear translocation of free NF-κB dimmers (RelA/p50), ultimately ending in 

activation of NF-κB target genes. 

Stimulation of BAFF-R strongly activates the alternative NF-κB2 pathway and weakly activates 

the classical NF-κB1 pathway in primary B cells whereas TACI receptor strongly activates 

classical NF-κB1 pathway. Nevertheless, both pathways are required for B-cell survival.  
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Additionally, BAFF-R activates PI3K-mTOR-AKT axis (Patke et al., 2006; Woodland et al., 

2008), which further contributes to the growth and the survival of B-cells. 

All together, the activation by multiple signaling pathways by BAFF cytokine contributes to the 

survival and metabolic fitness of B-cells. On the other hand, excessive production of BAFF is 

detrimental to the host, as demonstrated with transgenic mice overexpressing BAFF. These mice 

suffer from increased production of autoantibodies, proteinuria, salivary gland destruction, 

immunoglobulin deposits in the kidney and splenomegaly, all of which are symptoms 

reminiscent of autoimmune diseases like systemic lupus erythematosus and Sjögren’s syndrome 

(Groom et al., 2002; Gross et al., 2000; Mackay et al., 1999).  The development of these 

phenotypes in BAFF transgenic mice is largely due to the excessive expansion of B-cells beyond 

T2 stage, namely marginal zone B cells and T2 cells. Interestingly, BAFF-transgenic mice have 

more effector T cells, but they also have more Treg cells (Walters et al., 2009). However, 

autoimmune phenotypes develop to the same extent in T-cell-sufficient and T-cell-deficient 

BAFF transgenic mice (Groom et al., 2007), which indicates that T cells are not responsible for 

autoimmune phenotypes observed in BAFF-transgenic mice. 

1.2.2 The role of BAFF in lung immune defense 

For a long time it was thought that the primary immune responses could only be generated in 

secondary lymphoid organs (Moyron-Quiroz et al., 2004), but studies in lymphotoxin α-deficient 

mice, which lack lymph nodes and have completely disorganized spleen demonstrated that 

antigen-specific  B and  T cells can be primed in non-lymphoid tissues as well (Lee et al., 2000; 

Lund et al., 2002). In fact, many studies revealed the presence of ectopic (also called tertiary) 

lymphoid-like structures in tissues affected by chronic inflammation, including respiratory 

system (reviewed in (Aloisi and Pujol-Borrell, 2006)). Unlike well organized secondary 

lymphoid organs, these ectopic lymphoid structures are relatively disorganized and transient 

structures that develop in response to infection, chronic inflammation or both (Aloisi and Pujol-

Borrell, 2006; Carragher et al., 2008). However, they do contain all the necessary cellular and 

biochemical components to induce activation and promote the survival of B-cells. Even though 

these structures evolved as the local mechanisms to control infection, their prolonged activity 

may amplify the detrimental effects of chronic inflammation to the surrounding tissues (Aloisi 

and Pujol-Borrell, 2006). 
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Although BAFF plays a critical roles in B-cell development and survival during normal immune 

responses, its continuous presence in ectopic lymphoid structures may prevent the proper 

resolution of inflammation and therefore exacerbate tissue damage. Indeed, elevated levels of 

BAFF were reported to correlate with disease severity in the CD4+ T cells of patients infected 

with Mycobacterium tuberculosis (Liu et al., 2012). Furthermore, the levels of BAFF were 

increased in the bronchoalveolar lavage fluid (BALF) of infants with severe respiratory syncytial 

virus (RSV) infection, as well as in the upper airway secretions from children with human 

metapneumvirus, influenza virus (H1N1), bocavirus, rhinovirus and Mycoplasma pneumoniae 

infectons (McNamara et al., 2013). Perhaps of the most immediate relevance for the patients 

with CF was the finding that BAFF is increased at the protein level in the BALF of children with 

CF irrespective of their infection status with P. aeruginosa and that its levels are increased in 

mice upon infection with P. aeruginosa (Neill et al., 2014). Furthermore, BAFF mRNA was 

found to be among the top 50 up-regulated genes in the bronchial epithelium of patients with CF 

who were not infected with P. aeruginosa when compared with non-CF bronchial epithelium 

(Ogilvie et al., 2011). 

These studies opened a possibility that BAFF is an element of sterile inflammation, known to be 

one of the contributing factors that ultimately lead to the permanent lung dysfunction known as 

bronchiectasis in the lungs of CF patients. If this was the case, BAFF could be targeted in 

patients with CF with an available therapeutic antibody (Belibumab) in order to control sterile 

inflammation and therefore prevent or at least postpone bronchiectasis. However, neither of these 

studies (Neill et al., 2014; Ogilvie et al., 2011) established whether BAFF is increased in the 

lungs of CF mice compared to wild-type littermates therefore leaving an open possibility that the 

increased level of BAFF observed in these studies are due to the subclinical bacterial and/or viral 

infections known to be very common in patients with CF (Belessis et al., 2012; Zemanick and 

Wainwright, 2016). 

Therefore, in order to explore this possibility, we measured the level of BAFF cytokine in the 

lung homogenates of CFTR-KO mice and their wild-type littermates without collecting BAL 

fluid at the baseline and upon infection with P. aeruginosa (Garić et al., 2018). We discovered 

that BAFF levels are not increased in uninfected CFTR-KO mice compared to their wild-type 

counterparts. However, the levels of BAFF sharply rise upon infection with P. aeruginosa in the 
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lungs of both CFTR-KO and wild-type mice (Garić et al., 2018). Interestingly, the levels of an 

anti-inflammatory cytokine IL-10 were increased in CFTR-KO mice compared with their wild-

type littermates, which is probably a negative-feedback loop response to the sterile inflammation 

present in CFTR-KO mice. Furthermore, we wanted to examine whether this increase in BAFF 

levels is important for the ability of animals to combat infection or it could be a part of cytokine 

storm and non-essential for the immune defense of the lungs. In order to test this hypothesis, we 

used Sandy-2 antibody known to deplete BAFF very efficiently in vivo (Kowalczyk-Quintas et 

al., 2016), and we demonstrated that reducing the level of BAFF in both wild-type and CF-KO 

mice increases their susceptibility to infection determined by significantly higher bacterial 

burden in Sandy-2 treated animals. Furthermore, depleting BAFF in CF-KO but not wild-type 

mice further compromised lung function measured by metacholine-induced lung resistance. 

Interestingly, we also discovered that the depletion of BAFF with Sandy-2 antibody decreases 

the population of Treg cells in the lungs but not in the spleen. These results are consistent with 

the previous finding that BAFF transgenic mice overexpressing BAFF protein have increased the 

number of Treg cells (Walters et al., 2009). 

Taken together, these results point out to an essential role of BAFF cytokine in the immune 

defense of lungs and raise important concerns regarding the prospects of lung infection in 

patients treated with Belimumab or any other antibody that decreases the levels of BAFF. On 

the other hand, this study corroborates the previous findings which suggest that the incorporation 

of BAFF as an adjuvant into vaccines could boost pathogen-specific antibody titers. Indeed, it 

was shown that co-administration of BAFF with the T-cell independent vaccine Pneumovax23 

resulted in significantly higher IgM and IgA titers, while both IgM and IgG were boosted against 

T-cell independent antigens (Do et al., 2000). Additionally, co-administration of BAFF with 

heat-killed Pseudomonas aeruginosa significantly improves pathogen-specific immune response 

(Tertilt et al., 2009).  

In conclusion, BAFF is an important cytokine for the production of mature B-cells in all 

Vertebrates. The presence of BAFF in the lungs is essential for the host defense against any 

invading pathogen. The application of BAFF cytokine for the production of more efficient 

vaccines is an area with a great translational potential yet to be explored. 
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This subchapter was adapted from a recently published review article Garić D, De Sanctis JB, 

Shah J, Dumut DC, Radzioch D. Biochemistry of very-long-chain and long-chain ceramides in 

cystic fibrosis and other diseases: The importance of side chain. Prog Lipid Res. 2019 Mar 12. 

pii: S0163-7827(19)30011-6. doi: 10.1016/j.plipres.2019.03.001. 

1.3 Ceramides 

1.3.1 Metabolism of sphingolipids 

In the late 19th century, JWL Tudichum was the first to recognize the enigmatic nature of a brain 

lipid that he isolated and named it “sphingosine” after the Sphinx, a creature from Greek 

mythology that devoured all the passengers who could not answer the riddle it was posing to 

them (Thudichum, 1884). Indeed, sphingosine, an amino-alcohol of 18 carbons, and its relatives 

known as sphingolipids continue to present an enigma to all of us studying them to this day. 

Biochemical steps in the synthesis of sphingolipids, including its salvage pathways, are 

illustrated in the Figure 1.3.1, whereas Figure 1.3.2 depicts subcellular localization of the 

enzymes involved in their metabolism. 

The sphingosine backbone, in all sphingolipids, is initially produced in the form of 3-

ketosphinganine from palmitic acid and serine which are coupled by the enzymes called serine 

palmitoyltransferases (Sptlc1 and Sptlc2) in the smooth endoplasmic reticulum. As depicted in 

the Figure 1.3.1, in the next step, 3-ketosphinganine is reduced by 3-ketosphinganine reductase 

(Kdsr) to sphinganine. Sphinganine is then acylated by one of the six ceramide synthases (Cers1-

6) in vertebrates, each of which uses fatty acid of the specific length as the substrate, giving rise 

to dihydroceramides with side chains of different lengths. Even though ceramide synthases 

directly produce dihydroceramides and not ceramides in the de novo pathway, their name as such 

became common and in this review we will retain this nomenclature.  

The length of the acyl chain of the fatty acids used by ceramide synthases in this reaction usually 

ranges from 14 to 26 carbons and the specificity towards the acyl-chains is determined by a short 

11-residue sequence located in an intraluminal loop of each enzyme (Tidhar et al., 2018). 

Therefore, the length of the side chain of all sphingolipids is determined at this step by a relative 

tissue-specific composition of  ceramide synthases (see below) and the relative affinity of the 

dimers formed by the ceramide synthases (Mullen et al., 2012). Depending on the length of their 
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acyl side chain, all ceramides can be grouped as long-chain (C14:0-C20:0), very –long-chain 

ceramides (C22:0-C26:0) and ultra-long-chain ceramides (more than 26 carbons) (Grosch et al., 

2012; Jennemann et al., 2012). Therefore, ceramide is not a single species but should be 

considered a family of closely related but distinct molecules with emerging distinct functions 

(Hannun and Obeid, 2011). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3.1 Biochemical steps in the synthesis of ceramides and 

other sphingolipids. Ceramides are synthesized by two major routes: de 

novo, from palmitoyl-CoA and L-serine, and in different salvage 

pathways that are used to recycle complex sphingolipids like 

cerebrosides, sphingomyelins or phosphorylated ceramides.  
constant and is determined during de novo synthesis of the ceramide backbone. However, the 

length of the side chain varies and is determined by the expression of particular types of 

ceramide synthases in the cell. 

 

The length of the main chain is 
(sphinganine) 
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Figure 1.3.2 Subcellular localization of the enzymes involved in the metabolism of 

sphingolipids. De novo synthesis of ceramides is always initiated in the membrane of a smooth 

endoplasmic reticulum. Ceramides are transported to Golgi apparatus where the synthesis of 

sphingomyelins and cerebrosides (glycosphingolipids) takes place. These complex sphingolipids 

are subsequently transported to the cell membrane where they exert their functions. Degradation 

of complex sphingolipids takes place mostly in the lysosomes but also in the plasma membrane. 

Molecules arising from these catabolic reactions (sphinganine and fatty acids) may be reused 

through one of salvage pathways for the synthesis of ceramides. (3KdhSph-3-ketosphinganine; 

Cer-ceramides; dhCer-dihydroceramides; GlcCer-Glucoceramides/Cerebrosides; C1P-ceramide 

1-phosphate; SM-Sphingomyelin; S1P-Sphingosine 1-phosphate; Sph-Sphingosine) 
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Importantly, ceramide synthases can use either sphinganine and sphingosine as a substrate, and 

thus they are involved both in the de novo synthesis and salvage pathways. Dihydroceramides 

produced by ceramide synthases are further dehydrogenated to ceramides by one of the two 

desaturases located in ER (Degs1 and Degs2). 

Ceramides are named after the Latin word for wax (cerum) because they have a waxy 

consistency and an amide bond which is not present in other lipids. They are the key 

intermediates in the metabolism of all sphingolipids, since the ceramide skeleton is present in all 

of them, and they can be mutually converted from one another by being reduced to 

corresponding ceramides and additional moieties.  

Ceramides are transported from the smooth endoplasmic reticulum to the Golgi apparatus by the 

ceramide transfer protein (Cert) for the purpose of sphingomyelin synthesis or by vesicular 

transport for glucosylceramide synthesis (Maceyka and Spiegel, 2014). Sphingomyelins are 

synthesized in the Golgi by the action of sphingomyelin synthases (Sgms1 and Sgms2) which 

transfer phosphatidylcholine onto the primary hydroxyl group of ceramides. The reverse 

reactions are carried out by one of the four sphingomyelinases. Acidic sphingomyelinase 

(Smpd1/aSMase) is located mainly in the lysosomes. The neutral sphingomyelinases are 

localized either in the plasma membrane, Golgi or perinuclear ER. Specifically, Smpd2/nSMaseI 

is located mainly in the plasma membrane, Smpd3/nSMaseII is located in the plasma membrane 

and Golgi, and Smpd4/nSMaseIII is located in the perinuclear endoplasmic reticulum (Figure 

1.3.2). 

Metabolism of the vast array of complex glycosphingolipids (cerebrosides, globosides and 

gangliosides) starts with the transfer of glucose to ceramides catalyzed by glucosylceramide 

synthase (Ugcg, located in Golgi) and reversed by glucosylceramidase (Gba and Gba2 located in 

lysosomes and Golgi, respectively). Four-phosphate adaptor protein (Fapp2) transports simple 

glucosylceramides to the trans-Golgi for the biosynthesis of complex glucosphingolipids. 

Ceramides can also be phosphorylated in the Golgi at the OH group originating from serine by 

ceramide kinase (Cerk) to form ceramide-1-phosphate (C1P), a rare species which is transported 

to the cell membrane by C1P transport protein (Cptp). Phosphorylation by Cerk can be reversed 

by some of the Lipid Phosphate Phosphatases (LPPs) (Tang et al., 2015). 
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Finally, ceramides may be degraded by one of the ceramidases (Asah1, Asah2, Acer1, Acer2) to 

sphingosine which may serve as the substrate for ceramide synthases in the reverse reaction. 

Alternatively, it can be phosphorylated into a potent signaling molecule sphingosine-1-phosphate 

(reviewed extensively elsewhere) (Maceyka and Spiegel, 2014) through the action of 

sphingosine kinases (Sphk1 and Sphk2). Sphk1 is located mainly in the plasma membrane and it 

gets activated by extracellular stimuli, whereas Sphk2 is located in the nucleus and produces S1P 

which inhibits histone deacetylases (Hait et al., 2009). S1P may be degraded through action of 

S1P lyase to 2-hexadecenal and phosphoethanolamine and this marks an irreversible exit of this 

metabolite from sphingolipid metabolism. 

Therefore, all sphingolipids, whether they are sphingomyelins, cerebrosides, gangliosides or 

globosides contain a ceramide backbone as their intramembranous component which consists 

of a sphingosine linked through an amide bond to an acyl chains of various lengths (Figure 

1.3.1). 

1.3.2 Metabolic actions of ceramides 

Ceramides have long been known to be ubiquitous building blocks of eukaryotic cell membranes 

and signaling molecules produced mostly upon various exogenous stimuli like inflammation or 

stress. Therefore, the roles of ceramides in the cell can be view as structural components of the 

cellular membranes and as metabolic/bioactive, as the signaling molecules produced upon 

various stimuli. 

Despite their involvement in numerous biological processes, remarkably little mechanistic 

insight has been gained so far into the function of specific ceramides as signaling molecules. The 

reason for this is that naturally occurring long-chain and very-long chain ceramides are not 

water-soluble and it is very difficult to insert them exogenously into a phospholipid bilayer. In 

the early studies, synthetic short-chain ceramides (particularly C2:0, C6:0 and C8:0), which are 

water soluble (form micelles) were widely used as experimental tools. However, it became clear 

that the use of these exogenous short-chain ceramides as a tool to study the role of endogenous 

ceramides is not justified because they have completely different partitioning and behavior in 

biomembranes, and unlike natural ceramides they can easily translocate to the cytosol (van 
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Blitterswijk et al., 2003). Hence, there are only a few firmly established examples of the 

interaction between endogenous ceramides and their target proteins (Figure 1.3.3).  

One of the first discovered proteins interacting with ceramide in a manner that depends on the 

length of the side chain was the ceramide transporter (Cert) (Figure 1.3.2). Cert is a cytosolic 

protein shown to transfer long-chain (C14, C16:0, C18:0 and C20:0) but not very-long chain 

ceramides, from the smooth ER to Golgi (Kumagai et al., 2005). Therefore, it remains unknown 

how VLCCs get transported from the place of their synthesis (ER) to the plasma membrane. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3.3 Metabolic actions of endogenous ceramides There are very few studies 

describing the interaction between endogenous ceramides and their target proteins. Long-

chain ceramides (C16:0 and C18:0) indirectly activate protein phosphatase 2A (PP2A) 

by binding to its inhibitor I2PP2A (Inhibitor-2 of PP2A) or SET (Su(var)3-9, Enhancer-

of-zeste and Trithorax), thereby relieving its inhibitory action on PP2A. PP2A enzymes 

are composed of A, B and C subunits which have different isoforms and can assemble in 

an array of combinatorial associations each controlling different cell functions. 

continued… 
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Next, it was shown that ceramides indirectly activate PP2A phosphatase by binding to its 

inhibitor which is called either I2PP2A (Inhibitor-2 of PP2A) or SET (Su(var)3-9, Enhancer-of-

zeste and Trithorax) and thereby relieving its inhibitory action on PP2A (Mukhopadhyay et al., 

2009; Saddoughi et al., 2013) (Figure 1.3.3). This interaction seems to be dependent on the 

length of the side chain as it was subsequently shown that C18:0 binds to I2PP2A/SET protein 

with a higher affinity than C16:0 but only a minute binding of C24:0 was demonstrated 

(Saddoughi et al., 2013). The protein phosphatase 2A (PP2A) is one of the major Ser/Thr 

phosphatases that counteract the action of Ser/Thr kinases and they are implicated in a plethora 

of cellular functions including regulation of many signaling pathways, cell cycle progression, 

apoptosis, DNA replication, gene transcription, and protein translation. PP2A enzymes are 

oligomeric enzymes composed of a conserved catalytic (C) subunits (two isoforms), 

scaffolding(A) subunit (two isoforms), and one large array of B subunits (over 15 in mammalian 

genomes). A huge diversity of biochemically distinct PP2A complexes can be assembled in cells 

due to combinatorial association of these three types of subunits (Shi, 2009).Therefore, indirect 

activation of PP2A complexes by ceramides can have profound consequences on fundamental 

cellular processes.C16:0 ceramide binds directly to PP2A phosphatase, however  it remains 

uncertain to which subunit it binds, and subsequently acts as an allosteric activator (Grosch et al., 

2012). Binding of C18:0 ceramide to I2PP2A/SET inhibitor reduces its interaction with PP2A 

and therefore indirectly activates PP2A(Grosch et al., 2012). 

Initially, synthetic ceramide C6:0 was shown to activate PKC-ζ (Bourbon et al., 2000) but 

subsequently long-chain ceramide C16:0 was found to bind PKC-ζ directly as well (Wang et al., 

2009). Protein phosphatase 1 (PP1) seems to be activated by intramembraneous ceramides but 

the importance of chain length was not examined in this study (Canals et al., 2012).  

…continued.  Binding of C16:0 ceramide to PKC-ζ leads to its activation and association with 

the inner leaflet of cell membrane. Long-chain ceramides (e.g C16:0) form large 

transmembrane channels in the outer mitochondrial membrane that may lead to 

permeabilization, release of cytochrome c and initiation of apoptosis. Very-long-chain 

ceramides may counteract formation of pores by long-chain ceramides. Phosphoglycerides 

(yellow patterns), Long-chain ceramides (red/black patterns), Very-long-chain ceramides 

(blue/black patterns), cholesterol (red/pink patterns). See further Figure 1.3.7 
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All of these biochemical studies examined the effect of artificial short ceramides or long-chain 

ceramides on cellular targets, however as of 2018, direct intracellular targets of very-long-chain 

ceramide (C22:0-C26:0) remain unknown. Clearly, interaction of cellular proteins with specific 

endogenous ceramides may lead to their localized activation near cell membrane (Figure 1.3.3). 

The ability of synthetic short-chain ceramides (C2:0, C6:0 and C8:0) to induce apoptosis was 

known for a long time (Escargueil-Blanc et al., 1998; Martin et al., 1995) and an association 

between increased level of C16:0 ceramides and apoptosis was found in Jurkat cells following 

exposure to ionizing radiation (Thomas et al., 1999) as well. Since then many other investigators 

observed increased level of C16:0 under different pro-apoptotic conditions (Eto et al., 2003; 

Kroesen et al., 2001; Osawa et al., 2005; Schiffmann et al., 2010). The exact protein targets 

involved in apoptosis that may be affected by specific ceramides remain uncertain. However, 

C16:0 ceramide is able to form large transmembrane channels in the outer mitochondrial 

membrane (Siskind et al., 2002) that may eventually lead to the permeabilization of the outer 

mitochondrial membrane, release cytochrome c, and initiation of apoptosis (Chang et al., 2015) 

(Figure 1.3.3). Interestingly, it seems that VLCCs interfere with the formation of this channel 

(Stiban and Perera, 2015), therefore, potentially inhibiting apoptosis. In addition to the 

differences regarding  their structural role in the regulation of cellular membrane fluidity 

discussed below, these results provided mechanistic insight in the earlier observation that the 

long-chain ceramides have opposite effects from the very-long-chain ceramides on the 

proliferation of cells in vitro (Hartmann et al., 2012; Sassa et al., 2012). 

Due to inherent difficulties in working with endogenous ceramides in cell culture, the 

biochemical characterization of their cellular functions, especially with regards to the length of 

their side chain, had to await development of genetic knockout models for ceramide synthases. 

Even though interpretation of the results generated using KO mice for specific ceramide 

synthases is challenging  because of tissue-specific expression of these enzymes shows 

significant overlap (Figure 1.3.4) and because these enzymes form dimers which are responsible 

for production of  specific ceramide species(Laviad et al., 2012), physiological roles of certain 

ceramide species has been  uncovered  based on the analysis of the phenotypes of KO mice for 

specific ceramide synthases. 
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Two strains of mice, flincher (fln) and toppler (to) spontaneously arose at the Jackson 

Laboratories. Both mutations caused a complete loss of Cers1 activity that was accompanied by 

dramatic changes in the levels of sphingolipids (Zhao et al., 2011). In the brain of fln mice, total 

ceramide levels decreased, mainly because of a decrease in C18:0 and C18:1 ceramides. The 

levels of C14:0 and C16:0 increased whereas C20:0, C22:0 and C24:0 were unaltered. Flincher 

and toppler mice developed cerebellar ataxia with concomitant degeneration of cerebellar 

Purkinje cells. Accordingly, mice with targeted disruption of Cers1 gene, had profound defects in 

cerebellum which was associated with a decrease in major brain gangliosides (GM1, GD1a, 

GD1b, and GT1b) (Ginkel et al., 2012). These results highlight the importance of C18:0 

ceramide in the normal function of the cerebellum. 

 

 

 

 

 

 

 

 

 

 

 

Cers3 knockout mice die shortly after birth from transepithelial water loss, and the synthesis of 

ultra-long-chain ceramides is completely abrogated in these mice (Jennemann et al., 2012). A 

missense mutation that inactivates Cers3 has been identified in human congenital ichthyosis that 

results in the loss of ultra-long-chain ceramides and generalized scaling of the skin in affected 

Figure 1.3.4 Tissue-specific distribution 

of ceramide synthases Ceramides 

synthases (Cers) are the central enzymes 

in the metabolism of ceramides. Their 

relative abundance in each organ or tissue 

determines the amount of specific 

ceramide class that is produced. Pie chart 

for each organ represents the distribution 

of Cers-es, which are color-coded as in 

the Legend. The data is based on the 

(references (Laviad et al., 2012; Petrache 

et al., 2013) and GXA database) 
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patients(Eckl et al., 2013), and Cers3 appears essential for spermatogenesis as well (Rabionet et 

al., 2015). 

Cers4 knockout mice show progressive loss of hair (alopecia) starting at 7 weeks of age and a 

strong decrease of Cers4-produced ceramides (C18:0 and C20:0) in the skin, whereas C16:0 was 

not affected and C24:0 was only slightly upregulated (Ebel et al., 2014).   

Cers5 is one of the two predominant forms of ceramide synthases in the lungs, the other one 

being ubiquitously expressed Cers2. Cers5 dimerizes with Cers2 and these heterodimers 

produces very-long-chain ceramides, whereas Cers5 homodimers produce long-chain ceramides 

(Laviad et al., 2012). Cers5 KO mice are viable, fertile and do not show any obvious 

morphological alterations. However, Cers5 deficiency leads to a specific reduction of C16:0 

ceramide levels in the lungs, spleen, muscle, liver, as well as in the white adipose tissue, and is 

associated with reduced inflammation of adipose tissue after challenge with high fat diet 

(Gosejacob et al., 2016). 

Deletion of Cers6 in mice leads to the reduction of C16:0 levels in the kidneys and small 

intestine. These mice display clasping abnormality of their hind limbs and a habituation deficit 

(Ebel et al., 2013). Similarly to Cers5 knockout mice, Cers6 knockout mice are protected from 

obesity when fed high-fat-diet and have reduced inflammation of adipose tissue after being 

challenge with a high fat diet (Turpin et al., 2014). 

Finally, Cers2 is the most ubiquitously and most abundantly expressed form among all ceramide 

synthases (Figure 1.3.4).Therefore, it is not surprising that Cers2 KO mice display the most 

profound range of phenotypes compared to KO models of all other Cers-es. Cers2 KO mice were 

generated independently in the laboratories of Klaus Willecke and Anthony Futerman and both 

Cers2KO mouse models display almost identical phenotypes. As expected, these mice exhibit 

strongly reduced levels of VLCCs, particularly C24:0, in the liver (Imgrund et al., 2009; 

Pewzner-Jung et al., 2010b), brain (Imgrund et al., 2009), kidneys (Ebel et al., 2014) and lungs 

(Petrache et al., 2013) while at the same time they exhibit strong increase in the levels of LCCs, 

particularly C16:0 in the liver (Imgrund et al., 2009; Pewzner-Jung et al., 2010a), kidneys 

(Imgrund et al., 2009; Pewzner-Jung et al., 2010a) and lungs (Petrache et al., 2013). 

Consequently, the total amount of ceramides is not different between Cers2 KO and WT animals 
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(Petrache et al., 2013; Pewzner-Jung et al., 2010b). This imbalance of LCC and VLCC species 

can be explained by the fact that Cers2:Cers2 homodimers have only weak catalytic activity, 

Cers2:Cers5 and Cers2:Cers6 heterodimers synthesize VLCCs whereas Cers5:Cers5 and 

Cers6:Cers6 homodimers synthesize LCCs (Laviad et al., 2012).  

Starting from the early adulthood, Cers2 KO mice show progressive loss of myelin and starting 

around 9 months of age, both the medullary tree and the internal granular layer of the cerebellum 

show signs of degeneration (Imgrund et al., 2009). In older mice progressive hepatomegaly is 

initially seen (around 4th month) followed by the development of the aggressive hepatocellular 

carcinoma (7-10th month) (Imgrund et al., 2009; Pewzner-Jung et al., 2010a). Interestingly, even 

though the kidneys show as high levels of Cers2 mRNA expression as the liver, and display 

similar changes in the levels of ceramides as seen in the kidneys of Cers2 KO animals, there 

were no pathological abnormalities seen in the kidneys of Cers2 KO mice (Pewzner-Jung et al., 

2010a). These results emphasize the different role of VLCCs in the homeostasis of brain and 

liver compared to kidneys. 

Finally, a Cers2 KO mouse exhibits strong pro-inflammatory changes in their lungs. As in the 

liver of Cers2 KO mice (Pewzner-Jung et al., 2010a), the levels of C24:0 and C24:1 are greatly 

reduced, accompanied by a 10-fold increase in the levels of C16:0, but the total level of 

ceramides remains unaltered when compared with wild-type animals (Petrache et al., 2013). 

Lungs from adult Cers2 KO mice (3 months or older) display patchy areas of perivascular 

inflammation, increased inflammatory cell content, and strongly increased airflow 

resistance(Petrache et al., 2013). The changes seen in Cers2 KO mice in the relative ratio 

between VLCCs (C24:0, C24:1, C26:0) and LCCs (C14:0, C16:0) are strongly reminiscent of the 

pro-inflammatory phenotype previously seen in CFTR knockout mice (CFTR-KO) (Kent et al., 

1997)  and will be discussed in more details below. Interestingly, the inflammatory response 

triggered in the lungs of Cers2 KO mice is not protective, and in fact Cers2 KO mice are much 

more susceptible to bacterial infection than their littermate wild-type controls (Pewzner-Jung et 

al., 2014), similarly as we observed in the CFTR-KO mice compared to their littermate wild-type 

controls (Guilbault et al., 2005; Guilbault et al., 2009). Finally, it is important to emphasize that 

Cers-es are evolutionary extremely well conserved proteins, present in all eukaryotic cells. While 

the sequence homology between animal and fungal enzymes is clear, Arabidopsis has three 
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proteins (LOH 1, 2 and 3) with Cers activity whose homology to animal enzymes is not obvious 

from sequence comparisons (Voelzmann and Bauer, 2010). All fungal and animal Cers-es have a 

conserved Lag1p motif (longevity assurance gene 1) named after yeast mutants, which is 

essential for the synthesis of ceramides. Lag1p motif is located within a TLC domain  named 

after the three protein families in which it was originally found (Tram, Lag and CLN8)(Winter 

and Ponting, 2002). All vertebrate and insect Cers orthologues, with a notable exception of 

Cers1, contain a homeodomain derived from homeobox proteins, sequence-specific transcription 

factors important in development. However, the first 15 amino acids of this domain are missing 

in ceramide synthases of vertebrates, as is the key residue (N51) involved in DNA binding(Levy 

and Futerman, 2010). Therefore, it is highly unlikely that vertebrate Cers-es function like 

genuine transcription factors, but the homeodomain of Cers5 and Cers6 is essential for their Cers 

activity(Mesika et al., 2007). Surprisingly however, the only Cers in Drosophila known as 

Schlank can bind DNA through its homeodomain and directly regulate transcription of the genes 

involved in fat metabolism (Sociale et al., 2018). In this case, Schlank acts as a sensor of fatty 

acids level and transcriptional repressor of lip3 (lipase 3) gene (Sociale et al., 2018). 

1.3.3 Ceramides as structural elements of biological membranes 

The mechanistic basis and the biochemical pathways behind the phenotypes seen in the ceramide 

synthases knockout mice have not been fully explored yet. Part of the answer to these questions 

seems to lie in the structural role of ceramides as the fundamental building blocks of all 

eukaryotic cell membranes. 

Ceramides form the intramembraneous backbone of all sphingolipids, including sphingomyelins. 

Sphingomyelins consist of phosphocholine or phosphoethanolamine bound to a ceramide 

backbone through an OH group of a given ceramide species that resides in the cell membranes 

with its two aliphatic chains (Figure 1.3.1).  

The original “Fluid Mosaic” model of cell membrane initially proposed by Singer and Nicholson 

in 1972 predicted totally free lateral diffusion of both lipids and proteins (Singer and Nicolson, 

1972). However, by late seventies, it became clear that “lipid clusters” may be a common feature 

of biological membranes. Cholesterol and sphingolipids were found to belong to one type of a 

lipid cluster already decades ago (Demel et al., 1977; Estep et al., 1979). Even though the 
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concept of “lipid domains” in biological membranes was formalized already in 1982 (Karnovsky 

et al., 1982), it was not until 1997 that the interest in these “microdomains” exploded when Kai 

Simons introduced the concept of “lipid rafts”(Simons and Ikonen, 1997). Lipid rafts are defined 

as cholesterol- and sphingolipids-rich liquid ordered state platforms (microdomains) that float in 

a liquid disordered matrix (the rest of cell membrane). The acyl chains of lipid rafts are more 

saturated than the acyl chains of the surrounding membrane matrix, and so they pack more 

tightly, producing a liquid ordered state. It is believed that the cholesterol acts like a “glue” that 

holds together the lipid rafts because it has very high affinity for sphingolipids. Indeed, the level 

of cholesterol in the lipid rafts is about twice as high than in non-raft portions of the membrane. 

The concentration of sphingomyelin in the lipid rafts is about 50% higher than in non-raft 

portions of the membrane. As a result of tight packing, the portions of the membrane that contain 

lipid rafts are thicker than the surrounding, more loosely packed sections of the membrane, and 

so the lipid rafts protrude above the membrane surface.  

An original hallmark of lipid rafts is their ability to be isolated from the remaining membrane 

portions by extraction in cold (4oC) nonionic detergents (like Triton-X or Brij-98) (Schuck et al., 

2003). Under these conditions, lipid rafts are insoluble whereas the remaining portions of the cell 

membrane are dissolved. Due to this property they are also referred to as “Detergent Resistant 

Membranes (DRMs). Lipid rafts are believed to cover small areas (10-200 nm) but they are 

highly dynamic and their size may be affected by various biochemical processes that affect the 

composition of cellular sphingolipids and cholesterol. Therefore, any domain of the plasma 

membrane isolated in this way and has these biochemical constituents, can be defined as a bona 

fide lipid raft. 

Currently, two basic types of lipid rafts can be distinguished: planar lipid rafts (also known as 

non-caveolar or glycolipid rafts) and caveolae (Staubach and Hanisch, 2011) (Figure 1.3.5). 

Planar rafts are continuous with the surface of the cell membrane and protrude above while 

caveolae are flask-shaped invaginations. Each of these rafts is distinguished by the presence of 

the characteristic proteins: flotillins in the planar lipid rafts and caveolins in caveolae (Figure 

1.3.5). It is believed that the function of these proteins is to recruit signaling molecules from the 

cytosol and organize the initial events of the signal transduction pathways that emanate from the 

plasma membrane. 
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While the existence of lipid rafts is not disputed anymore, the role of lipid rafts in the regulation 

of expression and stability of membrane and transmembrane proteins remains a mystery. Lipid 

rafts are clearly involved in the organization of multiple signal transduction pathways that start at 

the level of cell membrane. These pathways include, but are not limited to, activation of PI3K 

and Akt kinases which is important for growth and survival, clustering of Fas/CD95 pro-

apoptotic receptors, and the activation of erythropoietin and TCR receptors. The role of lipid 

rafts in signal transduction has been extensively reviewed elsewhere (Mollinedo and Gajate, 

2015; Simons and Toomre, 2000; Varshney et al., 2016) and will not be further discussed here. 

 

 

 

 

 

 

 

 

 

 

 

 

Lipid rafts are built of sphingolipids and cholesterol, however, the composition and ratios of 

specific ceramides that serve as building blocks of sphingolipids within lipid rafts have never 

been firmly established. It is likely that the abundance of ceramide species which is tissue-

specific also determines their abundance in lipid rafts in the cells in the specific organs. For 

 

Figure 1.3.5 Planar lipid rafts and caveolae. Planar lipid rafts are continuous with the 

surface of the cell membrane, under normal conditions they protrude from  the cell membrane 

and are characterized by the presence of proteins called flotillins. Caveolae are flask-shaped 

invaginations distinguished by the presence of proteins called caveolins. The function of both 

flotillins and caveolins is to attract and retain signaling molecules into lipid rafts. 

Phosphoglycerides (yellow patterns), Long-chain ceramides (red/black patterns), Very-long-

chain ceramides (blue/black patterns), cholesterol (red/pink patterns) 
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example, C24:0 ceramides represents about 72% of total ceramides whereas C16:0 only 18% in 

the cells of healthy mouse lungs.  

The group of KateřinaVávrová established important biophysical differences between C16:0 and 

C24:0 ceramides that could confer fairly different behaviour to these ceramide species within the 

lipid rafts. Using infrared spectroscopy and artificial lipid bilayers, they showed markedly 

different phase behaviour of  C16:0 ceramides compared to C24:0 ceramides, which was found 

to be due to the less ordered side chain of C16:0 (Skolova et al., 2014). Subsequently these 

authors demonstrated that the membranes containing C16:0 were significantly more permeable 

to water and some organic molecules than the membranes containing C24:0 ceramides. Also, the 

membrane monolayers containing C16:0 ceramides were shown be less condensed than 

monolayes formed by C24:0 ceramides (Pullmannova et al., 2017). Therefore, these biophysical 

differences between C16:0 and C24:0 ceramides explain the differences seen in the membranes 

of Cers2 KO mice compared to their wild-type counterparts: Microsomal vesicles prepared from 

Cers2-KO mice have distorted membranes of much higher fluidity than vesicles prepared from 

wild-type animals (Silva et al., 2012). These vesicles also display morphological changes that 

include areas of different curvature in the same vesicle and tubule-like structures emerging from 

a single vesicle, as opposed to the vesicles derived from wild-type animals which were of 

perfectly spherical shape(Silva et al., 2012) (Figure 1.3.6).  

 

 

 

 

 

 

 

  

Figure 1.3.6 Effect of CerS2 ablation 

on the membrane morphology of 

microsomal vesicles Depiction of the 

giant microsomal vesicles labeled with 

Rho dye (1,2-Dioleoyl-sn-Glycero-3-

Phosphoethanolamine-N-

(LissamineRhodamine B Sulfonyl) and 

imaged by confocal microscopy (based 

on the work of (Laviad et al., 2012; 

Silva et al., 2012)). Microsomal vesicles 

were prepared from the livers of wild-

type (upper panels) and CerS2 null 

(lower panels) mice of different ages.  
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Since total glycerophospholipid and cholesterol levels were unaltered in Cers2 KO mice 

compared with their wild-type littermates (Pewzner-Jung et al., 2010b), these biophysical 

differences in the membranes derived from Cers2 KO mice must be due to the changes in their 

sphingolipids composition, i.e. increase in ceramide C16:0.  

 

  

Figure 1.3.7. Structures of lipid rafts under normal and pathological conditions Under 

normal conditions (A), when VLCCs are more abundant than LCCs, tight packing of VLCCs 

whose acyl chain interdigitate from both leaflets of the cell membrane forms a gel-like 

environment in the lipid rafts that may stabilize the folding of large transmembrane proteins 

(green), like CFTR. continued…  
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Based on these findings, it is very likely that under normal conditions, when VLCCs are more 

abundant than LCCs in cellular membranes, tight packing of C24:0 ceramides whose acyl and 

sphingosine chains interdigitate from both sides of the cell membrane, forms a gel-like 

environment of much lesser fluidity than in the membranes enriched in C16:0 ceramides 

(Niemela et al., 2006). Overall, a tightly packed lipid environment created by VLCCs, including 

C24:0 is likely to stabilize large, intrinsically disordered transmembrane proteins, such as CFTR 

(Figure 1.3.7 A).  

On the other hand, sphingomyelins formed from C16:0 ceramide may act disruptively in the 

formation of lipid rafts as opposed to their more ordered and less permeable structures formed 

primarily from C24:0, and the folding of large transmembrane proteins, like CFTR situated in the 

lipid rafts enriched in LCCs, can be compromised (Figure 1.3.7 B). 

Indeed, the differences between intramembraneous environments created by C16:0 and C24:0 

ceramides are fully supported by the recent molecular dynamics simulations (Moore et al., 2018). 

Finally, some authors proposed making a distinction between sphingomyelin-enriched and 

ceramide-enriched lipid rafts (Ziobro et al., 2013). However, these two types of sphingolipids are 

mutually convertible from each other in the cell membrane by the actions of sphingomyelinases 

and sphingomyelin synthases, and since both types of rafts fall under the original definition of a 

bona fide lipid raft, we will not make such distinction here.  Further studies are required to 

characterize the specific contribution of the subclasses of ceramides in lipid rafts formation. A 

detailed analysis of various subtypes of sphinomyelin-enriched lipid rafts would be particularly 

interesting in assessing the role of lipid rafts in the regulation of expression of membrane 

protein’s localization and stability. 

 

continued… On the other hand, in the membranes of cells from Cers2-KO mice or cells from 

patients with CF (B), where LCCs are more abundant than VLCCs, lipid rafts are more fluid, 

because their side chain do not interdigitate from the two leaflets of the cell membrane, and 

under these conditions the folding of large transmembrane proteins (green), like CFTR, may be 

compromised. Phosphoglycerides (yellow patterns), Long-chain ceramides (red/black patterns), 

Very-long-chain ceramides (blue/black patterns), cholesterol (red/pink patterns). 
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1.3.4 Ceramides in CF 

The first connection between ceramides and pulmonary infection with P. aeruginosa, the most 

common pathogen in the lungs in CF patients, was made by the group of Richard Blumberg. In 

their study, Neiuwenhuis and colleagues treated imunodeficient CD1d -/- mice with (2S, 3S, 

4R)-1-O-(α-D-Galactosyl)-N-hexacosanoyl-2-amino-1,3,4-octadecanetriol (shortly named 

KRN7000), a compound similar to the naturally occurring α-galactosylceramide which is a 

ligand that activates NK cells and macrophages when presented by CD1d lymphocytes 

(Nieuwenhuis et al., 2002). KRN7000 lacks a double bond in the sphingosine and therefore 

contains 16 carbons long chain and 26 carbons long the acyl portion of the ceramide backbone, 

therefore effectively mimicking very-long chain dihydroceramide dC26:0. This study 

demonstrated that pre-treatment of mice with KRN7000 greatly enhanced the clearance of P. 

aeruginosa in acute pneumonia model. However, the biochemical mechanism underlying this 

effect had not been investigated. 

Next line of evidence for the involvement of ceramides in the host defense against P. aeruginosa 

came from the studies of lipid raft formation upon infection in the laboratory of Erich Gulbins. In 

their studies, Grassmé and colleagues followed the formation of lipid rafts in cultured cells by 

analyzing distribution of ganglioside GM1 by fluorescently labelled cholera toxin (Grassme et 

al., 2003).They observed rapid (10-15 min) reorganization of cholera toxin-positive patches in 

the cell membrane upon infection of lung epithelial cells with P. aeruginosa. Interestingly, they 

also observed clustering of CFTR molecules within these GM1-enriched domains. Furthermore, 

they showed that the release of pro-inflammatory cytokines in the lungs of mice was negatively 

regulated by the formation of these membrane structures. Therefore, a failure to generate these 

structures in infected cells results in an unabated inflammatory response, massive release of 

interleukin-1 (IL-1), and septic shock in mice. By following localization of acidic 

sphingomyelinase (Smpd1/aSMase) and fluorescently labelled 15B4 antibody (Sigma) against 

ceramides, they postulated that these membrane structures are enriched in ceramides. However, 

15B4 anti-ceramide antibody used in this study recognizes not only both long-chain and very-

long chain ceramides but also cholesterol esters among many lipid species as shown in the 

Figure 1.3.8. Therefore, the relative content of each of the specific classes of ceramides or other 
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lipids components present in these rafts could not be conclusively established due to lack of the 

specificity of the antibody used.   

The association between an increase in the pro-inflammatory C16:0 ceramide levels and 

constitutive inflammation in the lungs of CF mice which strongly increases with age was 

established in the laboratory of Erich Gulbins. In that study, Teichgräber and colleagues 

(Teichgraber et al., 2008) used S58-9antibody, which similarly to 15B4 anti-ceramide antibody 

recognizes both long- and very-long chain ceramides (Figure 1.3.8), but they quantified only the 

level of  C16:0 ceramides by mass spectroscopy in the lungs of Cftrtm1Unc-Tg(FABPCFTR) mice 

and in the lungs of CF patients undergoing transplantation. Therefore, even though no 

conclusions could be drawn about VLCCs, this study provided for the first time a link between 

age-dependent accumulation of C16:0 ceramide in the respiratory tract of uninfected CF mice 

and constitutive pulmonary inflammation in the mice hyper-susceptible to P. aeruginosa 

infection. Teichgräber and colleagues further showed that the accumulation of C16:0 ceramide in 

the lungs results in the increase of respiratory cell death and formation of DNA deposits on the 

respiratory epithelium which are crucial for high adherence of P. aeruginosa to the respiratory 

epithelium of CF mice. These findings are fully consistent with the early reports by Thomas and 

colleagues suggesting that C16:0 induces apoptosis of epithelial cells, which results in deposition 

of DNA and cellular debris on the respiratory epithelium, eventually leading to 

hyperinflammatory phenotype of CF lungs (Thomas et al., 1999). Interestingly, Teichgräber and 

colleagues also showed that the treatment of CF mice with amitriptyline or genetic deficiency of 

SMPD1 enzyme which produces ceramides from sphingomyelins corrects this defect. There are 

four Smpd enzymes (acidic sphingomyelinases) in both the mouse and human genomes (Figure 

1.3.1).The specificity of these sphingomyelinases with regards to the length of the fatty acid side 

chain in the sphingomyelins is unknown. It is therefore unknown how the treatment of cells with 

amitriptyline affects the levels of any of the specific ceramide species. In a phase IIb clinical 

trial, treatment of CF patients with amitriptyline (25 mg daily for 28 days) resulted in a small 

increase in the percentage of predicted FEV1:  in the per-protocol groups (patients who 

completed the allocated treatment), patients treated with amitriptyline (n=16) had absolute-to-

baseline increase of +2.25.2% and relative-to-baseline increase of +3.67.9% while placebo-

treated patients experienced a slight decrease of -2.75.0% in the absolute-to-baseline and -
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4.910.1% in the relative-to-baseline FEV1 (see Table 2. in the ref. (Nahrlich et al., 2013)). 

Comparison (Student’s t-test) between amitriptyline- and placebo- treated group was statistically 

significant for both absolute-to baseline and relative-to-baseline FEV1 (p=0.013). 

Importantly, testing only the levels of C16:0 ceramide which represents 18% of total ceramides 

present in the lungs(Petrache et al., 2013), without analyzing any of the other ceramide species 

present in the lungs leaves many questions unanswered.  

Indeed, the work of Teichgräber and colleagues (Teichgraber et al., 2008) was preceded by 

another important milestone, when Guilbault and colleagues (Guilbault et al., 2008) performed a 

comprehensive analysis of long-chain and very-long-chain ceramides extracted by Folch method 

(Folch et al., 1957)from human plasma of healthy volunteers and patients with CF using high-

performance liquid chromatography (HPLC) coupled with mass spectrometry (MS). The results 

of this study demonstrated for the first time that the plasma of CF patients had a much lower 

concentration of C24:0 ceramides than healthy controls. Furthermore, both healthy controls and 

CF patients had many fold lower levels of C16:0 than C24:0 and no significant differences in the 

level of C16:0 were found in CF patients compared to healthy controls.  

In the next study done by Garić and colleagues (Garic et al., 2017), the specific ceramide species 

were also quantified by HPLC-MS where molecular decomposition performed using Parent Ion 

scan of common fragments attributed to ceramides, after the entire pool of  ceramides was first 

purified by thin-layer chromatography and then quantified by ELISA using 15B4 antibody. The 

latter study (Garic et al., 2017) revealed that C24:0 and other VLCCs were strongly decreased in 

the lungs of CF mice, plasma of CF patients and CFBE41o- epithelial cells, whereas C16:0 

ceramide and other LCCs were increased. Importantly, CF mice used in this study were not fed 

on Peptamen, therefore avoiding potentially confusing effects of cholesterol and vitamin A from 

the food. The CFTR-KO mice used in this study did not have the CFTR protein restored in their 

intestines. This is important to keep in mind when comparing the data generated using different 

mouse model of CF lung disease since the intestinal expression of CFTR introduced under FABP 

promoter in the gut-corrected mice, was previously shown to be leaky in the lungs as well (see 

Figure 1B in (Zhou et al., 1994)). Obviously, none of CF patients enrolled in this study were 

eating Peptamen either, therefore eliminating food as a potential source of bias. Finally, the study 

published by Garić and colleagues (Garic et al., 2017) demonstrated that similar imbalance in 
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relative ratio of VLCCs and LCCs was also found in the lung epithelial cells derived from a CF 

patients (CFBE41o-) demonstrating for the first time this phenomenon can be observed and 

studied in vitro. 

These two studies (Garic et al., 2017; Guilbault et al., 2008), together with the studies published 

by Grassmé (Grassme et al., 2003), Teichgräber and colleagues (Teichgraber et al., 2008) 

represent the cornerstone for our modern understanding of ceramides in cystic fibrosis. Taken 

together, these studies defined the imbalance of ceramides in cystic fibrosis, characterized by 

the abnormally low levels of C24:0 ceramide and other VLCCs and increased levels of C16:0 

ceramide and other LCCs. This situation seen in CFTR-KO mice is strikingly reminiscent of the 

ceramide imbalance seen in Cers2-KO mice where the levels of C24:0 are strongly decreased 

and the levels of C16:0 are increased (Petrache et al., 2013).  The phenotypes of lung 

hyperinflammation and hypersusceptibility of Cers2-KO mice to pulmonary infection with P 

aeruginosa are even more tantalizing. While the reason for the imbalance of ceramides in Cers2-

KO model is clear, since Cers2 is essential for the synthesis of VLCCs, in CFTR-KO mice the 

underlying cause of this phenomenon still remains a mystery and the mechanistic connection 

between these two models (Cers2-KO and CFTR-KO) is still unclear since Cers2 enzyme is not 

downregulated in CF mice (DG, unpublished observation). Therefore, the conclusion from these 

studies taken together is that the decreased levels of C24:0 ceramides and increased levels of 

C16:0, as seen in Cers2-KO and CFTR-KO mice, strongly correlate with the compromised 

ability of these mice, to fight off pulmonary infections. Whatever the cause is, the consequences 

of ceramide imbalance in CFTR-KO mice for the stability of CFTR protein in the membrane are 

starting to emerge and will be discussed in more details below. 

Interestingly, low doses (1.25 µM) of fenretinide (N-(4-hydroxy-phenyl) retinamide), which is a 

synthetic retinoid molecule, reverses this imbalance, by upregulating the levels of C24:0 and 

other VLCCs while concurrently downregulating the levels of C16:0 and other LCCs in CF 

mice, CFBE41o- cells and partially in CF patients (Garic et al., 2017). This effect is mediated 

through the downregulation of Cers5 enzyme (Garic et al., 2017) which produces LCCs as a 

homodimer and VLCCs as a heterodimer with Cers2. Importantly, the reversal of ceramide 

imbalance coincided with a dramatic improvement of the ability of CF-KO mice to combat P. 

aeruginosa infection. In particular, CFTR-KO mice treated with fenretinide showed a 10-fold 
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decrease in the bacterial load in the lungs compared with placebo-treated animals (Guilbault et 

al., 2008). 

These results offer a hope that the CF patients treated with fenretinide will have not only their 

ceramide imbalance corrected, but that they will also fight off pulmonary infections with higher 

efficiency. The efforts to translate these findings in the clinic are currently underway in the Phase 

II (APPLAUD) trial (NCT03265288), an International Phase II, double-blind, randomized, 

placebo-controlled study to evaluate the safety and efficacy of LAU-7b in CF patients 

administered once-daily for 6 months. 

1.3.5 Ceramides and CFTR 

CFTR is a large, intrinsically disordered protein (Baker et al., 2007) that is primarily localized at 

the apical domain of epithelial cells (Li and Naren, 2010). Each CFTR molecule contains two 

membrane –spanning domains (MSD1 and MSD2), two nucleotide binding domains that 

participate in ATP binding and hydrolysis (NBD1 and NBD2), and a regulatory domain (R) 

whose phosphorylation by protein kinase A (PKA) regulates opening of the channel (Lukacs and 

Verkman, 2012). The folding of the wild-type CFTR protein is slow and relatively inefficient 

due to the large size of this protein and the requirement of multiple interactions between the 

domains for a functional conformation of the protein to be achieved (Abu-Arish et al., 2015; 

Lukacs and Verkman, 2012). 

There are two populations of CFTR protein in the apical cell membrane: one freely floating in 

the lipid bilayer and the other one is confined to the lipid rafts (Abu-Arish et al., 2015; Wang et 

al., 2008). In the human bronchial epithelial cells (HBE) cultured in vitro, proportion of CFTR 

protein that is confined to the lipid rafts represents  about 25% (Abu-Arish et al., 2015) whereas 

in Calu-3 cells this population reaches up to 50% (Wang et al., 2008). 

Many different pro-inflammatory stimuli, like activation of TNF receptor, viral, or bacterial 

infection (Abu-Arish et al., 2015; Dudez et al., 2008; Kowalski and Pier, 2004) that trigger 

activation of sphingomyelinases and hydrolysis of sphingomyelin into ceramides and 

phosphocholine or phosphoethanolamine, lead to recruitment of freely floating CFTR molecules 

and fusion of those that are already confined in the lipid rafts into larger (1-2 µm) ceramide-

enriched platforms. The consequences of this reorganization with regards to CFTR function and 
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the content of the various species of VLCCs and LCCs present in these platforms are not yet 

characterized. 

However, taking into consideration our previous discussion of the fundamental biophysical 

differences between long-chain and very-long chain ceramides, we hypothesize that the tight 

packing in the lipid environment of VLCC-enriched platforms created by C24:0 and other 

VLCCs due to their acyl chains that interdigitate from both leaflets of the plasma membrane 

(Moore et al., 2018; Skotland et al., 2017), might stabilize the folding of CFTR and perhaps also 

other large transmembrane proteins localized in this type of rafts (Figure 1.3.7A). On the other 

hand, the environment of LCC-enriched platforms may adversely impact on the folding of large 

transmembrane proteins, like CFTR, due to the high fluidity of LCC-enriched membranes 

(Figure 1.3.7 B).  

The ΔF508 mutation entirely abrogates the proper folding of CFTR protein, leading to its 

degradation in the endoplasmic reticulum. Therefore, even though CFTR proteins are 

synthesized, they never reach the apical cell membrane, because they are destroyed by the 

surveillance mechanisms in the endoplasmic reticulum that recognizes and degrades misfolded 

and damaged proteins via ubiquitin-proteasome pathway (Lukacs and Verkman, 2012). 

The discovery that lowering the temperature of cells in culture (down to 26o C) can rescue CFTR 

protein from degradation (Denning et al., 1992), indicated for the first time that even the unstable 

mutant ΔF508 CFTR protein can become functional if the folding of the protein is affected by an 

extrinsic manipulation (in this case, lowering the temperature of the cells expressing the protein). 

Even though, this discovery cannot be clinically translated, it opened a possibility that someday a 

pharmacological chaperon, in the form of a small organic molecule could be developed that 

binds directly to the mutant protein and modify its folding in such a way that it resembles wild-

type protein, thereby effectively correcting the phenotypes of cystic fibrosis in patients. 

High throughput drug discovery strategies employed by pharmaceutical companies utilize 

separate functional assays to screen for the compounds which promote the exit of a mutant ΔF508 

protein from endoplasmic reticulum and its accumulation in the apical plasma membranes (so 

called “correctors”) and compounds that increase the probability for the opening of CFTR 

channel (so called “potentiators”). The distinction between the drug which are called correctors 
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and potentiators is artificial, as normalization of channel gating and protein processing in the 

endoplasmic reticulum both depend on ΔF508 refolding. Many compounds identified thus far 

have limited in vivo efficiency in the CF patients who have the ΔF508/ΔF508  alleles. 

The efforts undertaken by Vertex Pharmaceuticals company yielded two compounds that reached 

CF patients in the clinic. The first compound was VX770 (Ivacaftor, Kalydeco), a potentiator, 

that was shown to increase the probability that the CFTR channel affected by rare non-

synonymous mutation resulting in the substitution Gly551Asp of CFTR protein (G551D CFTR 

genotype accounts for only 3% of CF cases) (Van Goor et al., 2009). Indeed, the patients 

affected by G551D mutation substantially benefit from the treatment with this drug (Accurso et 

al., 2010; Ramsey et al., 2011). Unfortunately, patients affected by the most common ΔF508 

mutation do not benefit significantly from this drug (Flume et al., 2012). 

The second compound was VX809 corrector described in 2011 (Lumacaftor, never 

commercialized as a single therapeutic agent), which binds mutant ΔF508 protein and corrects its 

folding defect, thereby rescuing it from degradation in the endoplasmic reticulum (Van Goor et 

al., 2011). Despite spectacular results obtained in vitro (Van Goor et al., 2011), the success of 

VX809 has been disappointing in clinical studies and no sufficient levels of mature ΔF508 CFTR 

protein was observed in the cell membrane after the treatment (Clancy et al., 2012). 

Since an increase in the function of mutant ΔF508 CFTR protein was observed after acute 

administration of VX770 in primary human airway epithelial cells from CF patients (Van Goor 

et al., 2011)and the human organoids derived from CF (ΔF508/ ΔF508) intestinal tissues (Dekkers 

et al., 2013), clinical trials were designed to test the efficacy of VX809 + VX770 combination 

known as Orkambi (Vertex Pharmaceuticals). The results of the studies which utilized this 

combination of the drugs demonstrated very modest benefit (De Boeck et al., 2013; Galietta, 

2013). In ΔF508/ΔF508 patients only small improvements in the lung function (up to 4% increase 

in FEV1) and up to 39% lower rate in pulmonary exacerbation were observed (Wainwright et al., 

2015). One of the reasons for these disappointing results might be that VX770 causes a dose-

dependent reversal of VX809-mediated CFTR correction, and in fact decreases the expression of 

ΔF508 protein corrected by VX809 at the cell surface, therefore effectively counteracting the 

effects of VX809 (Cholon et al., 2014; Veit et al., 2014). Unfortunately, chronic VX770 

treatment also reduces expression and function of the wild-type CFTR (Cholon et al., 2014), 



40 
 

therefore, precluding its utility in other diseases where CFTR function is diminished, such as 

chronic obstructive lung disease (COPD). Recently, a combination known as Symdeko 

consisting of a novel corrector called VX661(Tezacaftor) with VX770 demonstrated excellent 

safety profile and was shown to reduce sweat chloride and improve lung function in subjects 

homozygous for ΔF508  or compound heterozygous ΔF508/G551D (Donaldson et al., 2018). 

Furthermore, the addition of VX445 (CFTR corrector) to Symdeko resulted in significantly 

improved ΔF508 CFTR protein processing, trafficking, and Cl- transport in vitro compared with 

any two of these agents in dual combination and 11.0-point increase in the percentage of 

predicted FEV1 (p<0.001) in ΔF508/ΔF508 patients (Keating et al., 2018). Finally, in patients who 

have only one responsive ΔF508 allele (ΔF508-Minimal Function genotypes), the addition of 

VX659 (CFTR corrector) to Symdeko resulted in an increase of up to 13.3 points in the 

percentage of predicted FEV1 (p<0.001) and further 9.7-point increase in the percentage of 

predicted FEV1 in ΔF508/ΔF508 patients who were already receiving Symdeko(Davies et al., 

2018b). 

Importantly, a novel approach to rescue ΔF508 protein using a combination of three chemically 

distinct pharmacological chaperones instead of one compound has been recently reported (Veit et 

al., 2018a). Application of each of these compounds individually had only a modest effect on the 

rescue of ΔF508 protein, but the combination (named by the authors 3C) of all three compounds 

simultaneously was able to restore the function of ΔF508 protein to approximately ~50% of the wt 

level, a value deemed sufficient to alleviate clinical manifestation of ΔF508/ΔF508 patients, as 

heterozygous carriers do not display any disease symptoms (Griesenbach et al., 1999). 

The reason for the failure of VX809 treatment could also be the fact that the effectiveness of this 

compound is diminished under inflammatory conditions. Perhaps the overall effect can be 

improved if the lipid imbalance associated with a constitutive hyper-inflammation phenotype 

intrinsic to CF would be corrected prior or during the treatment with VX809 or other drug. The 

hyper-inflammatory phenotype and progressive airway hyperplasia might be directly linked with 

the aberrant composition of membrane lipids as demonstrated using Cers2-KO mice which have 

no genetic mutations in the CFTR gene. Interestingly, Cers2-KO mice display extreme 

susceptibility to lung infection (Petrache et al., 2013) which resembles the progressive lung 
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disease we observed in our CFTR-KO mouse model in the mice which are at least 4 months old 

(Kent et al., 1997). 

Furthermore, the forced expression of wild-type CFTR in the cell line derived from the 

ΔF508/ΔF508 patient (CFBE41o-) by plasmid transfection reverses imbalance among ceramide 

species (Garic et al., 2017), suggesting that these two phenomena (lack of the functional CFTR 

protein and ceramide imbalance) may be biochemically connected. However, the expression of 

the corrected ΔF508 protein after VX809 treatment alone is still not sufficient to correct the 

distortion of cellular membranes caused by high level of LCCs and low levels of VLCCs. 

Therefore, we can envision that in the future any pharmacological agent that would be able to 

correct the imbalance of ceramides, independently from the correction of CFTR folding, could 

contribute to the increased stability of the corrected ΔF508 CFTR protein after treatment with 

appropriate correctors. 

1.3.6 Technical challenges in ceramide quantification 

Much of the confusion in the current literature about the role of ceramides in health and disease 

arises from the flaws in the methods used for their quantification. Traditionally, ceramides have 

been quantified in biological samples using antibodies and mass spectroscopy. The results 

obtained from these studies sometimes led to fundamentally different conclusions (Guilbault et 

al., 2008; Teichgraber et al., 2008).  

In our previous work, we utilized 15B4 anti-ceramide monoclonal antibody from Sigma to 

quantify the total ceramide levels in the lipid pool after their purification from other lipids by 

thin layer chromatography. The total ceramide levels were normalized using total phospholipid 

levels among the tested samples prior to the subsequent mass spec analysis allowing for adequate 

characterization of the relative changes in the distribution of various species of ceramides during 

the course of infection or chronic inflammation. 

We found that 15B4 antibody not only cannot distinguish different species of ceramides (very-

long-chain vs. long-chain vs. dihydroceramides) and it also recognizes other species of lipids as 

we now show on Figure 1.3.8 A. We also tested the antibody employed by others (anti-ceramide 

polyclonal antibody; Glycobiotech, clone S58-9) (Becker et al., 2010; Teichgraber et al., 2008; 

Ulrich et al., 2010) and found that it shows the same lack of specificity, and recognizes non-
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discriminately not only ceramides but also cholesterol, cholesterol esters, triglycerides, 

phosphatidylcholine and sphingomyelins (Figure 1.3.8 A). Importantly, neither the monoclonal 

antibody 15B4 nor the polyclonal antibody S58-9 can distinguish different lipids from each other 

if such lipids contain ceramide skeletons with the various acyl chains lengths in their structure 

(Figure 1.3.8 B). 

Using mass spectrometry with standards containing an extensive panel of both very long and 

long chain ceramides, we quantified the specific ceramide species content in the lysate of cell 

lines, murine lungs, and the plasma of patients with CF (Garic et al., 2017). This work showed 

that C24:0 and other species of ceramide containing very-long-chain were downregulated  both  
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Figure 1.3.8 Commercially available antibodies for ceramide detection recognize lipids 

other than ceramides and do not distinguish between long-chain and very-long-chain 

ceramides  A. Comparison of polyclonal S58-9 and monoclonal 15B4 antibodies with respect to 

their affinity to different lipid species.  Standard (Brain Lipid Extract; Avanti) were visualized by 

iodine vapours. Lipids were detected by Mono - 15B4 antibody (Sigma) and Poly – S58-9 

(Glycobiotech) antibodies on the nytran paper after thin-layer chromatography. continued… 
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in the younger and older cystic fibrosis patients and older CFTR-KO mice consistently with our 

previous findings, and in addition we also found that not only C16:0, as previously published 

(Teichgraber et al., 2008), but also other species of long-chain ceramides, such as C14:0, are 

upregulated in the lungs of CF cell line, older mice, as well and the blood of CF patients (Garic 

et al., 2017). 

Finally, we would like to point out that the severe ceramide imbalance was also reported in the 

lungs in two independent reports characterizing knockout  mice for Cers2 enzyme specifically 

(Petrache et al., 2013) and other organs as well (Imgrund et al., 2009). Indeed, Petrache and 

colleagues have demonstrated a strong decrease in the C24:0 levels in the Cers2-KO mice 

compared to wt mice. The level of C24:0 represented 72% of total ceramides in wt mice whereas 

in Cers2-KO there was only 7% of C24:0 ceramides. This depletion of the C24:0 ceramide 

observed in the Cers2-KO mice was associated with an increase in the level of C16:0 ceramide in 

the lung of Cers2-KO mice (Petrache et al., 2013). Similarly, Willecke’s group (Imgrund et al., 

2009) showed the same effect in the liver, kidneys and brain of Cers 2-KO mice (Imgrund et al., 

2009). However, there was no significant difference in the total amount of ceramide in the liver 

(Pewzner-Jung et al., 2010b) nor in the lungs (Petrache et al., 2013) of adult Cers2-KO mice 

(120 days) compared to their wild-type counterparts. Also, the total amount of ceramide was 

actually lower in the liver, and no difference in total levels of ceramides was seen in the brain 

and kidneys of adult Cers2-KO mice (10 weeks) mice developed in Willecke’s lab (Imgrund et 

al., 2009). These results open a new question of what was actually recognized by S58-9 antibody 

in the lungs of Cers2-KO mice stained with this antibody (Pewzner-Jung et al., 2014) since the 

total amounts of ceramides were not be significantly different in the lungs of Cers2-KO 

compared to the lungs from wt mice and the antibodies used are not able to recognize selectively 

C16:0 ceramides.   

…continued  B. Comparison of polyclonal S58-9 and monoclonal 15B4 antibodies with respect 

to their abilities to recognize different species of lipids that contain ceramide skeleton as a part 

of their structure. Standard (ceramides C14:0, C16:0, C18:0, C18:1, C20:0, C24:0 and C24:1 all 

from Avanti Polar Lipids) were visualized by iodine vapours (see Supplement A1.0 in the 

APPENDIX). Lipids were detected by Mono - 15B4 antibody (Sigma) and Poly-S58-9 

(Glycobiotech) antibodies on the nytran paper after thin-layer chromatography. Courtesy of Dr. 

Juan B. De Sanctis. 
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Therefore, currently available commercial antibodies (15B4 from Sigma and S58-9 from 

Glycobiotech) are both suitable for the assessment of the total pool of ceramides if the ceramides 

are purified from the rest of lipids present in the samples, but are not reliable tools for the 

quantification of specific ceramides levels in biological samples. 

For all these reasons, visualizing subcellular localization of naturally occurring ceramides has 

been very difficult in practice. Additional challenge comes from the fact that unlike other lipids 

that can be specifically recognized by certain protein domains (eg. phosphatidylinositol lipids or 

PIPs are recognized by plecstrin-homology domain), there are no binding protein domains that 

can be used as highly specific probes for ceramides (Canals et al., 2018). Some of the previously 

discussed intracellular ceramide targets were used to visualize ceramides in the cell and these 

efforts were summarized in a recent review (Canals et al., 2018) 

Therefore, mass spectrometry, using an extensive panel of ceramides of different side-chain 

length, remains the only reliable method for unambiguous quantification of ceramides. Due to 

the lack of specificity of the existing antibodies, as of now, there is no generally accepted method 

for the subcellular localization of ceramides. Combining results obtained by these different 

methodologies may lead to fundamentally different and confounding conclusions. 

1.4 Polyunsaturated fatty acids (PUFAs) and their metabolism in CF 

Unsaturated fatty acids are carboxylic acids that contain one or more double bonds and more 

than 4 carbons in the acyl chain. Monounsaturated fatty acids (MUFAs) contain one double bond 

whereas polyunsaturated fatty acids (PUFAs) carry two or more double bonds. The most 

common naturally occurring PUFAs are ω-3 and ω-6 PUFAs. The designation ω refers to the 

position of the most distal double bond counted from the last carbon of the acyl chain (e.g. ω-3 

PUFAs have its first double bond 3 carbons away from the most distal methyl group. 

Alternatively, n letter instead of ω can be used with the same meaning and fatty acids can be 

designated as n-3 and n-6. For example, docosahexanoic acid (DHA) is an ω-3 fatty acid that has 

22 carbons and 6 alternating double bonds counted from the most distal carbon atom and thus 

can be labeled as 22:6n-3. Similarly, arachidonic acid (AA) is an ω-6 PUFA that has 20 carbons 

and 4 alternating double bonds counted from the 20th carbon and thus can be labeled as 20:4n-6. 
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Mammals do not have the ability to introduce double bonds in fatty acids beyond carbon 9 and 

10 (counted from the carbonyl carbon), and therefore they must obtain some PUFAs from the 

food (Di Pasquale, 2009). The two essential fatty acids for humans are linoleic acid (18:2n-6) 

and α-linolenic acid (18:3n-3) which are metabolized through the pathways shown in the (Figure 

1.4.1) Therefore, linoleic acid is the precursor for AA and α-linolenic acid is the precursor for 

docosahexanoic acid (DHA). Importantly, both AA and DHA can be introduced in the 

metabolism directly from the food. Indeed, AA and its precursors are found in plant-derived oils 

(corn, peanut, sunflower), red meat and eggs (Saini and Keum, 2018), while DHA is found in 

fish oil and algae (Horrocks and Yeo, 1999). 

Both AA and DHA are transported in the bloodstream either in the esterified form (incorporated 

into triglycerides or cholesteryl esters) or as “free fatty acids” bound to lipoproteins, but once 

inside cell, they become incorporated into phospholipids which are principal lipid constituents of 

cellular membranes. Upon activation of various signaling pathway initiated either by endogenous 

(hormones, cytokines) or exogenous factors (bacterial lipopolysaccharide), AA and DHA are 

released from phospholipids through the action of the enzymes called phospholipases. There are 

three major categories of phospholipases: cytosolic phospholipases (cPLA2), secreted 

phospholipases (sPLA2) which are Ca2+-dependent and Ca2+-independent phospholipases 

(iPLA2). cPLA2 and iPLA2 enzymes are intracellular whereas sPLA2 are extracellular enzymes.  

 

 

 

 

 

 

 

 

 

 

Figure 1.4.1 

Metabolism of ω-6 

and ω-3 fatty acids 

starting with 

essential fatty acids 

obtained from food 

(LA and ALA).  
Courtesy of Catalina Daciana Dumut. 
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Each of these categories of enzymes is coded by multiple paralogous genes. For example, in the 

human genome there are six genes for cytosolic phospholipases (PLA2G4A, PLA2G4B, 

PLA2G4C, PLA2G4D, PLA2G4E and PLA2G4F coding for cPLA2-α, cPLA2-β, cPLA2-γ, 

cPLA2-δ, cPLA2-ε and cPLA2-ζ proteins respectively), eleven genes for secreted phospholipases 

(PLA2G2A, PLA2G2D, PLA2G2F, PLA2G3, PLA2G5, PLA2G10, PLA2G1B, PLA2G2C, 

PLA2G2E, PLA2G12A and PLA2G12B  coding for group IIA sPLA2, group IID sPLA2, group 

IIF sPLA2, group III sPLA2, group V sPLA2, group X sPLA2, sPLA2-IB, sPLA2-IIC, sPLA2-IIE, 

sPLA2-XIIA and sPLA2-XIIB proteins respectively) and six genes for iPLA2 (PNPLA9, 

PNPLA8, PNPLA6, PNPLA3, PNPLA2 and PNPLA4 coding for iPLA2β, iPLA2γ, iPLA2δ, 

iPLA2ε, iPLA2ζ and iPLA2η proteins respectively) (Dennis et al., 2011; Murakami et al., 2016). 

AA is released from the phospholipids mostly through the actions of cPLA2 and sPLA2 enzymes 

(Dennis et al., 2011; Murakami et al., 2016) while DHA can be released through the action of 

iPLA2 enzymes (Cheon et al., 2012; Strokin et al., 2003) and sPLA2 (Murakami et al., 2011; 

Murase et al., 2016). Interestingly, once released from the membrane DHA can inhibit cPLA2 

and thus limit the release of AA (Shikano et al., 1994). 

Once released from the membrane, AA and DHA are metabolized through the series of 

enzymatic steps into molecules with potent pro- and anti-inflammatory properties.  

AA is the substrate for cyclooxygenases: constitutively expressed COX-1 and inflammation-

inducible COX-2 are both well-known target of aspirin and other non-steroidal anti-

inflammatory drugs (NSAIDs) (Rouzer and Marnett, 2009). These two enzymes initially convert 

AA into an unstable intermediate called prostaglandin H2 which is further converted to different 

biologically active prostanoids depending on the presence of different tissue-specific isomerases. 

These are prostaglandins (PGE2, PGD2, PGF2α), prostacyclin (PGI2) and thromboxanes 

(TXA2, TXB2) (McGiff, 1981). AA is also the substrate for lipooxygenases (5-LOX, 12-LOX 

and 15-LOX) which convert it into leukotrienes, lipoxins and hepoxilins (Samuelsson et al., 

1987). 5-LOX produces leukotriene A4 (LTA4) which is further converted into cysteinyl-

leukotrienes (LTC4, LTD4 and LTE4, leukotriene B4 (LTB4) and lipoxins (LXA4 and LXB4). 

12-LOX converts AA into 12-hydroxyeicosatetraenoic acid (12-HETE) and 15-LOX converts 

AA into LXA4 and LXB4 (Dobrian et al., 2011).  
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All secondary metabolites produced from AA, with the notable exception of lipoxins, are potent 

pro-inflammatory molecules. The activation of  numerous G-protein coupled recetors (GPCRs) 

through which these derivatives of AA act leads to the well known hallmarks of inflammation 

such as chemotaxis of neutrophils and degranulation of platelets at the site of their production, 

synthesis of pyrogenic cytokines which raise body’s temperature etc (Serhan and Ward, 1999). 

On the other hand, all known metabolites of DHA have anti-inflammatory properties (Duvall and 

Levy, 2016). Once released from the membrane by the action of phospholipases, DHA serves as 

the substrate for 15-LOX and 12-LOX enzymes. 15-LOX converts DHA into the intermediate 

17S-hydroperoxy-DHA which is further converted by neutrophil-derived 5-LOX to the D-series 

of resolvins (RvD1-RvD4) (Hong et al., 2003; Serhan et al., 2002). DHA can also be converted 

by 15-LOX into 16, 7-epoxy-protectin intermediate and then to protectin D1 (Hong et al., 2003; 

Serhan et al., 2002). Finally, 12-LOX in macrophages converts DHA into Macrophage Mediators 

in Resolving Inflammation or maresins (Dalli et al., 2013; Serhan et al., 2009). Resolvins, 

protectins and maresins are potent anti-inflammatory molecules that also act through specific 

GPCRs and activate multiple signaling pathways that lead to the resolution of inflammation 

(Duvall and Levy, 2016). These include reduction of neutrophils chemotaxis, stimulation of 

phagocytosis of apoptotic neutrophils, clearance of allergens and many others (Duvall and Levy, 

2016). 

1.4.1 PUFAs in CF 

The first association of abnormal metabolism of PUFAs with CF was made back in 1962 when 

Kuo et al (Kuo et al., 1962) described abnormally low levels of linoleic acid (18:2n-6) in the 

plasma and tissues of children with CF. The next two important milestones were the discoveries 

that the levels of DHA are decreased in different tissues of CF patients examined post mortem 

(Underwood et al., 1972) whereas the level of AA is increased in leukocytes (Carlstedt-Duke et 

al., 1986; Gilljam et al., 1986; Strandvik et al., 2001). These historical findings were later 

confirmed in both CF patients (Freedman et al., 2004) and CFTR-KO (Freedman et al., 1999; 

Guilbault et al., 2009). Taking into consideration the previously discussed pro- and anti-

inflammatory roles of AA and DHA respectively, these findings collectively defined what is 

nowdays known as a proinflammatory imbalance of fatty acids in CF, shortly expressed as a 

high AA/DHA or low DHA/AA ratio.  
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However, with the cloning of CFTR gene in 1989 which sparked the hope that the genetic defect 

itself could be corrected by gene therapy, the initial description of proinflammatory imbalance of 

fatty acids fell into obscurity. New interest in this field was rekindled in the early 2000s with the 

finding that the dietary supplementation with DHA of cftr -/- mice ameliorated many of the CF-

related pathologic phenotypes, including  reduction of villus hypertrophy, reversal of pancreatic 

duct dilation, and most importantly restrain LPS-stimulated pulmonary inflammation (Freedman 

et al., 1999; Freedman et al., 2002). Despite encoraging results obtained in mice (Beharry et al., 

2007; Freedman et al., 1999; Freedman et al., 2002; Portal et al., 2018), the supplementation of 

DHA  alone and other n-3 PUFAs alone did not confer significant clinical benefit to patients with 

CF (Coste et al., 2007; Lloyd-Still et al., 2006; Van Biervliet et al., 2008a). Nevertheless, it was 

shown that the pharmacological correction of pro-inflammatory AA/DHA ratio by fenretinide 

that leads to the simultaneous decrease in AA and increase in DHA (which may not be achieved 

with DHA treatment alone) resulted in the significantly improved ability of cftr-/- mice to 

resolve pulmonary infection wih P. aeruginosa (Guilbault et al., 2009).  

For a long time it was thought that the proinflammatory imbalance of fatty acids observed is 

patients with CF is the consequence of pancreatic insufficiency and the resultant lipid 

malabsorption (Farrell et al., 1985; Hubbard et al., 1977; Rogiers et al., 1983). However, several 

independent lines of evidence undoubtedly disproved the malabsorption hypothesis. First, fatty 

acid imbalance persists in CF patients in whom pancreatic insufficiency has been successfully 

corrected with enzyme replacement and nutritional support (Aldamiz-Echevarria et al., 2009; 

Roulet et al., 1997). Second, the proinflammatory imbalance of fatty acids is seen in cftr -/- mice 

(Freedman et al., 1999; Guilbault et al., 2009), mostly in the tissues that express high level of 

CFTR protein such as lungs, pancreas and intestine, but not in tissues such as brain, kidney or 

heart (Freedman et al., 1999; Mimoun et al., 2009). Finally, the presence of the proinflammatory 

imbalance of fatty acids even in cultured cells derived from the lungs of CF patients indicates 

that this phenomenon is not secondary to pancreatic insufficiency or pathogen-induced lung 

inflammation but is indeed causally linked to lack of functional CFTR protein and is therefore 

intrinsic defect of CF (Andersson et al., 2008) (Garić et al Biochimica et Biophysica Acta (BBA) 

- Molecular and Cell Biology of Lipids, 2019 submitted).  
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Several non-conflicting hypotheses were proposed in order to explain the proinflammatory 

imbalance of fatty acids in CF,  but none of them  provides mechanistic connection between the 

absence of functional CFTR protein and high AA/DHA ratio.  Historically the first described 

abnormality of fatty acids in CF, ie. the LA deficiency, as well as the increased level of AA 

could simply be explained by the rapid turnover of LA into AA (Al-Turkmani et al., 2008). 

Indeed, increased conversion of radioactively labelled LA into AA was demonstrated in CF cells 

compared with wild-type controls (Njoroge et al., 2011). These changes were accompanies with 

the increased expression of Δ5- and Δ6-desaturases (coded by FADS1 and FADS2 genes 

respectively) and could be recapitulated by the treatment of cells with a small molecule inhibitor 

of CFTR (CFTRinh-172). However, these results do not explain the low levels of DHA observed 

in CF, which is the least understood defect of all. Interestingly, DHA is known to supress the 

expression of Δ5- and Δ6-desaturases in cultured cells (Njoroge et al., 2012) and mice 

(Freedman et al., 1999; Mimoun et al., 2009), but the causal connection between CFTR 

deficiency and low DHA levels remains unclear. It is clear that the metabolism of EPA to DHA 

is decreased in cultured CF cells(Njoroge et al., 2011), but the level of 22:5n-3 which is the 

immediate downstream product of EPA was not decreased in this study. On the other hand, 

retroconversion of DHA to EPA which occurs through the modified β-oxidation in peroxisomes 

(Gronn et al., 1991; Hiltunen et al., 1986) was also described in CF (Njoroge et al., 2012). 

Additionally, an abnormal metabolism of phosphatidylcholine (PC) was invoked to explain 

lower levels of DHA in CF: PC formed de novo through the methylation of 

phosphatidylethanolamine (PE) is known to have  higher DHA content than PC formed using 

choline derived from the diet (DeLong et al., 1999; Pynn et al., 2011). CF cells appear to have a 

defect in the metabolism of methyl group such that the de novo synthesis of PC is favoured, 

thereby depleting DHA levels (Innis and Davidson, 2008; Watkins et al., 2003). Whatever the 

mechanism of DHA deficiency in CF is, it is clear that this abnormality can result in the lower 

level of anti-inflammatory lipid mediators derived from it, as it was indeed reported for Resolvin 

E1 in CF patients (Yang et al., 2012). 

Finally, numerous studies have convincingly demonstrated that the increased release of AA in 

CF cells from the cell membrane is mediated by cytosolic phospholipases (cPLA2) (Berguerand 

et al., 1997; Carlstedt-Duke et al., 1986; Dif et al., 2010; Levistre et al., 1993; Miele et al., 1997). 

In this scenario, the increased conversion of LA to AA could be merely a compensatory response 
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to this change, which inadvertendly contributes to even higher levels of AA. The relationship 

between these two pathways, if any, remains to be explored.  

Nevertheless, it has never been established which one out of six cytosolic phpspholipases 

contributes the most to the increased levels of AA. We examined the mRNA levels of all six 

cytosolic phospholipases in CFBE 41o- cells derived from a ΔF508/ΔF508 patient and we could 

not observe any difference in mRNA between parental cells and those transfected with wt-CFTR 

protein (Garic et al Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of 

Lipids, 2019 submitted). However, this leaves an open possibility that the protein levels and/or 

activities of cPLA2 enzymes are affected by posttranslationl modifications. Indeed, the treatment 

of CFBE41o- parental cells with fenretinide, an orphan drug which was previously reported to 

decrease the level of AA and increase the level of DHA (Guilbault et al., 2009) was found to 

decrease the total cPLA2 activity assayed by colorimetric assay (Garic et al Biochimica et 

Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids, submitted). The mechanism of 

this change remains to be further explored. 

1.4.2 Fenretinide 

Understanding the mechanisms of proinflammatory fatty acid imbalance in CF is of direct 

relevance to dietary therapy (Borowitz et al., 2002; Smith et al., 2012). Unfortunately, the typical 

modern Western diet contains high ratio of ω-6 to ω-3  PUFAs (Blasbalg et al., 2011; 

Simopoulos, 1998), and therefore may exacerbate the already present intrinsic defect of high AA 

and low DHA production in CF patients. This, in turn, may result in an increased production of 

pro-inflammatory lipid mediators for which AA serves as a precursor and decreased production 

of anti-inflammatory lipid mediators for which DHA serves as the starting metabolite. 

Unfortunately, the supplementation of DHA alone and other n-3 PUFAs alone did not confer 

significant clinical benefit to patients with CF (Coste et al., 2007; Lloyd-Still et al., 2006; Van 

Biervliet et al., 2008a).  

Fenretinide (4-hydroxy(phenyl)retinamide; 4-HPR) is a synthetic analogue of retinoic acid which 

has a phenyl moiety instead of carboxylic group linked through an amide bond (Figure 1.4.2).  
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We have previously reported that low doses of fenretinide correct proinflammatory lipid 

imbalance in CFTR-KO mice by decreasing the levels of AA while simultaneously upregulating 

the level of DHA (Guilbault et al., 2009). Fenretinide was used at  lower doses as a 

chemopreventive agent in patients with breast cancers (Veronesi et al., 1999) and at relatively 

high doses for treatment of patients with neuroblastoma (Children's Oncology et al., 2006). In 

both cases fenretinide was shown to be relatively safe agent and the most common adverse 

effects reported were minor visual disturbances such as diminished dark adaptation. This adverse 

effect is most likely due to the ability of fenretinide to decrease endogenous retinol 

concentrations by competing for the same transport protein RBP4 (Berni and Formelli, 1992). 

Fenretinide binds strongly to RBP4, but this complex does not bind to transthyretin (Berni et al., 

1993). However, fenretinide-RBP4 complex is eliminated through renal filtration, thereby 

depleting the level of RBP4 necessary to transport retinol, which eventually results in lower 

retinol levels in fenretinide-treated patients (Berni et al., 1993). 

Similarly to retinoic acid, which is a physiologically active metabolite of retinol, fenretinide 

binds to retinoid receptors (RARs), which belong to the family of nuclear receptors. Upon 

binding of their ligand (which may be either all-trans-retinoic acid or 9-cis retinoic acid), several 

isoforms of RARs, known as RAR-α, -β and -γ, bind to the DNA sequence known as retinoic 

acid receptor elements (RAREs) and regulate transcription of hundreds of genes (Al Tanoury et 

al., 2013). On the other hand, retinoid X receptors  (RXR-α, -β and -γ) bind only 9-cis retinoic 

acid (Leblanc and Stunnenberg, 1995). Fenretinide was found to bind binds strongly to RARγ, 

weakly to RARβ (Bu and Wan, 2007; Fanjul et al., 1996) and not at all to RXRα (Fanjul et al., 

1996). On the other hand, fenretinide activates transcription by a nuclear receptor called PPARγ 

(Harris et al., 2005; Lin et al., 2016) although there is no evidence for the direct interaction with 

PPARγ. The consequences of these actions are certainly cell-type dependent and results in the 

downregulation or upregulation of the transcription of the genes normally controlled by these 

 

Figure 1.4.2 Structures of fenretinide and  retinoic acid. 
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nuclear receptors. Additionally, fenretinide was found to prevent the activation of NF-κB 

pathway by inhibiting the phosphorylation of IκBα kinase (Shishodia et al., 2005) and to inhibit 

phosphorylation of Erk kinase (Lachance et al., 2013) thereby inhibiting the signals that emanate 

from multiple Tyr-phosphorylated growth factor receptors.  

Due to its pleiotropic effects outlined above, it is very difficult to pinpoint the exact mechanism 

whereby fenretinide affects the activity of cytosolic phospholipases. Additionally, fenretinide 

was found to increase the level of anti-inflammatory very-long-chain ceramides while decreasing 

the levels of pro-inflammatory long-chain ceramides and this effect could be attributed to the 

downregulation of Cers5 enzyme (Garic et al., 2017). 

Even though the exact mechanism of fenretinide action on different lipid species is still 

unknown, it is certain that fenretinide holds promise as the safe agent for the pharmacological 

correction of aberrant lipid metabolism in patients with CF.  Long-term safety of fenretinide was 

well established in the population of breast cancer patients (Camerini et al., 2001; Veronesi et al., 

2006). However, the safety profile of fenretinide in CF patients was evaluated  for the first  time 

in a Phase Ib clinical trial with a novel orally bioavailable formulation of fenretinide (LAU-7B). 

The reassuring safety profile and excellent pharmacokinetics of the LAU-7B formulation 

obtained in Phase Ib, led to the Phase II (APPLAUD) trial (NCT03265288). This is a currently 

ongong international Phase II, double-blind, randomized, placebo-controlled study to evaluate 

the safety and efficacy of LAU-7b in CF patients administered escalating doses (100 mg, 200 

mg, 300 mg) once-daily for 6 months. 

Finally, since the signaling through retinoid receptors and NF-κB pathway are known to be 

important for constituve and pathogen-induced expression of mucin genes (Binker et al., 2015; 

Blanco et al., 2009; Morin et al., 2015), we examined how fenretinide tretment affects the 

expression of MU5AC and MUC5B genes in a goblet cell line derived frm rat lungs. 

Interestingly, our recent results demonstrate that the low dose of fenretinide (1.25 µM) 

selectively prevents MUC5AC overexpression, without significantly affecting MUC5B 

expression (Garić et al Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of 

Lipids, 2019 submitted). These results are especially important considering significant biological 

differences between MUC5AC and MUC5B (Evans et al., 2015; Roy et al., 2014). Indeed, it was 

recently demonstrated that MUC5B is required for mucocilliary clearance and immunological 
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defense of the lungs whereas MUC5AC is disensable and is in fact responsible for pathological 

plugging and airway obstruction (Evans et al., 2015). Nevertheless, the mechanistic connection 

between proinflammatory lipid imbalance and the regulation of mucin gene expression remains 

unexplored. Most likely, such a connection would be indirect, through the metabolites of fatty 

acids such as eicosanoids (Marom et al., 1981) or 12(R)-HETE (Garcia-Verdugo et al., 2012). 

 

In conclusion, the pro-inflammatory imbalance of PUFAs reflected in a high AA/DHA ratio is an 

important component of sterile inflammation which is detrimental for the lung defense of CF 

patients. This underexplored biochemical aspect of CF may lead to the development of novel 

therapeutic interventions in the future. To this end, fenretinide holds promise as a safe 

pharmacological agent for the correction of abnormal lipid metabolism and as a novel 

mucoregulatory agent. 

 

Based on the preceding discussion the Hypotheses and Objectives of my doctoral thesis 

were: 

1. CF patients have higher level of BAFF in their plasma. Hyperinflammation in CF is not 

protective, since CF patients are more susceptible to lung infections despite higher antibody 

titers. We hypothesize that BAFF is a component of sterile inflammation in CFTR-KO mice and 

that the neutralization of BAFF may improve lung function in CF-KO mice. Therefore, the 

objectives were to examine the level of BAFF in both wild-type and CFTR-KO mice and to 

examine the susceptibility of both groups of mice to lung infection with Pseudomonas 

aeruginosa upon depletion of BAFF with a neutralizing antibody. 

2. There is a link between CFTR expression and the aberrant profile of phospholipid subclass 

called ceramides in CF and this imbalance in ceramides can be corrected by treatment with 

fenretinide. We hypothesized that fenretinide restores the balance of LCC and VLCC species via 

modulation of the enzymes specific for the chain length of these ceramide species. Therefore, our 

objective was to elucudate the identity of these enzymes and the effect of fenretinide on their 

expression. 

3. It was shown that the downregulation of CFTR gene with antisense RNA leads to pro-

inflammatory imbalance of fatty-acids. Therefore, we hypothesized that the upregulation of 
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CFTR gene in ΔF508/ΔF508 cell line would lead to the correction of this imbalance and that this 

effect could be mimiced by fenretinide treatment. Since, fenretinide is an antagonist of retinoic 

acid and an agonist of PPAR-γ transcription factor, we hypothesized  that it may transcriptionally 

regulate the expression of MUC5AC and MUC5B genes. Therefore, the objectives were to 

assess the levels of AA and DHA in ΔF508/ΔF508 lung epithelial cell line upon overexpression 

of CFTR and to assess the levels of MUC5AC and MUC5B genes in a goblet cell line and 

murine lungs upon infection with Pseudomonas aeruginosa and fenretinide pre-treatment. 
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Chapter 2 

 

Depletion of BAFF cytokine exacerbates infection in Pseudomonas 
aeruginosa infected mice 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter examines the role of BAFF cytokine in the immunological defense of lungs. It 
was adapted from the published manuscript: Garić D, Tao S, Ahmed E, Youssef M, 
Kanagaratham C, Shah J, Mazer B, Radzioch D. Depletion of BAFF cytokine exacerbates 
infection in Pseudomonas aeruginosa infected mice. J Cyst Fibros. 2018 Dec 7. pii: S1569-
1993(18)30864-6. doi: 10.1016/j.jcf.2018.11.015. [Epub ahead of print] (original article) 
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2.1 Abstract 

Background: Cystic fibrosis (CF) is a genetic disease characterized by chronic inflammation of 

the lungs that is ineffective at clearing pathogens. B-cell activating factor (BAFF), a cytokine 

involved in the development of B-cells, is known to be elevated in CF patients with subclinical 

infections. We postulate that the elevated BAFF levels in CF patients might be triggered by 

Pseudomonas aeruginosa infection and it might play a protective role in the regulation of lung 

responses to infection.  

Methods: To address this hypothesis, we used a well characterized model of CFTR.KO mice 

infected with a clinical strain of P. aeruginosa (PA508). We quantified cell types with flow 

cytometry, concentration of cytokines by ELISA tests, bacterial load by colony counting and 

lung physiology by metacholine-induced lung resistance.  

Results: Our data demonstrates that BAFF is not elevated in uninfected CF mice, and infection 

with Pseudomonas leads to significant induction of this regulatory cytokine. We also 

demonstrate that the maintenance of BAFF levels and its induction during the infection is 

important for clearance of Pseudomonas infection as its depletion during the course of infection 

leads to decrease in the resolution of infection both in WT and CFTR-KO mice. Interestingly, the 

depletion of BAFF not only results in a depletion of B cells numbers but also to a significant 

decrease in the number of regulatory T cells in the non-infected lungs. 

Conclusions: Overall, our data demonstrate for the first time that BAFF is an important 

regulatory molecule helping to maintain the immunological response to infection and clearance 

of lung infection.  

2.2 Introduction 

Patients with cystic fibrosis (CF) demonstrate impaired ability to clear both bacterial and fungal 

pathogens and subsequently suffer from chronic pulmonary inflammation. This persistent, high-

intensity inflammation is dominated by neutrophils that release proteases, particularly elastase, 

that cleave structural proteins of the lungs (Cantin et al., 2015; Elizur et al., 2008).These 

proteolytic activities contribute to bronchiectasis, a permanent structural damage of the lungs 

that can lead to respiratory failure and even death. Therefore, better understanding of which 
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regulatory molecules are essential for clearing lung pathogens in CF subject is of great 

importance.  

To this end, several pharmacological approaches to control excessive inflammation have been 

investigated including corticosteroids, high-dose ibuprofen and azithromycin (Cantin et al., 

2015). Unfortunately, the improvements seen after the treatment with systemic corticosteroids 

was modest and transient. The benefits were lost after the treatment was stopped and toxicity was 

high (Lai et al., 2000). Treatment with high-dose ibuprofen has not been widely adopted due to 

the challenges associated with obtaining pharmacokinetics for appropriate dosing and concerns 

over adverse effects (Konstan, 2008). Azithromycin is an antibiotic that may have anti-

inflammatory properties independent of its bactericidal action, and has been recommended for 

the treatment of CF patients over the age of six, irrespective of their infection status with P. 

aeruginosa(Saiman et al., 2010; Saiman et al., 2012). The effect of these therapies on the 

regulatory molecules important for the maintenance of proper immune response and clearing 

infection have not yet been assessed adequately. 

B cell activating factor (BAFF) is a cytokine required for the generation and maintenance of B 

cells, the major factories of antibody production (Schneider et al., 1999; Thompson et al., 2001). 

Even though the production of pathogen-specific antibodies by B-cells is normally an important 

mechanism of airway defense, it was shown that early production of IgA and IgG antibodies to 

P. aeruginosa alginate did not prevent development of chronic infection and furthermore the 

higher levels of P. aeruginosa-specific IgA antibodies correlate with poor lung 

function(Pedersen et al., 1990). Recently it was found that the expression of BAFF was increased 

at both mRNA (Ogilvie et al., 2011) and protein levels (Neill et al., 2014) in the lungs of CF 

patients compared to healthy controls, irrespective of their infection status with P. aeruginosa. 

These findings prompted us to hypothesize that the increased levels of BAFF could represent a 

feedback response and an inherent feature of chronically infected lungs observed in vast majority 

of CF patients. We hypothesize that BAFF could be important mediator in the regulation of lung 

inflammation and specific targeting of BAFF could establish if its ablation would impair ability 

to fight the infection worsening of the lungs physiology or decrease excessive inflammation 

preventing bronchiectasis, potentially without compromising the host's immune response against 

the pathogen. 



58 
 

We had previously reported that IL-10-KO mice and WT mice treated with neutralizing 

antibodies against IL-10 are more susceptible to P. aeruginosa infection in the lungs than their 

wild-type counterparts (Guilbault et al., 2002). Using S489X (B6.129P2-Cftrtm1Unc) mice, Soltys 

et al.(Soltys et al., 2002) reported that the IL-10 level is lower in the BALF of these CF mice. IL-

10 is an anti-inflammatory cytokine produced by B and T cells, dendritic cells and macrophages 

in response to inflammatory stimuli (Saraiva and O'Garra, 2010), and therefore its production 

might be affected when the BAFF levels would be depleted. In order to investigate the potential 

source of IL-10 in the lungs of CF mice, we focused on two major populations of 

immunosuppressive lymphocytes, namely B-regulatory (Breg) and T-regulatory (Treg) cells. 

Breg and Treg cells are subsets of lymphocytes whose function is to maintain immunological 

tolerance through production of immunosuppressive cytokines such as IL-10 and TGF-β. 

CD4+CD25+ Treg cells are defined by the expression of transcription factor Foxp3. In contrast 

to the CD4+CD25+Foxp3+ Treg cells, there are currently no known transcription factors specific 

to the development of Breg cells. In addition to being CD19 positive, Bregs are defined by their 

production of inhibitory ligands such as PD-1 and immunosuppressive cytokines.  

In this study we examined the effect of blocking BAFF ligand with a neutralizing antibody 

Sandy-2. Our results show the effect of BAFF depletion on the level of IL-10 and some of its 

major producers, namely Breg and Treg cells and clearly demonstrate that the depletion of BAFF 

has deleterious effects on the bacterial burden and lung physiology in wild-type C57BL/6 and 

CFTR-KO mice during infection with P. aeruginosa. 

2.3 Methods 

2.3.1 Mice 

Inbred C57BL/6-Cftr-/-(CF-KO) mice with an increased susceptibility to pulmonary P. 

aeruginosa infection compared to their littermate controls and without intestinal correction of 

CFTR were previously described (Gosselin et al., 1998). All experiments were conducted in 

accordance with the Canadian Council on Animal Care guidelines and approved by the Facility 

Animal Care Committee of the MUHC-RI. 
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2.3.2 Neutralization of BAFF cytokine 

For the neutralization of BAFF cytokine, mice were injected intraperitoneally with either PBS as 

a placebo control or with 2mg/kg of Sandy-2 antibody (Adipogen, #AG-20B-0063PF), as this 

dose was previously described to fully deplete B-cells(Kowalczyk-Quintas et al., 2016).  

2.3.3 Preparation of bacterial inoculums and lung infection 

Bacteria (P. aeruginosa strain DNC235) were entrapped in agar beads (150-200 μm in size) and 

mice were infected (1‧ 106cfu/animal) non-invasively through the trachea as previously 

described (Guilbault et al., 2005). Mice were sacrificed 3 days after infection by CO2 overdose 

and lungs were collected for further analyses. 

2.3.4 CFU quantification  

Lungs from infected mice were harvested and homogenized for 45 seconds at speed 6 (PT10135; 

Brinkmann Instruments Co., Mississauga, ON, Canada) in 3 ml of sterile PBS. Serial 10-fold 

dilutions of lung homogenates were plated on Petri dishes containing trypticase soy agar (TSA). 

The number of cfu per lung was counted after overnight incubation at 37oC. An aliquot of the 

lung homogenate was preserved with protease inhibitors (Roche) for ELISA tests. 

2.3.5 ELISA tests 

Concentration of total protein in each sample was determined with a BCA kit (Thermo Fischer 

Scientific) and an equal amount of protein (100μg per well) was used in ELISA test.  

Quantification of the BAFF level was done using the Quantikine® ELISA BAFF immunoassay 

(MBLYS0, RnD Systems) and IL-10 was done using ELISA immunoassay (DY417-05, R&D 

Systems) according to the manufacturer's instructions. 

2.3.6 Pulmonary resistance 

Pulmonary resistance in mice was measured as previously described (Kanagaratham et al., 

2014). The maximum resistance for each mouse, in response to PBS or increasing doses of 

methacholine exposure was determined using Buxco plethysmograph system (Buxco Research 

System, Wilmington, NC, USA). 
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2.3.7 Flow Cytometry 

Spleens were harvested and macerated in 1X PBS. Lungs were injected with 1mL of digestion 

buffer (1X Hanks’ Balanced Salt Solution (14025092, Life Technologies), 3U/mL collagenase D 

(11088866001, Roche), and 10 mg/mL DNase I (90083, ThermoFisher Scientific) through the 

trachea. The lungs were digested for 30 minutes at 37°C with GentleMACSOcto Dissociator 

(130096427, MiltenyiBiotec Inc). The resulting cell suspensions were filtered through a 40μM 

nylon mesh. Following RBC lysis, splenocytes and lung epithelial cells were re-suspended in 

medium (RPMI 1640 containing 10% FBS,1% Sodium Pyruvate, 1% Pen/Strep, 1% HEPES, 

and50μM β-mercaptoethanol) and cultured for 4 hours in the presence of a cell activation 

cocktail containing PMA, ionomycin, and Brefeldin A (Cat. 423303, BioLegend) at 37°C.For the 

staining of B cell from the spleen, stimulated cells were first stained for 30 min at 4°C with 

CD19-PerCP(115532, BioLegend), and fixable viability dye (FVD) Zombie-Aqua (423102, 

BioLegend). For the staining of B cells in lungs, stimulated cells were stained for 25 min at 4°C 

with CD45-APC (103112, BioLegend), CD19-PerCP, CD138-BV421, and FVD Zombie-Aqua. 

Following incubation in Fixation/Permeabilization buffer (00-5523-00, eBioScience) for 20 min 

at RT, splenocytes and lung cells were stained with IL-10-PE (505008, BioLegend) in 

Perm/Wash buffer for 30 min at 4°C, washed in Perm/Wash buffer, and then re-suspended in 

FACS buffer.For staining of T cells from spleen, stimulated cells were first stained for 30 min at 

4°C with CD4-FITC (100510, BioLegend), CD25-PE (101904, BioLegend), and FVD-eFluor780 

(65086514, eBioScience). For staining of T cells from lungs, cells were stained with CD45.2-

eFluor450 (48-0454-82, eBioscience), CD4-FITC, CD25-PE, and FVD-eFluor780. Following 

incubation in fixation/permeabilization buffer for 30 min at RT, splenocytes and lung cells were 

stained with FoxP3-APC (17577382, eBioScience) in Perm/Wash buffer for 1 hour at RT, 

washed in Perm/Wash buffer, then re-suspended in FACS buffer. All cells were kept on ice until 

acquisition. Samples were run using a FACS Canto II (BD) on the same day. The flow cytometry 

data were analyzed using FlowJo version 10.1 software. 

2.3.8 Statistical Analysis 

All statistical analyses were performed using GraphPad (GraphPad, San Diego, CA, USA). 

Statistical analysis was performed using ANOVA test with Holm-Sidak’s correction whenever 

multiple comparisons (more than two groups) for a single variable were compared and t-tests 
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with Welch’s correction when only two conditions for a single variable were compared at a time. 

Data is represented as means ± SD (*p≤0.05, ** p≤0.01, *** p≤0.001).  

2.4 Results 

2.4.1 Increased level of IL-10 and not BAFF is an inherent feature of cystic fibrosis.  

Experimental design and the timeline of the treatment of mice with Sandy-2 and subsequent 

infection is outlined in Figure 2.1.  

 

 

 

 

 

 

 

 

 

 

We did not observe any adverse effects upon Sandy-2 treatment based on visual examination and 

measurement of weight even after repeated administration of the antibody (Figure S2.1). In 

order to examine whether an elevated level of BAFF is associated with the CFTR-/- genotype, we 

analyzed the levels of BAFF by ELISA test in lung homogenates of CFTR homozygous 

knockout mice (CF-KO) and their wild-type littermates housed under standard conditions. With 

regards to BAFF, we did not observe any significant differences between the lungs of wild-type 

and CF-KO mice (Figure 2.2A). Next, we examined the levels of BAFF during pulmonary 

infection with P. aeruginosa in CF-KO mice. To this end, we measured the level of BAFF in CF-

 Figure 2.1 Experimental design/timeline of placebo (PBS) and Sandy-2 treatment followed by 

P. aeruginosa (PA508) infection.  
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KO mice and their wild-type littermates. Indeed, we found that infection with P. aeruginosa 

strongly increased the level of BAFF in the lungs of both wild-type and CF-KO mice and that 

this increase could be efficiently prevented with Sandy-2 treatment (Figure 2.2 A). 

 

 

 

 

 

 

 

 

 

 

 

 

In order to test how the reduction of BAFF levels affects the ability of mice to control P. 

aeruginosa infection, we treated mice with Sandy-2 antibody two times prior to bacterial 

infection (Figure 2.1). There are several antibodies available to neutralize BAFF and we selected 

Sandy-2 as it was shown to be the most efficient antibody for the neutralization of BAFF 

(Kowalczyk-Quintas et al., 2016). Indeed, we observed that following the treatment with Sandy-

2 mice BAFF levels were lower than in non-treated mice and even after infection BAFF levels 

were not increased in Sandy-2 treated mice and they remained lower than the levels observed in 

uninfected animals (Figure 2.2 A). Furthermore, we wanted to examine the level of IL-10 in the 

lung homogenates of infected and non-infected CF-KO mice and their corresponding wild-type 

controls. Interestingly, the levels of IL-10 were significantly higher in the lungs of non-infected 

 

Figure 2.2 A. BAFF levels in uninfected WT and CFTR-KO mice, after P. aeruginosa 

(PA508) infection, and after Sandy-2 treatment. B. IL-10 levels in uninfected WT and CFTR-

KO mice, after P. aeruginosa (PA508) infection, and after Sandy-2 treatment.  

Each group consisted of n=3-5 WT or CFTR-KO mice which were either untreated and 

uninfected controls or treated with placebo (PBS)or Sandy-2 (2 mg/kg) and infected with 

PA508 strain of P. aeruginosa (106 CFU/animal). Data is represented as means ± SD 

(*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001).  
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CF-KO mice compared with their wild-type and controls (Figure 2.2 B). Treatment of mice 

infected with P. aeruginosa with Sandy-2 did not lead to an increase in the level of IL-10 in 

wild-type animals and only resulted in slight increase of IL-10 in CF-KO mice. 

2.4.2 BAFF depletion does not have significant impact on Breg cells 

At baseline, we did not observe any significant difference in the presence of B cells between 

wild-type and CF-KO mice in the lungs (Figure 2.3 A) nor in the spleen (Figure 2.3 B). We also 

did not observe any significant difference in the number of CD19+IL10+ B cells between wild-

type and CF-KO mice in the lungs nor spleen (Figure 2.3 C). As expected anti-BAFF treatment 

efficiently depleted the total numbers of B-cells both in the lungs and spleen of both infected and 

non-infected mice (Figures 2.3 A and B, respectively). As shown in Figure 2.3 A, 72 hours after 

infection, the relative percentage of B cells, dramatically decreased in the lungs of both wild-type 

and KO mice. Interestingly, in the spleens of Sandy-2 treated non-infected mice, the percentage 

of CD19+IL10+ cells was not significantly altered and it was even higher in the spleens of 

infected CF-KO mice compared with placebo-treated controls, as illustrated in Figure 2.3 D.  

Overall our findings demonstrate the effect of BAFF depletion has much greater impact on the 

the IL10+ Breg population in the lungs but not in the spleen which does not seem to be 

dependent on pathways regulated by BAFF even during course of infection. 

2.4.3 Treg cells are not significantly altered in CF-KO mice but they are strongly 

depleted by anti-BAFF treatment 

BAFF-KO mice were shown to be fully depleted of B cells but did not show any significant 

difference in T cell counts (Schiemann et al., 2001). However, the impact on BAFF gene 

deletion on CD45+CD4+CD25+FoxP3+ Treg cells was not evaluated in that study. Therefore, 

we wanted to evaluate how depletion of BAFF impacts this subpopulation of T cells in CF 

mouse model which displays CF lung disease (Guilbault et al., 2005; Kent et al., 1997).   
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Figure 2.3 Anti-BAFF treatment efficiently depleted B-cells in both the lungs and 

spleen of infected and non-infected WT and CFTR-KO mice. A. % of CD45+CD19+ 

B cells in the lungs of uninfected WT and CFTR-KO mice, after Sandy-2 treatment, after 

P. aeruginosa (PA508) infection, and after Sandy-2 treatment of infected WT and CFTR-

KO mice. B. % of CD19+ B cells in the spleen of uninfected WT and CFTR-KO mice, 

after Sandy-2 treatment, after P. aeruginosa (PA508) infection, and after Sandy-2 

treatment of infected WT and CFTR-KO mice. C. % of CD45+CD19+IL10+ B cells in the 

lungs of uninfected WT and CFTR-KO mice, after Sandy-2 treatment, after P. aeruginosa 

(PA508) infection, and after Sandy-2 treatment of infected WT and CFTR-KO mice. D. % 

of CD19+IL10+ B cells in the spleen of uninfected WT and CFTR-KO mice, after Sandy-

2 treatment, after P. aeruginosa (PA508) infection, and after Sandy-2 treatment of 

infected WT and CFTR-KO mice. Each group consisted of n=3-5 WT or CFTR-KO mice 

which were either untreated and uninfected controls or treated with placebo (PBS)or 

Sandy-2 (2 mg/kg) and infected with PA508 strain of P. aeruginosa (106 CFU/animal). 

Data is represented as means ± SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001).  
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We discovered that BAFF depletion selectively decreased the percentage of Treg cells in the 

lungs of both wild-type and CF-KO mice, but did not have any effect on the percentage of Tregs 

in the  spleen (Figures 2.4 A and 2.4 B). These results are consistent with a previous finding that 

BAFF transgenic mice have increased the number of Treg cells (Walters et al., 2009). Also, a 

previous report (Hector et al., 2015) suggested that Treg cells may be decreased in the gut-

corrected Cftrtm1 Unc - Tg(FABPCFTR) mouse model of cystic fibrosis. Our mouse model has been 

extensively characterized in several prior publications (Guilbault et al., 2005; Kent et al., 1997) 

which similarly to CF patient do not express CFTR in the gut tissue. We did not observe Treg 

cells to be decreased at baseline in the lungs our CFTR mouse model. Neither infection alone nor 

infection combined with Sandy-2 treatment had a significant effect on Treg population in the 

spleen of wild-type mice (Figure 2.4 B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.4 BAFF depletion selectively decreased the % of Treg cells in the lungs of 

both WT and CFTR-KO mice, but did not have any effect in the spleen. A. % of 

CD45+CD4+CD25+FoxP3+Treg cells in the lungs of uninfected WT and CFTR-KO 

mice, after Sandy-2 treatment, and after Sandy-2 treatment of infected WT mice. B. % of 

CD4+CD25+FoxP3+ Treg cells in the spleen of uninfected WT and CFTR-KO mice, 

after Sandy-2 treatment, after P. aeruginosa (PA508) infection and after Sandy-2 

treatment of infected WT mice. Each group consisted of n=3-5 WT or CFTR-KO mice 

which were either untreated and uninfected controls or treated with placebo (PBS) or 

Sandy-2 (2 mg/kg) and infected with PA508 strain of P. aeruginosa (106 CFU/animal). 

Data is represented as means ± SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). 
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2.4.4 Reducing the level of BAFF in both wild-type and CF-KO mice increases their 

susceptibility to infection 

CFU counts in lung homogenates of CF-KO mice treated with PBS were significantly higher 

than in wild-type mice treated with PBS, consistent with our previously reported results 

(Guilbault et al., 2005). As shown in Figure 2.5 A, bacterial burden was significantly higher in 

CF-KO mice treated with Sandy-2 than in CF-KO mice treated with PBS, indicating that 

reduction of BAFF levels or depletion of B-cells in CF-KO mice impairs their ability to control 

infection. We also observed significant differences in CF counts between wild-type mice treated 

with PBS and Sandy-2. These results are consistent with the previously published findings that a 

temporal increase in systemic BAFF levels together with administration of heat-killed P. 

aeruginosa augments a pathogen-specific immune response and protects mice against a lethal 

pulmonary challenge with P. aeruginosa (Tertilt et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.5 BAFF depletion exacerbates pulmonary infection and in CF-KO mice 

contributes to the increase of lung resistance A. Bacterial counts in the lungs of mice 

treated with Sandy-2 and placebo (PBS), 3 days after infection with PA508 strain of P. 

aeruginosa. B. Fold increase from baseline at 100 mg/ml methacholine in placebo-treated 

(PBS) CFTR-KO mice and their wild-type littermates after infection with P. aeruginosa 

(PA508). continued… 
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2.4.5 Reducing the level of BAFF in CF-KO but not in wild-type mice increases their 

lung airway resistance 

One way to quantify the physiology of lungs is to test the lung responsiveness to methacholine, a 

non-selective muscarinic receptor agonist which is commonly used for diagnosing bronchial 

hyperreactivity. C57Bl/6 strain of mice are relatively resistant to methacholine compared to other 

strains, therefore the higher doses of methacholine needs to be used during the analysis of lung 

resistance. Therefore, the range of the methacholine doses suitable for assessment of lung 

physiology in this strain of mice was first established. In the subsequent experiments we have 

used 50 mg/ml to 200 mg/ml range of methacholine doses while assessing lung physiology in 

these mice. The dose of 100 mg was skipped in some experiments in order to avoid fatigue of the 

lungs. Our results demonstrated a statistically significant difference in the lung resistance 

between CF-KO and wild-type at the dose of 100 mg/ml of methacholine (Figure S2.2 A and 

Figure 2.5B). Therefore in the second set of experiments using mice infected with a clinical 

strain of P.aeruginosa (PA508) and treated with Sandy-2 antibody, we increased the doses of 

methacholine and the final dose reached 200 mg/ml of methacholine. As seen in Figures S2.2B 

and Figure 2.5C, airway resistance of infected CF-KO mice treated with Sandy-2 was 

significantly higher than the airway resistance of infected CF-KO mice treated with PBS as a 

control. BAFF depletion in wild-type mice treated with Sandy-2 (Figure 2.5C) has not affected 

the lung physiology to the same extent as we had observed in the CFTR-KO mice. Overall, our 

results clearly demonstrate physiological relevance of BAFF as a regulatory molecule in 

maintenance of lung physiology of CFTR-KO during the lung infection. 

 

…continued  C. Fold increase from baseline at 200 mg/ml methacholine in placebo treated 

(PBS) and anti-BAFF (Sandy-2) treated CFTR-KO mice after infection with P. aeruginosa 

(PA508). Each group consisted of n=3-5 WT or CFTR-KO mice which were either 

untreated and uninfected controls or treated with placebo (PBS) or Sandy-2 (2 mg/kg) and 

infected with PA508 strain of P. aeruginosa (106 CFU/animal). Data is represented as means 

± SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). 
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2.5 Discussion 

In this study we analyzed physiological importance of BAFF in CF mouse model of pulmonary 

infection. To achieve this objective we have tested the effect of BAFF depletion in CF-KO mice 

and their wild-type littermates on their ability to control P. aeruginosa infection. We also 

analyzed the change in number of Breg and Treg cells. 

Previous reports found significantly increased expression of BAFF in BAL fluid (Neill et al., 

2014) and bronchial brushings (Ogilvie et al., 2011) from the lungs of CF patients. Since we did 

not observe such a difference at baseline in uninfected CF-KO mice and their wild-type 

counterparts, we believe that these differences were due to the chronic infection in the lungs 

known to be perpetually present in this population of patients (Zemanick and Hoffman, 2016). In 

the previously published study using BAL fluids collected from S489X (B6.129P2-Cftrtm1Unc) 

mice and controls(Soltys et al., 2002), it was shown that the level of IL-10 were lower in CF 

mice than controls. In our study we used whole lung homogenate without collecting BAL fluid 

prior to collection, which we believe represents better the entire lung environment. Our findings 

demonstrated significantly increased levels of IL-10 in CF-KO mice at the baseline. We believe 

that our results indicate the existence of a low-grade simmering inflammation present in the CF-

KO mice that triggers production of IL-10. We have previously described in detail the 

importance of IL-10 in the control of lung infection with Pseudomonas in female and male 

C57BL/6 mice(Guilbault et al., 2002).The IL-10 levels are typically increased during the first 24 

hours of acute lung infection and eventually decrease as the infection gets resolved. In CF mice 

after 72h infection has still not been resolved. At this time point post infection, the levels of IL-

10 were already down regulated in the infected CF-KO compared to uninfected CF-KO 

suggesting that resolution phase of inflammatory response in CF-KO is aberrantly regulated.  

CD19+IL10+ cells were mostly unaffected by Sandy-2 treatment suggesting that anti-BAFF 

treatment selectively depletes B cells that are not producing IL-10 and partially spares the 

population of anti-inflammatory B-cells, particularly during inflammation. These results may be 

especially important with regards to the development of novel therapies targeting BAFF in 

systemic lupus erythematosus (SLE). Indeed, targeting BAFF by Belimumab has shown 

promising results in the phase III trial of patients with SLE (Furie et al., 2011; Manzi et al., 2012; 

Navarra et al., 2011). However, there have been conflicting reports with regards to the role of IL-
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10 in lupus, with some describing disease-promoting (Ishida et al., 1994; Ravirajan et al., 2004) 

whereas others describing its protective (Blenman et al., 2006; Yin et al., 2002) role in murine 

lupus models. Nevertheless, several studies have found that the level of IL-10 is significantly 

higher in patients with SLE and that the higher IL-10 levels correlate with higher severity of the 

disease, indicating that the elevated levels of circulating IL-10 in SLE patients cannot control 

constitutive inflammation present in these patients (Houssiau et al., 1995; Liu et al., 2011; Park 

et al., 1998). To the best of our knowledge, this is the first report describing selective depletion 

of B-cells that are not Breg cells using anti-BAFF treatment. 

In a previous study, using Cftrtm1 Unc – Tg(FABPCFTR) mice in which CFTR expression is restored in 

the intestines, Hector et al. (Hector et al., 2015) found that Treg cells are significantly decreased 

in these KO mice compared with their WT controls. However, we did not observe such a 

difference using our CF-KO mice. Again, we believe that these differences are due to the 

simmering inflammation perpetually present in the lungs of CF-KO mice (Gosselin et al., 1998), 

which is partially corrected in the lungs of Cftrtm1 Unc - Tg(FABPCFTR) mice. 

Furthermore, BAFF knockout mice are known to be fully devoid of B cells, whereas they show 

no changes in total T cell counts (Schiemann et al., 2001). However, our study provides new 

evidence that the depletion of BAFF strongly decreased the number of Treg cells in the lungs in 

non-infected mice. Given the controversial status of Treg cells in SLE, with some investigators 

reporting their beneficial role in the murine model of SLE (Scalapino et al., 2006), while others 

reporting increased number of Tregs in human SLE that correlated with the severity of the 

disease(Alexander et al., 2013; Golding et al., 2013), it will be of interest to further investigate 

the consequences of BAFF depletion by therapeutic antibodies in SLE. 

Here we show that neutralizing BAFF is detrimental for the defense against P. aeruginosa 

infection. Indeed, the bacterial load measured as CFU per lung was significantly higher in both 

WT and CF-KO animals that were treated with Sandy-2 compared to placebo-treated controls. 

Still, the bacterial load was higher in CF-KO Sandy-2 treated animals than in WT mice treated 

with Sandy-2, probably because CF-KO mice are more susceptible to infection than their WT 

counterparts.  



70 
 

Finally, our results demonstrated that lung function during infection, assessed by measuring lung 

resistance, was more compromised during infection in Sandy-2 treated CF-KO mice compared to 

placebo-treated CF-KO mice. Although WT mice treated with anti-BAFF treatment became 

more susceptible to lung infection similarly as CF-KO mice, the effect of BAFF depletion at the 

level of lung physiology in WT was not significant. Lung resistance of CF-KO mice was very 

clearly affected by the depletion of this regulatory protein than lung resistance of WT mice. 

In conclusion, in this study we demonstrate that elevated levels of IL-10 but not BAFF are an 

inherent feature of the lungs of CF-KO mice due to the persistent inflammation continuously 

present in these animals even in the absence of infection. Interestingly, depletion of BAFF does 

not affect IL-10 population of B cells as much as other subtypes of B cells but strongly depletes 

Treg cells in the non-infected lungs. Finally, depletion of BAFF impairs the ability of CF-KO 

mice to fight off P. aeruginosa lung infection and compromises lung function as demonstrated 

by higher bacterial load and higher methacholine-induced lung resistance. 
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2.9 Supplementary Figures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 FIGURE S2.1 Changes in % weight loss of mice after Sandy-2 treatment (on days 6 and 7) 

and P. aeruginosa (PA508) infection (on days 8, 9 and 10). Weight loss % was calculated 

using the formula given above.  

 

FIGURE S2.2 Reduction of BAFF level in CFTR-KO mice contributes to the increase of 

lung resistance during pulmonary infection with P. aeruginosa (PA508). A. Effect of 

placebo (PBS) on lung physiology (lung resistance at 100 mg/ml of methacholine) in CFTR-

KO mice and their wild-type littermates after infection with P. aeruginosa (PA508).  B. Effect 

of placebo (PBS) and anti-BAFF (Sandy-2) treatment on lung physiology (lung resistance at 

200 mg/ml of methacholine) in CFTR-KO mice and their wild-type littermates after infection 

with P. aeruginosa (PA508). Each group consisted of n=3-5 WT or CFTR-KO mice which 

were either untreated and uninfected controls or treated with placebo (PBS) or Sandy-2 (2 

mg/kg) and infected with PA508 strain of P. aeruginosa (106 CFU/animal). Data is 

represented as means ± SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). 
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Chapter 3 

 

Fenretinide differentially modulates the levels of long- and very-long-

chain ceramides by downregulating Cers5 enzyme: evidences from 

bench to bedside 

 

 

 

 

 

 

 

 

 

 

 

This chapter examines the levels of pro-inflammatory long-chain ceramides and anti-
inflammatory very-long-chain ceramides in cystic fibrosis, the causality between the 
expression of CFTR and their levels as well as the effect of fenretinide on them. It was 
adapted from the published manuscript: Garić D, De Sanctis JB, Wojewodka G, Houle D, 
Cupri S, Abu-Arish A, Hanrahan JW, Hajduch M, Matouk E, Radzioch D. Fenretinide 
differentially modulates the levels of long- and very long-chain ceramides by downregulating 
Cers5 enzyme: evidence from bench to bedside. J Mol Med (Berl). 2017 Oct; 95(10):1053-1064. 
(original article) 



73 
 

3.1 Abstract 

Cystic fibrosis is the most common genetic disease whose symptoms may be alleviated but not 

fully eliminated. Ceramides have long been implicated in the inflammatory etiology of cystic 

fibrosis, with contradicting reports with regards to their role. Recently, significant biological and 

biophysical differences have been observed between long- and very-long-chain ceramides. This 

work reveals that long-chain ceramides are upregulated whereas very-long-chain ceramides are 

downregulated in cell lines, mouse animal model and patients with cystic fibrosis, compared 

with their controls. Treatment with fenretinide decreases the levels of long-chain ceramides and 

increases the levels of very-long-chain ceramides. Our results show that restoration of cystic 

fibrosis conductance regulator (CFTR) expression is associated with normalization of aberrant 

levels of specific ceramides. This demonstrates for the first time a correlation between CFTR 

protein expression and regulation of specific ceramide levels. Furthermore, using cystic fibrosis 

lung epithelial cell lines, we demonstrate that this effect can be attributed to the transcriptional 

downregulation of ceramide synthase 5 (Cers5) enzyme. We also discovered a partial synergism 

between fenretinide and zinc (Zn2+), whose deficiency has been reported in patients with cystic 

fibrosis. Overall, in addition to having direct translational application, we believe that our 

findings contribute to the understanding of ceramide metabolism in cystic fibrosis, as well as 

other inflammatory diseases where imbalances of ceramides have also been observed. 

3.2 Introduction 

Despite the new personalized approaches, cystic fibrosis (CF) still remains the most common 

lethal genetic disease in Caucasians affecting on average 1 in 3000 newborns (Cutting, 2013). 

However, an amazing effect on life expectancy of patients with CF is anticipated from the 

correction of the effects of specific mutations in CFTR gene by a small-molecule therapy 

targeting the defective CFTR protein (Corvol et al., 2016). The disease is caused by various 

mutations in the CFTR gene (Cutting, 2015; Lucarelli et al., 2015) that abrogate its function as a 

chloride channel in the pulmonary epithelium, the most common being F508del that disrupts the 

folding and causes premature degradation of the CFTR protein. The absence of functional CFTR 

protein leads to the accumulation of viscous mucus in the lungs and to the colonization of 

opportunistic pathogens, the most common of which is Pseudomonas aeruginosa (P. 

aeruginosa).This initiates a vicious cycle of recurrent infections and inflammation that  may be 
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sporadically interrupted by antibiotic treatment but that inevitably results in the permanent tissue 

damage which is the principal cause of morbidity in patients with CF (Cutting, 2013). Several 

studies have highlighted a connection between lipid rafts of lung epithelial cells (Grassme et al., 

2003; Kowalski and Pier, 2004) and their ability to initiate signaling cascades that activate 

immune response against P. aeruginosa. Lipid rafts are micro-domains in the plasma membrane, 

highly enriched in cholesterol and sphingolipids that serve as the origin of receptor-mediated 

signaling events. Stimulation of receptors, such as CD95 or CD40, activates acid 

sphingomyelinase in the lipid rafts which produces ceramides by degrading sphingomyelins 

(Cremesti et al., 2001; Grassme et al., 2001). Ceramides induce the fusion of small sphingolipid-

enriched rafts into larger membrane platforms that cluster receptor molecules and initiate 

receptor signaling (Bollinger et al., 2005). Ceramides are sphingolipids made of a sphingosine 

and an acyl chain of different lengths. It is this acyl moiety that confers specific and sometimes 

fundamentally different biophysical and biochemical properties to ceramides of different classes 

(Skolova et al., 2014). Recently it became clear that ceramides containing long acyl chain 

(LCCs), have opposing biological effects on cellular viability as compared to ceramides 

containing very long acyl chain (VLCCs) (Grosch et al., 2012; Hartmann et al., 2012). How 

ceramide species of different acyl-chain length exert opposing biological effects remains unclear. 

Specificity of the acyl chain length is achieved by the addition of acyl-CoA of different lengths 

(C14-C26) to sphinganine by ceramide synthases (Cers-es) located in the endoplasmic reticulum 

(Levy and Futerman, 2010). Of the six mammalian Cers-es, Cers2 represents the most 

ubiquitously expressed form and the one with the highest expression in lung epithelial cells 

(Petrache et al., 2013). Cers2 forms heterodimers with Cers5 that produce VLCCs, whereas 

Cer5:Cers5 homodimers produce LCCs and Cers2:Cers2 homodimers display very low or no 

catalytic activity(Laviad et al., 2012). Previously, it was shown that the failure to generate 

ceramide-enriched signaling platforms in lung epithelial cells leads to an uncontrolled 

inflammatory response, massive release of interleukin-1-β (IL-1β) and septic shock-induced 

death of mice upon P. aeruginosa infection (Grassme et al., 2003). Treatment of infected mice 

with galactosylceramide was shown to enhance clearance of P. aeruginosa from infected lungs 

(Nieuwenhuis et al., 2002).We showed, for the first time, that both patients with CF and CF-

knockout (CF-KO) mice have lower total amount of certain species of ceramides, as compared to 

their controls (Guilbault et al., 2009), the most abundant of which is C24:0. Treatment of CF-KO 
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mice with fenretinide (N-4-hydroxyphenyl-retinamide), normalized the level of ceramide species 

in the lungs and decreased bacterial burden after P. aeruginosa lung infection (Guilbault et al., 

2008). Fenretinide is a semisynthetic retinoid that acts as an agonist of PPARγ receptor (Harris et 

al., 2005; Lin et al., 2016), a well-known transcription factor that requires Zn2+ ions for its action 

(Meerarani et al., 2003). On the other hand, Teichgräber et al (Teichgraber et al., 2008) showed 

that accumulation of LCCs, specifically C16:0, causes age-dependent constitutive pulmonary 

inflammation, death of pulmonary epithelial cells and increases susceptibility of CF-KO mice to 

P. aeruginosa infection. However, in that report, C24:0, the most abundant of all species of 

ceramides, was not examined. As a secondary endpoint in a Phase Ib clinical trial of fenretinide, 

we measured the effect of the drug on specific ceramide species. Due to seemingly discordant 

reports regarding the role of ceramides in CF, we set out to more specifically examine the levels 

of specific ceramide species (LCCs vs. VLCCs), presumed to have opposing biological effects. 

Here we report the major differences in CF between the two best explored and most abundant 

representatives of LCCs (C16:0) and VLCCs (C24:0) as well as other ceramide species (Figures 

S3.2-S3.8) demonstrating the effect of fenretinide on both classes of ceramides; decreasing the 

LCCs and increasing diminished levels of VLCCs. 

3.3 Methods and Materials 

3.3.1. Cell culture 

Pulmonary epithelial cell line CFBE41o- (CFTR-F508del/F508del) (Kunzelmann et al., 1993), 

further referred to as CFBE41o-(P) and CFBE41o- transduced with wild-type CFTR and further 

referred to as CFBE41o- (wt-CFTR) (Bebok et al., 2005), were grown as described in 

Supplementary Materials and Methods section. For each experiment, the 80% confluent 

monolayer was treated for 72h with 1.25 µM fenretinide (AMRI Global, Albany, New York 

USA, formerly Grafton and Cedarburg Pharmaceuticals) and/or 12.5 µM zinc sulfate (Sigma). 

Physiological concentrations of Zn2+ in human plasma are 10.1-17.9 µM (Rink and Gabriel, 

2001).  

3.3.2 Measurement of mRNA expression by quantitative RT-PCR  

RNA was extracted with Aurum Total RNA kit (Biorad) and quantitative real time PCR was 

done as described in Supplementary Materials and Methods section. Primers for ceramide 
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synthases were specifically designed to distinguish each member of the family from another one. 

Specificity of each primer set was confirmed by manual comparisons of primer sequences 

against cDNA sequences using ClustalOmega (EMBL) (Table S3.1.) and the specificity of RT-

PCR products was confirmed by sequencing. 

3.3.3 Western Blot  

Protein extraction, measurement of protein concentration and SDS-PAGE, are described in 

Supplementary Materials and Methods section and the fast transfer of proteins to 

nitrocellulose membrane was done as previously described (Garic et al., 2013). The anti-Cers2 

antibody against a 20-mer peptide of the C-terminal region (SRLLANGHPILNNNHPKND) was 

produced by Willecke laboratory, and extensively characterized, as previously described 

(Kremser et al., 2013). The anti-Cers5 antibody (ThermoScientific #PA-20647) used in this 

study was produced using as an immunogen a peptide of the 14 amino acids from the N-terminus 

of the protein that specifically distinguishes Cers5 from all other members of this family. 

3.3.4 Mice 

Inbred C57BL/6-Cftr+/- were maintained in the animal facility of the McGill University Health 

Center Research Institute (MUHC-RI, Montreal, Canada) as described in Supplementary 

Materials and Methods. CF-KO mice used in the experiments were obtained by 

breeding C57BL/6-Cftr+/- heterozygous mice. CF-KO mice and wild-type littermate controls 

were treated via intraperitoneal route with 10 mg/kg of fenretinide dissolved in 1% ethanol daily 

for 4 weeks and then sacrificed. Plasma and lungs were collected and analyzed from CF-KO 

mice and their wild-type littermate controls. 

3.3.5 Patients and Clinical Trial 

The Phase Ib clinical trial was conducted at MUHC, Montreal Chest Institute with the primary 

aim of evaluating the safety of fenretinide in CF patients (clinicaltrials.gov, NCT02141958). A 

total of 15 patients (Table 3.1) were treated with escalating multiple daily doses of a novel oral 

solid dosage form of fenretinide or matching placebo, randomized 3:1, respectively (Laurent 

Pharmaceuticals Inc., Montréal, Canada) during cycles of 21 consecutive days, spaced by 

minimum 7-days drug-free periods: 100 mg per day in Cycle 1 (C1), 200 mg per day in Cycle 
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two (C2) and 300 mg per day in Cycle three (C3) (Figure S3.1). One patient withdrew in C3 due 

to upcoming elective surgery. A design and a small number of CF patients enrolled in this Phase 

Ib double blind placebo-controlled design of safety trial have not allowed to randomize 

adequately the placebo group vs. drug treated group regarding their respective annual frequencies 

of exacerbations. Postulated therapeutic drug concentration range (1-2μM) was reached in the 

plasma of all drug treated patients in C3 (Table 3.1) as of Day 1. Blood samples were also 

collected from fifteen healthy volunteers todetermine at the same time the reference ranges in 

healthy controls described in detail in Table S3.2. (Ethics review# A-16296.b, Proposal # 

SC090443 and Award # W81XWH-10-1-0858). All genotypes of patients are presented 

according to the traditional and new Human Genome Variation Society (HGVS) nomenclature 

(Berwouts et al., 2011). 

3.3.6 Measurement of ceramide levels by mass spectroscopy 

Ceramide levels were assessed in blood and lung tissue collected from CF mice and in blood 

from clinical trial participants. Plasma and lung samples were preserved in 1 ml of 1 mM of 

butyl-hydroxyanisole (BHA) in a chloroform/methanol solution (2:1 vol/vol) (Folch et al., 1957; 

Van Handel and Zilversmit, 1957). Ceramides were analyzed using high-performance liquid 

chromatography coupled with mass spectrometry (LC/MS/MS) after their initial separation on 

thin layer chromatography and silica extraction as previously described (Guilbault et al., 2008). 

3.3.7 Statistical Analysis 

All statistical analyses were performed using GraphPad (GraphPad, San Diego, CA, USA).  For 

the cell lines, statistical significance of differences was evaluated using unpaired t-test with 

Welch's correction. For mice, statistical significance of differences was evaluated using a one- 

way ANOVA test. For the comparisons of patients with healthy controls (HC), unpaired t-test 

with Welch's correction was used, while Wilcoxon's matched-pairs test was used to evaluate the 

statistical significance of differences within patients before and after fenretinide or placebo 

treatment. We always refer to the significance represented by * sign (or multiple * signs) above 

the particular line. In all cases only two conditions are compared at the time, even when there are 

multiple conditions on the graph. 
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For patients who are followed in time Wilcoxon's matched-pairs test was used to evaluate the 

statistical significance of differences within patients before and after fenretinide or placebo 

treatment. In case when ANOVA was used (only for mice), Bonferroni correction was applied. 

In all cases, the threshold of statistical significance was set at p≤0.05. 

 

 

 
Table 3.1 Demographic data of patients and healthy controls and response of patients to 

fenretinide in the third cycle of phase Ib clinical trial. BMI - Body Mass Index; HGVS - Human 

Genome Variation Society; Fen - Fenretinide; N/A - Not Applicable Footnote: * Male sex : 46 %; # 

According to the approved ethical protocol for clinical trial phase Ib pharmacokinetic analysis was 

approved for 12 patients, including placebos. 
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3.4 Results 

3.4.1 Mice 

3.4.1A Very-Long-Chain Ceramide species are downregulated and Long-Chain Ceramide 

species are upregulated in CF-KO mice compared with WT controls 

We have previously shown that VLCCs, in particular C24:0, are constitutively downregulated in 

CF-KO mice and CF patients compared with their WT-counterparts and Healthy Controls, 

respectively (Guilbault et al., 2009). Here, we aimed to closely examine the level of each 

ceramide species from the available panel of ceramides by mass spectroscopy. Our analysis 

revealed that shorter ceramide species with side-chain length from 14 to 18 carbons (C14:0, 

C16:0, C18:0), although much less abundant compared to VLCCs, are significantly up-regulated 

in the plasma and lungs of CF-KO mice compared with their wild-type controls. On the other 

hand, VLCCs (C22:0, C24:0, C26:0) were significantly downregulated in both plasma and lungs 

of CF-KO mice compared with WT controls (Figure 3.1 A-D; Figures S3.2. and S3.3). Recent 

studies done by Petrache et al (Petrache et al., 2013) suggest that the increase of LCCs 

concomitant to Cers2 knockout leads to constitutive inflammatory phenotype in the lungs. 

However, biological significance of these changes as well as the molecular mechanisms behind 

them remain to be fully elucidated. 

3.4.1B Fenretinide normalizes the levels of ceramides in CF-mice by downregulating long-chain 

ceramide species and upregulating very-long chain ceramide species  

In order to assess the effect of fenretinide on distinct ceramide species, we treated mice daily 

with 10 mg/kg of fenretinide for 28 days. We assessed the levels of ceramides in plasma (Figure 

3.1 A and C) and lungs (Figure 3.1 B and D) of treated mice. Our analysis showed that 

fenretinide consistently downregulated the levels of C16:0 and other LCCs in both wild-type and 

CF-KO mice; however, the magnitude of this effect was much larger in CF-KO mice. 

Additionally, fenretinide treatment corrected aberrantly low levels of C24:0 and most of the 

other VLCCs in CF-KO mice (Figure 3.1 A-D, Figure S3.2, and Figure S3.3). 
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3.4.2 CF Patients  

LCCs are upregulated and VLCCs are downregulated in patients with CF compared with 

healthy controls and this imbalance is corrected by fenretinide treatment 

 
Figure 3.1 Levels of C16:0 and C24:0 ceramides in plasma and lungs of CF-KO mice and wild-

type littermates treated with fenretinide and vehicle-treated (ethanol) controls. C16:0 is upregulated 

in the plasma (A) and lungs (B), whereas C24:0 is downregulated in the plasma (C) and lungs (D) 

of CF mice (n=7 for both ethanol and fenretinide treated group) compared with their WT littermates 

(n=8 for both fenretinide and ethanol treated group). In all cases these imbalances were reversed 

with fenretinide (Fen) treatment. For mice, statistical analysis was done using one-way ANOVA 

test. Bars show means ± SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001) 
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In order to assess whether the effects of fenretinide can be translated from mice to humans, we 

compared the levels of ceramides in the plasma of HC, patients with CF at baseline before the 

start of the Phase Ib clinical trial and at the end of the third cycle of fenretinide treatment (C3) 

where a therapeutically effective plasma concentration was achieved. Indeed, levels of C16:0 

were significantly higher in the plasma of patients with CF prior to the study treatment, 

compared with HC (Figure 3.2 A and 2B). On the other hand, the levels of C24:0 and most 

other VLCCs were significantly lower in the plasma of patients with cystic fibrosis compared 

with HC (Figure 3.2 C and 2D, Figure S3.4). During our analysis, we found that the fifteen 

patients enrolled (10-11 patients treated with active drug, depending on the drug treatment cycle) 

segregated in two groups with regards to the changes in ceramide levels: high responders in 

which both C24:0 and C16:0 were corrected, and partial responders in which only C24:0 was 

corrected. Therefore, we grouped the patients receiving fenretinide into high responders (HR) 

(n=5), partial responders (PR) (n=5) alongside patients on placebo (P) (n=4), as outlined in 

Table 3.1. In HR CF patients, the ceramide imbalance was corrected by 300 mg per day 

fenretinide treatment. The high levels of C16:0 and other LCCs were downregulated by 

fenretinide, whereas the low levels of C24:0 and other VLCCs were increased (Figure 3.2 A and 

2C, Figure S3.4). In the PR group of patients, in which usually only one of the two ceramide 

species of interest was corrected, mixed responses were also observed for several other ceramide 

species (Figure S3.6, Table 3.1). All but one patient (RDZ #15) had increased C24:0 in response 

to fenretinide treatment, however this patient has been the only patient with the C24:0 levels 

within the normal range at baseline. The increased levels of C16:0 at baseline in this patient 

seem to be brought down within the range observed in HC. In the group of partial responders, 

C16:0 decreased in two patients (RDZ #1 and #15), and increased in three patients (RDZ #6, #9 

and #12). Importantly, we did not see any significant changes in the placebo group neither in 

C24:0 (p=0.18; C3 vs. baseline) nor C16:0 (p=0.50; C3 vs. baseline) (Figure 3.2 B and D, 

Figure S3.5). Due to the small sizes of both drug-treated and placebo-treated groups and 

variabilities between patients enrolled in Phase Ib trial with regards to their lung function and 

frequency of exacerbation parameters at the baseline and genotypes, true comparisons would 

only be possible in the Phase II trial. 
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3.4.3 Lung epithelial cell lines 

In order to understand the mechanism behind the changes in LCCs and VLCCs induced by 

treatment with fenretinide, in the pulmonary epithelium of mice and patients, we used a well 

characterized lung epithelial cell line homozygous for F508del CFTR mutation developed from  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.2 C16:0 is higher in the plasma of both patients to be treated (A) (n=5) and placebos 

(PLA; n=4) (B) at the baseline compared to healthy controls (HC, n=15). Fenretinide (Fen) 

treatment decreases the level of C16:0 in 5 patients (A), but not in placebos (B). C24:0 is 

lower in the plasma of both patients to be treated (C) and placebos (D) at the baseline 

compared to healthy controls. Fenretinide treatment increases the level of C24:0 in 5 patients 

(C) but not placebos. For patients, unpaired t-test with Welch's correction was used to 

compare patients at the baseline with healthy controls while Wilcoxon's matched-pairs test 

was used to evaluate the differences seen in patients before and after the treatment with 

fenretinide. Bars show means ± SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). 
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Figure 3.3 The level of C16:0 in CFBE41o- (P) cells is partially decreased by the treatment 

with either Zn2+ or fenretinide alone but is strongly decreased in the combined treatment with 

fenretinide and Zn2+ (A). Level of C16:0 is significantly lower in CFBE41o- (wt-CFTR) cells 

than in its parental line and is even further brought down by fenretinide and Zn2+ treatment 

(B). continued… 
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CF bronchial epithelial cells by Gruenert and colleagues, further referred to as parental 

CFBE41o-(P) cell line (F508del/F508del). We also used a derivative cell line produced by 

transduction with lentiviral vector directing the expression of wild-type CFTR as previously 

described (Bebok et al., 2005) and further referred to as CFBE41o-(wt-CFTR). CFBE41o-(P) 

cells inherently express high levels of C16:0 ceramide and following treatment with fenretinide, 

the levels decreased. Interestingly, treatment with Zn2+ ions alone was also able to decrease the 

levels of C16:0 ceramides (Figure 3.3 A), and these effects were enhanced in the combination 

with fenretinide. On the other hand, CFBE41o- (wt-CFTR) cell line expresses much lower level 

of C16:0 in comparison with its parental cell line CFBE41o-(P), and these levels are brought 

down even further with fenretinide and Zn2+ treatment (Figure 3.3 B). 

Also, CFBE41o-(P) cell line expresses low levels of C24:0. Following the treatment with 

fenretinide, the levels of C24:0 ceramide increased, reaching the range close to those observed in 

human and mouse controls (Figure 3.3 C). When the cells were treated with both fenretinide and 

with Zn2+ ions, a further increase of the C24:0 levels was observed.  

continued…Level of C24:0 is not affected by the treatment with Zn2+ alone but is strongly 

upregulated by the treatment with either fenretinide (Fen) alone or combined treatment with Zn2+ 

and fenretinide (C). Level of C24:0 is significantly higher in CFBE41o- (wt-CFTR) cells than in 

its parental line and is not affected by fenretinide and/or Zn2+ treatment (D). In CFBE41o- (P) 

(F508del/F508del), treatment with fenretinide slightly (fold change = 1.43) but significantly (** 

p≤0.01)  upregulates the expression of mRNA for Cers2 enzyme whereas treatment with Zn2+ 

alone does not have any significant affect and combined treatment with fenretinide has only 

marginal effect (fold change = 1.40, *p≤0.05) on the expression of Cers2 mRNA (E). On the other 

hand, both fenretinide alone and fenretinide combined with Zn2+ had a strong and statistically 

significant effect on the expression of Cers5 enzyme (E), whereas Zn2+ alone had a marginal (fold 

change = -1.26;*** p≤0.001) effect on the expression of Cers5.  In CFBE41o- (wt-CFTR) cells, 

mRNA for Cers2 was slightly affected by fenretinide and Zn2+ treatment, whereas combined 

treatment had no effect (F). On the other hand, mRNA for Cers5 was strongly downregulated by 

fenretinide (fold change = -1.52) and combined treatment (fold change = -1.44) whereas Zn2+ 

alone did not have any significant effect (F). Data are represented as means ± SD (*p≤0.05, ** 

p≤0.01, *** p≤0.001, **** p≤0.0001). All experiments were done in triplicates (n=3). 
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On the other hand, correction of CFTR protein deficiency in CFBE41o- (wt-CFTR) cell line by 

transfection of lentiviral vector encoding functional CFTR protein, resulted in much higher 

levels of C24:0 compared to CFBE41o-(P), and these were not further modified by Zn2+ and 

fenretinide treatment (Figure 3.3 D). 

The fact that CFBE41o- (wt-CFTR) cell line expresses much lower levels of C16:0 and much 

higher levels of C24:0 than its CF counterpart with mutated CFTR seems to suggest a causal link 

between CFTR expression, and ceramide metabolism deserves further exploration 

Since Cers-es are the only enzymes of the ceramide pathway specific for acyl or side chain 

length, we hypothesized that fenretinide may affect the levels of LCCs and VLCCs by 

transcriptionally regulating some of these enzymes. The most abundant ceramides in the lungs 

are C16:0 and C24:0, respectively synthesized by Cers5:Cer5 homodimers and Cers5:Cers2 

heterodimers (Laviad et al., 2012).   

Indeed, in both CFBE41o- (P) and CFBE41o-(wt-CFTR) cells fenretinide downregulated Cers5 

enzyme at the level of mRNA (Figure 3.3E and 3.3F, respectively) and these changes were 

reflected at the level of Cers5 protein as well (Figure 3.4). On the other hand, in both cell lines, 

fenretinide slightly upregulated the levels of Cers2 enzyme at mRNA level (Fig 3.3E and 3.3F) 

however no changes were seen at Cers2 protein level (Figure 3.4). Overall, by downregulating 

the levels of Cers5, without significantly affecting the level of Cers2 enzyme, the formation of 

Cers5:Cers5 homodimers is disadvantaged in respect to Cers2:Cers5 heterodimers after 

fenretinide and/or Zn2+ treatment. Therefore, the production of C16:0 is decreased and the 

production of C24:0 is increased (Figure 3.5 C). 

3.5 Discussion 

The importance of lipid rafts in the activation of signaling pathways leading to regulated host 

response against acute P. aeruginosa infection has long been recognized (Grassme et al., 2003). 

However, there have been conflicting reports with regards to the role of specific ceramide 

species within lipid rafts. All ceramides consist of a sphingosine backbone of 18 carbons and an 

acyl chain of variable length (Figure 3.5 A), and depending on the length of this acyl chain, they 

can be grouped in LCCs (C14-C20) and VLCCs (C22-C26). 
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Teichgräber et al (Teichgraber et al., 2008) previously reported that age-dependent accumulation 

of LCCs (specifically C16:0 species; see [22] Supplementary Information) causes inflammation, 

cell death and increases susceptibility of CF-KO mice to P. aeruginosa infection. However, there 

were no results reported on C24:0 or any other VLCCs levels in their study. Our group showed 

that CF-KO mice have lower content of VLCCs, specifically C24:0 species, and that this 

deficiency could be corrected by treatment with fenretinide (Guilbault et al., 2008). Importantly, 

fenretinide treatment of CF-KO mice significantly decreased bacterial burden upon P. 

aeruginosa infection (Guilbault et al., 2008).  

Hartmann and colleagues investigated the role of ceramides and reported that effects of LCCs are 

opposite of the effects of  VLCCs on the growth of human breast and colon cancer cells, with 

LCCs having pro-apoptotic effect while VLCCs exhibiting anti-apoptotic effect (Hartmann et al., 

2012). In line with these reports, Brodlie et al reported that C16:0, C18:0 and C20:0 ceramides, 

but not C22:0, were upregulated in CF patients with advanced stage lung disease; the study did 

not include analysis of C24:0 levels (Brodlie et al., 2010). 

Interestingly, Pewzner-Jung et al recently reported (Pewzner-Jung et al., 2014) that the 

"sphingoid very-long chain bases" were able to kill a broad spectrum of bacteria at nanomolar to 

low micromolar concentrations including P. aeruginosa and even Burholderia cepacia. Further, 

they demonstrated that very long chain sphingoid bases are abundantly expressed on the luminal 

surface of the nasal epithelium and lungs of HCs but were almost undetectable in CF patients. 

Importantly, restoration of surface sphingoid very-long chain bases by inhalation reversed 

susceptibility of CF mice and cured existing P. aeruginosa infection. 

The exact molecular mechanism behind the opposing effects of the ceramides containing fatty 

acids of different side-chain lengths is still unclear. Biophysical investigations done by Školova 

et al suggest that C16:0, particularly its acyl chain, is less organized than the very long chain of 

C24:0 and therefore may be disruptive for the formation of lipid rafts and other sphingomyelin-

containing structures in the cell, especially when overproduced (Skolova et al., 2014). 

Here we aimed to explore how fenretinide treatment impacts the level of specific ceramide 

species and to gain insight into the molecular mechanisms responsible for these effects. We have 

systematically examined the level of LCCs and VLCCs in the CF patients, CF mice and a CF cell 
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line treated with fenretinide and their controls.  Indeed, our results demonstrate that VLCCs 

including C22:0, C24:0, C24:1, C26:0 and C26:1 were consistently downregulated in CF mice 

and CF patients and LCCs including C14:0 and C16:0 were upregulated both in CF mice and CF 

patients compared to controls. We did not observe consistency in modulation of the level of 

C18:0 and C20:0 ceramides among CF patients, CF mice CF cell line treated with fenretinide 

(Figures S3.2, S3.3, S3.4, S3.7 and S3.8). The synthesis of C18:0 and C20:0 is controlled by 

Cers1 and Cers4, two enzymes which do not seem to be modulated by fenretinide treatment (see 

Table A1.0 in the APPENDIX).We further went on to examine the mechanism responsible for 

the observed changes in LCCs and VLCCs caused by fenretinide treatment. The steady state 

levels of ceramides in the cell are critically dependent on the amount of ceramides produced by 

either de novo (from  palmitate and serine) or salvage pathway (from sphingosine) and the 

amount of ceramides consumed by their incorporation into either sphingomyelins or complex 

glycosphingolipids (Figure 3.5 B).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Measurement of protein levels by Western blot in CFBE41o-(P) (F508del/F508del) and 

CFBE41o-(wt-CFTR) cells shows that Cers2 is not affected in either of these cell lines by fenretinide 

and/or Zn2+ treatment. On the other hand, the levels of Cers5 are decreased in both CFBE41o-(P) 

(F508del/F508del)  and CFBE41o-(wt-CFTR) cells following treatment with fenretinide and 

combined treatment with fenretinide and Zn2+ , but are unaffected by treatment with Zn2+ alone. 
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As can be seen in Figure 3.5 B, Cers-es are the critical enzymes involved in both pathways of 

ceramide production. There are six mammalian Cers-es (Cers1-6) and they catalyze addition of 

the side chain to the dihydrosphingosine in the de novo pathway or sphingosine in the salvage 

pathway. Therefore, they are the only enzymes in both pathways that are specific with regards to 

the length of the side chain. In lungs, of the six mammalian Cers-es, the predominantly expressed 

forms are Cers2, Cer4 and Cers5 (Petrache et al., 2013). In order to produce LCCs, Cers5 

enzymes homodimerize, while the production of VLCCs requires heterodimerization between 

Cers5 and Cers2 enzymes (Laviad et al., 2012). Therefore, production of VLCCs depends on the 

balance between enzymes produced by different isoforms of Cers-es. Based on the observed 

changes in the levels of specific ceramides, we examined how treatment with fenretinide affects 

the level of Cers-es. As a model we used the well characterized human bronchial epithelial cell 

line CFBE41o-(P) and its derivative overexpressing wild-type CFTR, CFBE41o-(wt-CFTR). 

We showed that fenretinide treatment leads to significant downregulation of Cers5 at mRNA and 

protein levels whereas Cers2 mRNA levels and protein levels were not significantly affected 

(Figures 3.3 and 3.4). Therefore, by downregulating Cers5 levels, fenretinide changes the ratio 

of Cers5/Cers2 enzymes in favour of the formation of Cers5:Cers2 heterodimers over 

Cers5:Cers5 homodimers. Consequently, LCC species are decreased and VLCC species are 

increased upon fenretinide treatment. There are multiple explanations on how fenretinide 

treatment might downregulate the mRNA level of Cers5. For example, it might upregulate the 

expression of the repressor for Cers5 gene or upregulate miRNA that binds to Cers5 mRNA. 

Fenretinide has been known to exert some of its multiple cellular effects by acting as a ligand for 

PPARγ receptor (Kocdor et al., 2009). On the other hand, PPARγ receptor has long been 

recognized as a potential therapeutic target in CF and its function has been known to be severely 

reduced in CF (Dekkers et al., 2012; Ollero et al., 2004; Perez et al., 2008). This deficiency is 

most likely caused by the lack of endogenous PPARγ ligands like 15-keto-PGE2, linoleic acid 

and DHA (Dekkers et al., 2012). Indeed, pharmacological activation of PPARγ by rosiglitazone 

has been shown to confer some therapeutic benefits in CF mice (Harmon et al., 2010). 

Unfortunately, rosiglitazone has been withdrawn from the market due to the side effects leading 

to the elevated risk of heart attacks in diabetic patients (Nissen and Wolski, 2007). 
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Additionally, zinc deficiency has been described in children affected by CF (Yadav et al., 2014) 

and supplementation of zinc decreased respiratory infections in children with CF (Abdulhamid et 

al., 2008; Van Biervliet et al., 2008b). Interestingly, zinc ions are required for the transcriptional 

actions of PPARγ receptor (Meerarani et al., 2003; Reiterer et al., 2004). Dekkers and colleagues 

proposed that PPARγ should be considered as a therapeutic target in CF (Dekkers et al., 2012). 

Therefore, we decided to test the effect of fenretinide alone, zinc (Zn2+) treatment alone and a 

combined treatment of zinc (Zn2+) and fenretinide on CF lung epithelial cells. Indeed, this 

combination resulted in an additive effect in the downregulation of LCCs and upregulation of 

VLCCs, warranting further investigation of the potential therapeutic value of using a combined 

treatment with zinc (Zn2+) and fenretinide. 

In conclusion, this study demonstrates that fenretinide normalizes the imbalance among several 

specific ceramide species in CF patients and CF mice. Interestingly, our data show for the first 

time a strong correlation between CFTR expression and levels of C16:0 and C24:0 ceramides. 

Specifically, we report that fenretinide upregulates the levels of VLCCs which were reported to 

have anti-inflammatory and anti-apoptotic role in 80% of patients and downregulates the levels 

of LCCs which were reported to have pro-inflammatory effect and pro-apoptotic role in 

epithelial cells in 70% of patients (Grosch et al., 2012; Hartmann et al., 2012). It is possible that 

the differences in expression of gene modifiers in partial responders might influence the 

regulation of Cers5 gene in response to fenretinide or that the 21 days of treatment was not 

sufficient to change the levels of these phospholipids. We cannot exclude the possibility that the 

patient’s nutritional habits, individual to each patient, and the differences in the degree of zinc 

(Zn2+) levels among patients also had a significant impact on the variability of the corrective 

effect on specific species of ceramides among patients. We were unable to assess the potential 

influence of these factors because the clinical trial was not designed for this purpose. Our 

findings suggest that the therapeutic effect might be enhanced if fenretinide treatment is 

accompanied by zinc supplementation in the diet. Furthermore, our findings might also be of 

relevance in designing potential therapies for diseases other than CF, where an imbalance 

between LCCs and VLCCs has also been documented like atopic dermatitis and eczema 

(Imokawa et al., 1991; Janssens et al., 2012; Park et al., 2012). 
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Figure 3.5 Overview of ceramide structure, biosynthesis, and dimerization based 

mechanism of action. Ceramides consist of sphingosine backboneof 18 carbons originating 

from palmitic acid and an acyl chain of different lengths (A). Ceramide synthases are the 

key enzymes in the metabolism of sphingolipids, involved in both de novo and salvage 

pathway of ceramide production (b) (adapted and modified from (Laviad et al., 2012; Levy 

and Futerman, 2010)). continued… 
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3.8 Supplementary Materials and Methods 

3.8.1 Cell culture 

Pulmonary epithelial cell lines, parental CFBE41o- (CFTR-F508del/F508del) CFBE41o- 

constitutively overexpressing CFTR, were grown in Eagle’s Minimal Essential Medium 

(Invitrogen) supplemented with 10% Fetal Bovine Serum (Wisent), 2 mM L-glutamine(Wisent), 

50 U/ml penicillin (Wisent) and 50 µg/ml streptomycin (Wisent), in a 5% CO2-95% air incubator 

at 37°C. For each experiment, cells were 80% confluent at the beginning of the treatment and 

they were treated for 72h with 1.25 µM fenretinide (Grafton, formerly Cedarburg 

Pharmaceuticals, Grafton, WI, USA) and/or 12.5 µM zinc sulphate (Sigma), as indicated. 

Physiological concentrations of zinc in plasma are 10.1-17.9 µM [25]. For each subsequent step, 

monolayer of cells was washed two times with PBS and lysed in an appropriate buffer.  

3.8.2 Measurement of mRNA expression by quantitative RT-PCR  

For RNA extraction, cells were lysed in Lysis Buffer supplied in the Aurum Total RNA kit 

(Biorad), and RNA was extracted according to manufacturer’s instructions. cDNA was produced 

using iScript RT Supermix RT-qPCR (Biorad) and quantitative real time PCR was done with 

SSoFastEvaGreen Supermix (Biorad) with an annealing temperature of 54oC. The annealing 

temperature of the qPCR reaction was set to 54oC, due to the somewhat lower melting point of 

our primers. The final concentration of primers was 400 nM and 15 ng of cDNA was used in a 

20 μl reaction volume. Primers for ceramide synthases (Cers) were specifically designed to 

distinguish each unique Cers. From the initially tested three different housekeeping genes 

(GAPDH, β-actin and β-tubulin), β-tubulin was selected as a housekeeping gene because it did 

not fluctuate between the samples. Specificity of each primer set was confirmed by manual 

comparisons of primer sequences against cDNA sequences using Clustal Omega (EMBL) (Table 

S3.1.). In order to calculate the fold change, formula 2^(-ΔΔCt)was used where ΔΔCt = 

(Ct(target gene, test)-Ct(reference gene, test))-(Ct(target gene, control)-Ct(reference gene, 

control)). Whenever fold change was less than 1, negative inverse value was plotted (-1/(2^(-

ΔΔCt)). 
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3.8.3 Western Blot  

For protein extraction, cells were lysed in homemade RIPA buffer (50 mM Tris, 150 mM NaCl, 

50 mM NaF, 0.2 mM Na3VO4, 0.1% SDS, 2 mM EDTA, 1% NP-40, 0.5% Na-deoxycholate, 

pH=7.4) with freshly dissolved tablet of protease inhibitors (Roche). Concentration of protein 

was determined using BCA Protein Assay Kit (Thermo Scientific) and proteins were denatured 

in 2x urea buffer (40 mM Tris, 1 mM EDTA, 9M urea, 5% (w/v) SDS, 0.01% (w/v bromophenol 

blue, 5% (v/v) 2-mercaptoethanol, pH=8.0), 35 µg of total protein was loaded on a gel and 

proteins were resolved by SDS-PAGE. Proteins were transferred onto nitrocellulose membrane 

using semi-dry transfer and the fast semi-dry transfer buffer (1X, final) containing 48mM Tris, 

15 mM HEPPS with freshly added sodium bisulfite (1 mM final), EDTA (1.0 mM final) and     

N, N-dimethylformamide (1.3 mM final) as previously described [26].  Membranes were 

incubated with primary antibodies: against Cers2 (developed by Willecke laboratory, University 

of Bonn), against Cers5 (ThermoScientific # PA5-20647) and against β-tubulin (3F3-G2; sc-

53140). Subsequently, membranes were incubated with secondary antibodies: goat anti-mouse 

(IgG-HRP (sc-2005) and Pierce Gt anti-RB IgG (H+L) Super Clonal secondary antibody 

(Thermo Scientific #A27036). Finally, membranes were developed using chemiluminescent kit 

(Biorad, #170-5060). 

3.8.4 Mice 

Inbred C57BL/6-Cftr+/- were maintained in the animal facility of the McGill University Health 

Center Research Institute (MUHC-RI, Montreal, Canada). All pups were genotyped within two 

weeks of age. Mice were kept in cages with corn bedding (Anderson, Bestmonro, LA) and were 

fed NIH31-modified irradiated mouse diet (Harlan Teklan, Indianopolis, IN). CF-KO mice and 

their wild-type littermate controls were treated with 10 mg/kg of fenretinide dissolved in 1% 

ethanol solution of ethanol intraperitoneally for 4 weeks and sacrificed. All experiments were 

conducted in accordance with the Canadian Council on Animal Care guidelines and approved by 

the Facility Animal Care Committee of the MUHC-RI. 
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Table S3.1 Sequences of primers for quantitative real-time PCR
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Table S3.2 Levels of ceramides in healthy controls 
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Figure S3.1 CONSORT diagram 
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Figure S3.2 Levels of ceramides other than C16:0 and C24:0 in the plasma of CF and WT mice 

before and after fenretinide treatment 
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Figure S3.3 Levels of ceramides other than C16:0 and C24:0 in the lungs of CF and WT mice 

before and after fenretinide treatment 
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Figure S3.4 Levels of ceramides other than C16:0 and C24:0 in the plasma of responding 

patients (3, 5, 7, 10, 14) during cycle 3 of phase Ib clinical trial 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



100 
 

Figure S3.5 Levels of ceramides other than C16:0 and C24:0 in the plasma of placebos (4, 8, 11, 

13) during cycle 3 of phase Ib clinical trial 
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Figure S3.6 Levels of ceramides other than C16:0 and C24:0 in the plasma of partially 

responding patients (1, 6, 9, 12, 15) during cycle 3 of phase Ib clinical trial 
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Figure S3.7 Levels of ceramides other than C16:0 and C24:0 in the parental CF cell line 

CFBE41o- (CFTR-F508del/F508del) before and after the treatment with fenretinide, Zn2+ and 

the two combined. Each experiment was done in triplicates. 
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Figure S3.8 Levels of ceramides other than C16:0 and C24:0 in the CFBE41o- cell line over 
expressing wild-type CFTR before and after the treatment with fenretinide, Zn2+ and the two 
combined. 

 



104 
 

Chapter 4 

Fenretinide mimics CFTR-induced correction of DHA/AA imbalance 

and blocks LPS-induced MUC5AC overexpression without affecting 

MUC5B 

 

 

 

 

 

 

 

 

 

 

 

This chapter examines pro-inflammatory profile of fatty acids in CF cell lines, an 

important component of the sterile inflammation in CF. Additionally, here we demonstrate 

for the first time a specific effect of fenretinide on Muc5AC gene expression. This chapter 

was adapted from a submitted manuscript: “Fenretinide mimics CFTR-induced correction of 

DHA/AA imbalance and blocks LPS-induced MUC5AC overexpression without affecting 

MUC5B” by Dušan Garić; Juan B. De Sanctis; Juhi Shah; Daciana Catalina Dumut; Mina 

Youssef and Danuta Radzioch, Biochimica et Biophysica Acta (BBA) - Molecular and Cell 

Biology of Lipids 2019. 
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4.1 Abstract  

Cystic fibrosis (CF) is the most common genetic disease in Caucasians. CF manifests through the 

accumulation of mucus in the lungs, which serves as the fertile soil for the growth of 

microorganisms, leading to recurrent infections and ultimately lung failure. Mucus in CF patients 

consists of DNA from dead neutrophils and mucins produced by goblet cells. MUC5AC mucin is 

responsible for the pathological plugging of the airways whereas MUC5B has a protective role 

against bacterial infection. Therefore, decreasing the level of MUC5AC without affecting 

MUC5B would be a desirable mucoregulatory treatment.  

We demonstrated that pre-treating mice with fenretinide in a chronic model of P. aeruginosa 

lung infection efficiently prevents the accumulation of mucus. Fenretinide prevented 

lipopolysaccharide-induced increase of MUC5AC gene expression, without affecting the level of 

MUC5B in the lung goblet cell line. Furthermore, fenretinide treatment efficiently reversed pro-

inflammatory imbalance of fatty acids by increasing the levels of docosahexanoic and decreasing 

the level of arachidonic acid in lung epithelial cell line and primary leukocytes derived from CF 

patients. 
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4.2 Introduction 

Cystic fibrosis is the most common autosomal-recessive genetic disorder in Caucasians with the 

frequencies varying from 1 in 3000 newborns in an average Caucasian population up to 1 in 313 

in Hutterites living in Alberta (Canada) (Cutting, 2013). The underlying genetic defects are 

various mutations in CFTR gene that abrogate its function as a chloride channel in epithelial 

cells of respiratory and gastrointestinal tracts. The most common mutation is a deletion of  

phenylalanine at the position 508 (ΔF508) which accounts for 75% of diagnosed patients (Lemna 

et al., 1990). 

Primary causes of morbidity and mortality in CF patients are lung infections that result from the 

accumulation of mucus that creates a fertile soil for bacterial growth (Emerson et al., 2002). The 

major component of the mucus in CF is polymerized DNA that comes from dead neutrophils 

(Lethem et al., 1990). Therefore, inhalation of dornase-α, an enzyme that degrades DNA has 

been shown to reduce pulmonary exacerbations and improve lung function in CF patients. 

However, dornase-α remains the only mucolytic agent with proven efficacy in CF (Quan et al., 

2001; Robinson et al., 2005; Wilmott et al., 1996). 

Mucus of patients with CF consists of dense polymeric mucus, DNA from dead neutrophils as 

well as mucins, the proteins that are normally produced by goblet cells in the lungs. The mRNA 

expression MUC5AC and MUC5B genes encoding for mucin proteins is up-regulated in patients 

with cystic fibrosis (Henderson et al., 2014). The expression of MUC5AC and MUC5B proteins 

gets further enhanced during pulmonary exacerbation (Henke et al., 2007). Although the 

treatment with N-acetylcysteine, a mucolytic drug was shown to disrupt disrupts mucus polymer 

by substituting free thiol groups for the disulfide bonds connecting mucin proteins, no 

improvement in lung function in patients with CF was observed(Conrad et al., 2015; Duijvestijn 

and Brand, 1999). 

Furthermore, macrolides were shown to have intrinsic mucoregulatory in addition to their 

antibiotic action (Shimizu et al., 2003) and corticosteroids in addition to their anti-inflammatory 

action also downregulate MUC5AC gene expression(Lu et al., 2005). However, long term use of 

macrolides results in the increased resistance of Pseudomonas in CF patients (Mustafa et al., 
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2017) and the long-term use of systemic corticosteroids was associated with serious growth 

impairment in children with CF and very limited benefits (Lai et al., 2000). 

The constitutive inflammation present in the lungs of CF patients weakens their ability to fight 

infections(Cohen-Cymberknoh et al., 2013). The chronic inflammation is associated with pro-

inflammatory lipid imbalance characterized by high levels of arachidonic acid (AA) and low 

levels of docosahexanoic acid (DHA) (Carlstedt-Duke et al., 1986; Farrell et al., 1985; Lloyd-

Still et al., 1981; Underwood et al., 1972), resulting in very high AA/DHA ratio, which has long 

been known as a biochemical hallmark of CF. 

It became clear that malnutrition due to pancreatic insufficiency is not the reason for the 

increased AA/DHA ratio seen in CF patients, since the same phenomenon can also be observed 

in cell culture rich in all necessary nutrients (Carlstedt-Duke et al., 1986) and it also persists in 

CF patients in whom pancreatic insufficiency has been successfully treated by enzyme 

replacement (Freedman et al., 2004; Roulet et al., 1997). While it is clear that the increased 

release of AA from cell membranes in cells from CF patients is mediated by cytosolic 

phospholipase A2 (cPLA2) (Berguerand et al., 1997; Carlstedt-Duke et al., 1986; Dif et al., 

2010; Lachance et al., 2013; Levistre et al., 1993; Miele et al., 1997), the reasons for the 

decreased level of DHA are not well understood and seem to be related to the abnormal 

metabolism of its precursor, eicosapentaenoic acid (EPA) (Njoroge et al., 2012; Njoroge et al., 

2011). Importantly, correction of DHA/AA imbalance was associated with better lung function 

in CF mice(Freedman et al., 1999; Freedman et al., 2002), significantly improved ability to 

resolve pulmonary infection with P. aeruginosa (Guilbault et al., 2009) and lower level of 

MUC5AC production (Binker et al., 2015; Morin et al., 2015) 

Previously, we showed that 28-day treatment protocol with fenretinide, a synthetic retinoid, 

resulted in normalization of low DHA/AA ratio in CF mice by lowering the level of AA and 

upregulating the level of DHA and these changes were accompanied by dramatic improvement 

of CF mice to fight off Pseudomonas infection (Guilbault et al., 2008; Guilbault et al., 2009).  

We previously demonstrated that fenretinide prevents goblet cell hyperplasia in the lungs of 

asthmatic A/J mice upon challenge with an allergen (Kanagaratham et al., 2014), but the specific 

effect of fenretinide on the expression of MUC5AC and MUC5B genes was not examined. The 
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importance of retinoic acid in the induction of MUC5AC and MUC5B genes in human 

tracheobronchial cells was previously established (Koo et al., 1999a; Koo et al., 1999b), and 

since fenretinide is a synthetic derivative of retinoic acid which might be competing with retinoic 

acid for the binding site to its receptors, we hypothesized that the treatment with fenretinide may 

modulate the expression of MUC5AC and MUC5B genes. 

4.3 Materials and Methods 

4.3.1 Cell Culture 

Parental pulmonary epithelial cell lines CFBE41o- (ΔF508/ΔF508) was previously described 

(Kunzelmann et al., 1993) and is further referred to as CFBE41o-(P). CFBE41o- transduced with 

wild-type CFTR is further referred to as CFBE41o- (wt-CFTR) (Bebok et al., 2005). Both cell 

lines were grown in Eagle’s Minimal Essential Medium (Invitrogen) supplemented with 10% 

Fetal Bovine Serum (Wisent), 2 mM L-glutamine(Wisent), 50 U/ml penicillin (Wisent) and 50 

µg/ml streptomycin (Wisent), in a 5% CO2 - 95% air incubator at 37°C. For each experiment, 

cells were 80% confluent at the beginning of the treatment and they were treated for 48h or 72h 

with 1.25 µM fenretinide (Grafton, formerly Cedarburg Pharmaceuticals, Grafton, WI, USA). 

Physiological concentrations of  Zn2+ in human plasma are 10.1-17.9 µM (Rink and Gabriel, 

2001), therefore 12.5 µM zinc sulphate (Sigma) was added to the culture medium as indicated. 

For each subsequent step, monolayer of cells was washed two times with PBS and lysed in an 

appropriate buffer.  

SPOC-1 (SPOntaneously derived in Complete serum-free medium) is a pulmonary goblet cell 

line derived from rat lungs which was previously described (Doherty et al., 1995) and 

characterized as a mucin-producing cell line (Randell et al., 1996). These cells were originally 

grown in a serum-free medium consisting of DMEM/F12 as the basis with the following  

components added up to the final concentrations: 2.5 mM L-glutamine, 15 mM HEPES, 0.3 µM 

hydrocortisone, 1% Bovine Pituitary Extract, 0.1 µg/ml choleratoxin, 5µg/ml transferrin, 50 µM 

phosphoethanolamine, 80 µM ethanolamine, 25 ng/ml EGF, 0.5 mg/ml Bovine Serum Albumin, 

50 nM retinoic acid, 50 units/ml penicillin and 50 µg/ml streptomycin. However, for the purpose 

of our experiments, we modified the content of  the medium in which we have cultured SPOC-1 

cells in a following way: as the basis we used DMEM containing high glucose (4500 mg/l), L-
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glutamine (584 mg/ml) and sodium pyruvate (110 mg/l) (Wisent, 319-005-CL) with the 

following components added up to the final concentrations: 10% Fetal Bovine Serum, 50 

units/ml penicillin and 50 µg/ml streptomycin, 25 mM HEPES (from 1500 mM stock prepared as 

described below), 1.4 µM hydrocortisone (based on (Zaidman et al., 2016)), 2.7 µM epinephrine 

(based on (Randell et al., 2011) and 50 nM retinoic acid (based on (Randell et al., 2011)). The 

stocks of hydrocortisone, epinephrine and retinoic acid were prepared as described in (Randell et 

al., 2011). The stock of 1500 mM HEPES was prepared by dissolving 17.85 grams of HEPES 

free acid cell culture grade (Akron AK3268-0500) in 34 ml of DMEM (Wisent, 319-005-CL) 

and vortexing forcefully until complete dissolution of the powder. The pH of HEPES stock 

solution was adjusted (pH=7.4) with ~2.5 ml of 10 M NaOH and the final volume was adjusted 

with DMEM up to 50 ml. SPOC-1 cells were treated with 1 µg/ml of LPS (Sigma, L9143) and 

1.25 µM fenretinide as outlined in the Table 4.1. 

 

 

 

 

 

 

4.3.2 Molecular Biology  

For RNA extraction, cells were lysed in Lysis Buffer supplied in the Aurum Total RNA kit 

(Biorad), and RNA was extracted according to manufacturer’s instructions. cDNA was produced 

using iScript RT Supermix RT-qPCR (Biorad) from 2μg of total RNA in a 40μl RT reaction. 

Once RT reaction was completed, cDNA was diluted with 150 μl of water and 10 μl of 500 μM 

xylencyanol in order to visualize cDNA samples for the sake of pipetting accuracy. We have 

established that the final concentration of 7.5 μM xylencyanol in a qPCR reaction does not 

inhibit polymerization reaction, neither intereferes with EvaGreen emission, yet greatly 

facilitates pipetting of cDNA samples into 384-well plate by labeling the wells into which cDNA 

 
Table 4.1 Conditions and treatment schedule for SPOC-1 cells 
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was added. A stock of 500 µM xylencyanol was prepared by dissolving xylencyanol powder 

(Biorad FF #1610423) in water and passing the solution through 0.2 μm filter. 

Quantitative real time PCR was done with SSoFast EvaGreen Supermix (Biorad) with an 

annealing temperature of 55oC. The final concentration of primers was 400 nM and 30 ng (3 μl) 

of cDNA was used in a 10 μl qPCR reaction volume. Primers for rat Muc5AC (XM_008760037) 

and Muc5B (XM_006230608) genes were specifically designed to distinguish Muc5AC and 

Muc5B genes from each other. From the initially tested three different housekeeping genes 

(GAPDH, β-actin and β-tubulin), β-actin was selected as a housekeeping gene because it did not 

fluctuate between the samples. Specificity of each primer set was confirmed by manual 

comparisons of primer sequences against cDNA sequences using Clustal Omega (EMBL). In 

order to calculate the fold change, formula 2(-ΔΔCt) was used where: 

ΔΔCt = (Ct (target gene, test) – Ct (reference gene, test)) - (Ct (target gene, control) – Ct (reference gene, control)).  

The sequences of the primers are given in Table S4.1. 

For protein extraction, cells were lysed in a homemade RIPA buffer (50 mM Tris, 150 mM 

NaCl, 50 mM NaF, 0.2 mM Na3VO4, 0.1% SDS, 2 mM EDTA, 1% NP-40, 0.5% Na-

deoxycholate, pH=7.4) with freshly dissolved tablet of protease inhibitors (Roche). 

Concentration of total protein was determined using BCA Protein Assay Kit (Thermo Scientific).  

ELISA tests were used to determine the levels of Muc5AC (Aviva Systems Biology, 

OKCD02293) and Muc5B (Aviva Systems Biology; OKCD00811) proteins in SPOC-1 cells. 

Since the level of Muc5AC expression in SPOC-1 cells is much lower (Ct~33 per 30 ng of 

cDNA) than the level of Muc5B expression (Ct~23 per 30 ng of cDNA), the input of total 

protein that was loaded in each well was adjusted accordingly: 200 μg of total protein was loaded 

for the measurements of Muc5AC and 10 μg was loaded for the measurements of Muc5B 

protein. All results were eventually normalized and shown per 1 μg of total protein input. 

For Western Blot, anti-cPLA2α a monoclonal antibody from Santa Cruz was used (4-4B-3C). 

The activity of cPLA2 was determined using colorimetric assay, according to manufacturer’s 

instructions (Abcam, ab133090). 
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4.3.3 Analysis of lipid oxidation, fatty acid levels and protein oxidation. 

Monolayer of epithelial cells grown in a T-75 flask was washed twice with PBS and scraped 

using rubber policeman into 1 ml of 1 mM butylated hydroxyanisole (BHA) in a 

chloroform/methanol solution (2:1 vol/vol). Peripheral blood mononuclear cells were separated 

from the blood with Ficoll reagent, washed with PBS and scraped with a policeman into 1 ml of 

1 mM butylated hydroxyanisole (BHA) in a chloroform/methanol solution (2:1 vol/vol) as well. 

Phospholipids were identified by thin layer chromatography extraction. Diazomethane was used 

to esterify the released fatty acids and the esters were identified by GC/MS (Hewlett 

Packard5880A, WCOT capillary column (Supelco-10, 35 m × 0.5 mm, 1 μm thick)) using 

commercial standards (Sigma-Aldrich, Oakville, ON, Canada).  

Lipid peroxidation was measured fluorometrically using 2-thiobarbituric acid-reactive substances 

(TBARs) as surrogate for malondialdehyde, the end product of lipid peroxidation (Niehaus and 

Samuelsson, 1968; Ohkawa et al., 1979). Briefly, the samples were mixed with 8.1% sodium 

dodecyl sulfate, 20% acetic acid and 0.8% 2-thiobarbituric acid. After vortexing, samples were 

incubated for 1 h at 95°C after which butanol-pyridine at 15∶1 (v/v) ratio was added. The mixture 

was shaken for 10 min and then centrifuged. The butanol-pyridine layer was measured 

fluorometrically at 552 nm after excitation at 515 nm (Shimadzu, Japan). The results are 

expressed in nmole TBARS/mg of protein which reflects the levels of malondialdehyde in the 

samples as well as any other thiobarbituric acid reactive substances (Lykkesfeldt, 2007). 

Oxidative damage of proteins was assessed using 3-nitrotyrosine as a surrogate marker. 3-

nitrotyrosine was determined by ELISA as previously described (Montes de Oca et al., 

2008) using well characterized antibodies (Ye et al., 1996). Antibodies (mouse IgG monoclonal, 

polyclonal against nitrotyrosine and polyclonal goat anti-rabbit IgG-peroxidase) were from 

Upstate Biotechnology (Lake Placid, NY). The quantification of 3-nitrotyrosine was performed 

using a standard curve with known concentrations of 3-nitrotyrosine from chemically modified 

bovine serum albumin. The sensitivity of the assay was 50 pg/ml. 
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4.3.4 Mice  

Inbred C57BL/6-Cftr-/-(CFTR-KO) mice with an increased susceptibility to pulmonary P. 

aeruginosa infection compared to their littermate controls and without intestinal correction of 

CFTR were previously described (Gosselin et al., 1998). All pups were genotyped within 3-4 

weeks of age by PCR. Mice were kept in cages with corn bedding (Anderson, Bestmonro, LA) 

and were fed NIH31-modified irradiated mouse diet (Harlan Teklan, Indianopolis, IN). CFTR-

KO mice and their wild-type littermates were treated with LAU-7b formulation of fenretinide by 

gavage (10 mg/kg) 7 days before infection and during the 3 days after infection with bacteria 

entrapped in agarose beads. In a control group, mice were treated with methylcellulose as a 

placebo. Bacteria (P. aeruginosa strain PA508) were entrapped in agar beads (150-200 μm in 

size) and mice were infected (1‧ 106cfu/animal) non-invasively through the trachea as previously 

described (Guilbault et al., 2005).  

4.3.5 Histology  

Mice were sacrificed 3 days after infection by CO2 overdose and lungs were preserved for 

histological analysis in PBS-buffered formalin. Lung sections were stained with Alcian Blue-

Periodic Acid-Schiff (AB/PAS) and counterstained with hematoxylin and eosin (H&E) in order 

to visualize mucus production and infiltration of inflammatory cells around the beads. 

An automated staining with fluorescently labelled lectins was performed using Discovery Ultra 

Instrument. Briefly, slides were deparaffinised and rehydrated and antigen retrieval was done 

using standard CC1 buffer for 24min. Discovery Inhibitor was added to block endogenous 

peroxidise 4min Slides were incubated with conjugated lectins:  Jacalin coupled to fluorescein 

(FL-1151 from Biolynx) at 1:200 dilution and WGA coupled with rhodamin (RL-1022 from 

Biolynx) at 1:400 dilution for 24min at 37oC. Counterstaining was done with DAPI. A negative 

control was included which consisted of the tissue sample without lectins.  All experiments were 

conducted in accordance with the Canadian Council on Animal Care guidelines and approved by 

the Facility Animal Care Committee of the Research Institute of the McGill University Health 

Centre. 
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4.3.6 Ex vivo treatment of peripheral mononuclear blood cells (PMBCs) 

Blood of CF patients (three lavender tubes, each with ~3 ml of blood) was centrifuged (2000G, 

10 min, 5oC) and plasma was removed. The pellet was reconstituted with D-PBS to the original 

volume and the content was further diluted up to 30 ml with D-PBS. 10 ml of blood cells diluted 

in D-PBS was added very slowly to the 4 ml of Ficol reagent in a 15 ml tube. Cells were 

centrifuged at 1500 rpm for 30 min at 20 oC with acceleration set at 9 and deceleration set at 1. 

After separation of lymphocytes in the middle layer, cells were washed two more times with D-

PBS (1500 rpm for 7 min at 20 oC) and frozen in 90% FBS, 10% DMSO for further use. For the 

experiment, cells were grown in RPMI medium supplemented with 10% FBS and treated with 

two doses of fenretinide (1.0 and 2.5 µM) for 12h. After the treatment cells were pelleted and 

lysed into 1 ml of 1 mM butylated hydroxyanisole (BHA) in a chloroform/methanol solution (2:1 

vol/vol). 

4.3.7 Statistical Analysis 

All statistical analyses were performed using GraphPad (GraphPad, San Diego, CA, USA).  For 

the cell lines and patient-derived PMBCs, statistical analysis was performed using ANOVA test 

with Holm-Sidak’s correction whenever multiple comparisons (more than two groups) for a 

single variable were compared and t-tests with Welch’s correction when only two conditions for 

a single variable were compared at a time. Data is represented as means ± SD (*p≤0.05, ** 

p≤0.01, *** p≤0.001).  

4.4 Results 

4.4.1 Fenretinide prevents over-expression of MUC5AC gene in a lung goblet cell line 

after inflammatory stimulation 

Since the expression of specific mucin genes Muc5AC and Muc5B in SPOC1 cells was not 

previously examined, we designed highly specific qPCR primers that distinguish Muc5AC and 

Muc5B genes from each other and from all other genes for mucins. Indeed, we discovered that 

the predominant form of mucin gene expressed in these cells is MUC5B (Ct~22 per 30 ng of 

cDNA) whereas Muc5AC gene was expressed at the very low level (Ct~33 per 30 ng of cDNA). 
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Next, SPOC1 cells were treated according to the protocol described in Table 4.1, which included 

2 days pre-treatment in order to induce the expression of Muc5AC by LPS and expose the cells 

to fenretinide, followed by 4 days of treatment to test whether fenretinide can prevent LPS-

induced Muc5AC expression or decrease the expression of Muc5AC which has already been 

induced by LPS. The expression of mRNA for Muc5AC gene is induced strongly (~20 fold)  by 

day 5 (Figure 4.1). The level of Muc5AC protein follows the same kinetics upon LPS treatment 

(Figure 4.2), being strongly increased by day 5 and then falls down to the same levels as control 

by the end of day 6, most likely due to the secretion of Muc5AC protein outside the cell. The 

expression of mRNA for Muc5B starts increasing by day 5 (~2 fold) and peaks at day 6 post-

LPS treatment (~6 fold) (Figure 4.1). The increase in the level of Muc5B protein is evident only 

after 6 days of LPS treatment (Figure 4.2). 

 

 

 

  

 

Figure 4.1 In a pulmonary goblet cell line (SPOC-1), LPS treatment strongly induces 

transcription of  MUC5AC mRNA by day 5 and mRNA for MUC5B by day 6 (~6 fold). 

continued… 
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Figure 4.2 Protein levels of the MUC5AC gene follow the kinetics of mRNA induction by LPS in 

SPOC-1 cells, whereas the protein level of MUC5B gene is strongly induced only after day 6 of 

LPS treatment. Fenretinide pre-treatment as well as combined fenretinide+LPS treatment prevents 

LPS-induced increase in MUC5AC protein. The level of MUC5B protein is not significantly 

affected by fenretinide nor fenretinide+LPS treatment compared with the mock control, but the 

increase seen in the treatment with LPS alone is diminished by fenretinide treatment. All 

experiments were done in triplicates. Data is represented as means ± SD (*p≤0.05, ** p≤0.01, *** 

p≤0.001, **** p≤0.0001). 

 

Figure 4.1 (continued…) Pre-treatment of cells with fenretinide as well as combined 

treatment with fenretinide and LPS strongly attenuates LPS-induced transcription of mucin 

genes. All experiments were done in triplicates (n=3). Data is represented as means ± SD 

(*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). 



116 
 

These results demonstrate relatively late kinetics of Muc5AC gene expression in SPOC-1 cells, 

reminiscent of the situation seen in mouse lungs in vivo (see Figure 3 in (Yanagihara et al., 

2001)), therefore validating these cells as a model for studying the function of lung goblet cells 

in vitro. Furthermore, these results are consistent with the previous observations that Muc5AC is 

an inducible gene, whereas Muc5B is a constitutively expressed gene in the lungs (Chen et al., 

2001) and shows a very-late kinetics of LPS-mediated induction. 

To test whether fenretinide can decrease LPS-induced expression of mucin genes, SPOC-1 cells 

were treated for 2 days with LPS alone followed with 3 days of treatment with LPS (Table 4.1). 

This experimental setup is modeled to reflect a situation of patients which would start treatment 

is already infected with Pseudomonas. We also to examined how the pre-treatment of SPOC1 

cells with fenretinide followed by combined treatment with LPS and fenretinide influences the 

expression of mucin genes. This experimental setup is supposed to model a condition where a 

patient who continuously takes fenretinide encounters a pathogen and becomes infected with 

Pseudomonas and/or other bacteria during the course of the treatment. 

Indeed, even though Muc5AC is still highly induced when cells are treated with LPS in the 

presence of fenretinide, induction of mRNA for Muc5AC at the end of day 5 is lower than in 

LPS group untreated with the drug (Figure 4.1 A) and at the end of day 6 is significantly lower 

even in comparison with cells that were treated with LPS alone (Figure 4.1 C). Under these 

conditions, the level of Muc5AC protein is lower at the end of 5 (Figure 4.2 A) when compared 

with cells treated with LPS alone and becomes indistinguishable at the end of day 6 (Figure 4.2 

C), most likely due to the secretion. The level of Muc5B mRNA was not significantly altered at 

day 5 in fenretinide-treated groups (Figure 4.1 B) and was significantly lower compared with 

LPS-treated control at the end of day 6 (Figure 4.1 D). The protein level of MUC5B was not 

significantly altered at in any of the conditions at day 5 (Figure 4.2 B), and it was significantly 

lower in fenretinide pre-treated conditions at the end of day 6 compared with LPS-treated 

controls (Figure 4.2 D). 

These results suggest that fenretinide pre-treatment before infection may efficiently prevent 

pathogen-stimulated over-expression of Muc5AC gene. Under these conditions, neither mRNA 

nor protein levels of Muc5B gene were significantly altered (Figures 4.1 B and D; Figures 4.2 

B and D). 
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Interestingly, fenretinide treatment alone for 5 or 6 days did not significantly change the mRNA 

levels of both Muc5AC and Muc5B genes (Figure 4.1) and only lowered the protein level of 

Muc5AC (Figure 4.2). 

Finally, combined treatment with fenretinide and LPS for 5 and 6 days induced very small level 

of Muc5AC gene transcription (Figures 4.1 A and C) which did not reflect on the level of 

Muc5AC protein (Figure 4.2 A and 2C). Under the same conditions, the level of mRNA for 

Muc5B was not significantly altered (Figure 4.1 B and D). 

Importantly, at the end of day 5, the level of Muc5AC protein decreased for -33.69 % and at the 

end of day 6 for -57.57% by fenretinide treatment alone compared to baseline (cell culture 

medium). At the end of day 5, the level of Muc5B protein were decreased for -44.92 % but at the 

end of day 6 it was 17.13% higher in cells treated with fenretinide alone compared to baseline 

(cell culture medium).  

Altogether, these results demonstrate that the long-term treatment of SPOC-1 goblet cells with 

fenretinide in vitro can prevent LPS-induced Muc5AC over-expression without significantly 

affecting expression of Muc5B mucin. 

4.4.2 Fenretinide prevents accumulation of MUC5AC mucin in mice upon infection 

with P. aeruginosa 

To test whether our results obtained in vitro with SPOC-1 cells can be validated in vivo, we 

treated by gavage wild-type and CFTR-KO mice with a 10 mg/kg of novel formulation of 

fenretinide, referred to as LAU-7b. Indeed, in the lungs of placebo-treated CFTR-KO mice and 

their wild-type littermates we observed a significant accumulation of mucus and infiltration of 

inflammatory cells around the bacteria-coated agarose beads (Figures 4.3 A and C) assessed by 

PAS/Alcian blue staining. On the other hand, in the lungs of the mice treated with fenretinide, 

the infiltration of inflammatory cells was significantly diminished (Figures 4.3 B and D) and the 

staining of mucus was much less pronounced around the bacteria-coated beads of the same size 

than in placebo-treated animals (Figures S4.1 A and  B).  
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Furthermore, we wanted to examine which of the two major mucin proteins expressed in the 

lungs was affected by fenretinide treatment. Neither PAS nor Alcian Blue can distinguish the 

Muc5AC from the MUC5B protein. Therefore, we stained the lung sections of P. aeruginosa-

infected mice with two fluorescently labelled lectins that recognize specific glycosylation 

patterns present on these two mucin proteins: Fluorescein-coupled jacalin was used to detect 

Muc5AC and rhodamine-coupled WGA was used to detect Muc5B. Indeed, as can be seen in the 

Figure 4.4, fenretinide treatment efficiently prevented overexpression of Muc5AC mucin upon 

P. aeruginosa infection in both wild-type mice and CFTR-KO, without significantly affecting 

the expression level of Muc5B mucin. For Muc5AC the effect of fenretinide  is noticeable in 

Figure 4.3 Lungs of mice infected with P.aeruginosa-coated agarose beads and treated with 

either placebo (A and C) or fenretinide (B and D) were stained PAS/Alcian Blue. Pulmonary 

infection of mice with P. aeruginosa-coated agarose beads results in a massive infiltration of 

inflammatory cells and production of mucus in WT (A) and CFTR-KO (C). Fenretinide pre-

treatment attenuates these effects in both WT (B) and CFTR-KO mice (D). 4x magnification, 

Scale bar = 500µm. 
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both wild-type mice (Figure 4.4 A vs B) and CFTR-KO mice (Figure 4.4 C vs D), whereas 

Muc5B staining is somewhat diminished in CFTR-KO mice compared with wild-type mice 

(Figure 4.4 F vs  H), probably due to the defective postsecondary maturation of Muc5B  in CF 

airways which has been previously reported (Abdullah et al., 2017).  

These results suggest that fenretinide has a potential to be used as a novel mucoregulatory and 

anti-inflammatory agent in the treatment of chronic lung infections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Lungs of mice 

infected with P. aeruginosa-

coated agarose beads and 

treated with either placebo (A, 

E, C and G) or fenretinide (B, 

F, D and H) were stained with 

fluorescein-coupled jacalin 

and rhodamine-coupled WGA, 

the two lectins that recognize 

Muc5AC and Muc5B mucins 

respectively. Infection of 

placebo treated wild-type (A) 

and CFTR-KO (C) mice 

results in a strong induction of 

Muc5AC, which is blocked in 

fenretinide-treated mice (B 

and D). The expression of 

Muc5B mucin is not affected 

by fenretinide treatment in 

neither wild-type (E vs F) nor 

CFTR-KO mice (G vs H). 20x 

magnification, Scale bar = 

100µm. 
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4.4.3 Fenretinide treatment mimics the re-introduction of wild-type CFTR in 

ΔF508/ΔF508 lung epithelial cell line and corrects low DHA/AA ratio in lung 

epithelial cell line and PMBCs from CF patients 

In order to examine the connection between the expression of CFTR protein and the imbalance 

of fatty acids seen in CF, we used a well characterized lung epithelial cell line homozygous for 

ΔF508 CFTR mutation developed from CF bronchial epithelial cells by Gruenert and colleagues,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Effect of fenretinide (1.25 µM) and Zn2+ (12.5 µM) on the levels of AA and DHA in 

parental CFBE41o- (ΔF508/ΔF508) and CFBE41o- (CFTR-WT) cells (A-C). Dose-dependent 

effect of fenretinide on AA and DHA in PMBCs from CF patients (D-F).  In CFBE41o- 

(ΔF508/ΔF508) cells the level of DHA is increased (A) whereas the level of AA is decreased (B) 

by the treatment with either Zn2+ or fenretinide alone, but the combination of the two has a 

significantly additive effect, resulting in a strongly increased DHA/AA ratio (C). Reintroduction 

of wt-CFTR into CFBE41o- (ΔF508/ΔF508) cells  results in a similar effect of AA and DHA. In 

PMBCs from CF patients, fenretinide causes dose-dependent (1.0 and 2.5 µM) increase in the 

level of DHA (D) and decrease in the level of AA (E), resulting in a significantly improved 

DHA/AA ratio (F). Data is represented as means ± SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** 

p≤0.0001). All experiments were done in triplicates (n=3). 
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referred to as parental CFBE41o-(P) cell line (ΔF508/ΔF508) (Kunzelmann et al., 1993). We also 

used a derivative cell line produced by lentiviral transduction of wild-type CFTR as previously 

described (Bebok et al., 2005) and referred to as CFBE41o-(wt-CFTR).  

CFBE41o-(P) cells inherently express high level of AA and low level of DHA and therefore have 

very low DHA/AA ratio (Figures 4.5 A-C). Interestingly, treatment with Zn2+ alone, known to 

be deficient in CF patients (Abdulhamid et al., 2008; Van Biervliet et al., 2008b; Yadav et al., 

2014), increased the level of DHA (Figure 4.5 A) and decreased the level of AA in CFBE41o- 

(P) cells (Figure 4.5 B). However, treatment with fenretinide strongly increased the level of 

DHA while also decreasing the level of AA in delF508/delF508 CFBE41o-(P) cells, and 

combination of fenretinide and Zn2+ further potentiated these effects, resulting in greatly 

improved DHA/AA ratio (Figures 4.5 A-B). 

On the other hand, CFBE41o- (wt-CFTR) cells expresses much higher level of DHA and much 

lower level of AA, resulting in greatly elevated DHA/AA in comparison with its parental  

ΔF508/ΔF508alleles expressing cell line CFBE41o-(P) (Figures 4.5 A-C). The fact that 

CFBE41o-cells expressing wt-CFTR protein cells had much higher DHA and much lower AA  

levels than parental CFBE41o-(P) cells suggests a causal link between the lack CFTR expression 

and the imbalance of fatty acids observed in CF.  

In order to examine the effect of fenretinide on the primary cells from CF patients we treated 

PMBCs isolated freshly from the blood of CF patients with escalating doses of fenretinide 

(1.25µM and 2.5 µM) (Figure 4.5 D-F). Similarly to lung epithelial cell lines, we observed 

significant dose-dependent increase in the level of DHA in the membranes of leukocytes (Figure 

4.5 D) concomitant with the decrease in the level of AA (Figure 4.5 E), resulting in a large dose-

dependent increase in DHA/AA ratio (Figure 4.5 F).  

4.4.4 Fenretinide decreases the level of lipid oxidation without affecting protein 

oxidation in vitro 

The level of malondialdehyde, a marker of lipid peroxidation was significantly higher in 

CFBE41o-(P) cells compared with CFBE41o- (wt-CFTR) cell line, and it was decreased by the 

treatment with Zn2+ and fenretinide in CFBE41o-(P) cells but not in CFBE41o- (wt-CFTR) cells 
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(Figure 4.6 A). On the other hand, 3-nitrotyrosine, a marker of oxidative damage of proteins was 

higher in CFBE41o- (P) compared to CFBE41o- (wt-CFTR) cells and it its levels were affected 

by fenretinide/ Zn2+  treatment only in  CFBE41o- (P)  cells (Figure 4.6 B). These results suggest 

that the absence of CFTR protein is associated with an increase in lipid and protein oxidation in 

CFBE41o- epithelial cells, and that fenretinide treatment efficiently decreases oxidation of lipids. 

We also observed significant decrease in lipid peroxidation reflected through dose-dependent 

decrease in the level of malondialdehyde  in PMBCs from CF patients (Figure 4.6 C). We did 

not observe significant change in the level of oxidative stress of proteins, assessed by the level of 

3-nitrotyrosine (Figure 4.6 D). 

4.4.5 Fenretinide inhibits the activity of cytosolic phospholipases (cPLA2) 

Several studies have indicated that there is an increased release of AA from cell membranes, 

mediated by the family of cytosolic phospholipases A2, in cells from CF patients compared with 

healthy controls (Berguerand et al., 1997; Carlstedt-Duke et al., 1986; Dif et al., 2010; Levistre 

et al., 1993; Miele et al., 1997). In mammalian genome there are six genes for cytosolic 

phospholipases (PLA2G4A, PLA2G4B, PLA2G4C, PLA2G4D, PLA2G4E and PLA2G4F) 

coding for cPLA2-α, cPLA2-β, cPLA2-γ, cPLA2-δ, cPLA2-ε and cPLA2-ζ proteins respectively. 

We examined the mRNA levels of all six members of cPLA2 genes in CFBE41o- cells by qPCR 

and we observed the expression of only two family members: PLA2G4A (Ct ~22) and 

PLA2G4C (Ct~28). All other members of this family were not significantly expressed in 

CFBE41o- (P) and (WT-CFTR) cells as indicated by relatively their relatively high Ct values (Ct 

> 31). We did not observe any changes in the expression of PLA2G4A at mRNA level between 

CFBE41o- (P) and CFBE41o- (WT-CFTR) cells (Figure S4.2), nor upon fenretinide and/or 

Zn2+ treatment neither the protein level of cPLA2-α by Western blot (Figure S4.3). However, 

we observed that the mRNA level of PLA2G4C was 4-fold higher in the parental CFBE41o- (P) 

than in CFBE41o- (WT-CFTR) cells, even though the mRNA level of PLA2G4C was not 

affected by fenretinide treatment. Finally, we hypothesized that fenretinide may change the 

activity of one of the cytosolic phospholipases by affecting either its post-translational 

modifications that regulate its activity or post-translationally regulate the level of cPLA2 

proteins. 

 



123 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To test this possibility, we treated CFBE41o- (P) cells for 12, 24, 48 and 72h with a single dose 

of fenretinide (1.25 µM) known change DHA/AA ratio from lipidomic studies and we measured 

the activity of cPLA2 enzymes (expressed as nmol/min/ml) by colorimetric assay. Indeed, we 

 
Figure 4.6 Effect of fenretinide (1.25 µM) and Zn2+ (12.5 µM) on the levels of 

malonyldialdehyde  and nitrotyrosine in parental CFBE41o- (ΔF508/ΔF508) and CFBE41o- 

(CFTR-WT) cells (A and B). Dose-dependent effect of fenretinide on malonyldialdehyde and 

nitrotyrosine in PMBCs from CF patients (C and D). In CFBE41o- (ΔF508/ΔF508) cells the 

levels of malonyldialdehyde  (A) and nitrotyrosine (B) are decreased by the treatment with 

either Zn2+ or fenretinide alone but the combination of the two does not have any additive 

effect.  The reintroduction of wt-CFTR into CFBE41o- (ΔF508/ΔF508) cells results in a strong 

decrease in the level of malonyldialdehyde (A)  and nitrotyrosine (B). In PMBCs from CF 

patients, fenretinide causes dose-dependent (1.0 and 2.5 µM) derease in the level of 

malonyldialdehyde (C) but not in the level of nitrotyrosine (D). Data is represented as means ± 

SD (*p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001). All experiments were done in 

triplicates (n=3). 
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observed a significant decrease in cPLA2 activity starting at 12h post-treatment and very strong 

decrease of cPLA2 activity after 24, 48 and 72h (Figure 4.7). Interestingly Zn2+ ions alone had a 

small but statistically significant effect already after 12h, and much more potent effect again 

after 72h whereas this effect was not noticeable after 24h and 48h. On the other hand, the effect 

of fenretinide is evident already at 12h and becomes even stronger at the later time points. 

Combination of Zn2+ ions and fenretinide did not have any additive effect on cPLA2 activity. 

The mRNA and protein levels of cPLA2-α are not significantly different between CFBE41o- (P) 

and CFBE41o- (wt-CFTR) cells and they are not affected by fenretinide treatment. Therefore, 

our data demonstrate that fenretinide affects primarily cPLA2 activity in CFBE41o- (P) cells 

through the activity of either cPLA2-α or cPLA2-γ enzymes which are the only cytosolic 

phospholipases expressed in these cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7 Fenretinide (1.25 µM) and Zn2+ (12.5 µM) inhibit total cPLA2 activity in 

CFBE41o- (ΔF508/ΔF508) cells in a time dependent fashion. Data is represented as 

means ± SD (*p≤0.05, ** p≤0.01). All experiments were done in triplicates (n=3). 
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4.5 Discussion 

Accumulation of viscous mucus arising mostly from the DNA of dead neutrophils, but also from 

the over-expression of mucin genes creates a fertile soil for the growth of microorganisms in the 

lungs of CF patients. The expression of MUC5AC and MUC5B genes in mucociliary epithelium 

of the lungs has been known to depend on retinoic acid (RA) (Guzman et al., 1996; Koo et al., 

1999a; Koo et al., 1999b) and to be strongly upregulated by NF-κB signaling (Li et al., 1998a; Li 

et al., 1998b).  

It was also previously reported that of the three retinoic acid receptors (RARs), antagonists of 

RAR-α strongly inhibited expression of mucin genes caused by RA and RAR-γ antagonists 

weakly inhibited RAR-α-induced expression of mucin genes whereas RAR-β was not directly 

involved in RA-induced mucin gene expression (Koo et al., 1999a). Interestingly, a compound 

Ro41-5253 developed by Hoffman-Roche which acts as an antagonist of RAR-α (Apfel et al., 

1992) and an agonist of PPAR-γ (Schupp et al., 2007) prevents the overexpression of MUC5AC 

in normal human tracheobronchial cells upon various pro-inflammatory stimuli including 

bacterial lipopolysaccharide (LPS) (Koo et al., 2002). However, even though Ro41-5253 was 

first described back in 1992 and shown to be relatively safe in mice (Toma et al., 2005), to the 

best of our knowledge, its safety and efficacy have never been tested in the clinic. 

Fenretinide was shown to activate the transcription of PPARγ-responsive genes (Harris et al., 

2005; Lin et al., 2016) and to be a highly selective activator of RAR-γ transcription factor 

without having any effects on RAR-α (Fanjul et al., 1996). Additionally, fenretinide is known to 

inhibit NF-κB pathway (Shishodia et al., 2005). 

Therefore, we wanted to test the effect of fenretinide on the expression of Muc5AC and Muc5B 

genes in the lung goblet cells. To this end, we used SPOC1 cell line which is to the best of our 

knowledge the only immortalized, non-tumorigenic lung goblet cell line shown to produce 

mucins after transplantation into syngeneic rats by Alcian Blue/Periodic Acid-Schiff stain 

(Doherty et al., 1995) and by non-specific mAb RTE11 antibody that recognizes α-linked 

galactose(Randell et al., 1996). Most commonly used lung cell lines for investigation of mucin 

production include A549, Calu-3 and many other immortalized cell lines derived from lung 

tumors. Unlike SPOC1 cells, all of these cell lines are tumorigenic cells with extensive 
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mutational landscapes and genomic rearrangements that may affect modeling of physiological 

expression of mucin genes (Blanco et al., 2009). On the other hand, unlike primary lung cells, 

SPOC1 cells are relatively easy to grow in cell culture, which makes them an attractive model 

for studying expression of mucin genes in vitro. 

In this work, we characterized the expression of the two major lung mucins in SPOC-1 cell line 

and we discovered that Muc5B is constitutively expressed in these cells whereas Muc5AC is 

expressed only after long term stimulation with LPS. These results also suggest that SPOC1 cells 

were derived from a clonal population of cells originating from the submucosal glands of a rat 

and not from the goblet cells of the surface epithelial lining (Groneberg et al., 2002; Ostedgaard 

et al., 2017).  

The induction of MUC5AC gene expression by LPS derived from P. aeruginosa was strongly 

diminished when fenretinide was added even during LPS treatment and was completely 

abolished if the cells were pre-treated with fenretinide or if fenretinide was applied at the same 

time as LPS (Figure 4.1). The increase in MUC5AC protein level was evident after 5 days of 

LPS treatment, but decreased at day 6 most likely during protein secretion since the level of 

mRNA for MUC5AC was still high at this time point (Figure 4.2). Pre-treatment with 

fenretinide diminished the level of MUC5AC protein upon LPS treatment while continuous 

treatment with fenretinide and/or LPS efficiently prevented LPS-induced production of 

MUC5AC protein. 

On the other hand, the induction of MUC5B gene expression by LPS displayed much slower 

kinetics with slight increase in mRNA level evident after 5 days of treatment and stronger 

increase seen only at the end of the sixth day (Figure 4.1). Pre-treatment of SPOC-1 cells with 

fenretinide prevented the increase in MUC5B gene expression and continuous treatment with 

fenretinide and/or LPS did not result in an increase of MUC5B gene expression (Figure 4.1). 

The level of MUC5B protein was significantly higher only after 6 days of treatment, and pre-

treatment with fenretinide did not cause a significant decrease (Figure 4.2). On the other hand, 

the levels of MUC5B protein in the cells pre-treated or continuously treated with fenretinide 

were significantly lower compared with LPS treated cells. 
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Fenretinide treatment alone significantly affected only the levels of Muc5AC protein (Figure 

4.2). Taken together, these results demonstrate that fenretinide can effectively prevent LPS-

induced overexpression of Muc5AC without significantly affecting the level of Muc5B protein in 

lung goblet cells. This is especially important considering the important biological differences 

betweenMuc5AC and Muc5B proteins in the lungs: MUC5B is required for mucociliary 

clearance and effective immunological defense of the lungs as demonstrated with Muc5B -/- 

mice who succumb to opportunistic bacterial infections (Roy et al., 2014). On the contrary, 

Muc5AC is dispensable for mucociliary clearance and anti-bacterial defense (Roy et al., 2014) 

and its overproduction causes pathological mucus plugging and airway obstruction (Evans et al., 

2015).  

Furthermore, we demonstrate here that the results obtained with SPOC-1 cells in vitro also 

translate in vivo in wild-type and CFTR-KO mice. Since the administration of free-living 

bacteria to the murine lung results in rapid bacterial clearance (Bragonzi, 2010), in order to 

model long-term bacterial infection seen in patients with CF, we used agarose beads coated with 

living P. aeruginosa.  

Our results demonstrate that the pre-treatment of mice with fenretinide strongly reduced the 

infiltration of inflammatory cells and mucus production during infection with P. aeruginosa-

coated beads (Figure 4.3). In particular, when comparing the immune response and mucus 

production around the bacteria-coated beads of approximately the same size from the lung 

sections of placebo-treated and fenretinide-treated CFTR-KO mice, we see significantly lower 

mucus production and diminished infiltration of inflammatory cells in fenretinide-treated CFTR-

KO mice (Figures S4.1 A and B). Furthermore, the staining of the lung sections with jacalin and 

WGA, the two lectins that recognize specific glycosylation patterns on Muc5AC and Muc5B 

respectively, reveals that fenretinide pre-treatment specifically blocked overexpression of 

Muc5AC in infected mice without affecting the level of Muc5B (Figure 4.4). 

Taken together, these results suggest that fenretinide has a potential to serve in clinic as a 

mucoregulatory agent that selectively prevents overproduction of the detrimental MUC5AC 

mucin upon inflammatory stimulation, without significantly affecting the level of the beneficial 

MUC5B mucin. 
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Pro-inflammatory lipid imbalance in patients with CF characterized by high levels of AA 

(Carlstedt-Duke et al., 1986; Gilljam et al., 1986) and low levels of DHA (Strandvik et al., 2001) 

(shortly referred to as low DHA/AA ratio) has been known for a long time. Clinical implications 

of the correction of this biochemical defect have been demonstrated as well, since dietary 

supplementation of DHA to CFTR-KO mice ameliorated many pathologic features including 

reduction of ileal villus hypertrophy, reverseal of pancreatic duct dilation and suppression of 

pulmonary hyperinflammation (Freedman et al., 1999; Freedman et al., 2002) and reversal of 

low DHA/AA ratio by fenretinide treatment improved the ability of CFTR-KO mice to resolve 

pulmonary infection with P. aeruginosa (Guilbault et al., 2009).  

The aberrant metabolism of fatty acid resulting in a diminished ratio of DHA/AA in the blood of 

CF patients could results from acute and chronic infections which CF patients are suffering from. 

However, comparing fatty acid levels in the ΔF508/ΔF508epithelial cells and their counterparts 

transfected with wt-CFTR grown in vitro (ie. under sterile conditions) demonstrate that the 

mutated CFTR protein expression  can be directly linked with the aberrant fatty acid metabolism, 

therefore providing  a proof  that the fatty acids aberrant metabolism is not secondary to 

pancreatic insufficiency or lung inflammation but is indeed causally linked to absence of 

functional CFTR protein (Andersson et al., 2008).  

Our data are also consistent with the studies of Andersson and colleagues (Andersson et al., 

2008) in which the authors used 16HBE14o- cells as a model of wild-type lung epithelial cells 

and IB3-1 cells originating from a compound heterozygous CF patient with ΔF508/W1282X 

mutations. In order to decrease the level of CFTR protein, Andersson and collegues (Andersson 

et al., 2008) transfected 16HBE14o- cells with a plasmid carrying antisense RNA, and as a wild-

type control for IB3-1 cells, they used this cell line transfected with wild-type CFTR (referred to 

as C38 cells). Indeed, they observed that the decrease of CFTR protein by antisense 

oligonucleotide in 16HBE14o- cells strongly decreased the level of DHA and increased the level 

of AA, resulting in a decrease in the DHA/AA ratio. Similar results were obtained when IB3-1 

cells were compared with C38 cells.  

Since we previously demonstrated that the treatment of CFBE41o-(P) cells with fenretinide and 

Zn2+ corrects their imbalance between long-chain and very-long-chain ceramides (Garic et al., 

2017), we wondered how the same treatment would impact on the level of DHA and AA in these 
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cells. Indeed, we observed that the transfection of the parental CFBE41o- (P) cells with a 

plasmid carrying wild-type CFTR strongly increased the level of DHA (Figure 4.5 A) and 

decreased the level of AA (Figure 4.5 B), resulting in a greatly increased DHA/AA ratio (Figure 

4.5 C). Interestingly, reintroduction of wild-type CFTR also resulted in a decrease in lipid 

oxidation.  The levels of malondialdehyde, a marker of lipid peroxidation, and 3-nitrotyrosine, a 

marker of protein oxydation were significantly lowered by transfection of the wt-CFTR (Figure 

4.6 A and B). The absence of a functional CFTR protein as seen in both 16HBE14o- cells 

transfected with anti-sense CFTR, parental IB3-1 (ΔF508/W1282X) cells (Andersson et al., 

2008) and parental CFBE41o- (ΔF508/ ΔF508) cells results in a low level of DHA and high level 

of AA (ie. low DHA/AA ratio). Re-introduction of wild-type CFTR corrects this biochemical 

defect in all cases, therefore unambiguously establishing a causal relationship between the 

presence of a functional CFTR protein and the metabolism of DHA and AA.  

We also demonstrated here that the treatment of CFBE41o- cells with fenretinide mimics the 

effects of the reintroduction of wild-type CFTR on both DHA and AA levels, effectively 

correcting low DHA/AA ratio (Figure 4.5 A-C). Combined treatment with fenretinide and Zn2+ 

further enhanced this effect. Interestingly even the treatment with Zn2+ alone had a small but 

statistically significant effect improving the aberrant DHA/AA ratio. As a micronutrient, Zn2+ is 

known to be deficient in patients with CF (Yadav et al., 2014), and supplementation with Zn2+ 

was shown to decrease respiratory infections in children with CF (Abdulhamid et al., 2008; Van 

Biervliet et al., 2008b). These results suggest that the patients treated with fenretinide would 

benefit from Zn2+ supplementation. 

Since it is not possible to analyze lipidomic profile of lung epithelial cells of patients with CF 

without invasive interventions, we wondered whether the improvement in DHA/AA ratio seen in 

CFBE41o- cell line treated with fenretinide can be seen in also in other cells, which play an 

important role if regulation of inflammatory responses, such as PMBCs. Indeed, the first 

description of the abnormal metabolism of AA in CF that results in high levels of this lipid 

which was not possible to correct by dexamethasone treatment was reported in leukocytes from 

patients with CF (Carlstedt-Duke et al., 1986). Importantly, leukocytes are known to express 

CFTR (Johansson et al., 2014) protein, and inhibition of its function results in the production of 

pro-inflammatory cytokines by macrophages (Gao and Su, 2015) and adhesion deficiency in 
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monocytes (Sorio et al., 2016). Therefore, we treated PMBCs of eight pediatric patients with two 

doses of fenretinide in vitro and we analyzed the levels of DHA, AA, malondialdehyde and 3-

nitrotyrosine. Indeed, as can be seen in Figure 4.5 D-F, the treatment of PMBCs with two 

concentrations of fenretinide caused a dose-dependent increase in DHA and decrease in AA 

levels, resulting in a strong dose-dependent increase in DHA/AA ratio. Similarly to the results 

obtained  using CFBE41o- cells, the level of malondialdehyde was also decreased, whereas the 

level of 3-nitrotyrosine was not affected by fenretinide treatment of PMCs (Figure 4.6 C and D). 

Therefore, lipidomic changes seen in CFBE41o-(P) cells upon fenretinide treatment in vitro 

reflect on the leukocytes in patients with CF. 

In order to investigate the mechanism whereby fenretinide decreases the level of AA, we treated 

CFBE41o- (P) cells with fenretinide in a time course dependent manner and we measured the 

activity of cytosolic phospholipases (cPLA2) by colorimetric assay. A number of studies have 

indicated that the abnormally high level of AA seen in CF is a consequence of an increased 

release of AA from cell membranes mediated by cytosolic phospholipases (cPLA2) (Berguerand 

et al., 1997; Carlstedt-Duke et al., 1986; Dif et al., 2010; Levistre et al., 1993; Miele et al., 1997). 

Indeed, as shown in Figure 4.7, fenretinide-mediated decrease in the activity of cytosolic 

phospholipases is evident already after 12h and further decrease seen at 24h and 48h, when a 

stably low level of cPLA2 activity is achieved. Treatment with Zn2+ ions significantly decreased 

cPLA2 activity only after 72h. To further elucidate this effect, we measured by qPCR the levels 

of all six cytosolic phospholipases present in mammalian genomes (PLA2G4A, PLA2G4B, 

PLA2G4C, PLA2G4D, PLA2G4E and PLA2G4F) by highly specific primers designed to detect 

each family member without cross-amplification (Table S4.1). Out of these six cytosolic 

phospholipases only PLA2G4A and PLA2G4C are significantly expressed in CFBE41o- cells 

whereas all other members are virtually absent as evidenced by high Ct values (Ct>31 per 30 ng 

of total cDNA). However, fenretinide did not have an effect on mRNA levels of any of the six 

cytosolic phospholipases (Figure S4.2). We also examined whether fenretinide affected the 

levels cPLA2-α protein in CFBE41o- cells by Western blot after 72h, when the highest inhibition 

of cPLA2 activity was seen, and we could not observe any changes in the amount of cPLA2-α 

protein. Since cPLA2-α and cPLA2-γ are the only cytosolic phospholipases present in CFBE41o- 

cells these results leave an open possibility that fenretinide may affect either the activity these 
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enzymes by post-translational modifications (e.g. phosphorylation) or affect the level of cPLA2-

γ protein. 

Additionally, an increase in the level of Δ5- and Δ6-desaturases has been proposed as an 

alternative explanation for the high levels of AA in cultured CF cells (Njoroge et al., 2011). We 

examined the level of both FADS1 and FADS2 genes (coding for Δ5- and Δ6-desaturases, 

respectively) in CFBE41o- cells. Indeed, both FADS1 and FADS2 genes are expressed in 

CFBE41o- cells (Ct~22 per 30 ng of input cDNA), but their mRNA levels were not affected by 

fenretinide treatment (Figure S4.4). Nevertheless, we cannot exclude a possibility that 

fenretinide affects the protein levels or their activity similarly to cPLA2. 

In summary, fenretinide is a novel mucoregulatory agent capable of selectively blocking the 

expression of MUC5AC gene upon LPS stimulation without significantly affecting the 

expression of MUC5B gene in pulmonary goblet cells in vitro. Pre-treatment of mice with 

fenretinide efficiently prevents mucus accumulation in a model of chronic lung infection with P. 

aeruginosa. Furthermore, fenretinide treatment of lung epithelial cell line and primary 

leukocytes isolated from CF patients efficiently mimics the effects wild-type CFTR 

reintroduction on the levels of AA and DHA, thereby efficiently normalizing aberrant  DHA/AA 

ratio. The ongoing Phase II trial APPLAUD (NCT03265288) will allow adequate evaluation of 

its therapeutic potential including the frequency and ability of resolve chronic inflammation. 
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4.6 Supplementary Information 

Table S4.1 

Gene Sense Sequence (5' to 3') 

Rat β-actin F GTATGGAATCCTGTGGCATC 
R TGTGTTGGCATAGAGGTCTT 

Rat Muc5AC F AACCAAGAAGTCCTCCTGA 
R AAGCAGCAGGTAGGTAGAA 

Rat Muc5B F GGTTCTGTGTTGTGATTATG 
R GATGCTGTATGAGTGGTAA 

Human PLA2G4A F CATTATACGAATCAGGAATTCTGG 
R TTGACATATACCAGGTGGAGCC 

Human PLA2G4B F CAGGCAGCTCAAGAATGTC 
R GACAACACAGGGTCATCTC 

Human PLA2G4C F GAGATGAAAGAACAGGGCC 
R AAGATATTGCCCAAGTGGAT 

Human PLA2G4D F AGTCAGGTCAAGAATGTTC 
R GAGATGTCATAGAGAACCTT 

Human PLA2G4E F AAGGACCATCTCCAACTG 
R TCTAGCACGTTCTTCACT 

Human PLA2G4F F TGCTGTGAAGAACGTCCT 
R TTCTCAGGTCAAACAGGAG 

Human FADS1 F AGCCCACCAAGAATAAAGA 
R AGGTACAGCAGGAAGAAG 

Human FADS2 F GCCACCTGTCTGTCTACA 
R CAGAGGCACCCTTTAAGT 
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 Figure S4.1 Lung sections from the Figure 4.3 at higher magnification: CFTR-KO mice 

infected with P.aeruginosa-coated beads and treated with either placebo (A) or 

fenretinide (B). 10x magnification, scale bar = 500µm. 
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Figure S4.2 The mRNA levels of PLA2G4A and PLA2G4C in CFBE41o- (ΔF508/ΔF508) 

and CFBE41o- (wt-CFTR) treated with fenretinide (1.25 µM) and Zn2+ (12.5 µM). Data is 

represented as means ± SD (** p≤0.01). All experiments were done in triplicates (n=3). 

 

 
Figure S4.3 The protein level of cPLA2α in CFBE41o- (ΔF508/ΔF508) treated with fenretinide 

(1.25 µM) and Zn2+ (12.5 µM) assessed by Western blot. 

 
Figure S4.4 The mRNA levels of FADS1 and FADS2 in CFBE41o- (ΔF508/ΔF508) 

treated with fenretinide (1.25 µM).. Data is represented as means ± SD (ns= not 

significant). Both experiments were done in triplicates (n=3). 
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Chapter 5 

Discussion, Conclusions and Future Directions 
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5.1 Discussion 

This thesis is a collection of efforts aimed to understand the components and consequences of 

sterile and pathogen-induced inflammation in CF. These efforts undertaken through very diverse 

yet complementing approaches that stem from disciplines like immunology, lipidomics and 

molecular biology led to discoveries presented in Chapters 2-4.  

Chapter 1 is an introduction into theoretical concepts and practical considerations written in the 

form of three Review articles that are either already published or are currently under 

consideration. The first part addresses the previously unappreciated and still largely unexplored 

role of BAFF cytokine in the immunological defense of lungs and the rationale of using it as an 

adjuvant in the development of vaccines aimed against pulmonary pathogens. The second part is 

a comprehensive review of metabolic and structural roles of ceramides in cell biology. 

Additionally, it is also a discussion on the fundamental physiological differences between long- 

and very-long chain ceramides revealed through knock-out mouse models for Cers2 enzyme. 

Indeed, the work on Cers2-KO mice established long-chain-ceramides as the critical components 

of sterile inflammation in the lungs as very-long-chain-ceramides as anti-inflammatory 

molecules essential for lung homeostasis. Furthermore, in this Review I outlined for the first time 

a hypothesis on the impact of the different intramembranous environments created by acyl chains 

of long- and very-long-chain ceramides on the stability of large and intrinsically disordered 

proteins such as CFTR.  

In Chapter 2, I explored the role of BAFF cytokine in the immunological defense of lungs. First, 

we explored whether BAFF is a component of the constitutive inflammation in CFTR-KO mice 

which compromises the ability of mice to combat infection or it is component of pathogen-

induced protective inflammatory response. Indeed, we discovered that BAFF is not a component 

of the constitutive (sterile) inflammation in CFTR-KO mice, but is strongly induced upon lung 

infection with Pseudomonas. Depletion of BAFF cytokine by Sandy-2 antibody renders both 

wild-type and CFTR-KO mice extremely susceptible to the infection with Pseudomonas 

demonstrated by an increased bacterial load and increased metacholine-induced lung resistance 

upon BAFF deletion. Therefore, these results raise special concerns with regards to the immune 

defense of the lungs in lupus patients who are treated with Belimumab, a monoclonal antibody 

used to deplete BAFF cytokine in order to control pathologic inflammation. Finally, even though 
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BAFF-KO mice do not have any noticeable defects in T-cell counts, we discovered that BAFF 

depletion strongly diminished the levels of Treg cells in the lungs but not in the spleen of non-

infected mice. Nevertheless, these results are in accordance with the previously described BAFF 

transgenic mice where the overexpression of BAFF cytokine surprisingly leads to the increase in 

the number of Treg cells.  

The work of others as well as our own discussed in the Chapter 1, served as the basis for our 

work presented in Chapter 3. Here, we systematically examined the levels of LCCs and VLCCs 

in the CF patients, CF mice and a CF cell line and the effect of fenretinide on these 

sphingolipids. Our demonstrated that VLCCs were consistently downregulated in CF mice and 

CF patients and LCCs were upregulated both in CF mice and CF patients compared to the 

controls. We also noticed that fenretinide reverses this ceramide imbalance by upregulating 

VLCCs and downregulating LCCs.  Furthermore, using CFBE41o- cells as a model, we 

discovered the mechanism responsible for the observed changes in LCCs and VLCCs caused by 

fenretinide treatment. In fact, Cers2 requires Cers5 enzyme in order to produce VLCCs (ie. 

Cers2:Cers2 dimers are catalytically inactive, Cers2:Cers5 heterodimers produce VLCCs and 

Cers5:Cers5 homodimers produce LCCs). So, by downregulating the mRNA level of Cers5 

enzyme which is reflected on the level of Cers5 protein as well, fenretinide changes the ratio of 

Cers5/Cers2 enzymes in favor of the formation of Cers5:Cers2 heterodimers over Cers5:Cers5 

homodimers. Additionally, deficiency of Zn2+ which was described in patients with CF prompted 

us to explore whether the combination with fenretinide would have an additive effect in the 

downregulation of LCCs and upregulation of VLCCs. Indeed, we discovered that this was the 

case, although the effect of Zn2+ ions alone is much smaller than that of fenretinide. Finally, the 

fact that the imbalance between LCC and VLCC ceramides species exists even in the cell culture 

(CFBE41o- cells are derived from a ΔF508/ΔF508 patient) and that it is corrected upon transfection 

of cells with a wild-type CFTR gene strongly suggests a causal connection between ceramide 

imbalance and the absence of a functional CFTR molecule. The mechanistic details of this 

connection should be an area of active investigation in the future. 

Finally, Chapter 4 describes an attempt to understand mechanistically the connection between 

the lack of functional CFTR and pro-inflammatory imbalance of fatty acids and established 

fenretinide as a putative mucoregulatory agent. The pro-inflammatory imbalance of fatty acids, 
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expressed as increased AA/DHA ratio, is a phenomenon that was described in CF long before 

discovery of CFTR gene. However, up to this day, the mechanistic connection between the lack 

of CFTR protein and observed imbalance of fatty acids has not been unequivocally established. 

For a long time it was thought that malnutrition due to the pancreatic insufficiency or persistent 

lung inflammation could be the causes of this phenomenon, but the existence of the pro-

inflammatory fatty acid imbalance in cell culture eliminated both possibilities. Regardless of the 

connection with CFTR, increased activity of cPLA2 enzymes was postulate to contribute to the 

increased levels of AA. Our previous results demonstrated that fenretinide decreases the level of 

AA in CFTR-KO mice, and the work presented in Chapter 4. suggests that it may be exerting 

this effect by inhibiting the activity of one of cPLA2 enzymes. Interestingly, the re-introduction 

of wild-type CFTR into CFBE41o- (ΔF508/ΔF508) cells fully corrects AA/DHA imbalance by 

decreasing the level of AA and increasing the level of DHA, which further corroborates previous 

data that the presence of functional CFTR somehow affects the level of these fatty acids.  

Finally, we explored the effect of fenretinide on MUC5AC and MUC5B genes because of its 

known effect on retinoid receptors and NF-κB pathway. Preliminary results suggest that 

fenretinide at low doses may block induction of MUC5AC transcription by LPS without 

significantly affecting MUC5B gene. These results are important because MUC5B gene is 

known to be essential for the defense of lungs against airborne pathogens, whereas MUC5AC is 

designated as a culprit for the pathological plugging of the airways. 

Fenretinide has already shown very satisfactory safety profile in the long-term treatment of 

patients with breast cancer in Italy and also in our Phase Ib clinical trial in patients with CF. 

Currently, LAU-7B formulation of fenretinide is being tested in the Phase II (APPLAUD) trial 

(NCT03265288), double-blind, randomized, placebo-controlled study to evaluate efficacy in 

patients with CF. If the results of this clinical trial demonstrate improvement in any of the CF-

related symptoms , fenretinide will be an important addition to the very small armamentarium  of 

available drugs for treatment of  this incurable disease. 
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5.2 Conclusions 

In the Chapter 1. we presented for the first time the evidence for the lack of specificity of 

currently available commercial antibodies for the detection of ceramides. We believe that these 

results will lead to the reinterpretation of many previously published results in the biochemistry 

of ceramides. 

The work presented in the Chapter 2. revealed for the first time an essential role for BAFF 

cytokine in the immunological defense of the lungs. These results raise substantive concerns for 

the health of patients with lupus who are treated with currently approved anti-BAFF therapies 

(ie. Belimumab). 

The results presented in the Chapter 3. established a strong connection between the absence of a 

functional CFTR protein and the imbalance of an important class of lipids called ceramides. 

These results also offered for the first time a hope than an intrinsic defect present in the cell 

membranes of patients with CF could be corrected with a clinically safe drug called fenretinide. 

The results presented in the Chapter 4. further corroborated  a causal link between the 

expression of functional CFTR protein and a long-known pro-inflammatory imbalance of fatty 

acids present in patients with CF. Furthermore, this work for the first time examined the potential 

for fenretinide to specifically block overexpression of Muc5AC gene, the known culprit for 

pathological plugging of the airways with mucus produced during allergic reaction or infections, 

without interfering with the expression of Muc5B gene, known to be essential for normal 

functioning of the lungs. 
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5.3 Future Directions 

The discussion on the fundamental biophysical and biochemical differences between long- and 

very-long-chain ceramides presented in the Chapter 1. together with the results presented in the 

Chapter 3. open a possibility that correction of inherent defects of cell membranes present in CF 

could also lead to the  improved folding of intrinsically disordered, large transmembrane proteins 

such as CFTR. If this possibility turns out to be correct, the clinically safe drug called fenretinide 

could be used in combination with approved folding correctors (such as VX809 or VX661) in 

order to obtain better expression and stability of mutant CFTR proteins on the surface of 

epithelial cells of patients with CF. 

Surprising biological differences between Muc5AC and Muc5B mucins, two major protein 

components of the mucus in the lungs were recently discovered. The work presented in Chapter 

4. revealed for the first time that it is possible to selectively block pathogen-induced increases in 

the levels of a detrimental Muc5AC mucin, in cultured cells and mice, without interfering with 

the levels of a beneficial Muc5B mucin. Therefore, it will be of interest to investigate whether 

these results can be translated to the clinic. Currently ongoing Phase II clinical trial 

(NCT03265288) will offer answers to these questions. 
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A 1.0 Supplement 

The mixture of 25 µl of brain lipid extract in chloroform (Avanti 131101C), subjected to thin-

layer chromatography on the silica plate, and transferred to nytran membrane by diffusion. After 

separation on silica gel, standards were visualized after 30 min incubation in iodine vapor. 

The Figure 1.3.8B illustrates comparison of the binding of polyclonal and monoclonal 

antibodies against ceramides mixture commercially available from Sigma and Glycobiotech to 

various species of ceramides. Commercially available standards of ceramide subspecies (C14:0, 

C16:0, C18:0, C18:1, C20:0, C24:0 and C24:1) and non-naturally occurring internal standards 

(C17:0 and C25:0ceramides) were obtained from AVANTI Polar Lipids Inc. (Alabaster, AL, 

purity > 99%). HPLC grade solvents were purchased from Fluka (Milwaukee, MO). All other 

chemicals, including Merck grade silica gel (9385, 230–400 mesh, 60 Å) were from Sigma-

Aldrich (St. Louis, MO). 

The stock solutions of ceramides were prepared at 1 mg/ml in chloroform. After dilution with 

ethanol, a working solution of C14:0, C16:0, C18, C18:1, C20:0, C24:0 and C24:1 mixture was 

prepared at 714 ng/ml for each ceramide species in one solution. This solution was divided into 

0.5 ml fractions and saved at (−80°C) until analysis. A mixture of C17:0 and C25:0 solution in 

ethanol at concentrations of 1000 ng/ml and 2000 ng/ml, respectively, was prepared as an 

internal standard solution. Fifty microliters of internal standard solution corresponding to 50 ng 

of C17:0 and 100 ng of C25:0 was used for each analysis.  

For the detection of lipid species by antibodies, nytran membrane was incubated with Bovine 

Serum Albumin (BSA) dissolved in PBS (1%) to block non-specific sites, and then with the 

primary antibodies: monoclonal anti-ceramide antibody clone 15B4 from Sigma (cat# C8104-

50T ST) and polyclonal anti-ceramide antibody clone S58-9 from Glycobiotech (S58-9, 

Glycobiotech). After the incubation with the primary antibodies, nytran membrane was washed 5 

times with PBS-Tween (0.1%) and subsequently incubated overnight with anti-mouse IgM 

diluted 1:250 (Sigma; M8644). Finally, the paper was washed 5 times and incubated with 

tetramethylbenzidine (Vector laboratories) to develop the color.  
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qPCR analysis (Ct values and fold changes) 
of Cers1 and Cers4 in CFBE41o- cells 
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